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Abstract

Endocrine disrupting chemicals (EDCs) include non-persistent exogenous substances such as
parabens, bisphenols and phthalates which have been associated with a range of metabolic
disorders and disease. It is unclear if exposure remains consistent over time. We investigated
change in indicators of EDC exposure between 2009 and 2016 and assessed its consistency
between and within individuals over a median follow-up time of 47 months in a sample of Dutch
individuals. Of 500 Dutch individuals, two 24 hour urine samples were analysed for 5 parabens, 3
bisphenols and 13 metabolites of in total 8 different phthalates. We calculated per-year differences
using meta-analysis and assessed temporal correlations between and within individuals using
Spearman correlation coefficients, intra-class correlation coefficients (ICC) and kappa-statistics.
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We found a secular decrease in concentrations of methyl, ethyl, propyl and n-butyl paraben,
bisphenol A, and metabolites of di-ethyl phthalate (DEP), di-butyl phthalate (DBP), di-(2-ethyl-
hexyl) phthalate (DEHP), and butylbenzyl phthalate (DBzP) which varied from 8 to 96% (ethyl
paraben, propyl paraben) between 2009 and 2016. Within-person temporal correlations were
highest for parabens (ICC: 0.34 to 0.40) and poorest for bisphenols (ICC: 0.15 to 0.23). For
phthalate metabolites, correlations decreased most between time periods (ICC < 48 months: 0.22
to 0.39; = 48 months: —0.05 to 0.32). When categorizing EDC concentrations, 33 to 54% of
individuals remained in the lowest or highest category and temporal correlations were similar to
continuous measurements. Exposure to most EDCs decreased between 2009 and 2016 in a sample
of individuals with impaired fasting glucose from the Dutch population. Temporal consistency was
generally poor. The inconsistency in disease associations may be influenced by individual-level or
temporal variation exhibited by EDCs. Our findings call for the need for repeated measurements of
EDCs in observational studies before and during at-risk temporal windows for the disease.
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Introduction

Parabens, bisphenols and phthalates are man-made substances that can be found in a wide
variety of everyday products (e.g. food, personal care products and plastics), leading to
ubiquitous exposure in humans (Frederiksen et al., 2020; Koch et al., 2017; Moos et

al., 2015; van der Meer et al., 2020). Because of their estrogenic and/or anti-androgenic
activity, these chemicals are hypothesized to disrupt the endocrine system and therefore
have been labelled as “Endocrine Disrupting Chemicals” (EDCs). Exposure to these EDCs
has been associated with chronic diseases such as obesity, type 2 diabetes, infertility and
cancer (Kahn et al., 2020; Trasande et al., 2016). Most of these studies rely on a single
measurement to indicate chronic exposure and do not take the stability of these EDCs into
account. Lack of consideration of time-related phenomena may lead to inconsistencies in
associations between EDCs and disease.

Regulatory limits have been introduced for EDCs over the past decades (“COMMISSION
REGULATION (EU) No 358/2014,” 2014; “DIRECTIVE 2005/84/EC,” n.d.). These
regulations, together with a rise in consumer awareness has led to a general decrease

in EDC exposures in several European countries and the US (Frederiksen et al., 2020;

Koch et al., 2017; Moos et al., 2015). However, there is limited information available

on the temporal change in the body burden of EDC concentrations over recent years.
Moreover, biomonitoring studies as described above use cross-sectional designs which make
it impossible to evaluate changes in exposure within individuals.

Further, parabens, bisphenols and phthalates are all quickly metabolized and excreted from
the human body. Because of half-life times of less than 24 hour (24h) (Anderson et al.,
2001; Janjua et al., 2008; Volkel et al., 2002), these EDCs are non-persistent. Due to their
non-persistent nature, the consistency of these chemicals has been a subject of debate with
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a recent review showing a wide range of within-person variability (LaKind et al., 2019a).
Inconsistencies may be caused by high variability over time, but also the medium (e.g.
serum, spot urine) and/or small sample sizes. More important, studies investigating EDC
consistency often focus on a follow-up period of weeks to months, while association studies
require assessment of disease development over years. Furthermore, studies often investigate
associations between categorized EDCs and disease (e.qg. first quartile versus fourth quartile)
in an attempt to “reduce” noise or investigate non-linear associations. Very little is known
about the potential benefits (and pitfalls) of EDC categorization in the face of temporal
inconsistency.

