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ARTICLE INFO ABSTRACT

Handling Editor: Olga-loanna Kalantzi Background: Exposure to endocrine-disrupting chemicals (EDCs) during the critical period of testicular descent
may increase the risk of cryptorchidism and male fertility.

Keywords: Objective: To investigate 27 potential EDCs measured in breast milk as a proxy for perinatal exposure and the risk

Congenital cryptorchidism of cryptorchidism in a prospective cohort.

Recurrent cryptorchidism Method: The Norwegian Human Milk Study (2002-2009) enrolled 2606 mother-infant pairs, of which 1326 were

Endocrine-di ti hemical. . . . . S
neocrine-cisrupting chemica’s mother-son pairs. In a case-cohort design, we studied 641 male infants who had 27 EDCs already quantified in
Human breast milk

Persistent organic chemicals milk samples: 5 organochlorine pesticides, 14 polychlorinated biphenyls (PCBs), 6 brominated flame retardants,

Variable selection and 2 poly- and perfluoroalkyl substances. We defined cases of congenital, recurrent, persistent and ever-
reported cryptorchidism based on questionnaires mothers completed when children were 1, 6, 12 and 24
months old. Variable selection via elastic net logistic regression identified the best cryptorchidism predictors
while multivariable logistic regression models determined their effect estimates.
Results: The prevalence of reported congenital cryptorchidism was 6.1%, with half spontaneously descending
within six months of birth, after which prevalence stabilized between 2.2 and 2.4%. The ever-reported preva-
lence of cryptorchidism at 1, 6, 12, or 24 months was 12.2%. Elastic net models identified PCB-74 (OR = 1.31,
95% CI: 1.001-1.703), PCB-114 (OR = 1.36, 95% CI: 1.05-1.77), PCB-194 (OR = 1.28, 95% CI: 1.03-1.53) and
B-HCH (OR = 1.26, 95% CI: 1.03-1.53 (per interquartile range increase in concentration of EDCs) as best pre-
dictors of congenital cryptorchidism. No EDCs were selected for either recurrent or persistent cryptorchidism,
and only PCB-194 was selected by elastic net for ever-reported cryptorchidism (OR = 1.23, 95% CI: 1.01-1.51),
in contrast to unpenalized multivariable logistic regression, where most of the individual congeners of PCBs
showed significant associations.
Conclusion: In the largest multi-pollutant analysis to date considering potential confounding from co-exposure to
other chemicals, perinatal exposure to PCB-74, PCB-114, PCB-194 and -HCH were associated with increased
odds of congenital cryptorchidism. Many PCBs may falsely be associated with cryptorchidism when assessed
individually, due to confounding by highly correlated chemicals. Experimental studies are warranted to confirm
our findings.

1. Introduction urogenital abnormalities in newborn males (Batra et al., 2021). It rep-
resents the failure of either one or both testes to fully descend to a
Cryptorchidism, undescended testes, is one of the most common normal position at the scrotum’s base and is strongly associated with
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reduced male fertility and testicular cancer later in life (Gurney et al.,
2017). The prevalence of cryptorchidism in children born full-term
varies and can be influenced by the age of diagnosis (ranging from
birth to one year) or the diagnostic criteria used to assess the spectrum of
disease severity (retractile testis for example). Overall, 1-9% of full-
terms baby boys are born with cryptorchidic testis, while the preva-
lence estimates are higher in preterm deliveries (1-45%) (Sijstermans
et al., 2008, Virtanen et al., 2007). A spontaneous descent of testis oc-
curs during the first 3 months of life in approximately half of the cases
(Berkowitz et al., 1993, Gurney et al., 2017).

Prospective clinical studies have reported an increasing trend in the
prevalence of congenital cryptorchidism in the UK (2.7-4.1%) and
Denmark (1.8-8.4%) since the 1950s, which correlates with an increase
in persistent chemicals in the environment (Juul et al., 2014, Virtanen
and Toppari, 2008). In Norway, the prevalence of cryptorchidism, based
on the Medical Birth Registry of Norway (MBRN), has been approxi-
mately 0.3% since the early 1970s, although registry-based estimates
are prone to underreporting (Brantsater et al., 2016).

While the exact cause of cryptorchidism remains unknown, identi-
fied risk factors include maternal smoking during pregnancy, birth
weight, gestational age, family history of cryptorchidism, and genetics,
and, to a lesser extent, maternal age, alcohol or caffeine consumption
during pregnancy, pregnancy medications, recreational drug use, anal-
gesics, parity (primiparous mothers) (Gurney et al., 2017). In addition,
exposure to endogenous hormones and environmental endocrine dis-
rupting chemicals (EDCs), have been suggested as risk factors for
cryptorchidism (Gurney et al., 2017). EDCs with estrogenic effects
(bisphenol A (BPA), DDT, some PCBs, phyto-estrogens, and phenols),
and anti-androgenic effects (DDE, phthalate, and vinclozolin) have been
directly linked with cryptorchidism in experimental animal studies
(Skakkebaek, 2002, Virtanen and Adamsson, 2012). In humans, levels of
some EDCs (BPA, phthalates, PFOS) were shown to correlate with
insulin-like factor 3 (INSL3), regulator of testicular descent (Chevalier
et al., 2015, Toft et al., 2016).

