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ABSTRACT
Objectives  To evaluate the association of paternal intake 
of antipsychotics, anxiolytics, hypnotics and sedatives, 
antidepressants, selective serotonin reuptake inhibitors 
(SSRIs) and (benzo)diazepines during the development of 
fertilising sperm with birth defects in offspring.
Design  Prospective registry-based cohort study.
Setting  Total Danish birth cohort 1997–2016 using 
Danish national registries.
Participants  All 1 201 119 Danish liveborn singletons 
born 1997–2016 were eligible, 39 803 (3.3%) of whom 
had at least one major birth defect.
Exposure  Offspring were considered exposed if their 
father had filled at least one prescription in the relevant 
drug category during development of fertilising sperm (the 
3 months prior to conception).
Primary and secondary outcome measures  Primary 
outcome was the diagnosis, in the first year of life, of at 
least one major birth defect as categorised in the EUROCAT 
guidelines. Secondary outcome was the diagnosis, in the 
first year of life, of at least one major birth defect in any 
of the EUROCAT subcategories. Adjusted ORs (AORs) were 
calculated, along with their 95% CIs, adjusted for year, 
education, smoking status and age of the mother, and 
education, disposable income and age of the father.
Results  This study found weak or null associations 
between birth defects and selected drugs. Specifically, 
antidepressants (17 827 exposed births) gave 3.5% birth 
defects (AOR 0.97 (0.89 to 1.05)). Diazepines, oxazepines, 
thiazepines and oxepines (as antipsychotics, 1633 
offspring) gave 4.7% birth defects (AOR 1.22 (0.97 to 
1.54)), attenuated to 1.13 when excluding by mothers’ 
prescriptions. The study was well powered assuming 
100% therapy adherence, while assuming 50% therapy 
adherence, the study remained well powered for the 
largest groups (SSRIs and antidepressants overall).
Conclusions  Antipsychotics, anxiolytics, hypnotics and 
sedatives, antidepressants, SSRIs and benzodiazepine-
derived anxiolytics, when taken by the father during 
development of fertilising sperm, are generally safe with 
regard to birth defects.

INTRODUCTION
Certain neurological drugs have been associ-
ated with adverse changes in semen quality. 
Beyond common reproductive outcomes like 
sperm motility, selective serotonin reuptake 

inhibitors (SSRIs) have been associated with 
increased frequencies of DNA fragmentation 
and abnormal sperm morphology.1–4 Anxi-
olytics, in particular benzodiazepines, have 
been associated with chromosomal abnormal-
ities in sperm5 6. Of concern, many of these 
drugs are commonly prescribed to prospec-
tive fathers with increasing use over time.7 
In Denmark, the proportion of births where 
the father had been prescribed neurological 
drugs in the 6 months preceding concep-
tion more than doubled between 1997 and 
2017, from approximately 4% to almost 9%. 
Importantly, prescriptions of antidepressants, 
mostly SSRIs, increased threefold to 2.5%.7

It is known that paternal factors are asso-
ciated with birth outcomes such as preterm 
birth, low birth weight and neonatal inten-
sive care unit stays.8 9 Given the association 
of sperm DNA damage in certain neurolog-
ical drugs, the safety of neurological drugs 
regarding offspring health needs to be eval-
uated. In particular, it is unknown whether 
paternal use of these drugs during sperm 
development is associated with the risk of 
birth defects.

Hence, we performed a cohort study on all 
singleton live births in Denmark 1997–2016 
(1 201 119 births), linking national registries: 
the birth registry, the prescription registry 
and the patient registry. We then assessed for 
any association between specific neurolog-
ical drugs prescribed to the father to be in 
the 3 months just prior to conception (sperm 

Strengths and limitations of this study

	► High-quality registry data give full coverage of 
population.

	► Highly powered study for most of the investigated 
drugs.

	► Unable to assess actual drug intake.
	► Unable to assess associations between drugs and 
fertility.
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development) and birth defects diagnosed in the first 
year of life.