In short, it is unclear (a) how ubiquitous exposure levels change over time and (b) how
consistent exposures remain over the course of multiple years. Here, we aimed to assess the
prospective changes in adult exposure to a wide range of a mixture of parabens, bisphenols
and phthalate metabolites in the Netherlands between 2009 and 2016 as measured in

24h urine samples. Using repeated measurements, we investigated temporal correlations

of EDCs both within and between individuals over a time period relevant for clinical studies
and assessed the change in correlations between different lengths of follow-up. Finally, we
assessed the potential benefits of exposure categorization.

Materials and Methods

Study population

This study consisted of 500 native Dutch subjects with impaired fasting glucose (i.e. fasted
glucose 6.1 to 7.0 mmol/l) from the Lifelines study. Individuals were selected based on
their glycaemic status (i.e. fasting glucose: 6.1 to 7.0 mmol/l) and the availability of

urine samples. Baseline urine samples were collected between January 2009 and December
2013. A second urine sample was collected between January 2014 and December 2015.
Lifelines is a multi-disciplinary prospective population-based cohort study conducted in and
representative for the north of the Netherlands (Klijs et al., 2015; Scholtens et al., 2015). The
LifeLines Cohort Study is conducted in accordance with the Declaration of Helsinki and the
research code of the University Medical Center Groningen (UMCG). Before study entrance,
participants signed an informed consent. The study was approved by the UMCG medical
ethics review committee.

Biochemical measurements

Containers for 24h urine collection were accompanied by oral and written instructions

and samples. The total 24h urine volume was measured from the collected containers.

Next, urine was homogenized after which a sample was taken and stored at —80°C.

Methyl paraben (MeP), ethyl paraben (EtP), propyl paraben (PrP), n-butyl paraben (n-BuP)
and benzyl paraben (BzP), BPA, BPF and BPS and phthalate metabolites mono-methyl
phthalate (MMP), mono-ethyl phthalate (MEP), mono-iso-butyl phthalate (MiBP), mono-n-
butyl phthalate (MnBP), mono-(2-ethylhexyl) phthalate (MEHP), mono-n-hexyl phthalate
(MnHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl)
phthalate (MEOHP), mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP), mono-benzyl
phthalate (MBzP), mono-iso-nonyl phthalate (MiNP), mono-hydroxy-iso-nonyl phthalate
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(MHIiNP), and mono-iso-decyl phthalate (MiDP) were analysed in 24h urine samples using
offline isotope dilution liquid chromatography tandem mass spectrometry (LC-MS/MS)
technology, for which the full analytical methods have been described elsewhere (van der
Meer et al., 2019). The limit of detection (LOD) was calculated as 3.3*Sp / b, where Sy

is the standard deviation of the response and b the slope of the calibration curve (Ich,
2005). The limit of quantification (LOQ) was determined by analysing six different samples
with progressively lower concentrations on six different days. The LOQ was set where

the imprecision was < 20% and the signal to noise ratio was > 10 on all days. Urinary
concentrations of total excreted EDCs per 24h (ng/24h) were calculated by multiplying the
measured EDCs (ng/mL) by the total urinary 24h volume (mL). This way, we corrected for
dilution as a result of differences in urine volume.

Statistical analysis

We assessed the consistency of exposure to EDCs by I) examining trends in per-year
exposure, 1) assessing the robustness of correlations between EDCs and I11) investigating
inter- and intra-person correlations of EDCs between baseline and follow-up.

