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A B S T R A C T

Background: Biobank serum samples from longitudinal mother-child cohorts have been used to estimate prenatal
exposures to endocrine disrupting chemicals (EDCs). However, the knowledge about variations in serum con-
centrations of non-persistent chemicals during pregnancy is limited.
Objective: To describe the within- and between-person variations in serum concentrations of non-persistent
chemicals and changes over trimesters, including phthalate metabolites, parabens, phenols, and UV filters.
Design: Longitudinal study with repeated blood samples from 128 healthy pregnant women during pregnancy.
Setting: Population based study at a University Hospital in Copenhagen 1999–2001.
Methods: 503 repetitive prenatal serum samples from 128 pregnant women taken at approximately gestational
week 12, 20, 30 and 40 were analyzed for 7 UV filters, 32 metabolites of 15 phthalate diesters, 8 phenols and 7
parabens by LC-MS/MS.
Results: Ten of 32 phthalate metabolites from six out of 15 phthalate diesters, two of seven parabens, two of
eight phenols and three of seven UV filters were measurable in more than half of the serum samples. Of these
chemicals, mono‑ethyl phthalate (MEP), mono‑iso‑nonyl phthalate (MiNP), mono‑iso‑decyl phthalate (MiDP),
4‑methylbenzophenone (4‑MBP), 4‑hydroxybenzoephenone (4‑HBP) and n‑propyl paraben (nPrP) had intra-
class correlation coefficients (ICC) above 0.4 in both adjusted and unadjusted analyses (0.427–0.795), indicating
low within-person variation. The serum concentration of UV filters 4‑MBP and 4‑HBP significantly increased
throughout pregnancy, also after adjusting for seasonal variation (4‑HBP: effect estimates 0.142–0.437,
p < 0.001. 4‑MBP: effect estimates 0.156–0.458, p < 0.002.).
Conclusion: MEP, MiNP, MiDP, 4‑MBP, 4‑HBP and nPrP were measurable in> 50% of serum samples and
showed low within-person variation. Thus, it is possible with acceptable accuracy to evaluate maternal exposure
during pregnancy for these non-persistent chemicals using one or more biobank serum samples. The here pre-
sented adjusted ICC values can in addition be applied as adjustment of residual variation in future studies that
evaluate outcomes related to prenatal exposures.

1. Introduction

Humans are exposed to a wide range of chemicals with endocrine
disrupting effects (EDCs), some of which are classified to be non-per-
sistent, i.e. phthalates, parabens, phenols and UV filters, and widely
used as plasticizers, antibacterial agents, antimicrobial preservatives
and absorbers or as UV blocking agents in personal care products,
building materials and textiles. Non-persistent chemicals are defined by
their short in vivo half-life as they are rapidly metabolized and excreted

through urine or feces over the course of 1–5 days. This complicates a
robust exposure assessment of these chemicals. Concentrations in one
sample may only reflect recent exposures, which may vary from day to
day and e.g. over the course of the pregnancy period. Nevertheless,
Frederiksen et al. (2014) observed a widespread exposure to non-per-
sistent chemicals measured in several population-based cohorts of all
age groups in Denmark, indicating a continuous exposure to several
non-persistent chemicals over the life span due to frequent exposures.
Even low exposure to some chemicals can be of concern due to so-called

https://doi.org/10.1016/j.envint.2018.11.047
Received 11 August 2018; Received in revised form 16 November 2018; Accepted 19 November 2018

Abbreviations: EDC, endocrine disrupting chemical; ICC, intra-class correlation coefficient; LOD, limit of detection
⁎ Corresponding author.
E-mail address: mariaassens@dadlnet.dk (M. Assens).

Environment International 123 (2019) 318–324

Available online 14 December 2018
0160-4120/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2018.11.047
https://doi.org/10.1016/j.envint.2018.11.047
mailto:mariaassens@dadlnet.dk
https://doi.org/10.1016/j.envint.2018.11.047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2018.11.047&domain=pdf


mixture effects with other chemicals (Christiansen et al., 2008;
Diamanti-Kandarakis et al., 2009; Studies, 2008). Findings of a poten-
tial long-term accumulation of chemicals classified as non-persistent,
has also previously been published (Artacho-Cordón et al., 2017).
Benzophenone‑3 (BP‑3), methylparaben (MeP), bisphenol‑A (BPA) and
2‑phenylphenol (2‑PP) were found in human adipose tissue and con-
centrations in general were similar between serum and adipose tissue
(Artacho-Cordón et al., 2017).