METHODS
Data and inclusion criteria
We obtained the Danish Medical Birth Registry (MFR10) 
1997–2016, which contains all births in Denmark from 20 
weeks of gestation onwards. In addition to characteristics 
of the newborn and pregnancy, such as gestational age 
and Apgar score, this registry contains the CPR (Centrale 
Personregister) number,11 a unique identifier that all 
Danish citizens and residents have been given since 1968, 
for newborn, mother and father (if known). We used this 
CPR number to link registries, meaning that entries with 
unusable or missing CPR number of either parent or 
offspring were deleted. Stillbirths were also deleted due 
to dissimilar ascertainment of birth defects (see Outcome). 
Approximate conception date is contained in the MFR as 
birth date minus estimated gestational age.

We linked this registry to the Danish National Prescrip-
tion Registry (LMDB12), which we obtained from 1995 
to mid-2018. This registry gives complete coverage of all 
prescriptions filled in Denmark by persons with a CPR 
number. In Denmark, over-the-counter drug prescrip-
tions are limited; common pain medication like parac-
etamol is not freely available in large packages. From 
this registry, we created indicator variables for exposure 
(see Exposure). We also used this registry to identify those 
births where the mother had taken any of the investigated 
drugs up to giving birth (see Statistical Analyses).

We further linked with the Danish National Patient 
Registry13 from 1995 through mid 2018, which contains 
diagnoses for all inpatient and outpatient contacts, 
although not for diagnoses in the family doctor setting. 
This registry includes birth defects, which we classified 
according to the EUROCAT guidelines,14 allowing 1 year 
of follow-up on birth. Birth defects that EUROCAT classi-
fied as minor were excluded.

We incorporated information from Statistics Denmark, 
the central authority on Danish statistics. These variables 
were paternal disposable income, the amount of money 
that a person or household has available for spending 
and saving after income taxes and interest expenses have 
been accounted for, and highest achieved education 
(both by year). We further linked with the Population 
Registry to obtain birth date and sex of the parents. Births 
with fathers of unknown or female sex were removed, as 
were births to mothers of male sex.

Outcome
The primary outcome was the diagnosis of at least one 
major birth defect in the first year of life (binary vari-
able), categorised as per the EUROCAT guidelines,14 
which provide International Classification of Diseases 
(ICD) codes of birth defects that they classify as major. 
The secondary outcome was being diagnosed with at least 
one major birth defect (binary variable) in any of the 
EUROCAT subcategories (by organ or tract).

Exposure
As one spermatogenic cycle takes approximately 3 
months,15 we considered offspring whose father filled 
a prescription in the relevant category during the 
3 months preconception as exposed. We examined the 
following medication categories: antipsychotics (Anatom-
ical Therapeutic Chemical classification code N05A), 
among which diazepines, oxazepines, thiazepines and 
oxepines (N05AH); anxiolytics (N05B), among which 
benzodiazepine-derived anxiolytics (N05BA); hypnotics 
and sedatives (N05C), among which benzodiazepines 
(N05CD); and antidepressants (N06A), among which 
SSRIs (N06AB).

Missing data
Approximately 15% of the merged records had at least 
one entry missing, in particular maternal smoking status 
(online supplemental table 1). We imputed 10 datasets in 
a procedure described in detail in the Statistical appendix 
under the assumption of missingness at random. Reported 
results are estimates and SEs pooled under Rubin’s rule. 
Imputation and pooling was handled with the R package 
mice16 (V.3.8.0).

Statistical analyses
We employed flexible logistic regressions using gener-
alised additive models with R package mgcv17 V.1.8–33, 
which allow non-linear smooth associations between the 
exposure variable and the birth defect risk. Categorical 
variables were modelled by simple indicator variables 
for each level. From these models, we obtained ORs and 
their 95% CIs for being diagnosed with at least one major 
birth defect in the first year of life after adjusting for birth 
year, maternal factors (smoking status during pregnancy, 
highest achieved education, maternal age) and paternal 
factors (disposable income, highest achieved education 
and paternal age). These potential confounders were 
selected prior to the analysis for their potential related-
ness to both the predictor and outcome18–21 and were not 
selected based on their significance.