To investigate the temporal stability of EDCs, we calculated the proportion of samples
detected above the LOD, median concentrations and distribution for each EDC at baseline
and at follow-up. Solely EDCs which were detected above LOD in at least 33% of the
samples were selected for subsequent analysis. Samples which were detected below the
LOD were imputed with the LOD divided by the square root of 2 (“LOD/2™) (Hornung

and Reed, 1990), after which we grouped concentrations per year of urine collection. To
account for a right-skewed distribution, we transformed EDC concentrations with a logyq for
statistical analysis. We tested differences in exposure within individuals using linear mixed
effect models. In R, our model is specified:

Ime(EDC~time + (1| ID), data = data). 1)

Differences in exposure over time were modelled using meta-regression approach. Again, in
R:

rma(yi = mean, sei = sem, mods = ~year, data = data, control = list(maxiter o)
= 10000))

In which sem stands for standard error of the mean. Second, we assessed how EDC
concentrations were correlated with each other by calculating Spearman correlation
coefficients between EDCs at both baseline and follow-up and examined whether the
correlations remained consistent over time by comparing correlations found between
baseline EDCs to those found at follow-up. Third, we investigated the temporal correlations
of EDC exposure between individuals independent of temporal trends by calculating

the Spearman correlation coefficients between baseline and follow-up. In addition, we
assessed the within-person temporal correlation of EDCs over time by calculating intraclass
coefficients (ICC) with a random effect for individuals.
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As many studies which focus on disease associations categorize EDC exposure (e.g. highest
concentration quartile versus lowest concentration quartile), we categorized all EDCs which
were detected above LOD in at least 75% of the samples at both timepoints into quartiles.
First, we assessed agreement and cross-over from one category to another over time while
sticking to the cut-offs based on baseline measurements. Next, we repeated the analysis

after recategorizing follow-up measurements independent of baseline categories, and tested
cross-over by calculating kappa statistics. To examine the effect of time interval between
baseline and follow-up measurements on temporal correlations, we calculated Spearman
correlation coefficients, ICCs and Kappa statistics while stratifying for time interval (i.e. <48
months; =48 months).

This study was conducted in a population at-risk for metabolic diseases, which may impact
the representativeness of the results. Therefore, we investigated how two levels of potential
confounding variables affected our results: a) age and sex, and b) age, sex, body mass

index (BMI; categorized as: normal weight [<25 kg/m2], overweight [25-30 kg/m2] or
obese [>30kg/m2]) and smoking status (categorized as: never smoker, ex-smoker, and
current smoker). For both categories, the healthiest level was set as reference (i.e. normal
weight, never smoker). We added these variables as fixed effects in our model that assessed
differences in exposure within individuals. Also, we calculated partial Spearman correlation
adjusting for the variables mentioned above. Further, we conducted a sensitivity analysis in
which we excluded all individuals with a body mass index (BM1) of 30 kg/m? or higher.

We performed all analyses using the R project software (version: 3.5.2) (Team, 2017).

The study population consisted of slightly more males (60%) with a mean age of 53
years at baseline. The largest proportion was overweight (48%) and ex-smoker (46%)
(Supplementary table 1). The median time difference between baseline and follow-up was
47 months (interquartile range: 39 to 55 months; maximum: 85 months).

Temporal trends of endocrine disrupting chemical exposure

Urinary excretions of EDCs are reported in Table 1. The phenols MeP and EtP, and BPA
were detected in at least 75% of the samples at both baseline and follow-up measurements,
as were the phthalates MEP, MiBP, MnBP, MEHP, MEHHP, MEOHP, MECPP and MBzP
(=99%). BzP, BPS, MiNP and MiDP were detected in at most 18% of the samples and
were therefore excluded from subsequent analysis. Within-person excretions decreased over
time for all EDCs (p < 0.006) but BPF, MMP and MnHP (p > 0.05). When analysing
excretions per year (Figure 1), we observed a similar decline in all EDC excretions except
for BPF, MMP, and MnHP. Between 2009 and 2016, median concentrations decreased with
8 to 96% for parabens (EtP, PrP, respectively), 50% for BPA, and 34 to 66% for phthalates
(MEP, MEHP, respectively; Supplementary Table 2). For some parabens (i.e. MeP, PrP,
n-BuP) a large decrease in excretions was detected between 2010 and 2011, whereas BPA
and phthalate metabolites appeared to decline more gradually over time. Excretions per
year are presented in Supplementary Table 3, and logqo-transformed excretions used for the
meta-regression analyses are depicted in Supplementary Figure 1.
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Correlations between exposure to endocrine disrupting chemicals