Concentrations of phthalates, parabens, phenols and UV filters are,
with a few exceptions, known to be generally 10–100 times lower in
serum compared with urine (Frederiksen et al., 2011, 2010; Krause
et al., 2018; Vandenberg et al., 2014). However, many historical po-
pulation-based cohorts have serum and not urine stored, making serum
highly valuable for long-term and two-generation studies of prenatal
EDC exposure. Limited knowledge is available about serum con-
centrations of non-persistent chemicals measured during pregnancy
(Adibi et al., 2008; Blumberg et al., 2011; Johansson et al., 2017;
Krause et al., 2018; Philippat et al., 2013; Sathyanarayana et al., 2014).

The overall aim of this longitudinal study was to examine whether
serum was suitable as a matrix for evaluating non-persistent EDC ex-
posure of women during pregnancy, achieved through analyses of
consistency and within- and between-person variations in serum con-
centrations of a large range of non-persistent environmental chemicals
(phenols, parabens, phthalates and UV filters) throughout pregnancy.

2. Materials and methods

During the period of May 1999–October 2001 pregnant women
were recruited at their first routine hospital contact (gestational week
6–12) at the Copenhagen University Hospital, Herlev (Chellakooty
et al., 2004). The women belonged to the hospital's primary geographic
referral area. Blood samples were taken repetitively throughout preg-
nancy and gestational age was based on sonographic measurements
(Boas et al., 2009; Chellakooty et al., 2004). In the present study, serum
samples from 128 healthy pregnant women were analyzed. Samples
were not previously thawn. Nine women had fewer than four samples
available, and 119 women had 4 samples available for chemical ana-
lyses throughout pregnancy, which were selected as closely to week 12
(time point 1), 20 (time point 2), 30 (time point 3) and 40 (time point
4) of pregnancy as possible.

2.1. Serum analyses of phthalates, UV-filters, parabens and phenols

Serum was stored in aliquots at −20 °C. Serum samples were ana-
lyzed for 32 metabolites from 15 phthalate diesters (n=503), 7 UV
filters (n= 501), 7 parabens (n= 502) and 8 phenols (n=503) by
isotope-diluted online Turboflow liquid chromatography-tandem mass
spectrometry (LC-MS/MS), preceded by enzymatic deconjugation. All
included chemicals, their abbreviations and limits of detection (LODs)
are listed in Tables 1a–1d. Preparation of samples, standard solutions,
quality control, instrumental analyses and method validation has been
previously described in detail for all four chemical groups (Frederiksen
et al., 2016, 2013, 2011, 2010; Hart et al., 2018).

2.2. Statistics

Concentrations of endocrine disrupting chemicals in serum were
reported as 10th, 25th, 75th and 90th percentiles as well as maximum
and median values. All chemicals were included in descriptive statistics;
chemicals above LOD in> 50% of the samples were included in all
other analyses. Metabolites of DEHP and DiNP measured in> 50% of
samples were expressed combined as the sum of DEHP metabolites
(sumDEHP) and the sum of DiNP metabolites (sumDiNP), respectively:
The molar concentrations of each DEHP metabolite and each DiNP
metabolite were added and multiplied with the molecular weight of
their respective parent compounds DEHP and DiNP. The sum of MBP

isomers (sumMBP) were calculated by adding the serum concentrations
of MiBP and MnBP. Concentrations below LOD were replaced by LOD/
√2. For a few women, concentrations of all di‑(2‑ethyl‑hexyl) phthalate
metabolites (n=1) and di‑iso‑nonyl phthalate metabolites (n=15) fell
below their respective LOD and in these cases sumDEHP was replaced
by LOD(MECPP)/√2, sumDiNP was replaced by LOD(MCiOP)/√2.