We compared exposed versus unexposed groups for 
each drug group separately, first for all liveborn single-
tons. As a sensitivity analysis, we then repeated this analysis 
excluding births where the mother had taken any of the 
investigated drugs at any time prior to delivery. We then 
compared, by conditional logistic regression, exposed 
versus unexposed offspring of the same father, adjusting 
for birth year, maternal age, and nulliparity. We then anal-
ysed the distribution across EUROCAT organ subgroups 
without excluding births based on maternal drug use.

All data analyses were carried out on the secure server 
of Statistics Denmark and run in R22 V.3.6.3.

Minimum detectable risk and OR calculations
We calculated minimum detectable ORs at 80% and 
90% power using the software PS Power and Sample Size, 
V.3.1.623 both for the actual exposure numbers and under 
the assumption that 50% of the fathers actually took their 
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prescriptions. Because some drugs induced highly selec-
tive groups (see Results), we conservatively assumed an 
exposed:unexposed ratio of 1:10 for these calculations 
(the larger groups tended to be less selective, see Results).

Patient and public involvement statement
Patients or the public were not involved in the planning, 
executing and communication of this study.

RESULTS
The cohort
The Birth Register had 1 276 229 records for 1997–2016. 
After exclusion of records with unusable CPR of the 
offspring (2888) or father (1150), 1 272 750 records could 
be linked to the patient register, the prescription register, 

(socioeconomic) variables held at Statistics Denmark and 
the population register. Excluding births to fathers with 
registered unknown or female sex (19 163), mothers of 
male sex (7), and stillbirths (1927) left 1 251 653 records 
for multiple imputation. After imputation, excluding 
records of non-singleton births (50 534) and records with 
missing gestational age (27 080) left 1 174 727 offspring. 
Exclusion of births with mothers who filled a prescription 
of any of the investigated drugs at any time up to delivery 
left 936 706 offspring.

Among the 1 174 727 births available for the main 
analysis, that is, liveborn singletons without missing 
gestational age, 17 827 offspring were exposed to anti-
depressants, including 11 902 to SSRIs; 4301 to anti-
psychotics, including 1633 to diazepines, oxazepines, 

Table 2  Specific neurological drugs associated with sperm damage and their adjusted ORs (AORs) for having at least one 
major birth defect

Drug class
Number of 
offspring

Number 
of fathers Birth defects AOR 95% CI

Antipsychotics (N05A) 4301 – 3.9% (167) 1.07 0.92 to 1.25

 � After exclusion 2590 – 3.3% (85) 0.95 0.77 to 1.18

 � Sibling analysis 5437 1971 3.4% versus 3.2% 1.00 0.74 to 1.37

Anxiolytics (N05B) 4918 – 3.5% (173) 1.07 0.92 to 1.24

 � After exclusion 3153 – 3.2% (102) 1.03 0.85 to 1.26

 � Sibling analysis 6196 2379 3.4% versus 3.1% 1.08 0.82 to 1.43

Hypnotics and sedatives (N05C) 5797 – 3.3% (190) 0.96 0.83 to 1.12

 � After exclusion 3706 – 3.2% (119) 0.99 0.83 to 1.19

 � Sibling analysis 8478 3220 3.1% versus 3.2% 0.97 0.76 to 1.25

Diazepines, oxazepines, thiazepines and oxepines (as 
antipsychotics, N05AH)

1633 – 4.7% (76) 1.22 0.97 to 1.54

 � After exclusion 902 – 4.1% (37) 1.13 0.81 to 1.57

 � Sibling analysis 2220 812 4.1% versus 3.2% 1.24 0.76 to 2.02

Benzodiazepine-derived anxiolytics (N05BA) 4742 – 3.5% (166) 1.06 0.91 to 1.24

 � After exclusion 3047 – 3.2% (97) 1.02 0.83 to 1.25

 � Sibling analysis 5885 2266 3.3% versus 3.1% 1.06 0.79 to 1.41

Benzodiazepines as hypnotics and sedatives (N05CD) 1153 – 3.1% (36) 0.96 0.69 to 1.34

 � After exclusion 736 – 2.9%21 0.93 0.60 to 1.43

 � Sibling analysis 1495 545 2.9% versus 3.4% 0.88 0.49 to 1.59

(Benzo)diazepines grouped (N05AH, N05BA or N05CD) 7057 – 3.6% (254) 1.06 0.93 to 1.20