Several epidemiologic studies show an association between crypt-
orchidism in humans and, for example, prenatal exposure to diethyl-
stilbestrol (DES) (Virtanen and Adamsson, 2012), maternal exposure to
phthalates (Wagner-Mahler et al., 2011), BPA (Komarowska et al.,
2015), and maternal residential pesticide (atrazine) exposure
(Jorgensen et al., 2014; Agopian et al., 2013). Other studies found no
association when they investigated individuals EDCs, but did find effects
for a sum or combination of organochlorine pesticides (Damgaard et al.,
2006), sum of PCB congeners (Brucker-Davis et al., 2008, Koskenniemi
et al., 2015), and sum of PBDEs (Main et al., 2007), while others did not
find any association for the sum of 11 PCBs in maternal serum from third
trimester (McGlynn et al., 2009), placental levels of 37 PCBs or 17 di-
oxins (Virtanen et al., 2012). Furthermore, a meta-analysis that sum-
marized 10 case-referent studies investigating different EDC exposures
found no increased risk of cryptorchidism and EDC exposure (Bonde
et al., 2016). Most of the studies to date have focused on a limited
number or class of chemicals as exposure, used mainly congenital
cryptorchidism as an outcome, or used single pollutant analysis, which is
prone to potential confounding from co-exposure to other chemicals.

We therefore simultaneously investigated the association between
exposure to 27 potential EDCs (four class of chemicals) measured in
breast milk as a proxy for perinatal exposure and the risk of congenital,
recurrent, persistent, and ever-reported cryptorchidism among Norwe-
gian boys in the HUMIS birth cohort using both multi-pollutant analysis
(elastic net penalized logistic regression) and single pollutant analysis
(multivariable logistic regression)

2. Methods
2.1. Study population

The Norwegian Human Milk Study (HUMIS, 2002-2009) is a
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prospective multi-center birth cohort of 2,606 mother-infant pairs. It
was established to measure levels of persistent organic pollutants (POPs)
in breastmilk and to investigate possible health effects associated with
high levels. The HUMIS cohort has previously been described in detail
(Eggesbg et al., 2009). Briefly, public health nurses recruited new
mothers between 2003 and 2009 during routine postnatal care home
visits around two weeks postpartum in seven counties across Norway
(see Supplementary Table S1 for details of the counties). 21.5% of the
mother—child pairs were recruited in 2002-2005 by a pediatrician at the
maternity ward in @stfold hospital in Southern Norway, two term births
for every preterm birth (Eggesbg et al., 2009). Mothers from all counties
followed the same protocol and completed the same questionnaires,
regardless of the recruitment procedure.

Among the 2,606 participants enrolled in the HUMIS study, the
present study included 1,262 mother-son pairs for prevalence estimates
after excluding mother-daughter pairs, uncertain or missing outcomes,
and non-singletons. For the study of cryptorchidism with potential EDCs
exposure, we used a case-cohort design, restricting our analysis to a
subset of 641 mother-son pairs where up to 27 chemicals had been
measured in the mothers’ breast milk samples (Fig. 1).

The study was approved by the Norwegian Data Inspectorate (ref.
2002/1398), and the Regional Ethics Committee for Medical Research
(ref. S-02122). Informed consent was also obtained from all partici-
pating women prior to enrollment.

2.2. Outcome assessment

Cryptorchidism was mapped from self-administered questionnaires
filled out by the mothers at 1, 6, 12, 24 months. For the purpose of this
study, cryptorchidism was defined based on the timing of the presen-
tation as either:

1. Congenital cryptorchidism
e Cryptorchidism based on mother’s report at one month after birth
2. Recurrent cryptorchidism
e Cryptorchidism at birth that spontaneously descends and then re-
ascends
3. Persistent cryptorchidism
e Cryptorchidism reported both at age 1 and 2 years, including
receipt of orchiopexy
4. Ever-reported cryptorchidism
e Cryptorchidism reported at 1, 6, 12 or 24 months.

2.3. EDCs exposure assessment

The mothers were asked to collect 25 mL of breastmilk each morning
on eight consecutive days two weeks after birth and before the child
reached two months of age, in line with the WHO recommendation
(WHO, 2007). Minor deviations in this sampling protocol, such as
collection by breast pump, were accepted. The pooled milk samples
were stored frozen in a 250 mL natural High-Density Polyethylene
(HDPE) packaging container. The date and time of collection were
recorded, as well as whether a breast pump had been used. When the
packaging container had been filled, participants mailed it by regular
mail, except in the county of @stfold (n = 171, 26.7% in this cryptor-
chidism study), where the milk samples were collected by study
personnel and kept frozen during transport to the Norwegian Institute of
Public Health biobank. The different modes of transport of milk samples
was not expected to affect EDCs concentration as persistent chemicals
are able to withstand severe conditions. The HDPE packaging container
(Cat. No.: 967-21244, Thermo Scientific Nalgene®) was made from
food-grade high-purity resins. Moreover, the containers were recently
tested for potential migration of chemicals (Collet et al. 2020).