The Wilcoxon signed-rank test for related samples was used to test
seasonal differences in median serum chemical concentrations. To
analyze correlations between the concentrations of different chemicals
within the same sample, Spearman's non-parametric test was used.
Variability was assessed by calculating the unadjusted intra-class cor-
relation coefficient (ICC) for the serial concentration measurements of
all chemicals measurable in more than half of samples. ICCs determine
the within-person variation versus the total variation including be-
tween-persons variation of concentrations. ICCs typically range from 0
to 1, with a value closer to 1 indicating a relatively low within-person
variation in exposure over time compared to the total variation. Mixed
effect models were fitted to estimate the variance components adjusted
for gestational age and seasonal effect for each of the chemicals.
Women were accounted for using random effects and the time point
during pregnancy and season were included as fixed effect. Adjusted
ICCs are calculated from the standard deviation between persons
(std.dev.btw) and the standard deviation within-persons (std.dev.within)
obtained from the adjusted mixed effects models:

= +ICC (std. dev. ) /((std. dev. ) (std. dev. ) ).adjusted btw
2

btw
2

within
2

Data analyses were carried out using IBM SPSS Statistics 22.0 for
ICC calculations and SAS Enterprise Guide 7.1 (SAS Institute, Cary, NC)
for all other analyses. p-Values below 0.05 were considered statistically
significant.

2.3. Ethical approval

The study was approved by the Ethical Committee of the Capital
Region of Denmark (KF-02-125/95) as well as the Danish Data
Protection Agency (1997-1200-074). The study was conducted in ac-
cordance with the Helsinki II Declaration. All women received written
information, and informed consent was obtained from all participants.

3. Results

Serum concentrations of four groups of chemicals were measured
(Tables 1a–1d). Thirty-two phthalate metabolites were analyzed, and of
these ten metabolites (MEP, MiBP, MnBP, MHBP, MEHP, MECPP,
MCMHP, MiNP, MCiOP and MiDP) representing six different diester
phthalates were measured in levels above LOD in more than half of the
serum samples. Two out of seven parabens (MeP and n‑PrP), two out of
eight phenols (BPA and 2‑PP) and three out of seven UV filters (BP‑3,
4‑HBP and 4‑MBP) were measured in levels above LOD in more than
half of the serum samples. Large total variation in serum concentrations
within the population of pregnant women in general was seen for
phthalate metabolites MEP, MiBP, MnBP, MEHP, MCMHP and MiDP, as
well as for MeP, BPA, TCS and BP‑3 (Tables 1a–1d).

Within phthalates, the strongest correlations were found among
metabolites of DEHP and DiNP: MCiOP was significantly positively
correlated with MEHP, MECPP and MCMHP (r= 0.254–0.391,
p < 0.001). MiNP correlated with MEHP (r= 0.173, p=0.001). MiDP
correlated with MiNP and MCiOP (r= 0.091–0.323, p=0.001–0.045),
as well as with MHBP (r= 0.179, p < 0.001). Selected correlations
between primary (hydrolyzed) and secondary (oxidized) phthalate
mono‑esters of the same phthalate diester are shown in Table 2. Within
parabens and UV filters, correlations were also seen: MeP and n‑PrP
(r= 0.218, p < 0.001), 4‑MBP and 4‑HBP (r= 0.606, p < 0.001),
BP‑2 and both 4‑MBP and 4‑HBP (r= 0.097–0.106, p=0.019–0.034).
No significant correlations were found among phenols. Correlations
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between different chemical groups are shown in Supplementary Tables
1–2.

MEP, MiNP, MiDP, n‑PrP, 4‑HBP and 4‑MBP had an ICC above 0.4,
i.e. showed a relatively low within-person variance (Table 3). For each
chemical group, the variation of repetitive measurements for each in-
dividual woman is plotted against her own median concentration for
chemicals with the highest ICC values (Fig. 1).

Analyses of seasonal variation for individual measurements were
included in Supplementary Table 3. No systematic differences were
seen between adjusted and unadjusted analyses. For the UV filters
4‑MBP and 4‑HBP significant increases were seen throughout preg-
nancy in analyses adjusted for season (Table 4). For all other chemicals,
no systematic significant differences in serum concentrations were seen
across gestational weeks. For 4‑MBP and 4‑HBP, results for adjusted ICC
and within- and between-person variation are shown in Table 5.

4. Discussion

This is to our knowledge the largest study of serum samples from
pregnant women, which were analyzed for a total of 35 non-persistent
chemicals to assess consistency and within- and between-person var-
iation. Seventeen chemicals (ten metabolites of six phthalate diesters,
two parabens, two phenols and three UV filters) were detectable in
more than half of the serum samples. Six of these (MEP, MiNP, MiDP,
n‑PrP, 4‑HBP and 4‑MBP) had furthermore unadjusted ICC values above
0.4, showing a pattern of exposure with relatively low within-person
variation. However, gestational timing of blood sampling may play a
role for exposure assessment to some chemicals, as serum concentra-
tions of 4‑HBP and 4‑MBP increased significantly throughout preg-
nancy. Adjusted ICCs were calculated for the latter two chemicals based
on within- and between-persons standard deviation. Our results in-
dicated that a single blood sample taken during pregnancy may be

Table 1a
Concentration of phthalates in maternal serum (ng/mL), n=503.

