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Abstract

Background: Diabetes reduces semen quality and increasingly occurs during reproductive 

years. Diabetes medications, such as metformin, have glucose-independent effects on the male 

reproductive system. Associations with birth defects in offspring are unknown.

Objective: To evaluate whether the risk for birth defects in offspring varies with preconceptional 

pharmacologic treatment of fathers with diabetes.

Design: Nationwide prospective registry-based cohort study.

Setting: Denmark from 1997 to 2016.

Participants: All liveborn singletons from mothers without histories of diabetes or essential 

hypertension.

Measurements: Offspring were considered exposed if their father filled 1 or more prescriptions 

for a diabetes drug during the development of fertilizing sperm. Sex and frequencies of major birth 

defects were compared across drugs, times of exposure, and siblings.

Results: Of 1116779 offspring included, 3.3% had 1 or more major birth defects (reference). 

Insulin-exposed offspring (n = 5298) had the reference birth defect frequency (adjusted odds ratio 

[aOR], 0.98 [95% CI, 0.85 to 1.14]). Metformin-exposed offspring (n = 1451) had an elevated 

birth defect frequency (aOR, 1.40 [CI, 1.08 to 1.82]). For sulfonylurea-exposed offspring (n = 

647), the aOR was 1.34 (CI, 0.94 to 1.92). Offspring whose fathers filled a metformin prescription 

in the year before (n = 1751) or after (n = 2484) sperm development had reference birth defect 

frequencies (aORs, 0.88 [CI, 0.59 to 1.31] and 0.92 [CI, 0.68 to 1.26], respectively), as did 

unexposed siblings of exposed offspring (3.2%; exposed vs. unexposed OR, 1.54 [CI, 0.94 to 

2.53]). Among metformin-exposed offspring, genital birth defects, all in boys, were more common 

(aOR, 3.39 [CI, 1.82 to 6.30]), while the proportion of male offspring was lower (49.4% vs. 

51.4%, P = 0.073).

Limitation: Information on underlying disease status was limited.

Conclusion: Preconception paternal metformin treatment is associated with major birth defects, 

particularly genital birth defects in boys. Further research should replicate these findings and 

clarify the causation.

Primary Funding Source: National Institutes of Health.

Diabetes mellitus is a growing threat to public health (1). Diabetes increasingly occurs in 

persons of reproductive age (2), compromises sperm quality (3–5), and is associated with 
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impaired male fertility (3, 4, 6). Even more concerning for future generations would be an 

association with offspring birth defects, which has not been evaluated.

In pregnant women, poorly regulated diabetes is associated with adverse pregnancy 

outcomes, including major birth defects (7, 8). Hence, pregnant women are advised to 

aggressively control blood glucose levels (9). Although little attention is being given to men 

with diabetes who are aspiring to fatherhood, fathers contribute half of an offspring’s DNA, 

and evidence increasingly suggests a role for sperm beyond DNA alone (10).

Some diabetes drugs may also affect male reproductive health. Metformin, a first-line 

oral diabetes drug, improves semen parameters in obese men (11) but reduces serum 

testosterone levels independently of glycemic control (12). Given its nonneutral effect on 

male reproductive potential and its increasing use as a first-choice medication for type 2 

diabetes, the effect of paternal exposure needs evaluation.

Hence, we aimed to evaluate whether the risk for birth defects in offspring varies with 

preconceptional pharmacologic treatment of fathers with diabetes. We did a nationwide 

prospective registry-based cohort study covering all 1 255 772 births in Denmark from 

1997 to 2016. For each newborn, individual-level information on birth defects, parental 

drug prescriptions, and potential confounders was obtained from the relevant nationwide 

registries.

METHODS

Data and Exclusion Criteria

Newborns and parents were identified through the Medical Birth Registry (13) (1997 to 

2016), which contains all registered pregnancies in Denmark from 20 weeks of gestation. 

It provides pregnancy characteristics like gestational age (and thus conception date as birth 

date minus gestational age) and maternal smoking status.

Each inhabitant of Denmark has an identification number (14) that links registries. 

Medical Birth Registry records with unusable identification numbers of offspring or either 

parent were deleted. We also removed registered fathers of female or unknown sex and 

registered mothers of male sex. Stillbirths were deleted because of differential birth defect 

ascertainment (Figure 1).