 � After exclusion 4428 – 3.3% (147) 1.03 0.87 to 1.22

 � Sibling analysis 8777 3318 3.3% versus 3.3% 1.02 0.80 to 1.29

Antidepressants (N06A) 17 827 – 3.5% (617) 0.97 0.89 to 1.05

 � After exclusion 11 487 – 3.2% (372) 0.95 0.85 to 1.05

 � Sibling analysis 23 400 9020 3.3% versus 3.6% 1.02 0.87 to 1.19

SSRIs (N06AB) 11 902 – 3.3% (397) 0.94 0.85 to 1.04

 � After exclusion 7751 – 3.3% (254) 0.96 0.85 to 1.09

 � Sibling analysis 15 971 6220 3.2% versus 3.6% 0.93 0.77 to 1.11

All liveborn singletons Denmark 1997–2016. Exclusion is by births where mothers used any of the investigated drug at any time prior to delivery. 
ORs adjusted for birth year, paternal age, income and education, and maternal age, smoking status and education, except for the sibling analysis. 
Separate models per drug. Exposure taken as binary: having at least one prescription in the 3-month preconception timeframe. Offspring numbers 
for the sibling analysis include exposed as well as unexposed offspring.
SSRIs, selective serotonin reuptake inhibitors.

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2021-053946 on 30 M

arch 2022. D
ow

nloaded from
 

http://bmjopen.bmj.com/


5Wensink M, et al. BMJ Open 2022;12:e053946. doi:10.1136/bmjopen-2021-053946

Open access

thiazepines and oxepines; 4918 to anxiolytics (primarily 
benzodiazepines, n=4742); and 5797 to hypnotics and 
sedatives, of which 1153 to benzodiazepines (tables 1 and 
2). Grouping (benzo)diazepines resulted in 7057 exposed 
births. Exclusion of births where the mother had taken 
any of the investigated drugs prior to delivery reduced 
the exposure numbers (by approximately 1/3), represen-
tative of the correlation between parents for these drugs 
(table 2).

Fathers who were prescribed any neurological medica-
tions before conception were older, as were their partners 
(table  1). Differences in education, income, maternal 
smoking and parity were also noted. Preterm percent-
ages were slightly higher in the drug exposed groups 
(>6%) versus the non-exposed group (5%). The sex ratio 
was similar for all exposure groups relative to the non-
exposed group.

Multiple imputation results suggested that missing 
data were unlikely to have influenced the results from 
the complete case analysis. The regression results with 
or without multiple imputation showed only very modest 
associations for potential confounders, mostly maternal 
education with an adjusted OR (AOR) just below 1.1 for 
low education.

Birth defects analysis
Birth defects in children of fathers exposed to neurolog-
ical drugs just before conception were generally similar to 
those in the unexposed population (3.3%–3.9% exposed 
vs 3.3% unexposed, table 1). After multivariable adjust-
ment, all 95% CIs included one (table 2). Results were 
similar in the siblings analysis (table 2). For antidepres-
sants and SSRIs, the ORs were 0.97 (0.89 to 1.05) and 
0.94 (0.85 to 1.04), respectively (all liveborn singletons), 
and 0.95 (0.85 to 1.05) and 0.96 (0.85 to 1.09) after exclu-
sion. There was a moderate but not statistically significant 
tendency towards higher birth defect risk among children 
whose fathers were prescribed diazepines, oxazepines, 
thiazepines and oxepines (N05AH), which showed an 
AOR of 1.22 (95% CI 0.97 to 1.54) for all liveborn single-
tons, and 1.13 (95% CI 0.81 to 1.57) after exclusion of 
births to mothers ever prescribed any drug in the groups 
investigated here. In this group, birth defects appeared 
especially elevated in the urinary tract (0.73% vs 0.26%, 
p<0.001 (p=0.04 after Šidàk correction for multiple 
testing), table 3).

