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Purpose: Cryptorchidism and hypospadias share several prenatal risk factors. However, in published studies, boys exposed to
cigarette smoking during pregnancy have a higher risk of cryptorchidism and a lower risk of hypospadias. Using Danish register-
based data, we revisited these findings with a cohort and sibling-matched design to investigate the potential effect of shared time-stable
factors.

Patients and Methods: For the cohort study, we included 823,670 live-born, singleton boys born from 1991 to 2016. Crude and
adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) were estimated using Cox regression models for each genital
anomaly according to maternal cigarette smoking during pregnancy. For the sibling-matched design, we included 399,258 brothers and
used a stratified Cox regression model creating family-adjusted results.

Results: In the cohort study, we found a higher risk of cryptorchidism (aHR = 1.18, 95% CI: 1.12, 1.24) and a lower risk of
hypospadias (aHR = 0.84, 95% CI: 0.76, 0.93) when comparing boys exposed to cigarette smoking with non-exposed, and for
increasing numbers of cigarettes smoked. In comparison, the sibling-matched analyses suggested a slightly weaker association for
cryptorchidism and an association of similar magnitude for hypospadias, both in the same direction as in the cohort study.
Conclusion: Shared, familial confounding does not seem to explain earlier findings of higher risk of cryptorchidism and lower risk of
hypospadias.
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Introduction
Cryptorchidism (uni- or bilaterally undescended testis) and hypospadias (urethral meatus displacement) are the two most
common genital anomalies in boys,'* but their etiologies remain unclear.>* However, they share several prenatal risk
factors, including being born small for gestational age and preterm delivery,™® and studies suggest multifactorial
mechanisms.”®

Several predominantly small studies show no association between maternal cigarette smoking during pregnancy and
cryptorchidism.”'® However, large-scale epidemiological studies and three meta-analyses report a higher risk of
cryptorchidism in boys exposed to cigarette smoking in fetal life compared to unexposed boys.”'? Although some

913,14 geveral studies show lower risk

studies report no association between maternal cigarette smoking and hypospadias,
among boys exposed to cigarette smoking in fetal life than unexposed.'>'” This was also supported by a large meta-
analysis from 2011.7 These findings remain puzzling, as the many, shared risk factors for cryptorchidism and hypospadias

suggest a common etiology. Since maternal smoking has been associated with most common birth complications,'® it
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raises the important question of whether the observed inverse association for hypospadias is causal or a result of
confounding from time-stable familial factors such as social, genetic, and environmental factors.'®

We hypothesized that maternal cigarette smoking during pregnancy increases the risk of both cryptorchidism and
hypospadias and that the opposing associations previously found are due to confounding, possibly from time-stable
familial factors.

Using large Danish register-based data, we performed a cohort and sibling-matched design study to explore the
associations between maternal cigarette smoking cryptorchidism and hypospadias, and to investigate the potential
confounding from time-stable familial factors.

Methods

Study Population and Data Sources

The study population consisted of all live-born, singleton boys born in Denmark between January 1st, 1991, and
December 31st, 2016 (N = 823,670). They were identified in the Danish Medical Birth Register (MBR) which contains
information on all births in Denmark.?® All Danish residents are given a unique Civil Registration (CPR) number at birth or
immigration.”' This allowed for individual-level linkage between the MBR and The Danish National Patient Registry
(DNPR), which holds data on all hospital admissions and visits in Denmark including surgical codes?* and The Integrated

Database for Labor Market Research (IDA) at Statistics Denmark, which includes information on educational level.**

Ascertainment of Exposure

From 1991 to 1996, cigarette smoking during pregnancy was registered in the MBR by midwives, either as non-smoker
or smoker based on self-reports by the pregnant woman at the first antenatal care visit during week 16 or 17 of gestation.
From 1997, smoking status registration changed to several categories: non-smoker, smoking cessation in 1st trimester,
smoking cessation after 1st trimester, <5 cigarettes/day, 610 cigarettes/day, 11-20 cigarettes/day, >21 cigarettes/day and
amount unknown.”* Based on these data, we created two main exposure variables of interest. First, using data for the
whole study period (1991-2016), we divided the exposure status into three categories: non-smoker, stopped during
pregnancy, and smoker. Smoking cessation during pregnancy was only available from 1997 onwards, but we included
this category in all analyses to broaden the exposure contrast. Second, using data from 1997-2016, we divided the
exposure status into six categories: non-smoker, stopped during pregnancy, <Scigarettes/day, 6—10cigarettes/day, 11—
20cigarettes/day, and >21cigarettes/day. Throughout the manuscript, we will refer to these as “the 3-categorized exposure
variable” and “the 6-categorized exposure variable”.