Figure 2a shows Spearman correlations between EDC excretions at both baseline (lower
triangle) and follow-up (upper triangle). Correlations between phenol excretions in general
remained consistent over time and were strong for MeP with EtP and PrP (r: 0.50 to 0.71). n-
BuP was correlated stronger with MeP, EtP and PrP at follow-up (r: 0.48 to 0.59) compared
to baseline (0.36 to 0.38). For phthalates, we found the strongest consistent correlations
between MEHHP, MEOHP and MECPP (r: 0.86 to 0.96), which were all to a lesser extent
correlated with MEHP (r: 0.60 to 0.68). MinBP and MnBP were moderately correlated at
both timepoints (r: 0.44, 0.40, baseline, follow-up). When comparing correlations of EDCs
between baseline and follow-up (Figure 2b), we found the phenol MeP to consistently
correlate with EtP and PrP (r: 0.31 to 0.34) and PrP to be consistently correlated with n-BuP
(r: 0.31, 0.32). All Spearman correlation coefficients are described in Supplementary Table
4,

Temporal correlations of endocrine disrupting chemical exposure

Next, we assessed the consistency of parabens, bisphenols and phthalates over time. In the
total population, we detected moderate between-person temporal correlations (Figure 2b,
Figure 3a) for MeP, EtP, PrP and n-BuP (Spearman’s rho: 0.38 to 0.49), and BPA and BPF
(Spearman’s rho: 0.19, 0.21). This was reflected by the within-person temporal correlations
(Figure 3b), which we found to be significant for all parabens (ICC: 0.34 to 0.40) but

not for BPA and BPF (0.15, 0.23, respectively). For phthalates, between-person temporal
correlations were moderate for MiBP, MnBP, MEHP, and MBzP (Spearman’s rho: 0.43 to
0.55). Of these phthalates, within-person temporal correlations were in agreement for MiBP,
MEHP and MnBP (ICC: 0.32 to 0.37), and lower for MBzP (ICC: 0.25). We observed
weak between-person (Spearman’s rho: 0.29 to 0.37) and weak within-person temporal
correlations (0.09 to 0.24) for MEP, MnHP, MEHHP, MEOHP and MECPP. Though being
weakly correlated between persons (r: 0.33), MMP showed a consistent within-person
correlation (ICC: 0.35). All temporal correlation coefficients are reported in Supplementary
table 5.

Temporal correlations of categorized endocrine disrupting chemical exposure

When categorizing EDC exposure into quartiles based on baseline cut-off points, at follow-
up we observed a 1.2 to 2.5-fold increase of the lowest quartile (BPA, MEOHP) and a 1.5
to 3.1-fold decrease of the highest quartile (BPA, MEHHP; Figure 4a). When categorizing
baseline and follow-up EDC excretions independent of each other, we observed a large
proportion of cross-over between exposure quartiles (Figure 4b): Specifically, a total of 32
to 43% of the individuals remained in their respective category (MEHHP, MEOHP; MiBP,
respectively), with 44 to 54% (MEHHP, MEOHP; MiBP, MnBP) and 33 to 54% (MEHHP,
MEOHP, BPA; MEHP) remaining in respectively lowest and highest quartile. Information
on changes in quartile composition are documented in Supplementary table 6.