Power and detectable odds
At 80% or 90% power, the minimum detectable OR was 
between 1.1 and 1.3 for the larger groups but approxi-
mately 1.5 for the smaller groups (N05AH and N05CD, 
table  4). Assuming a therapy adherence of 50%, 
minimum detectable ORs were approximately 1.3 for 
antidepressants or SSRIs, approximately 1.5 for antipsy-
chotics, anxiolytics, hypnotics and sedatives, as well as for 
benzodiazepine-derived anxiolytics. For benzodiazepines 
as hypnotics and sedatives (N05CD), minimum detect-
able ORs could be as high as 2.1 (table 4).Ta
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DISCUSSION
Summary of findings
The current study found weak or null associations 
between offspring birth defects and prescriptions of 
common neurological drugs filled by the father during 
the 3 months preconception. The only medication group 
that suggested a possible association was diazepines, 
oxazepines, thiazepines and oxepines (as antipsychotics, 
N05AH), which showed a moderately elevated AOR of 
1.22 (0.97 to 1.54)) for all liveborn singletons. The point 
estimate was similar in the sibling analysis, but reduced 
to 1.13 after excluding offspring whose mother had filled 
a prescription of any of the investigated drugs at any 
time prior to delivery. For SSRIs, a large group with the 
strongest prior evidence of associated sperm damage, the 
AOR was 0.94 (0.85 to 1.04) before exclusion and 0.96 
(0.85 to 1.09) after exclusion. Results were similar when 
comparing exposed to unexposed siblings. The number 
of births with paternal exposure to each of the drugs was 
generally large enough to detect a what might be a clin-
ically significant elevation in risk, for the larger groups 
even when assuming that only half the fathers took the 
medication that they had been prescribed.

Strengths and limitations
The design of a nationwide, registry-based cohort study 
allowed the inclusion of large numbers of fathers who 
were prescribed the investigated drugs just before concep-
tion and to ascertain whether their offspring had birth 
defects. The registries used are generally complete and 
of high quality, with (hospital) reimbursement generally 
depending on reporting and with cross-checks between 
registries in place. Further information can be found in 
references.10–13 Although our measure of paternal expo-
sure was indirect—filling a prescription does not equate 
with taking the drugs—the study had power to overcome 

exposure misclassification. Dosage and exact timing of 
exposure were not considered, which could have biased 
our results towards the null.

We did not have information on paternal lifestyle 
factors, such as exercise or smoking, and there may 
have been maternal factors (eg, genetic predisposition, 
lifestyle factors like exercise) for which we could not 
control. We saw significant differences in demographics 
between fathers prescribed drugs and those who were 
not. However, these factors are unlikely to have biased 
the results towards the null because that would require 
paternal drug prescriptions to correlate with protective 
maternal or paternal factors.

Even using registry data, there remains a possibility that 
offspring of fathers prescribed neurological drugs are less 
visible to the healthcare system because of the fathers’ 
psychological or psychiatrical ailments. This could result 
in reduced birth defect ascertainment for these offspring 
and hence bias the results towards (or even below) the 
null. Nevertheless, Denmark has universal healthcare 
with scheduled check-ups for newborns, both at birth and 
in the first year of life, and we restricted to birth defects 
classified by EUROCAT as major. Thus, it seems reason-
able to suspect that the majority of birth defects would be 
diagnosed. However, if there was an association between a 
paternal medication and an earlier reproductive outcome 
(e.g., failure to fertilize, miscarriage), the effect on birth 
defects could be interpreted as bias towards the null.

Interpretation, possible mechanism, comparison with the 
literature
Although sperm DNA damage suggests a risk to offspring, 
this risk may not materialise if sperm with damaged DNA 
fail to fertilise an egg cell, if the oocyte corrects any DNA 
damage, if the conceptus fails to develop into a viable fetus 
or if the fetus is aborted. Hence, sperm damage could 

Table 4  Minimum risks detectable as aberrant

Drug class N

Minimum detectable OR

Assuming 100% therapy adherence Assuming 50% therapy adherence

80% power 90% power 80% power 90% power

Antipsychotics (N05A) 4301 1.25 1.32 1.51 1.64

Anxiolytics (N05B) 4918 1.25 1.28 1.51 1.57

Hypnotics and sedatives (N05C) 5797 1.22 1.25 1.45 1.51

Diazepines, oxazepines, thiazepines and 
oxepines (as antipsychotics, N05AH)

1633 1.45 1.54 1.90 2.10

Benzodiazepine-derived anxiolytics 
(N05BA)