Ascertainment of Male Genital Anomalies

Information on cryptorchidism and hypospadias was available through the DNPR, using the International Classification of
Disease (ICD) codes. ICD-8 was in use from 1978 to 1993, and ICD-10 has been in use from 1994 onwards. Boys were
considered to have cryptorchidism if one of the following ICD codes were registered: ICD-8: 75210, 75211, or 75219 or ICD-
10: Q53, Q531, Q531A, Q532, Q532A, or Q539, who also received a code for relevant corrective surgery (Surgery and
Treatment Classification of the National Board of Health: 55600 or 55640, or Nordic Classification of Surgical Procedures:
KFH100, KFHO1, or KFH10).% Boys were considered to have hypospadias if one of the following ICD codes were registered:
ICD-8: 75220, 75221, 75222, 75228, 75229, or ICD-10: Q54, Q540, Q541, Q542, Q543, Q548, or Q549.

Ascertainment of Covariates

Based on existing literature, we made decisions on potential confounders to be included in our models for both study
designs by drawing directed acyclic graphs (DAGs)*°, (Supplementary Figures 1 and 2. Information on maternal diabetes
was available from the DNPR and was defined as type 1 diabetes (ICD—8: 249; ICD—10 E10, 0240), type 2 diabetes
(ICD-8: 25; ICD—10: E11, 0241), or gestational diabetes (ICD—8: 63474, Y6449; ICD—10: 0244, 0240). Information
on maternal age, gestational age, birth weight, and parity was available within the MBR. Information on pre-pregnancy

body mass index (BMI, kg/m2) was available from 2004 in the MBR.>* Maternal nationality was available from
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Statistics Denmark. Information on years of education was available from IDA at Statistics Denmark. The categorization

of variables included in the cohort design is presented in Table 1. Birthweight z-scores were created for a sensitivity

analysis based on relevant intrauterine growth curves.”’

Statistical Analyses

We applied multiple imputations with chained equations to account for missing data on covariates and imputed 20

datasets®®, (Supplementary file 1). In the cohort design, we accounted for time to diagnosis with a Cox proportional

Table | Maternal and Infant Characteristics According to Maternal Smoking During Pregnancy Among 823,670 Danish Singleton Boys