Difference in temporal correlations between less and greater than four year follow-up

As consistency has been shown to decrease over time, we compared correlation coefficients
for repeated measurements with an interval of less than 48 months (n = 260) with those
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which had an interval of at least 48 months (n = 240). For parabens, we observed
correlations to increase over time for MeP (Spearman’s rho: +30%, ICC: +11%, kappa:
+28%), and to remain stable for EtP. Between-person correlations remained similar for

PrP and n-BuP (Spearman’s rho: =5%, +13%), but ICCs decreased over time (-22%,
—-35%). Bisphenol correlations decreased when continuous (Spearman’s rho: —33%, —24%;
ICC: —39%, —43%, BPA, BPS, respectively), but BPA correlations remained similar when
categorized. Regarding phthalates, a longer interval between measurements impacted all
correlation coefficients for MMP and MEP between —10% and —24%. Though a similar
decrease was observed for the between-person and categorized correlation coefficients of
MiBP, MnBP and MEHP, the ICC showed a larger decline (-46% to —50%). Coefficients
for MnHP, MEHHP, MEOHP, MECPP, and MBzP varied between —32% and —51% for
between-person and categorized correlation coefficients, and between —=76% and -123% for
within-person correlations.

Sensitivity analysis

We found within-person changes in exposure to remain similar when we adjusted for
potential confounding variables (Supplementary table 2). Further, we observed that adjusting
for age, sex, BMI and smoking status did not affect the Spearman correlation with more
than 0.10 points between the EDCs measured at baseline (Supplementary figure 2). When
we adjusted the model focusing on EDCs measured at follow-up we found that correlation
coefficients became less strong between n-BuP and MeP (Rho: 0.51 to 0.39), and PrP (0.33
to 0.17). Correlation coefficients changed direction between BPF and MeP, PrP and n-BuP
and remained minor (—0.01 to 0.04). We next looked at the impact of age, sex, BMI and
smoking status on the Spearman correlations between the same EDCs measured at different
timepoints (Supplementary figure 3). All adjusted correlation coefficients remained within
0.10 point of their unadjusted coefficient. Changes were largest for MeP (0.46 to 0.37) and
PrP (0.38 to 0.29).

In total, 181 individuals had a BMI of at least 30 kg/m? and were therefore excluded from
the sensitivity analysis. Within-person changes in exposure remained similar for all EDCs
but BPA (1.85 [0.62; 3.69] to 1.44 [0.50; 3.08], p=0.076). On the other hand, when
assessing exposure per year BPA showed significant decrease over time (p = 0.037), as did
MnHP (p = 0.031). Correlation patterns between EDCs remained similar compared to the
full study population, as did the temporal correlation coefficients (data not shown).

Discussion

Here, we used 24h urine samples to assess the exposure of a wide mixture of non-persistent
EDCs in Dutch adults between 2009 and 2016. We investigated the consistency between
EDCs over different time intervals leveraging individual samples taken at baseline and
follow-up. Further, we investigated the effect of categorization on the stability of EDC
exposure values.
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Secular decrease in endocrine disrupting chemical exposure from 2009 to 2016

Over the past decades, exposure to parabens, bisphenols and phthalates have been monitored
through surveillance programs such as the National Health and Nutrition Examination
Survey (NHANES, US), and the German Environmental Specimen Bank (ESB). Though
some studies have reported exposures without the help of biomonitoring programs (e.g.
Denmark), this data is unavailable for most countries including the Netherlands. In the
current study, we observed a decrease in exposure for all parabens between 2009 and 2016.
Between 2010 and 2011, we observed an especially steep decline in exposure for MeP,

PrP and n-BuP. The ESB did not report data on parabens for 2011, but they did observe a
reduction in exposure gradient in median concentrations for EtP and PrP (1.8- and 2.2-fold
decrease), but not MeP (1.3-fold increase) between 2009 and 2012 (Moos et al., 2015). In
2010, Denmark banned the use of PrP and BuP in cosmetic products for children under three
years (“COMMISSION REGULATION (EU) No 358/2014,” 2014). Though this regulation
did not include MeP and did not apply to the Netherlands, it might have led to changes in the
production of Western-European based products. We observed another decline in paraben
exposure between 2014 and 2015 that has, to the best of our knowledge, not been reported
by other studies before. This decrease could be another result of legislation: As of April
2014, the European Parliament banned the use of iso-PrP, iso-BuP, and BzP in cosmetic
products, next to allowing maximum concentrations of 0.19% for BuP and PrP, and 0.8%
for combined parabens (“COMMISSION REGULATION (EU) No 358/2014,” 2014). In
contrast to Europe, parabens are not regulated in the USA (Center for Food Safety and
Nutrition, 2020), potentially limiting the representativeness of this data to other countries.