Milk was sampled at a median of 33 (10th-90th percentile: 18-57)
days after delivery in all counties. More than 90% of the samples were
sampled after two weeks and before the child turned 2 months of age.
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Fig. 1. Flow chart showing selection of the participants into the cryptorchidism study from the HUMIS cohort (2002-2009, Norway).

The median age (10th-90th percentile) in days at the time of breast milk
sampling was 29 (10-65) and 34 (22-56) days in @stfold and other
counties, respectively. The concentrations of 27 potential EDCs: 5
organochlorine pesticides (OCPs; $-HCH, HCB, p,p’-DDE, p,p’-DDT), 14
polychlorinated biphenyls (PCBs; PCB-105, PCB-114, PCB-118, PCB-
156, PCB-157, PCB-167, PCB-189, PCB-74, PCB-99, PCB-153, PCB-170,
PCB-180, PCB-194, and PCB-138), 6 polybrominateddiphenyl ethers
((P)BDEs; BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, and BDE-154),
and 2 poly- and perfluoroalkyl substances (PFASs; PFOA, PFOS) were
quantified in breast milk samples. Four laboratories took part in the
chemical analyses for the PFASs, PBDEs, PCBs, and OCPs, as previously
described (Forns et al., 2015, Polder et al., 2009, Thomsen et al., 2010,
Forns et al., 2016, Cechova et al., 2017, Cechova et al., 2017): the
Department of Environmental Exposure and Epidemiology, Norwegian
Institute of Public Health (Oslo, Norway), the Department of Environ-
mental Sciences, Norwegian University of Life Sciences (As, Norway),
the Institute for Environmental Studies, Faculty of Earth and Life Sci-
ences, VU University (Amsterdam, the Netherlands), and the Research
Centre for Toxic Compounds in the Environment, Masaryk University
(Brno, Czech Republic). Breast milk lipid levels were quantified gravi-
metrically during chemical analysis. See Supplementary Methods for
detailed analytical methods. Exposure values falling below limit of
detection (LOD) were replaced by randomly generated numbers be-
tween zero and LOD. The concentrations of the EDCs in breast milk are
lipid adjusted (ng/g), except for PFASs where concentrations are wet
weight (ng/L).

2.4. Covariates

We obtained information on potential confounders, mediators and
other covariates from questionnaires that the mothers completed at 1, 6,
12, and 24 months postpartum and the Medical Birth Registry of Nor-
way. Continuous variables included maternal age (years), pre-
pregnancy BMI (kg/m?), parity, birth weight (g), and gestational age
(days). Preterm (yes/no), maternal education (low/medium/high),
smoking status (no smoking/occasional smoking/daily smoker less than
or equal to 10 cigarettes/daily smoker more than 10 cigarettes), gesta-
tional diabetes (yes/no), and preeclampsia (yes/no) were categorical
variables. Information on child’s sex, gestational age, birth weight, and
maternal smoking during pregnancy were obtained from the Medical
Birth Registry of Norway (Skjaerven et al., 2000).

2.5. Statistical analysis

2.5.1. Adjustment models

We estimated the effect of EDC exposure on the development of
cryptorchidism for both unadjusted (crude estimate) and controlling for
appropriate confounders (adjusted model) identified by a directed
acyclic graph (DAG). Adjustment for the total effect included the
following cofounders: maternal education (low, medium, high),
maternal age (continuous), pre-pregnancy BMI (kg/m?), smoking (yes/
no), and nulliparity (yes/no) (Supplementary Fig. S1).

We used multiple imputation by chained equations with predictive
mean matching (Buuren and Groothuis-Oudshoorn, 2010;(White et al.,
2011) to impute missing exposure data (missing due to no chemical
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analysis of milk samples: <3.3% for 13 chemicals, 13-18% for 12
chemicals, 25-28% for 2 chemicals, and missing covariate data (<2.8%)
up to the full sample size of 641. Details of the missing summary is
presented in Supplementary Table S4. We generated 100 multiply
imputed data sets, which we used for all analyses.