Born in Denmark, 1991-2016

Characteristics®

Maternal Smoking Status During Pregnancy

Total Population

Non-Smoker | Stopped During Pregnancy Smoker Missing
Overall, n (%) 632,475 (76.8) 14,845 (1.8) 141,943 (17.2) | 34.407 (4.2) 823.670 (100.0)
Calendar year at birth, n (%)
1991-1996 131,938 (20.9) 0 (0.0)° 57,020 (40.2) | 12,491 (36.3) 201,449 (24.5)
1997-2002 143,371 (22.7) 3471 (23.4) 38,685 (27.3) 9406 (27.3) 194,933 (23.7)
2003-2008 154,699 (24.5) 4284 (28.9) 26,142 (18.4) 5293 (15.4) 190,418 (23.1)
2009-2016 20,2467 (32.0) 7090 (47.8) 20,096 (14.2) 7217 (21.0) 236,870 (28.8)
Gestational age (weeks), mean (SD) 39.8 (1.8) 39.8 (1.9) 395 (2.0 393 (2.5) 39.7 (1.8)
Birthweight (gram), mean (SD) 3623 (560) 3590 (587) 3383 (580) 3490 (675) 3579 (572)
Parity, n (%)
Nullipara 282,302 (44.8) 9279 (63.0) 60,455 (42.7) | 13,668 (39.7) 365,704 (44.4)
=Primipara 347,615 (55.2) 5460 (37.0) 80,993 (57.3) | 16,742 (48.7) 450,810 (54.7)
Missing 2558 (0.4) 106 (0.7) 495 (0.3) 3997 (11.6) 7156 (0.9)
Maternal age (years), n (%)
<24 77,409 (12.2) 3488 (23.5) 35,543 (25.0) 5990 (17.4) 122,430 (14.9)
25-29 223,946 (35.4) 5344 (36.0) 49,311 (34.7) | 12,226 (35.5) 290,827 (35.3)
30-34 223,472 (35.3) 4125 (27.8) 38,426 (27.1) | 10,788 (31.4) 276,811 (33.6)
235 107,648 (17.0) 1888 (12.7) 18,663 (13.1) 5403 (15.7) 133,602 (16.2)
Maternal education (years), n (%)
<9 74,265 (12.0) 2952 (20.3) 44,258 (31.6) 6056 (17.6) 127,531 (15.5)
10-14 266,938 (43.1) 7173 (49.2) 70,190 (50.2) | 14,832 (43.1) 359,133 (43.6)
=15 277,790 (44.9) 4441 (30.5) 25,470 (18.2) | 11,482 (33.4) 319,183 (38.8)
Missing 13,482 (2.1) 279 (1.9) 2025 (1.4) 2037 (5.9) 17,823 (2.2)
Nationality, n (%)
Denmark 572,187 (90.5) 13,703 (92.3) 135,665 (95.6) | 29,628 (86.1) 751,183 (91.2)
Other Nordic country 7175 (1.1) 195 (1.3) 995 (0.7) 351 (1.0) 8716 (1.1)
Other country 52,924 (8.4) 939 (6.3) 5271 (3.7) 3764 (11.0) 62,898 (7.6)
Missing 189 (0.0) 8 (0.1) 12 (0.0) 664 (1.9) 873 (0.1)
Pre-pregnancy diabetes, n (%)
No diabetes 617,843 (97.7) 14,335 (96.6) 139,366 (98.2) | 33,563 (97.5) 805,107 (97.7)
DMI or DM2¢ 4007 (0.6) 147 (1.0) 900 (0.6) 330 (1.0) 5384 (0.7)
Gestational diabetes mellitus 10,625 (1.7) 363 (24) 1677 (1.2) 514 (1.5) 13,179 (1.6)
BMI (2004-2016, kg/m2), n (%)
<185 12,633 (3.8) 565 (5.2) 2810 (6.8) 267 (2.3) 16,275 (4.1)
18.5-24.9 202,646 (61.0) 6116 (56.8) 21,201 (51.6) 4069 (34.6) 234,032 (59.1)
25-29.9 66,013 (19.9) 2283 (21.2) 8612 (21.0) 1373 (11.7) 78,281 (19.8)
30-34.9 24,397 (7.3) 944 (8.8) 3961 (9.6) 612 (5.2) 29,914 (7.6)
235 12,651 (3.8) 535 (5.0) 2180 (5.3) 347 (2.9) 15,713 (4.0)
Missing 13,731 (4.1) 329 (3.1) 2302 (5.6) 5097 (43.3) 21,459 (5.4)

Notes: *“Numbers do not add up to 100.00% due to rounding of percentages. bRegistr'ation as stopped smoking during pregnancy was implemented in the Danish Medical

Birth Registry in 1997. “Diabetes mellitus type | and 2 diagnosed before completion of the first trimester.
Abbreviations: BMI, body mass index (weight (kg)/height (mZ)) available since 2004; DMI or DM2, diabetes mellitus | or 2.
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model, estimating both crude and adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) across levels of
exposure for both the 3-categorized and the 6-categorized exposure variable. We used the boys’ age as the underlying
time scale and followed them until a diagnosis of cryptorchidism or hypospadias, death, emigration, or end of follow-up
(December 31st, 2016). The following variables were included in the regression model: calendar year at birth, maternal
years of education, parity, maternal age at birth, nationality, and maternal diabetes. Robust standard errors were applied to
account for the clustering of siblings. In the sibling-matched design, we used stratified Cox regression, creating separate
strata for all sibling pairs of two or more brothers by the unique maternal identifier. This design makes within-family
comparisons of exposure and outcome, accounting for shared familial factors, both observed and unobserved.?’ Thus, we
adjusted only for calendar year at birth, parity, maternal age at birth, and maternal diabetes. We assessed the proportional
hazards assumptions with adjusted log-log plots for all models, and the data were compatible with these assumptions
(data not shown).