We observed a declining gradient in BPA exposure over time. Several studies showed

a similar trend in the USA, in which median concentrations decreased 1.5- to 5.8-fold
(LaKind et al., 2019b; Lin et al., 2020; Ye et al., 2015). For Swedish mothers, an annual
decrease of 9.8% (4.3, p=0.029) was observed (Gyllenhammar et al., 2017), which was
similar to Danish young men that showed an average decrease of 10% per year, (Frederiksen
et al., 2020). BPA concentrations remained similar over time in a Canadian population (1.1
to 1.2 ng/ml) and increased from 0.7 to 1.1 ng/ml in Korea (LaKind et al., 2019b). We found
the strongest decline in exposure between 2014 and 2015, in which the European Union
reduced the tolerable daily intake (TDI) for BPA from 50 to 4 ug/kg body weight/day (EFSA
Panel on Food Contact Materials et al., 2015). In contrast, we observed BPF concentrations
to remain stable over time, in line with studies from the USA and Denmark (Frederiksen

et al., 2020; Ye et al., 2015), while concentrations showed an increasing gradient of 20%
change per year (7.6, p=0.003) in Sweden (Gyllenhammar et al., 2017).

Regarding phthalates, we observed a decreasing gradient in exposure to the DEHP
metabolites MEHP, MEHHP, MEOHP and MECPP, the DBP metabolites MiBP and MnBP,
and the BBP metabolite MBzP. Other studies showed a similar trend in Danish (average
yearly decreases of 7.2 to 16%, all p< 0.0001) and Swedish study populations (14 to

17% decrease per year, all p< 0.001) (Frederiksen et al., 2020; Gyllenhammar et al.,

2017). Moreover, median concentrations of MEHP, MiBP, MnBP and MBzP decreased 1.7-
to 2.8-fold between 2009 and 2015 in a German study performed by the ESB (Koch et

al., 2017). In contrast to parabens and bisphenols, this gradient was more constant. This
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might be due to the implementation of multiple different regulations over time focussed

on different products such as children’s toys (“DIRECTIVE 2005/84/EC,” n.d.), foodstuffs
(“DIRECTIVE 2007/19/EC,” n.d.), cosmetics (“REGULATION (EC) No 1223/2009,” n.d.),
and electronic devices (“Directive 2011/65/EU,” n.d.), which have been gradually become
active over the years and will continue to until 2021. In addition, concentrations of the
metabolite for DEP showed a declining gradient over time, in line with Danish and Swedish
studies which showed a yearly decrease of 16 and 9.8%, respectively (Frederiksen et al.,
2020; Gyllenhammar et al., 2017). The DMP metabolite MMP remained stable. Though
some studies reported decreases over time, absolute concentrations were in the same range
(i.e. 1.4 ug/L versus 1.9 to 2.8 pg/L) (Frederiksen et al., 2020; Koch et al., 2017).

Parabens, bisphenols, and phthalates are mainly used as plasticizers or preservatives, and
sources of exposure described in literature include food- and personal care products.
Therefore, it would be of interest to investigate whether the use or consumption of specific
products is associated with exposure. However, in current study data on the use of personal
care products is unavailable. Though we did have data on the consumption of a large variety
of food products, the packaging and way of preparation of these products was unknown.
For example, we do have an indication of how much carrots an individual ate over the past
month, but not whether these were freshly picked and paper-wrapped at a farm or bought
canned from the supermarket. As shown previously, the packaging of products and use

of cooking utensils can heavily impact exposure to EDCs (Rudel et al., 2011). Therefore,
specific sources of exposure should be investigated in studies designed for that purpose.