4742 1.25 1.28 1.51 1.57

Benzodiazepines as hypnotics and 
sedatives (N05CD)

1153 1.54 1.64 2.10 2.31

(Benzo)diazepines grouped (N05AH, N05BA 
or N05CD)

7057 1.19 1.22 1.38 1.45

Antidepressants (N06A) 17 827 1.13 1.16 1.25 1.32

SSRIs (N06AB) 11 902 1.16 1.19 1.32 1.38

Based on a univariate binomial model with population risk of 3.3% assuming a 1:10 exposed:unexposed ratio. The two rightmost columns assume a 
50–50 mix between the population risk of 3.3% and the risk among the exposed.
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lead to subfertility or infertility, but not birth defects. As 
the Danish Medical Bi

rth Registry covers only pregnancies from week 20 
onwards, further studies are necessary to explore this 
hypothesis.

Literature on paternal effects on offspring is limited. 
Certainly, it is reasonable to expect that the 9 months 
a fetus spends developing in utero gives more scope for 
teratogenic effects from maternal exposure than precon-
ception spermatogenic paternal contribution. Yet there 
is increasing evidence that sperm contributes more than 
DNA alone,24 and the early stages of pregnancy are also 
the most vulnerable stages with regard to birth defects.

The observation of a tendency towards increased risk 
in diazepines, oxazepines, thiazepines and oxepines (as 
antipsychotics, N05AH) may be due to the disease rather 
than drug, although antipsychotics as a whole only very 
mildly tended towards an increased OR, while neither 
birth defects of the nervous system nor chromosomal 
birth defects were elevated in this group. However, a 
prior study did suggest a possible association between 
paternal diazepam and perinatal mortality and growth 
retardation.25 The attenuation of the point estimate seen 
when excluding births where mothers had been on any of 
these drugs may indicate confounding by maternal asso-
ciations. However, if a significant share of the N05AH-
exposed offspring were actually unexposed, because the 
father may not have taken the filled prescription, 1.22 
may be an underestimate of the true association.

CONCLUSION
The current study found weak or null associations between 
prescriptions of neurological drugs (antipsychotics, 
anxiolytics, hypnotics and sedatives, antidepressants, 
and SSRIs, benzodiazepine-derived anxiolytics) filled by 
the father during the development of fertilising sperm 
(3 months before conception) and birth defects in the 
offspring. Paternal use of diazepines, oxazepines, thiaz-
epines and oxepines (as antipsychotics, N05AH) during 
the development of fertilising sperm may be associated 
with mildly elevated birth defect frequencies, although a 
maternal pathway is not excluded here and although this 
observation could be due to chance. As such, men can be 
counselled that these medications likely do not increase 
the risk of birth defects. Further studies are necessary to 
investigate whether these drugs lead to higher rates of 
stillbirths, early abortions or failure to fertilise, as well as 
the group N05AH.
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Statistical appendix 
M.J. Wensink, Y. Lu, L. Tian 

Introduction and summary 

Since some observations were partially missing, either because they were treated as such (see below), or, 

mostly, because they were missing in the original dataset, we planned to impute those observations before 

running  generalized additive models on the imputed datasets, and combine the results through Rubin’s rule. 

At the moment of imputation, we had variables such as gestational age, smoking status of the mother, and 

education of both parents, as well as a large number of binary variables for drug exposures. We had 973 

drugs which at least one father was prescribed during the three months preconception, 945 drugs that at 

least one mother was prescribed during the first trimester of pregnancy, and 885 drugs that at least one 

mother was prescribed during the rest of pregnancy. We also had various indicator covariates for maternal 

and paternal conditions, as well as 14 subgroups of birth defects (for example birth defects of the heart, etc.). 

Because imputation on all these covariates was impractical giving computational limitations, we set up the 

following approach. 

1. We ran a lasso algorithm on the complete cases, from which we selected an appropriate set of 

variables to impute from for each of the variables that had missing data. 

2. We ran multiple imputation by chained equations, imputing each of the missing value of a variable 

based on variables selected by the lasso algorithm for the variable of interest. 

3. We ran logistic regressions with the logit link function through generalized additive models based on 

entire datasets after imputing all missing values and pooled the results through Rubin’s rule. 