Sensitivity Analyses

We performed five sensitivity analyses. First, we repeated all cohort design analyses with restriction to boys with
complete data to compare the results with those obtained from the imputed data used in the main cohort design. Second,
we further adjusted for maternal BMI in the cohort design with both exposures, as maternal BMI has been associated
with an increased risk of cryptorchidism and hypospadias®® and may act as a potential confounder. Maternal BMI was
only available and valid from 2004 in the MBR,** thus, we adjusted for maternal BMI in the subset of all boys born from
2004 to 2016. Third, we further adjusted the cohort design analyses with the 3-categorized exposure for birthweight
z-scores, as being born small for gestational age has been strongly associated with both genital anomalies'® and may act
as an important mediator. However, conditioning on birth weight might create severe collider stratification bias.' Thus,
we decided a priori to only adjust for birthweight z-scores in a sensitivity analysis. Fourth, for the 3-categorized
exposure, we restricted the cohort to siblings to explore potential selection problems in the sibling-matched design.
Fifth, the sibling-matched design assumes no carry-over effects, ie, the outcome of the first sibling does not affect the
exposure of the next sibling. Therefore, we tested for carry-over effect between genital anomalies of the firstborn sibling
(independent variable: yes, no) and maternal cigarette smoking during the subsequent pregnancy (dependent variable:
non-smoker, smoker), using logistic regression models.”” We adjusted for maternal cigarette smoking during the first
pregnancy, calendar year of birth of both siblings, maternal age, nationality, and years of education. All statistical
analyses were performed in STATA/MP 15.1 (StataCorp LLC, College Station, Texas).

Results

Between 1991 and 2016, 823,670 singleton boys of 607,999 mothers were born in Denmark and included in this study.
The average (range) follow-up time was 12.7 (0-25.9) years. Of the participants, 141,943 (18.0%) had mothers, who
smoked cigarettes during pregnancy, whereas 14,845 (1.9%) had mothers, who stopped smoking during pregnancy. In
total, 20,870 (2.5%) boys were diagnosed with cryptorchidism. Among these, 11,509 boys (1.4%) were also registered
with a surgical code for orchiopexy with a mean (range) age of 4.0 (0-23.0) years at first diagnosis. A total of 4296 boys
(0.6%) were diagnosed with hypospadias with a mean age (range) of 1.8 (0-25.0) years at first diagnosis. Characteristics
of the study population are presented in Table 1.

The total population for the sibling-matched design consisted of 399,258 brothers. In total, 18,480 sibling pairs were
discordant for their mother’s smoking status. Further, 5036 and 2007 sibling pairs were discordant for cryptorchidism and
hypospadias. For cryptorchidism, 324 sibling pairs were discordant for both smoking status and cryptorchidism. For
hypospadias, 105 sibling pairs were discordant for both smoking status and hypospadias.

Cohort Design

Using the 3-categorized exposure variable, fetal cigarette smoking exposure was associated with a higher risk of
cryptorchidism (aHR = 1.18, 95% CI: 1.12, 1.24) and a lower risk of hypospadias (aHR = 0.84, 95% CI: 0.76, 0.93)
compared to boys of non-smoking mothers (Tables 2 and 3). Using the 6-categorized exposure variable, an increasing
number of cigarettes smoked was generally associated with an increased risk of cryptorchidism and decreasing risk of
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Table 2 Hazard Ratios with 95% Confidence Intervals for Cryptorchidism According to Maternal Cigarette During Pregnancy Among
823,670 Danish Singleton Boys Born in Denmark, 19912016