2.5.2. Single and multi-pollutant variable selection and effect estimation
We used separate ordinary least squares logistic regression models
for the single pollutant analysis to estimate odds ratios (ORs) and 95%
confidence intervals (CIs) for congenital, recurrent, persistent and ever-
reported cryptorchidism, controlling for the potential confounders
identified by the DAG. For the multi-pollutant analysis, we used elastic
net logistic regression (Zou and Hastie, 2005), a variable selection
method to identify important predictors among a high number of
correlated exposures, reducing the potential for multicollinearity (Len-
ters et al., 2018). High correlation between exposures is a challenge in
conventional regression methods as they cannot differentiate between
true predictors from correlated variables (Agier et al., 2016). Elastic net
logistic regression model as a variable selection method that out-
performs prediction of an outcome in the presence of strongly correlated
predictors (chemical exposures) compared to conventional logistic
regression (Lenters et al., 2018), or other regularization and variable
selection methods such as Lasso (Zou and Hastie, 2005). The potential
confounders were forced into the elastic net model unpenalized while
the optimal level of penalization for the correlated 27 chemical expo-
sures was determined using the default 10-fold cross-validation. The
analysis was repeatedly performed in each of the multiply imputed
datasets (n = 100) and an exposure considered selected if it was retained
in at least 50% of the imputed sets. In the second step to obtain unbiased
estimates, we then refit the selected subset of chemicals in an ordinary
multi-pollutant logistic regression model. We used Stata (version 16.0;
Stata Corp LP, College Station, Texas, USA) for all statistical analyses.

2.5.3. Sensitivity analyses

For the final adjusted model, we conducted a number of sensitivity
analyses. We ran the model on the complete case dataset for comparison
with the multiple imputation dataset. Furthermore, we assessed, indi-
vidually, the effect of further adjusting for preterm birth (yes/no), use of
breast pumps for milk collection (yes/no), timing of milk collection
(days), and other reported congenital anomalies (including hypospa-
dias, yes/no). For the elastic net selected EDCs, we also assessed po-
tential effect modification by maternal education, nulliparity, and
preterm birth in models including main effects and cross-product terms,
with a Wald test p-value of <0.20 suggestive of an interaction.

3. Results

3.1. Maternal and son characteristics of the entire eligible HUMIS cohort
and the cryptorchidism case-cohort study participants.

The maternal and son characteristics of the cryptorchidism study
participants (n = 641) was representative of the entire HUMIS cohort (n
= 2606) with respect to median maternal age (29 vs 30), high maternal
education (74.1% vs 74.9%), nulliparity (43.5% vs 42%), small for
gestational age (11.1% vs 10.0%), and preterm births (9.7% vs 9.3%)
respectively (Table S1).

Among the entire eligible HUMIS cohort participants (n = 1262), the
prevalence of reported congenital cryptorchidism was 6.1%, while the
prevalence for recurrent cryptorchidism was 8%, 1.6% for persistent
cryptorchidism, and 12.2% for ever-reported cryptorchidism at any one
of the time points (1, 6, 12, 24 months) (Table S2). 56% of the congenital
cryptorchidism cases descended spontaneously within the first 6 months
of birth, after which the prevalence stabilized between 2.2 and 2.4%.
There were twice as many cases of unilateral cryptorchidism (1.4%)
than bilateral cryptorchidism (0.7%) according to the report at 12
months of age. Orchiopexy was planned or performed in three out of 12
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babies with reported persistent cryptorchidism up to two years of age
despite the recommendation for operation between six and 18 months of
age (Batra et al., 2021). The rate of surgery in the recommended age
range is also less than one-third in Australia & other populations
(Schneuer et al., 2016).

Table 1 shows the socio-demographic characteristics for congenital,
recurrent, persistent, and ever-reported cryptorchidism for the case-
cohort study subset (n = 641). For ever-reported cryptorchidism,
73.6% of the mothers were between 25 and 35 years of age at delivery,
74% had higher education, close to 4% smoked cigarettes daily, and
about 10% of the mothers were obese prior to pregnancy. Approxi-
mately 10% of the children were small for gestational age, and or pre-
term, due to the oversampling of preterm in @stfold County

Fig. 2 shows the boxplot distributions of the 27 EDCs measured in
breast milk of mothers in the case-cohort cryptorchidism study, while
numerical details (median, IQR, maximum) comparing levels from
mothers with and without a cryptorchidic son is described in Supple-
mentary Table S3. The highest breast milk concentrations within each of
the four chemical classes were observed for PCB-118 (62.2 ng/g, among
mono-ortho DL-PCBs), PCB-153 (296 ng/g, among non-DL PCBs), DDE
(1280 ng/g), BDE-47 (73.6 ng/g) and PFOS (484.5 ng/L) (Supplemen-
tary Table S3).

The Pairwise Pearson correlations between the 27 EDCs showed
26.5% strong (rp > 0.75), 15.1% moderate (0. 5 < 1, < 0.75), and 10.6%
low (0.25 < 1, < 0.50) correlations. In general, there was clustering by
chemical class with moderate to strong correlation within chemical
classes, low to moderate correlation between PCBs and OCPs, and weak
or no correlations between BDEs and PFASs (see Fig. S2).