The lasso algorithm used linear relationships only and no interactions were considered. For multiple 

imputation and logistic regressions, we used approaches that allowed a maximum of flexibility with regard 

to departures from linearity. In particular, for imputation we used predictive mean matching for numeric 

variables and simple indicator variables for each group of categorical variables (without further assumptions 

such as the proportional odds assumption), while for the logistic regressions we used scatterplot smoothers 

(thin plate splines with four knots spaced uniformly, i.e. the default setting of the statistical software – 

changing to cubic splines did not change the results) for numeric variables and again simple indicator 

variables for each group of categorical variables. Details are given below. 

Data preparation and missingness 

This analysis concerns liveborn singletons only. Birth lengths below 21 cm (often 0 cm or 10 cm, 8412 births) 

or above 69 cm (538 births) were treated as missing. Birth weights below 366 g (often 0 g or 100 g, 2091 

births) and above 6583 g (63 births) (+/- 5 standard deviations) were treated as missing. At least master-level 

education was relabeled as high education. Education ranging from upper secondary to bachelor level was 

relabeled as middle education. Primary and lower secondary education were relabeled as low education. This 

relabeling was based on divergent trends of preconception drug use in this data set published elsewhere 

(reference 3 of the main manuscript). Education not elsewhere classified was treated as missing (1883 and 

3669 births for father and mother, respectively). Maternal smoking was relabeled as no smokers, current 

smokers, and quit during pregnancy (thus collapsing the various moments of quitting during pregnancy). 
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After applying exclusion criteria, i.e. for observations used in the final analysis, we had the following numbers 

of missing data: 

Supplementary Table 1. Numbers (%) of data missing for each variable that had at least one missing entry (% missing = 0 for all 

other variables). Smoking status of the mother was missing most often (8.4%), but had a negligible effect on birth defects. Education 

of the mother (3.4%) and father (3.8%) was missing next most often, with education of the mother having a small but highly 

significant effect (adjusted odds ratio on the order of 1.07, depending on the model). 

Variable Number missing net of exclusion 

criteria 

Apgar score 8,531 (0.8%) 

Birth length 13,001 (1.2%) 

Birth weight 5,594 (0.5%) 

Hospital days upon birth 6,015 (0.5%) 

Disposable income father 4,818 (0.4%) 

Education father 41,895 (3.8%) 

Education mother 37,314 (3.4%) 

Smoking status mother 92,448 (8.4%) 

At least one variable missing 168,871 (15.3%) 

 

Notice that while Apgar score, birth weight and length, and number of hospital days were not involved in the 

main analysis, they had to be imputed because other imputations might rely on them. For the same reason 

we initially imputed the 27,080 missing gestation ages. 

Lasso 

For the lasso algorithm, all numeric variables were standardized by subtracting the mean and dividing by 

twice their standard deviation. Binary variables were not standardized. To allow for convergence in 

reasonable time, we first selected even years only, after which we sampled without replacement 1 in every 

5 observation, giving approximately 10% of the original data or some 100 thousand (100K) observations. On 

this reduced dataset we then ran the lasso cross validation algorithm of R package glmnet (version 4.0-2), i.e. 

cv.glmnet() with alpha=1. From the cross validation results (representative example in Figure 1), we selected 

an appropriate number of variables from which to impute. 
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Figure 1. An example of a lasso result, in this case of gestation age on a sample of 100K observations. On the x-axes the number of 

non-zero covariates (top) along with the log of the penalty parameter λ (bottom). The loss (mean squared error) is given as the y-axis. 

Observe that the null model (0 covariates) corresponds to imputing the mean, giving a MSE (≈variance) of 0.25 as a result of our 

standardization procedure. After log(λ) reaches -6, diminishing returns lead the addition of further covariates to reduce the mean 

squared error only marginally, whereas the number of variables with non-zero coefficients grows swiftly. In this case we selected a 

model with 75 variables, striking the middle between sparsity and accuracy (see main text of this Appendix). 