Co-exposure and correlation patterns between different endocrine disrupting chemicals

We observed strong correlation patterns between several parabens at baseline that remained
consistent at follow-up. As parabens have been shown to be more effective as antimicrobial
agents when combined, they are often used as a mixture of several different parabens (Soni
et al., 2005). Most phthalates showed correlations to some extent, with strong correlations
between DEHP metabolites. MEHP showed a less strong correlation compared to other
DEHP metabolites, which may be explained by abiotic hydrolysis of DEHP which naturally
occurs in the environment (Silva et al., 2006).

The EDCs of interest have been associated with a wide range of demographic variables
such as age, sex, obesity, and smoking status, and association analysis therefore often adjust
for these variables (Hatch et al., 2008; Huang et al., 2014; Sun et al., 2014). Here, we

found that these variables had a small impact on our findings. This may be due to the use

of repeated measurements in the same individual. Further, our study population consisted
of individuals with impaired fasting glucose. Although obesity and smoking status varied
between individuals, this may have led to uniformity within the population.

Lack of consistency of endocrine disrupting chemical exposure over time

We investigated a mixture of EDCs that have half-lives of less than 24h (Anderson et al.,
2001; Janjua et al., 2008; Volkel et al., 2002). Combined with the wide applications of
these chemicals, exposure and thus urinary concentrations are susceptible for variation. A
recent review showed a wide range of within-person temporal correlations, also known as
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reproducibility, in spot urine samples, which were in mostly poor (i.e. ICC <0.40) (LaKind
etal., 2019a). In general, paraben ICCs were reported to be higher than other EDCs (LaKind
et al., 2019a). To the best of our knowledge, this is the first study to assess within-person
temporal correlations of parabens over the course of more than one year. Compared to
studies investigating shorter time intervals, we found similar correlation coefficients. This is
in line with the stability we observed between samples with a short (i.e. < 48 months) and a
longer time interval (i.e. = 48 months) and implies that paraben exposure remains relatively
consistent over longer time periods. For BPA, studies investigating spot urine samples over
an interval up to several months reported very poor within-person temporal correlations
(LaKind et al., 2019a). This results was confirmed in another study investigating BPA in
spot urine over a period up to three years (ICC 12 to 25 months: 0.23 [0.06; 0.60]; 25 to 36
months: 0.06 [0.00; 0.94]) (Townsend et al., 2013). The within-person temporal correlations
we found for BPA was similar to that of the first interval of Townsend and colleagues, but
remained stable over a much longer period of time (i.e. 48 months) potentially due to our
use of 24h urine samples; The use of 24h urine samples appeared to improve within-person
temporal correlation for BPA (ICC: 0.39) over two seasons (Sun et al., 2017). Yet, after

a time period of more than 48 months correlation coefficients also deteriorated in 24h

urine, stressing the importance of repeated measurements in BPA-focussed research. To the
best of our knowledge, we are the first to report the temporal correlation of BPF, which
appeared to be in the same range as BPA. So far, few studies have investigated the temporal
correlations of phthalates over a time period of longer than one year (Starling et al., 2015;
Townsend et al., 2013). Townsend and colleagues included spot- and morning urine samples
of 40 individuals from the US with an one to three year interval (Townsend et al., 2013).
We observed similar ICCs for most phthalates (i.e. MEP, MiBP, MnBP, MBzP, MECPP),
whereas DEHP metabolites differed. Startling and colleagues included spot urine samples
of 100 individuals from Shanghai with a two to eight year interval, and reported lower
ICCs for all phthalates (Starling et al., 2015). As we observed a decrease in within-person
correlations over time, this may explain differences between studies. In this study, we
observed higher between-person compared to the within-person correlation coefficients,
which can be explained by the general decrease of phthalate concentrations over time. This
is in line with the drop in within-person correlations between time intervals, and further
stresses the need for repeated measurements.