Smoking Status Cohort Analyses Sibling Analyses
Total, %* | n, %" HR aHR® | 95%Cl | Total, % | n, % HR aHR? | 95% ClI
19912016 100.0 1.5
Non-smoker 75.3 1.4 Ref Ref Ref 773 1.4 Ref Ref Ref
Stopped during pregnancy 1.2 1.4 0.90 091 0.78, 1.06 1.2 1.4 1.15 1.10 0.77, 1.55
Smoker 235 1.7 1.26 1.18 1.12, 1.24 21.5 1.6 1.16 .11 0.93, 1.31
1997-2016
Non-smoker 74.0 1.4 Ref Ref Ref 754 1.4 1.00 1.00 Ref
Stopped during pregnancy 32 1.4 0.88 0.88 0.76, 1.03 29 1.4 1.25 .16 0.79, 1.69
<5 cig/day 6.8 1.6 1.17 1.08 0.98, 1.20 6.4 1.6 1.13 1.04 0.78, 1.39
6—10 cig/day 8.0 1.8 1.31 1.21 .11, 1.33 7.5 1.7 1.50 1.40 1.04, 1.89
11-20 cig/day 6.5 1.8 I.19 1.08 0.97, 1.21 6.2 1.6 1.32 1.22 0.84, 1.78
22| cig/day 1.6 1.8 1.53 1.34 1.04, 1.73 1.5 1.8 1.67 1.63 0.78, 3.43

Notes: *No. in each exposure category in percent. ®°No of cases in percent. “Adjusted for calendar year at birth (1991-1996, 1997-2002, 2003-2008, and 2009-2016),
maternal years of education (<9, 10-14, and 215), parity (0 and 21), maternal age at birth in years (<24, 25-29, 30-34, and 235), nationality (Danish, other Nordic countries,
and other countries), and diabetes (no diabetes, gestational diabetes, and pregestational diabetes). ‘Adjusted for calendar year at birth (1991-1996, 1997-2002, 20032008,
and 2009-2016), parity (0 and 21), maternal age at birth in years (<24, 25-29, 30-34, and 235), and diabetes (no diabetes, gestational diabetes, and pregestational diabetes).
Abbreviations: Cl, confidence interval; aHR, adjusted hazard ratio; cHR, crude hazard ratio.

Table 3 Hazard Ratios with 95% Confidence Intervals for Hypospadias According to Maternal Cigarette During Pregnancy Among
823,670 Danish Singleton Boys Born in Denmark, 19912016

Smoking Status Cohort Analyses Sibling Analyses
Total, %* | n, %° HR aHR® 95% Cl | Total, % n, % HR aHR? | 95% CI®
19912016 100.0 0.5
Non-smoker 753 0.6 Ref Ref Ref 773 0.6 Ref Ref Ref
Stopped during pregnancy 1.2 0.7 1.04 0.99 0.79, 1.23 1.2 0.7 .11 1.20 0.63, 2.29
Smoker 235 0.5 0.82 0.84 0.76, 0.93 21.5 0.5 0.85 0.82 0.58, 1.18
19972016
Non-smoker 74.0 0.6 Ref Ref Ref 754 0.6 Ref Ref Ref
Stopped during pregnancy 32 0.6 1.01 1.00 0.80, 1.24 29 0.6 1.14 1.25 0.63, 2.50
<5 cig/day 6.8 0.6 0.92 0.93 0.78, 1.12 6.4 0.6 0.85 0.80 -
610 cig/day 8.0 0.5 0.72 0.73 0.60, 0.88 7.5 0.6 0.58 0.54 0.28, 1.04
1120 cig/day 6.5 0.5 0.90 0.91 0.73, 1.13 6.2 0.5 0.84 0.83 0.36, 1.94
221 cig/day 1.6 0.6 0.65 0.65 0.37, 1.16 1.5 0.5 0.94 1.08 0.23, 5.02

Notes: *No. in each exposure category in percent. °No. of cases in percent. “Adjusted for calendar year at birth (1991-1996, 1997-2002, 2003-2008, and 2009-2016),
maternal years of education (<9, 10-14, and 215), parity (0 and 21), maternal age at birth in years (<24, 25-29, 30-34, and 235), nationality (Danish, other Nordic countries,
and other countries) and diabetes (no diabetes, gestational diabetes, and pregestational diabetes). “Adjusted for calendar year at birth (1991-1996, 1997-2002, 20032008,
and 2009-2016), parity (0 and 21), maternal age at birth in years (<24, 25-29, 30-34, and 235), and diabetes (no diabetes, gestational diabetes, and pregestational diabetes).
°Confidence intervals were not available for estimates of <5 cigarettes/day due to too small a subpopulation.