3.2. Association with cryptorchidism

In the ordinary least squares logistic regression, individual congeners
of some of the seven DL-PCBs were significantly associated with
congenital cryptorchidism (PCB-114, PCB-156, PCB-157), recurrent
cryptorchidism (PCB-114, PCB-118, PCB-167), and ever-reported
cryptorchidism (PCB-114). Likewise, some NDL-PCBs were also signifi-
cantly associated with congenital cryptorchidism (PCB-74, PCB-194),
recurrent cryptorchidism (PCB-153, PCB-170, PCB-180, PCB-138), and
ever-reported cryptorchidism (PCB-194). None of the PCBs were asso-
ciated with persistent cryptorchidism (Fig. 3). Among OCPs, $-HCH was
the only one significantly associated with congenital cryptorchidism.
There were no association for individual congeners of BDEs or PFASs
with any of the cryptorchidism definitions. Details of the ordinary least
squares regression results for each of the four outcome definitions with
each of the 27 chemicals for crude estimate (unadjusted) and adjustment
for confounders (total effect) are shown in Supplementary Tables S5-S8.

3.3. Variable selection result

The multipollutant analysis based on elastic net logistic regression
selected PCB-74, PCB-114, PCB-194 and B-HCH in at least 50% of the
imputed datasets (n = 100 imputations) as the best predictors among the
27 chemicals for congenital cryptorchidism. In the non-penalised multi-
pollutant logistic regression model, the effect estimates were: OR =
1.31, 95% CI: 1.00-1.70 (p = 0.049) for PCB-74, OR = 1.36, 95% CIL:
1.05-1.77 for PCB-114, OR = 1.28, 95% CI: 1.03-1.59 for PCB-194 and
OR = 1.26, 95% CI: 1.03-1.53 for p-HCH per IQR increase in breast milk
concentrations. No EDCs were selected for either recurrent or persistent
cryptorchidism while PCB-194 (OR = 1.19, 95% CIL: 1.01-1.41) was
selected as the best predictor of ever-reported cryptorchidism in 52% of
the imputed datasets (Table S9). The IQR varied from 81 to 124%
change in concentration, see Supplementary Table S3 for units corre-
sponding to IQR.
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Table 1
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Socio-demographic characteristics of mother-son pairs (N (%) or median (IQR)") by cryptorchidism case definitions included in the case-cohort study of EDCs and
cryptorchidism in the HUMIS cohort (n = 641, 2002-2009, Norway).

Total Congenital Recurrent Persistent Ever-reported
cryptorchidism cryptorchidism cryptorchidism cryptorchidism
N=641 N =26/485° N =11/185 N = 9/500 N =77/641

Maternal age (years)

<25 101 5 (1.0%) 1 (0.5%) 2 (0.4%) 10 (1.6%)

25-35 472 18 (3.7%) 8 (4.3%) 6 (1.2%) 58 (9.0%)

>35 68 3 (0.6%) 2 (1.1%) 1 (0.2%) 9 (1.4%)
Maternal education (years)

<12 yrs 59 3 (0.6%) 0 (0.0%) 1 (0.2%) 9 (1.4%)

12 years 92 4 (0.8%) 1 (0.5%) 3 (0.6%) 11 (1.7%)

>12 years 475 19 (3.9%) 9 (4.9%) 5 (1%) 54 (8.4%)

Missing 15 0 (0.0%) 1 (0.5%) 0 (0.0%) 3 (0.5%)
Birth weight (grams)

<2500 33 0 (0.0%) 3 (1.6%) 3 (0.6%) 6 (0.9%)

2500-4000 437 22 (4.5%) 7 (3.8%) 5 (1%) 54 (8.4%)

>4000 171 4 (0.8%) 1 (0.5%) 1(0.2%) 17 (2.7%)
Nulliparity 276 14 (2.9%) 7 (3.8%) 3 (0.6%) 28 (4.4%)
Gestational age (days) 641 283 (276-290) 282 (257-284) 271 (255-272) 280 (271-288)
Small-for gestational 71 3 (0.6%) 1 (0.5%) 2 (0.4%) 8 (1.2%)

age

Preterm 62 1 (0.2%) 3 (1.6%) 3 (0.6%) 11 (1.7%)
Caesarean section 107 4 (0.8%) 2 (1.1%) 3 (0.6%) 10 (1.6%)
Smoking 78 3 (0.6%) 2(1.1%) 1(0.2%) 7 (1.3%)
Pre-Pregnancy BMI (kg/m?)

Under weight 22 0 (0.0%) 0 (0.0%) 0 (0%) 0 (0.0%)

(<£18.4)

Normal (18.5-24.9) 386 17 (3.5%) 7 (3.8%) 4 (0.8%) 48 (7.5%)

Overweight 151 5 (1.0%) 4 (2.2%) 2 (0.4%) 15 (2.3%)

(25-29.9)

Obese (>30) 64 3 (0.6%) 0 (0.0%) 2 (0.4%) 11 (1.7%)

Missing 18 1 (0.2%) 0 (0.0%) 1(0.2%) 3 (0.5%)
Preeclampsia 29 2 (0.4%) 0 (0.0%) 2 (04%) 8 (1.2%)

Note: BMI: body mass index; IQR: interquartile range.