The Patient Registry (15) (1995 to mid-2018) contains all individual-level diagnoses in the 

outpatient and inpatient (but not general practitioner) settings, including birth defects. One-

year follow-up from birth was allowed to diagnose birth defects, which were then classified 

according to the EUROCAT (European Concerted Action on Congenital Anomalies and 

Twins) guidelines (16) (by International Classification of Diseases, 10th Revision codes). 

Birth defects classified by EUROCAT as minor were excluded. Organ-specific birth defect 

subgroups were made according to the same guidelines. Parental diagnoses were retrieved as 

needed.

The Prescription Registry (17) (1995 to mid-2018) contains all prescriptions redeemed but 

not the prescription reason. We created indicator variables for specified exposures (see 
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Exposure subsection). We linked with socioeconomic variables held at Statistics Denmark, 

including highest education achieved (both parents) and disposable income (father), both by 

birth year.

All liveborn singletons were eligible for analysis, but we excluded births with mothers using 

diabetes medication (both oral and insulin) or receiving a diabetes mellitus (International 

Classification of Diseases, 10th Revision codes E10 through E14) or gestational diabetes 

(O24) diagnosis at any time before giving birth, mothers receiving a diagnosis of essential 

hypertension (I10 through I15) at any time before giving birth, and mothers prescribed 

cardiovascular drugs (Anatomical Therapeutic Chemical codes C01 through C04 and C06 

through C10) during the 6 months up to conception (Figure 1).

Analysis was done on a secure server at Statistics Denmark in R, version 3.6.3 (R 

Foundation for Statistical Computing) (18).

Exposure

The development of fully mature spermatozoa, including spermatogenesis from type A 

spermatogonia to type Sd spermatids and further maturation in the epididymis, takes 

approximately 3 months (19). Hence, offspring of fathers filling a prescription for the 

following specified diabetes drugs during the 3 months before conception (hereafter called 

“sperm development” [SDev]) were considered exposed: insulins (Anatomical Therapeutic 

Chemical code A10A); metformin (A10BA02, the only biguanide in the data); sulfonylureas 

(A10BB); and other diabetes drugs, primarily glucagon-like peptide-1 analogues (A10BJ) 

and dipeptidyl peptidase-4 inhibitors (A10BH).

Pharmacologic treatment varies by underlying disease status and prescription practices. Yet, 

all patients with (suspected) type 1 diabetes are seen by a specialist at least once (and 

usually more often); these have a diagnosis in the Patient Registry. Patients with (suspected) 

type 2 diabetes are not necessarily seen by a specialist, and so they may not have a diagnosis 

in the Patient Registry (which does not cover primary care). Thus, although exposure is 

primarily pharmacologic, which is nonrandom, for a subset of the data it is possible to 

ascertain whether birth defects, if elevated, follow diagnosis more than treatment or vice 

versa.

Outcome

Primary outcome was the diagnosis of 1 or more major birth defects in the first year of 

life (binary variable) following the EUROCAT guidelines (16). Secondary outcomes were 

offspring sex and the diagnosis of 1 or more major birth defects in the first year of life in a 

EUROCAT organ-specific category (binary variable) (16).

Missing Data

Approximately 15% of observations had 1 or more entries missing (usually few), mostly 

maternal smoking status (8%, other variables <3%). We used multiple imputation to 

create 10 complete data sets using the mice package in R, version 3.13.0 (R Foundation 

for Statistical Computing) (20), assuming missingness at random. Because of high 
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dimensionality of the data, we used least absolute shrinkage and selection operator 

regression (R glmnet package, version 4.0–2 [R Foundation for Statistical Computing] [21]) 

to select informative predictors to be included in multiple imputation for each variable 

with missing data. Imputation used predictive mean matching for continuous variables and 

unrestricted polytomous regression for factors.