Abbreviations: Cl, confidence interval; aHR, adjusted hazard ratio; cHR, crude hazard ratio.

hypospadias. For cryptorchidism, those exposed to the highest level of cigarettes per day (>21), had the highest risk of
cryptorchidism (aHR = 1.34, 95% CI: 1.04, 1.73). For hypospadias, those exposed to >21 cigarettes/day had the lowest
risk (aHR = 0.65, 95% CI: 0.37, 1.16), however with wide 95% Cls overlapping the null for all exposure groups.

Sibling Design

For the 3-categorized exposure, we found a tendency toward a higher risk of cryptorchidism (aHR = 1.11, 95% CI: 0.77,
1.55), and a lower risk of hypospadias (aHR = 0.82, 95% CI: 0.58; 1.18) among those, whose mothers smoked during
pregnancy, compared to those unexposed (Tables 2 and 3). The analyses with the 6-categorized exposure variable showed
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the same tendency of a dose-response relationship; however, most 95% ClIs overlapped the null. The highest risk of
cryptorchidism was observed among those, whose mothers smoked >21 cigarettes/day (aHR = 1.63, 95% CI: 0.78, 3.43).
For hypospadias, the risk decreases with levels of exposure up until 6-10 cigarettes per day (aHR = 0.54, 95% CI: 0.28,
1.04) and increases for higher levels of exposure. However, all estimates had 95% Cls overlapping the null for all
exposure groups.

Sensitivity Analyses

First, the complete case analyses yielded similar results compared to the main cohort design (Supplementary Table 1).

Second, adjusting for maternal BMI in the years 2004-2016 attenuated the results, most notably for cryptorchidism,
where the aHR for smoking >21 cigarettes/day was 1.15 (95% CI: 0.77, 1.72) (Supplementary Table 2). Third, adjusting
for birthweight z-scores with the 3-categorized exposure resulted in slightly lower HRs for cryptorchidism (aHR = 1.11,
95% CI: 1.05, 1.16) and for hypospadias (aHR = 0.74, 95% CI: 0.67, 0.82) (Supplementary Table 3). Fourth, when
restricting the cohort to only include siblings, we found comparable results (Supplementary Table 3). Finally, when

investigating the presence of a carry-over effect, we obtained adjusted odds ratios (ORs) approximate to 1 for both
cryptorchidism and hypospadias, indicating no carry-over effect (Supplementary Table 4).

Discussion

In the cohort design, we replicated the earlier findings of a higher risk of cryptorchidism and a lower risk of hypospadias
among boys exposed to cigarette smoking during pregnancy. In the sibling-matched design, we found comparable but
attenuated results for cryptorchidism, suggesting that previous findings may be slightly overestimated, but not largely
affected by confounding from familial time-stable factors. For hypospadias, results from the sibling-matched design also
showed a lower risk among boys of mothers, who smoked during pregnancy. This suggests that shared, time-stable
familial factors do not explain the observed inverse association between smoking and hypospadias. However, almost all
estimates in the sibling-matched design had Cls overlapping the null.

The majority of existing studies show no association between maternal cigarette smoking and cryptorchidism,'®**73*
which could be due to their predominantly small study populations. However, three meta-analyses have found a small
increased risk.”'%'? In 2018, Yu et al included only crude estimates from 20 studies and found a pooled OR of 1.18 (95%
CI: 1.12; 1.24),'° but the two earlier studies included adjusted estimates whenever possible and found similar results.’'
Further, both performed sensitivity analyses testing their estimates with pooled ORs of only adjusted estimates and found
similar results.

Most studies on maternal cigarette smoking during pregnancy and hypospadias report no association.'!'#33-3
However, our findings are consistent with those of four large case-control studies.'>'®*7>® A meta-analysis by
Hackshaw et al included 15 studies on hypospadias, and reported a lower risk of hypospadias (pooled OR 0.90, 95%
CI: 0.85; 0.95).°

A Danish study on hypospadias by Leite et al in 2014 found no association (aOR = 0.94, 95% CI: 0.83, 1.06).*° The
study used the same registers and case definitions but registered all women as either never smokers or ever smokers and
included fewer observations, which could explain this finding.