4 N (%)) is reported for binary or categorical variables from the total mothers who responded to the questionnaire for each cryptorchidism definition in the column.

> Median (IQR) is reported for continuous variables.

¢ The denominator in each column represents the number of mothers who responded to the specific questions related to cryptorchidism presentation.
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weight concentrations are presented for PFASs (ng/L) and lipid adjusted concentrations for all other chemicals (ng/g lipid). See Table S3 for numerical values.
Abbreviations: BDE, brominated diphenyl ether; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HCB, hexachlorobenzene; p-HCH,
Beta-hexachlorocyclohexane; BDE, Brominated Diphenyl Ether; PCB, polychlorinated biphenyl; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate.



A.A. Desalegn et al.

A. Congenital Cryptorchidism OR [95% 1] B.  Recurrent Cryptorchidism OR [95% CI]
P 67 —— 051 3.40)
R pea-tiat | 2 )
| 1
I o [EP—
pee-tte |y pes-t1ent |
1 1
. 1
pce-1se't | pegasert g L ® !
1 1
P pesasr| o ®
| 1
| 1
JL— ——
pcaerrf T pcateT'f |
| I
(R, , [ ,
PCB-74 : PCB.74 :
1 1
PCB-138 I ' PCB-138 } e
1 1
pces3f |t b pea-s3f 1" A
1 1
— ————
pce-170} |} pcea70t |
I 1
pcsof 1 R S
| |
o N
pca-104] | pes-oaf '}
1 1
[ L
RS S S— gHCHf T ® !
! : T + T
1 15 2 1 2 3
Odds Ratio Odds Ratio
® Crude
Adjusted

3] PCB-118"

Environment International 157 (2021) 106815

C. Persistent Cryptorchidism OR [95% C1]
i 1.00(0.49,2.03
: .14(0.57,2.29
h
1

D. Ever-reported Cryptorchidism OR [95% Cl]
o 1.181

PCB-114" PCB-114"

1
1 .
1 PCB-118

-~

PCB-156" PCB-156'|

PCB-157 PCB-157"

PCB-167" PCB-167"

pca-74t " PCB-74

i

PCB-138 PCB-138

PCB-153 PCB-153

N
|

PCB-170 PCB-170

PCB-180 PCB-180

PCB-194 PCB-194

B-HCH B-HCH

3 1 15 2
Odds Ratio

Fig. 3. Forest plot with odds ratio (OR) and 95% confidence interval (CI) per IQR increase in concentration of selected chemicals from 27 potential EDCs that were
significantly associated with either congenital cryptorchidism, recurrent cryptorchidism, persistent cryptorchidism or ever-reported cryptorchidism in the case-
cohort study in the HUMIS cohort (n = 641, 2002-2009, Norway). DL-PCBs are indicated with asterisk symbol (*) in the figure. Adjusted models included
maternal age, education, pre-pregnancy BMI, parity, and smoking. Missing data was multiply imputed (n = 100 imputations).

3.4. Sensitivity analyses

Sensitivity analysis checking the additional effect of adjusting indi-
vidually for preterm, congenital anomalies including hypospadias,
timing of breast milk collection, and use of breast pump for milk
collection did not materially alter effect estimates (Supplementary
Fig. S3). We also did not detect significant effect modification for the
selected EDCs by maternal education, preterm birth and nulliparity with
congenital cryptorchidism (p-interaction > 0.30) or ever-reported
cryptorchidism (p-interaction > 0.28). Effect estimates for congenital
and ever-reported cryptorchidism from complete case analysis were
similar to the multiple imputation analysis (Supplementary Fig. S4).

4. Discussion

In this case-cohort study, we found that infants with the highest
exposure to breast milk concentrations of PCB-74, PCB-114, PCB-194
and p-HCH had increased odds of congenital cryptorchidism, and ever-
reported cryptorchidism (PCB-194 only). The odds of having congen-
ital cryptorchidism was increased by 28-36% for PCBs and 26% for
B-HCH per IQR increase in breast milk concentrations. PCB-194 was
associated with 23% increased odds of ever-reported cryptorchidism.

In the present study, only 3 PCBs (PCB-74, PCB-114, and PCB-194)
were selected as the best predictors of congenital cryptorchidism
among the PCBs using variable selection method although more indi-
vidual PCB congeners were significantly associated with congenital or
recurrent cryptorchidism in the unpenalized logistic regression. This
highlights the importance of using multipollutant models in order to
control for confounding by correlated exposures with shared exposure
sources and similarities in kinetics with long half-lives (Zou and Hastie,
2005; Lenters et al., 2018). The epidemiological literature linking pre-
natal PCB exposure to the risk of cryptorchidism is inconclusive. Pre-
natal exposure to the sum of 12 dioxin-like PCBs from adipose tissue
biopsies were positively associated with congenital cryptorchidism in
the Danish-Finnish case-control study (2002-2006, n = 44 cases/38
controls) (Koskenniemi et al., 2015). Similarly, a French case-control
study examining 151 cord blood (n = 67 cryptorchidism/84 controls)
and 125 colostrum samples (n = 56/69) found a positive association
between cryptorchidism and the total PCB concentrations (sum of 7
congeners) in colostrum, OR = 2.74, 95% CI (1.15-6.53), but not in cord
blood, nor any association with individual congeners (Brucker-Davis
et al.,, 2008). In the present study, less than 5% of the breast milk