Statistical Analyses

We calculated crude birth defect frequencies and adjusted odds ratios (aORs) with 95% CIs, 

adjusting for birth year; paternal age, income, and education; and maternal age, smoking 

status, and education. These variables were selected a priori for possible associations with 

both exposure and outcome (7, 22–24). Results reported are from generalized additive 

logistic regression models with smoothing splines for continuous variables (R mgcv 

package, version 1.8–33 [R Foundation for Statistical Computing] [25], all default settings) 

and indicator variables without further assumptions for factors. The generalized additive 

model allows for adjustment of complex associations between potential confounders and 

birth defect risk. To account for correlations among births clustered by father, we estimated 

the aOR assuming working independence between births but calculated robust SEs by 

bootstrapping birth clusters sharing the same father (see the Statistical Appendix section in 

the Supplement, available at Annals.org).

Our main analysis contrasted exposure during SDev for the identified drugs in 1 model 

(Figure 2). On the basis of this model, we did the following sensitivity analyses: restricted 

to mothers younger than 35 years, restricted to fathers younger than 40 years, restricted 

to those exposed to any diabetes drug, expanded to all liveborn singletons, and excluding 

offspring conceived by a father after birth of the first offspring with a defect (if any). 

We also assessed for association between the father’s ethnicity (“Danish,” “immigrant,” 

or “immigrant family”) with birth defects and drug exposure. To evaluate unmeasured 

confounding effects, we calculated E-values. These estimate the minimum strength of 

association (OR) that an unmeasured confounder would need to have with both the exposure 

and outcome to fully explain away a specific exposure–outcome association (www.evalue-

calculator.com) (26, 27). We further assessed whether birth defects could be explained by a 

(type 1 or type 2) diabetes diagnosis independently of drug.

For drugs associated with birth defects in the main analysis, we did 3 further analyses 

(Figure 2). First, we assessed for association with birth defects of the same drug exposure 

in different time frames: more than 1 year before SDev, 1 year before SDev, during SDev, 1 

year after SDev, and more than 1 year after SDev (all binary variables). A birth could have 

exposure to a drug in each of these 5 time frames. Drug exposures in the 4 additional time 

frames were added to the main regression model as independent variables.

Second, we compared, by conditional logistic regression, exposed versus unexposed 

offspring of the same fathers (that is, a within-father analysis) and, separately, mothers 

(within-mother analysis). Seen from the father (mother), this is a self-controlled case series 

where the preconception period of a father (mother) for each of his (her) children (exposed 

vs. unexposed siblings) is compared (28). Third, we explored whether any EUROCAT 

organ-specific birth defect groups were elevated.
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This study was exempted from institutional review board review because it was deidentified. 

No new data were collected for this study.

Role of the Funding Source

The funders had no role in the analysis, decision to publish, or writing of the manuscript.

RESULTS

Cohort

Of 1 276 229 records, excluding those with unusable identification numbers, births to 

fathers of unknown or female sex, mothers of male sex, and stillbirths left 1251653 records 

available for multiple imputation (Figure 1). Further exclusion by missing gestational age (n 
= 27080), nonsingleton births (n = 50534), and births to mothers with diabetes or essential 

hypertension (n = 62287) left 1116779 records for analysis (Figure 1).

Among these offspring, 3.3% (n = 36585) had 1 or more major birth defects (Table 1), 

and 51.4% were male. The median ages of mothers and fathers were 30 and 33 years, 

respectively. A total of 7029 offspring were exposed to paternal diabetes medications, 

including insulins (n = 5298), metformin (n = 1451), and sulfonylureas (n = 647). Few (n = 

276) offspring were exposed to other diabetes drugs; we do not consider these drugs further.

Diabetes Drugs During SDev

Parents of insulin-exposed offspring were generally similar to those of offspring unexposed 

to diabetes drugs (the reference group, Table 1). Offspring exposed to metformin and/or 

sulfonylureas had older parents with lower education, had fathers with lower income, 

and were less often firstborns (Table 1). Fathers receiving oral diabetes drugs used 

cardiovascular drugs more often than fathers receiving insulins, and these more often than 

fathers receiving no diabetes drug (Table 1).

Insulin-exposed offspring had the baseline birth defect frequency (3.3%) and sex ratio 

(51.3% male) (Table 1). Offspring exposed to metformin or sulfonylureas had 5.2% or 5.1% 

birth defects, respectively, and were less often male, 49.4% and 49.3%, respectively. Of 

fathers receiving sulfonylureas, 44.2% received metformin (Table 1).