Consistency of categorized or grouped endocrine disrupting chemical exposure

It is common to categorize continuous EDC concentrations and compare EDC exposure
groups in association studies. The similarity between the Spearman correlation coefficients
and the weighted kappa statistics indicates that categorizing EDCs does not lead to better
temporal correlation. Further, we found that about half of the individuals categorized in the
highest or lowest quartile did not remain in their respective category after categorization
based on a second measurement. Therefore, categorization severely reduces the dimension
of the data (i.e. four groups instead of continuous values) while not increasing consistency
and should therefore be avoided.

Environ Res. Author manuscript; available in PMC 2022 June 02.
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Conclusion

We found that exposure to BPA and most parabens and phthalates have decreased between
2009 and 2016, of which some may be attributed to the introduction of European legislation.
Further, the consistency of 24h urine samples deteriorated over the course of years that
reflects both the short half-life of these indicators of exposure and lifestyle changes over

a 7-year span. Therefore, repeated measurements of non-persistent EDCs are strongly
recommended in clinical studies. Last, categorization of EDC measurements does not
improve consistency and should be avoided.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Exposure to phenols and phthalates decreased between 2009 and 2016 in the
Netherlands

Some decreases coincided with the introduction of European legislation
Temporal consistency of EDCs over 7 years was generally poor
Categorization of EDCs did not improve consistency and should be avoided

We call for the need for repeated measurements in disease association
investigations
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the beginning of follow-up sample collection (2014 — 2016). The p-values show whether the
change in EDC excretion changes significantly over time. Full names of abbreviations are

shown in Table 1.
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Figure 2.
Correlations between endocrine disrupting chemicals at different timepoints.

Abbreviations: EDCs, endocrine disrupting chemicals. A.) Spearman correlation coefficients
of EDC:s at baseline (lower triangle) and follow-up (upper triangle). At places where

the colouring is symmetrical across the diagonal, correlations are robust across time. B.)
Spearman correlation coefficients of EDCs at baseline versus those at follow-up. The
diagonal depicts coefficients between the baseline and follow-up of the same chemicals.

Full names of EDC abbreviations are shown in Table 1.

Environ Res. Author manuscript; available in PMC 2022 June 02.

Follow-up



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

van der Meer et al. Page 17

Rho (95% Cl)

ICC (95% Cl)

Kappa (95% Cl)

A. Spearman correlation coefficients

TE] A

0.0-

B. Intraclass correlation coefficients

IJ} m JTI { { m

panaa ,
LT | E
R Tt it Lo

< < R R R R
& ¢ & 3 5 &

Q
< X 3
¥ ¥ W

&
Timeframe = <4years * =24 years » All

Figure 3.
Consistency of endocrine disrupting chemicals over different timeframes.

A.) Spearman rank-order correlation coefficients to show between-person temporal
correlation, which is independent of the general decrease of exposure to endocrine
disrupting chemicals as depicted in Figure 1. B.) Intraclass correlation coefficients of
endocrine disrupting chemicals to show temporal correlation within individuals of absolute
exposure values. C.) Kappa of endocrine disrupting chemicals to show temporal correlation
after categorization of the data into quartiles. Parabens are coloured purple, bisphenols blue,
low molecular weight phthalates green and high molecular weight phthalates red. Full names
of EDC abbreviations are shown in Table 1.
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Consistency of categorized endocrine disrupting chemicals.

A.) Endocrine disrupting chemical exposure groups categorized in quartiles based on
baseline cut-off values. The sizes of the categories at follow-up show the proportion

in which concentrations at follow-up would be categorized based on baseline exposure
measurements. The observed size increase of the lowest category is in line with the
decreasing trend in EDC exposures as depicted in Figure 1. B.) Endocrine disrupting
chemical exposure groups categorized in quartiles based on the cut-off values at their
respective timepoint, leading to an equal distribution of individuals over the quartiles.
The coloured bands express the proportion of individuals which are categorized in that
respective quartile at baseline that relocate to a category at follow-up. The category labelled
“1” (purple) represents the lowest exposure category, whereas the “4” (red) represents the
highest exposure quartile. Full names of EDC abbreviations are shown in Table 1.
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