A major strength of our study is the use of Danish health care registers. Since the Danish Health Care System is free
and accessible to all Danish residents,*” selection bias due to non-participation is minimal. The outcome definitions used
were based on recent Danish validations studies, showing high positive predictive values for both genital anomalies.”>*'

The study also had limitations. Since only live births were included and maternal cigarette smoking is well-known to
increase the risk of miscarriage,'® different fetal survival rates between exposure groups may have resulted in selection
bias, ie, live-birth bias.** Information on maternal cigarette smoking was based on self-reports, which may have been
affected by underreporting. Further, information on second-hand smoking and other smoking habits was not available.
However, since the information was reported before the outcome, the potential misclassification would most likely be
non-differential. A large, Norwegian cohort study compared self-reported smoking information from pregnant women

with plasma cotinine levels (a sensitive marker of tobacco smoking) and indicated that self-reported smoking is a valid
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marker for tobacco exposure.*® Still, other studies have reported misclassification among occasional smokers when
comparing self-reports with serum-cotinine levels.***>

The Danish Health Care Authority recommends all health care staff pay extra attention to children exposed to prenatal
smoking,*® which might result in earlier detection of genital anomalies in boys of smoking mothers. However, we found
no evidence of such detection bias in our model-based log-log plots. Further, with the long follow-up time available, it is
unlikely that detection bias can explain our findings, as previously described.*’

We lacked information on alcohol intake during pregnancy, which was a priori identified as a potential confounder,
and any resulting confounding cannot be excluded. Maternal BMI has been associated with a higher risk of both genital
anomalies and was a priori identified as a possible confounder.'”*® However, the information was only available and
valid in the MBR from 2004 onwards.>* Adjusting for maternal BMI in the subpopulation with available data resulted in
attenuated associations, suggesting that BMI might have confounded our results to some extent. We used maternal
educational level as a proxy for socioeconomic status and thus, we cannot rule out the possibility of residual confound-
ing. We considered growth restriction as an intermediate factor. Adjusting for birthweight z-scores in the sensitivity
analyses lowered the aHRs of both cryptorchidism and hypospadias, supporting this assumption.

Our sensitivity analyses showed that the sibling population was representative of the whole cohort and showed no
sign of carry-over effects. However, the sibling-matched design risks amplification of confounding bias from unad-
justed, non-shared factors.*® While we did adjust for several measured, non-shared covariates, we cannot exclude that
important, non-shared confounders were not accounted for. Further, the possible non-differential misclassification of
smoking status may cause an even stronger bias towards the null in the sibling-matched design than in the cohort
design.

We replicated the findings from previous studies of a higher risk of cryptorchidism and a lower risk of hypospadias
among boys exposed in utero to cigarette smoking compared to unexposed boys. The diverging findings for cryptorchid-
ism and hypospadias in our and previous studies are puzzling, as the two anomalies share many prenatal risk factors,
suggesting a partly common etiology. Our results do not support our hypothesis that these diverging results are due to
unadjusted, familial confounding, but it remains unknown, whether the association between maternal smoking during
pregnancy and hypospadias is causal.

A possible explanation can be derived from the different effects of cigarette smoking on the in utero environment.
Cigarette smoking inhibits the enzyme placental aromatase, which converts testosterone into estrogen.*’ This will
decrease the fetal bioavailability of estrogen while increasing the bioavailability of testosterone,”® which may lower
the risk of both anomalies.**' However, cigarette smoking also increases the risk of preterm delivery and induces fetal
growth restriction,'® which are well-known risk factors for cryptorchidism. Hence, cigarette smoking may increase the
risk of cryptorchidism through this mechanism. On the other, fetal growth restriction induced by cigarette smoking
probably occurs later in pregnancy well after the fusion of the urethral folds has ended. Hence, cigarette smoking may
have a protective effect on hypospadias owing to its inhibition of placental aromatase. To further investigate the possible
association between smoking during pregnancy and both anomalies, future studies should investigate the possible anti-
estrogenic effects and interactions of maternal lifestyle factors on the risk of cryptorchidism and hypospadias to better
understand their exact etiology.

Conclusion

In this large, register-based study cohort and sibling-matched design study, maternal cigarette smoking during pregnancy
was associated with a higher risk of cryptorchidism and a lower risk of hypospadias. Based on the results from the
sibling-matched design, the apparently opposing associations for cryptorchidism and hypospadias cannot be explained by
time-stable, familial confounding. Future studies should explore this and other possible causal mechanisms further to
disentangle the causal links of this research area.
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