samples were collected within the first two weeks after delivery when
colostrum is mainly produced. The U.S. Collaborative Perinatal Project
(CPP) involving 12 U.S. medical centres between 1959 and 1965 did not
find an association between eleven individual PCB congeners, or their
sum, and cryptorchidism in a case-control study (n = 230/593)
(McGlynn et al., 2009), nor did a nested case-control study within a joint
Danish (n = 39/129) and Finish (n = 56/56) prospective cohort study
using placental levels of 37 PCBs (n = 112/168) (Virtanen et al., 2012).
Moreover, in the same Danish-Finish cohort using breast milk, Krysiak-
Baltyn et al (2012) showed PCBs indicating protective effect within the
Danish cohort but contrasting result within the Finish cohort.

More support is found in the literature for the role of organochlorines
in the aetiology of cryptorchidism. In the present study, only p-HCH was
associated with congenital cryptorchidism, among the organochlorines
although the median concentrations of HCB, p,p’-DDE, p,p’-DDT, and
oxychlordane were all higher in infants with cryptorchidism compared
to infants without cryptorchidism (Supplementary Table S3). In a pre-
vious Norwegian study based on agricultural census, farmer’s occupa-
tional exposure to OCPs was associated with cryptorchidism registered
in the Medical Birth Registry (Kristensen et al., 1997). In accordance
with this, a higher prevalence of cryptorchidism was also reported in
Denmark amongst boys whose mothers were employed in greenhouses
while pregnant (Andersen et al., 2008). In line with our study, p-HCH
was associated with cryptorchidism in the US CPP study that compared
serum concentration below the 10th and above the 90th percentiles (OR
= 1.6, 95% CI: 0.7-2.6) (Pierik et al., 2007). Moreover, even though
non-significant, children in Germany with cryptorchidism had higher
median concentrations of p-HCH in fat samples obtained from orchid-
opexy compared to controls (Hosie et al., 2000). In Denmark, a case-
control study (n = 62/68) reported an association between a combina-
tion of eight of the most abundant persistent OCPs in breast milk and
congenital cryptorchidism (p = 0.032), although there was no signifi-
cant difference when individually analysing 27 OCPs, including f-HCH
(Damgaard et al., 2006). The exposure levels in breast milk in their study
was two to three times higher than in our study in Norway (Supple-
mentary Table S3). There is also literature suggesting associations be-
tween cryptorchidism and maternal serum level of other OCPs such as
oxychlordane, p,p’-DDT, and p,p’-DDE (Trabert et al., 2012, Bhatia et al.,
2005, Longnecker et al., 2002). However, not all studies support evi-
dence of association between cryptorchidism and maternal serum levels
of OCPs (Waliszewski et al., 2005, Bhatia et al., 2005, Axelsson et al.,
2020).
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We did not find any associations between brominated flame re-
tardants and cryptorchidism, in line with previous studies (Small et al.,
2009, Koskenniemi et al., 2015, Bonde et al., 2016), but in contrast to a
case—control study in Canada that found an association with cryptor-
chidism and PBDEs measured in maternal hair samples (Goodyer et al.,
2017). In the prospective Danish-Finnish study, Main et al. (2007) found
an association to levels of flame retardants in breast milk, but not in
placenta. Also, we did not find an association with PFOS and PFOA, in
line with two previous studies (Jensen et al., 2013, Toft et al., 2016).
However, PFOS exposure in amniotic fluid has been associated with
hormones (steroid hormone and INSL3) that regulate testicle descent
(Toft et al., 2016), suggesting that a more sensitive effect biomarker may
be necessary to detect sub-clinical effects.

Experimental studies are necessary to confirm our findings of an
association between PCB-74, PCB-114, PCB-194 and f-HCH and
congenital cryptorchidism. Testicular descent occurs during prenatal life
in two distinct phases, the first regulated by the insulin-like factor 3
(INSL3), and the second by androgens and calcitonin gene-related
peptides (CGRP) (Hutson et al., 2015). Reduced androgen to estrogen
ratio, and interference with androgen or INSL3 secretion during prenatal
life, are mechanisms known to induce cryptorchidism in animals (Vir-
tanen and Adamsson, 2012). Elevated serum PCB-74 was significantly
associated with lower serum testosterone among the adult Native
American population, particularly in females (Goncharov et al., 2009),
and prenatal PCB-74 exposure was associated with decreased anogenital
distance among boys in a cohort study in Mexico (Loreto-Gomez et al.,
2018). The effect of PCB-114, a DI-PCB congener, may be due to its aryl
hydrocarbon receptor (AhR) activation, which exhibits anti-estrogenic
or estrogenic effects based on tissue specificity (Warner et al., 2012).
On the other hand, the effect of p-HCH on testicular descent may be due
to its estrogenic properties (Coosen and van Velsen, 1989), while the
probable mechanisms for PCB-194 are not clear.