Diester Metabolites Abbreviation LOD N > LOD 10p 25p 50p 75p 90P Max

Di‑methyl phthalate Mono‑methyl phthalate MMPa 0.56 1 < LOD 1.46
Di‑ethyl phthalate Mono‑ethyl phthalate MEPa 0.26 477 0.39 0.94 3.11 10.06 23.29 149.56
Di‑iso‑propyl phthalate Mono‑iso‑propyl phthalate MiPrPa 0.14 20 < LOD 1.27
Di‑n‑propyl phthalate Mono‑propyl phthalate MPrPa 0.16 1 < LOD 0.17
Di‑iso‑butyl phthalate Mono‑iso‑butyl phthalate MiBPa 0.34 463 0.39 0.74 1.27 2.15 3.66 20.22
Di‑n‑butyl phthalate Mono‑n‑butyl phthalate MnBPa 0.34 454 0.35 0.62 0.94 1.45 2.15 22.40

Mono‑(3‑hydroxybutyl) phthalate MHBPc 0.47 374 < LOD 0.73 1.12 1.53 2.30
Butylbenzyl phthalate Mono‑benzyl phthalate MBzPa 0.57 17 < LOD 2.11
Di‑n‑pentyl phthalate Mono‑n‑pentyl phthalate MPPa 0.11 1 < LOD 0.14

Mono‑(4‑hydroxypentyl) phthalate* MHPP*,c 0.40 92 < LOD 0.51 2.16
Di‑(2‑ethyl‑hexyl) phthalate Mono‑(2‑ethyl‑hexyl) phthalate MEHPa 0.23 503 1.63 2.02 3.07 4.65 5.89 38.63

Mono‑(2‑ethyl‑5‑hydroxyhexyl) phthalate MEHHPc 0.07 43 < LOD 1.26
Mono‑(2‑ethyl‑5‑oxohexyl) phthalate MEOHPc 0.27 1 < LOD 0.30
Mono‑(2‑ethyl‑5‑carboxypentyl) phthalate MECPPb 0.02 500 0.14 0.23 0.33 0.52 0.76 15.29
Mono‑(2‑carboxymethyl‑hexyl) phthalate MCMHPb 0.39 498 0.79 1.09 1.53 2.34 3.25 20.08

Di‑n‑hexyl phthalate Mono‑n‑hexyl phthalate MHxPa 0.07 50 < LOD 0.16
Mono‑(5‑hydroxyhexyl) phthalate MHHxPc 0.14 10 < LOD 0.28
Mono‑(5‑carboxypentyl) phthalate MCPePb 0.12 1 < LOD 0.19

Di‑cyclohexyl phthalate Mono‑cyclohexyl phthalate MCHPa 0.25 2 < LOD 0.59
Di‑n‑heptyl phthalate Mono‑n‑heptyl phthalate MHepPa 0.08 37 < LOD 0.45

Mono‑(6‑hydroxyheptyl) phthalate MHHpPc 0.26 0 < LOD
Mono‑(6‑carboxyhexyl) phthalate MCHxPb 0.15 177 < LOD 0.18 0.25 0.76

Di‑octyl phthalate Mono‑octyl phthalate MOPa 0.30 56 < LOD 0.37 2.52
Mono‑3‑carboxypropyl phthalate MCPPc 1.05 5 < LOD 5.04

Di‑iso‑nonyl phthalate Mono‑iso‑nonyl phthalate MiNPa 0.35 481 0.58 0.90 1.36 1.90 2.53 5.61
Mono‑hydroxy‑iso‑nonyl phthalate MHiNPc 0.16 0 < LOD
Mono‑oxo‑iso‑nonyl phthalate MOiNPc 0.07 2 < LOD 0.11
Mono‑carboxy‑iso‑octyl phthalate MCiOPb 0.04 267 < LOD 0.04 0.14 0.30 3.27