In selecting the set of variables to impute from, we considered that we had the following reasons to be 

generous, i.e., likely to choose a high number of variables: 

1. A better, fuller model gives more accurate imputations and so improves the precision of estimates. 

2. The relationships in the complete cases may differ somewhat from the relationships in the whole 

population (if we knew all missing values). Selecting a generous model gives a chance for these 

relationships to be picked up in the imputation procedure. 

3. There would have been some sampling variability in selecting 100K observations from the dataset, 

in which the relationships may differ somewhat from the remaining (complete cases) dataset. 

Selecting a generous model gives a chance for this relationship to be picked up in the imputation 

procedure. 

4. Overfitting was not our first concern, since we wished to maximally capture the variability in the data 

and our sample size is large relative to the number of variables. 

5. We had particular reason to be generous for those variables with a high percentage of observations 

missing (smoking status in particular), so that ceteris paribus gains from accurate imputations would 

be larger (although variability in variables used in those imputations may also propagate). 

6. Selecting a small model may lead imputations to depend on variables that are missing at the same 

time, which little opportunity to seize on other information in the data. 

We also had the following reasons to be conservative, i.e. choose a low number of variables: 

1. A small model runs faster, which was the aim of the lasso screening step.  Multiple imputations based 

on the entire dataset is too slow and unnecessary.  

2. Since there is variability in sampling the subset on which to run lasso, the variables near the minimum 

loss (the left vertical dashed line in Figure 1) may not be relevant for the rest of the data. 
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3. Some of the non-zero coefficients in the selected lasso model may not be at their full, unpenalized 

values. Removing the restriction of penalization may increase the predictive power of the model in 

the multiple imputation setting without need for additional covariates in the imputation model. 

In practice we ended up choosing a model halfway between lambda for the minimum loss (lambda.min) and 

lambda at one standard error of the minimum loss (lambda.1se). Up to 50 covariates were added to the latter 

model depending on the location of lambda.min, the amount of missing data, a visual inspection of the 

plateau, and any pre-existing knowledge on the status of a variable as a confounder, always staying well away 

from lambda.min. The exceptions to this procedure were the education factor variables, which did not 

converge on 100K observations. For these variables we divided up the 100K variables in 4 datasets (of 25K 

variables each), ran the lasso algorithm on each of these, selected the lambda.min model for each, and took 

the intersection of the four sets of covariates. Hence, the first selection was generous (large number of 

variables selected), but taking the intersection of the four sets is conservative (small number of variables 

selected). For education, this procedure gave 59 variables for the father and 105 for the mother. Smoking 

status of the mother was imputed from 146 variables due to high missingness. The other variables were 

imputed from much smaller models (11-16 covariates). Thus, we used large models for variables with a 

relatively large amount of missing data, or that were difficult to predict. 

Multiple imputation 

Multiple imputation was done using chained equations (Gibbs sampler) under the assumption of missingness 

at random, implemented in R package mice (version 3.8.0) with a custom made predictor matrix set up from 

the models found through the lasso procedure outlined above. We created 10 imputed datasets using 

polytomous regression without further assumptions for categorical variables and predictive mean matching 

for numerical variables. The number of imputed datasets was lower than the 15% suggested by the “one 

dataset for each percent of missing data” rule, justified because most variables had only low percentages of 

missing data, and were used only indirectly. Because the default number of 5 iterations suggested that 

convergence was perhaps not fully achieved for some variables, we ran 10 iterations. Convergence was 

achieved after 7 iterations. 

Logistics regressions (generalized additive model) 

We ran logistic regression fully adjusted for birth year, paternal characteristics, and maternal characteristics, 

as implemented in R package mgcv (version 1.8-33). For example, 

model<-gam(birth defect ~ drug name + s(birth year) + 

  education father + s(income father) + s(age father) + 

  education mother + smoking status mother + s(age mother), 

  data = data, 

  subset = liveborn singletons after exclusion criteria, 

  family = binomial() 

) 

The scatterplot smoothers used most degrees of freedom for birth year and age mother, and least for income 

and age father. 
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Such models were run in functions that ran them for each of the datasets, pooled the estimates, and 

summarized the results, as implemented in R package mice: 

estimates <- with(data = data, gam as above omitting the data statement) 

pooled estimates <- pool(estimates) 

model results <- summary(pooled estimates) 
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