In the main regression analysis, the aOR of having 1 or more major birth defects was 0.98 

(95% CI, 0.85 to 1.14) for insulins, 1.40 (CI, 1.08 to 1.82) for metformin, and 1.34 (CI, 0.94 

to 1.92) for sulfonylureas (Table 2). Point estimates were similar for all sensitivity analyses 

(Table 2). Metformin-exposed offspring were 49.4% male versus 51.4% in the reference 

group (P = 0.073).

In total, 13% of offspring had “immigrant” fathers, and 1% had “descendant of immigrant” 

fathers. The remaining 86% had “Danish” fathers. Metformin use did not differ across these 

groups (all 0.13%); birth defects affected slightly more births of immigrant fathers (3.5%).

The E-value for the metformin association was 2.15 to reduce the point estimate (1.40) to 

the null (that is, 1) and 1.37 to reduce the lower limit of the CI to the null.

Wensink et al. Page 6

Ann Intern Med. Author manuscript; available in PMC 2023 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A documented preconception diagnosis of type 2 diabetes (n = 2382) gave the baseline birth 

defect frequency when the father was not receiving metformin (3.1%, n = 1594) but gave an 

elevated birth defect frequency when the father was receiving metformin (4.6%, n = 788). 

Joint modeling of diabetes drugs and preconception diabetes diagnoses assigned a slight, 

nonsignificant negative association to diagnosis while slightly increasing the point estimates 

for oral drugs (Supplement Table 1, available at Annals.org). The insulin group, 84% of 

which received no prior oral treatment but had a preconception diagnosis of type 1 diabetes, 

had baseline birth defect frequencies regardless of prior oral treatment or type 1 diabetes 

diagnosis (Supplement Table 1).

Populating the model with potential confounders showed a small effect for birth year but 

not for other variables; in particular, adding in major defects for parents and/or nulliparity 

did not change the results (Supplement Table 1). A metformin–sulfonylureas interaction 

term did not improve the model (P = 0.70; χ2 test, not shown). Excluding births subject 

to preeclampsia did not change the results (not shown). Birth year, parental age, and 

socioeconomic status did not differ between metformin-exposed offspring with a birth defect 

and those without (not shown). Including cardiovascular drugs in the main model did not 

change the regression results (Supplement Table 1). A modest but statistically significant 

elevation in the OR for birth defects was found for β-blockers (1.25 [CI, 1.06 to 1.47]) 

(Supplement Table 2, available at Annals. org). These birth defects were particularly heart 

defects; various other categories were also elevated (not shown).

Diabetes Drugs Before or After SDev

In terms of parental and pregnancy characteristics, offspring of fathers filling a metformin 

prescription before or after SDev were similar to those of fathers filling a prescription of the 

same drug during SDev (Supplement Table 3, available at Annals.org), with the exception 

of metformin prescriptions filled more than 1 year after SDev, which was a large and 

heterogeneous group. These births occurred at the relative beginning of the 1997 to 2016 

period, and fathers were younger when conceiving. Cardiovascular drug use was slightly 

higher for those fathers filling a metformin prescription during spermatogenesis than for 

those in other categories (Supplement Table 3).

Before SDev, the crude birth defect frequency increased steadily as metformin exposure 

approached the biologically sensitive period of SDev (Table 3). After SDev, the crude 

birth defect frequency declined, down to normal levels for fathers redeeming a prescription 

more than 1 year after SDev. In a joint model, birth defects were attributed to metformin 

prescriptions during SDev, but not during other time frames (Table 3). In particular, 

offspring whose fathers filled a metformin prescription in the year before (n = 1751) or 

after (n = 2484) SDev had reference birth defect frequencies (aOR, 0.88 [CI, 0.59 to 1.31] 

and 0.92 [CI, 0.68 to 1.26], respectively).

Unexposed Siblings

Unexposed offspring (n = 1268) of fathers with metformin-exposed offspring had 3.2% birth 

defects; unexposed offspring (n = 1227) from mothers with offspring exposed to paternal 

metformin had 3.0% birth defects (that is, baseline). Conditional logistic regression gave 
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ORs for paternal metformin during SDev of 1.54 (CI, 0.94 to 2.53) comparing exposed 

versus unexposed offspring of the same father and 1.66 (CI, 1.00 to 2.75) comparing 

exposed versus unexposed offspring of the same mother (Table 4).