In this Norwegian birth cohort, the prevalence of congenital crypt-
orchidism was 6.1%, and remained unchanged when established risk
factors, such as preterm births and small for gestational age infants
(Gurney et al., 2017), were excluded. Our prevalence estimates are
higher than reported in the medical birth registry of Norway, which is,
however, prone to underreporting (Brantszter et al., 2016). More than
half of the congenital cryptorchidism cases reported spontaneous
descendent within six months of age in accordance with normal physi-
ology, driven by the transient surge in gonadotrophins and consequent
rise in testosterone levels (mini puberty), making testicular descent
possible until five months of age (Kuiri-Hanninen et al., 2019). The re-
ported prevalence after six months was stable (2.2-2.4%) in our cohort
in accordance with the expected low probabilities of spontaneous
testicular descent after 6 months of age (Shin and Jeon, 2020).

This case-cohort study has several advantages. The participants in
the longitudinal HUMIS cohort are enrolled from across Norway to
represent the general population. Chemicals were analysed in breast
milk, which represents the real-life perinatal exposure to a mixture of
many potential EDCs, and acts as a proxy for dose at the target tissue in
the infants. Given the positive correlation between levels of persistent
chemicals in breast milk, umbilical cord, and maternal serum, breast
milk can be a suitable proxy for prenatal exposure and a good indicator
of body burden for persistent compounds (Cerrillo et al., 2005, Skaare
et al., 1988). It also represents both prenatal and postnatal exposure, and
postnatal exposure may further delay testicular descent that has not
occurred by the time of birth. Another strength of the study is the
extensive assessment of 27 potential EDCs and the use of a variable se-
lection method for the multi-pollutant analysis to reduce confounding
from correlated co-exposure. The outcome ascertainment, cryptorchi-
dism, was defined based on mother’s report using repeated question-
naire at 1, 6, 12, and 24 months with several questions per questionnaire
to cross-check validity of their report. In addition, having several time
points to check cryptorchidism presentation increases the possibility of
detecting any cryptorchidism and capture the spectrum of severity
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(Gurney et al., 2017). For example, measurement only at birth would
exclude boys with a normally descended testis that subsequently ascends
spontaneously; likewise, late measurements may lose less severe cases of
cryptorchidism that descends shortly after birth. Another strength was
substantial questionnaire data to enable a thorough assessment of po-
tential confounding using DAGs. The prevalence of cryptorchidism in
this study ranges between 1.6 and 8% depending on the time when the
questionnaire was sent and severity of cryptorchidism. These prevalence
estimates are high compared to the relatively stable prevalence of
0.3-0.4% reported since the early 1970s based on Medical birth registry
of Norway (MBRN) (Brantseter et al., 2016). However, prevalence es-
timates based on measurement at birth are known to be prone to
underreporting since they may exclude boys with an ascending testicle
or acquired cryptorchidism (normally descended testis at birth that
subsequently ascended).

There are, however, some limitations to our study. One of the main
limitations is the outcome ascertainment, which was based on maternal
report and can be difficult even for trained observers. However, as
mentioned above, multiple questionnaires were administered at
different time points with detailed information including performed or
planned operation to cross-check validity of their report. In addition, the
measurement error arising from maternal report in our study is likely to
be non-differential as mothers do not know their chemical exposure,
biasing estimates towards the null. Reliability of maternal report among
Norwegian mothers has also been validated for important birth and
pregnancy parameters compared with registry data, although cryptor-
chidism was not included (Skulstad et al., 2017). Due to financial con-
straints measurement of chemical exposure was limited to 641 boys out
of 1262, affecting the statistical power of the study. We obtained
exposure information postpartum and not during first trimester, when
testicles develop. Also, we cannot rule out the role of residual con-
founding from unmeasured or unknown confounders even though the
questionnaire contained extensive list of information and we controlled
for more classes of chemicals than any other study. Moreover, for some
classes of potential EDCs, fewer samples were measured, leading to
varying sample sizes, or had higher numbers of values below the limit of
detection. However, multiple imputation was performed to reduce po-
tential bias tied to missing values.

5. Conclusions

In this prospective cohort, PCB-74, PCB-114, PCB-194 and p-HCH
were associated with congenital cryptorchidism. Altogether, 27 poten-
tial EDCs were analysed in this study making it the largest multi-
pollutant study to date on cryptorchidism. We highlight the importance
of using appropriate statistical models to handle highly correlated
chemicals simultaneously to reduce false positive associations, as we
observed marked different results in the single pollutant analysis
compared to the elastic net logistic regression model. Further mecha-
nistic studies are necessary to confirm our findings and elucidate how
the selected EDCs may influence cryptorchidism.
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