Birth Defect Categories

For metformin-exposed offspring, genital birth defects were elevated compared with the 

cohort (0.90% vs. 0.24%; aOR, 3.39 [CI, 1.82 to 6.30]) (Table 5). All of these genital birth 

defects occurred in boys (cohort: >99%). All of these boys were from different fathers. 

There was no sex bias in other categories. Genital birth defects were not elevated in 

sulfonylurea-exposed offspring (aOR, 0.96).

DISCUSSION

The current report found elevated birth defect frequencies among metformin-exposed 

offspring (aOR, 1.40 [CI, 1.08 to 1.82]; P = 0.012) but not among insulin-exposed offspring, 

unexposed siblings, or offspring of fathers filling a metformin prescription before or after 

SDev (Figure 3). Metformin-exposed offspring more often had a genital birth defect, all 

in boys, while the proportion of boys was lower (49.4% vs. 51.4%, P = 0.073) (Figure 

3). Sulfonylureas showed a similar association (aOR, 1.34 [CI, 0.94 to 1.92]) but lacked 

statistical significance (P = 0.107) and specificity to a birth defect category.

The population-based approach using high-quality registry data limited scope for selection 

and information bias. The approach contrasting different drug exposures during SDev, 

identical drugs at different times relative to SDev, and exposed versus unexposed siblings, 

all of which supported the result, greatly limits potential for confounding, as did the 

specificity of the finding to male genital birth defects.

The E-value of 2.15 for the metformin association suggests that an unmeasured confounder 

would need to have an aOR of 2.17 or greater with both exposure and outcome to fully 

explain away the observed association. Because this is a strong association, it seems difficult 

to attribute the observed association entirely to unobserved confounding. The more moderate 

E-value of 1.37 for the lower bound of the CI suggests that the statistical significance may 

disappear after adjustment for unobserved confounding.

Diabetes drugs may be confounded with glycemic control or other aspects of diabetes like 

obesity, on which we had no data. Patients receiving diabetes drugs generally have higher 

mean glucose levels than healthy persons. Hence, a direct role of mean glucose levels 

seems unlikely given the null result in the largest group, insulins, and among those with 

a preconception diagnosis of type 2 diabetes and not receiving metformin. In Denmark, 

metformin has been the first-choice diabetes drug for the entire study period regardless 

of weight, although patients previously receiving sulfonylureas may have continued this 

drug. The prevalence of men receiving glucose-lowering drugs has increased over time and 

thereby also metformin (29). The aOR for metformin was similar in both halves of the 

period (not shown). Glucagon-like peptide-1 analogues and dipeptidyl peptidase-4 inhibitors 

are increasingly replacing sulfonylureas as add-on therapy (30), making sulfonylureas 

increasingly obsolete. Of note, birth defects followed drug rather than diagnosis, yet those 
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type 2 diabetics seen by a specialist may be more severe cases, receive better treatment, or 

both, giving an unclear net result. Importantly, any confounding by paternal factors would 

still imply a paternal pathway.

A patient actually redeeming a prescription strongly suggests but does not guarantee therapy 

adherence, and physicians may change treatment after prescription. This would have biased 

the results to the null.

We had no data on geographic areas, yet Denmark is a relatively homogeneous country, 

with universal health care and standardized protocols for diabetes and newborn checkups. 

Moreover, the time frame analysis and by-father analysis, which should account for 

geographic variability, supported the results, as did the observation that birth defects were 

elevated for those fathers with a preconception diagnosis of type 2 diabetes if and only if 

fathers received metformin.

The by-father analysis, when seen from the father, is a self-controlled case series (28). 

Although this can account for genetic, socioeconomic, and lifestyle factors that are unlikely 

to vary between births, it can be susceptible to time-varying effects like age.

Parents of metformin-exposed offspring were generally older and had lower socioeconomic 

status, raising the question of whether modeling adjustment was adequate. For metformin 

before or after SDev, parental socioeconomic status and age profiles were similar to those 

for metformin during SDev. Yet, birth defect frequencies were not elevated in these groups. 

Unexposed siblings of exposed offspring also had baseline birth defect frequencies. Birth 

year, parental age, and socioeconomic status did not differ between metformin-exposed 

offspring with a birth defect and those without. Hence, it is not obvious how correlated 

maternal or paternal factors like genetics, lifestyle, or medical conditions (31–33) beyond 

those closely linked to metformin prescriptions could explain the results.

We excluded offspring of mothers with histories of diabetes or essential hypertension, 

and extending the analysis to all liveborn singletons moved the point estimates only 

minimally. Indeed, the results were remarkably robust to all sensitivity analyses. Maternal 

pregestational diabetes, a possible maternal correlate if undiagnosed, is not known to 

predispose for genital birth defects specifically (34). Together with the time frame and 

by-mother analysis, which supported the result, these observations make confounding by 

maternal factors an unlikely explanation.

The finding that sulfonylurea-exposed offspring also tended to have a higher birth defect 

frequency complicates the interpretation because metformin and sulfonylureas have different 

pharmacologic mechanisms. Possibilities may be glycemic control beyond mean glucose 

levels, specificity of both of these drugs to spermatozoa, or, given that the sulfonylureas 

result lacked statistical significance (P = 0.107) and specificity to genital defects, chance 

variation. It is unlikely that the observation for sulfonylureas could be explained by patients 

using prior metformin prescriptions, given the null result for metformin exposure before 

SDev. Preclinical data support associations between metformin, a chemical of emerging 

concern with antiandrogenic properties (35), and male reproductive health. Metformin can 

affect stem cell functions (36) and adhesion factors (37) and has been associated with 
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reduced apoptosis in rat testicular germ cells (38). Male rat offspring undergo alterations 

in reproductive behavior when exposed to metformin in utero or during lactation (39). In 

vivo administration of metformin in pregnant mice reduces fetal and neonatal testicular size, 

whereas in vitro metformin decreases testosterone secretion (40). In sum, the preclinical 

data on metformin and the male reproductive tract; the specificity of metformin, but not 

sulfonylureas, to genital birth defects; and the comparative statistical significance of the 

results suggest that metformin, but not sulfonylureas, is part of the observed association.

The lower proportion of male offspring in the metformin group may be explained by 

a scarring versus selection model, where the less severe cases are born (with a defect), 

whereas the more severe cases are aborted (41). More generally, it has been suggested 

that an excess of girls may indicate male reproductive impairment, as in the cases of the 

dibromochloropropane pesticide and dioxin (42). Furthermore, low semen quality has been 

linked with an inability of males to sire male offspring (43).

In Denmark between 1996 and 2016, the prevalence of type 2 diabetes at reproductive 

ages increased. By age 40 years, prevalence increased from near 0% to almost 2% during 

this time (2). Our own data show that insulins and metformin are among the fastest-rising 

drugs received by prospective fathers (44). As a result, approximately 120 offspring per 

year have fathers filling a metformin prescription during SDev. Given an approximate 1.5% 

absolute difference in birth defect frequency, this translates to approximately 2 defects 

per year. This finding may not translate 1- to-1 to other populations, yet the concern is 

clearly more general in light of the diabetes pandemic. Some of these defects may be 

lifelong conditions imposing important emotional, social, and economic costs. Even birth 

defects that could themselves be corrected with a single operation, such as hypospadias, 

may correlate with more severe illnesses through an association with genital dysgenesis, 

infertility, and testicular cancer (42).

The observed effect size is similar to that of maternal age greater than 45 years, a recognized 

risk factor, with 4.8% birth defects among liveborn singletons in our data. The sheer size of 

the diabetes pandemic suggests that treatment of prospective fathers with diabetes, including 

pharmacologic management and counseling on diet, physical exercise, and weight loss, 

should be subject to further study. Further research should replicate the findings while 

accounting for glycemic control and other metabolic features, and expose the underlying 

pathway.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow chart of the creation of the data set: registries merged and numbers of inclusion and 

exclusion.

CPR = Centrale Personregister; LASSO = least absolute shrinkage and selection operator.
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Figure 2. 
Study design.

We made 3 comparisons: different drugs during SDev, the same drug at different time points, 

and exposed versus unexposed siblings. SDev = sperm development.
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Figure 3. 
Summary of results.

The figure displays aORs (points) with their 95% CIs (bars) for the main analysis, sensitivity 

analyses, sibling analysis, time frame analysis, and birth defect categories. aOR = adjusted 

odds ratio; SDev = sperm development.
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