Di‑iso‑decylphthalate Mono‑iso‑decyl phthalate MiDPa 0.44 326 < LOD 0.78 1.88 4.15 30.25
Mono‑(9‑hydroxydecyl) phthalate MHIDPc 0.05 0 < LOD
Mono‑(9‑oxodecyl) phthalate MOIDPc 0.06 2 < LOD 0.06
Mono‑(9‑carboxynonyl) phthalate MCINPb 0.06 1 < LOD 0.09

sumMBPd 0.95 1.61 2.36 3.59 5.54 24.58
sumDEHPd 4.13 5.24 7.44 9.64 12.38 96.48
sumDiNPd 0.92 1.42 2.08 2.83 3.73 8.56

Serum phthalate metabolites concentrations (ng/ml) in prenatal maternal serum samples from 128 Danish women given as percentiles. LOD – level of detection.
aPhthalate monoesters. bCarboxylated secondary metabolites. cOther secondary metabolites. dMolar sums are calculated on basis of molecular weight of metabolites
of the parent compound; sumMBP is calculated on the basis of the molecular weight of MiBP and MnBP. *MHPP, a group of unspecified isomers.

Table 1b
Concentration of parabens in maternal serum (ng/mL), n= 502.

Chemical Abbreviation LOD N > LOD 10p 25p 50p 75p 90P Max

Methyl paraben MeP 0.38 351 <LOD 0.85 1.92 4.45 420.47
Ethyl paraben EtP 0.10 178 <LOD 0.17 0.41 15.13
Iso‑propyl paraben i‑PrP 0.08 8 < LOD 0.62
n‑Propyl paraben n‑PrP 0.08 297 <LOD 0.10 0.27 0.64 19.51
Iso‑butyl paraben i‑BuP 0.07 5 < LOD 0.29
n‑Butyl paraben n‑BuP 0.07 103 < LOD 0.16 7.67
Benzyl paraben BzP 0.12 0 < LOD <LOD

Serum paraben concentrations (ng/ml) in prenatal maternal serum samples from 128 Danish women given as percentiles. LOD – level of detection.
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informative about individual exposures to some but not all non-per-
sistent chemicals; while keeping in mind that repeating chemical
measurements twice, reduces the within-person variance by a factor of
two.

In contrast to previous studies, only few other studies include
measurements of MCMHP, a secondary metabolite of MEHP (Koch and
Angerer, 2007; Koch et al., 2004). Measurements of metabolites in
serum are a potential challenge due to risk of contamination during
sampling and storage. For the same reason, measurement of urinary
phthalate metabolites is in general considered a more reliable exposure
assessment than serum measurements (Frederiksen et al., 2010).

However, in this study, MCMHP correlated significantly with MEHP,
and MCiOP correlated significantly with MiNP, supporting the conclu-
sion that neither MEHP nor MiNP measured in the samples were caused
by sample contamination. A general contamination of all samples is
thereby not supported by these results, by the number of samples with
concentrations below LOD or by the between-person variation. Only
few previously published studies include concentrations measured in
serum. The detection rates and median serum concentrations of
phthalates, parabens and UV filters in our study are comparable to some
studies of both pregnant women and other participants (Frederiksen
et al., 2011, 2010; Hart et al., 2018; Krause et al., 2018). However,

Table 1c
Concentration of phenols in maternal serum (ng/mL), n=503.

Chemical Abbreviation LOD N > LOD 10p 25p 50p 75p 90P Max

Bisphenol A BPA 0.18 282 < LOD 0.30 1.17 2.19 28.10
Triclosan TCS 0.22 236 < LOD 6.64 18.77 237.68
Triclocarban TCC 0.27 0 < LOD <LOD
2,4‑Dichlorophenol 2.4‑DCP 0.18 19 < LOD 1.48
2,5‑Dichlorophenol 2.5‑DCP 0.11 2 < LOD 1.03
2,4,5‑Trichlorophenol 2.4.5‑TCP 0.29 1 < LOD 0.61
2‑Phenylphenol 2‑PP 0.13 286 < LOD 0.14 0.24 0.35 0.96
4‑Phenylphenol 4‑PP 0.12 7 < LOD 0.62

Serum phenol concentrations (ng/ml) in prenatal maternal serum samples from 128 Danish women given as percentiles. LOD – level of detection.

Table 1d
Concentration of UV filters in maternal serum (ng/mL), n= 501.

Chemical Abbreviation LOD N > LOD 10p 25p 50p 75p 90P Max

Benzophenone‑1 BP‑1 0.13 94 < LOD 0.23 9.76
Benzophenone‑2 BP‑2 0.08 128 < LOD 0.08 0.21 10.23
Benzophenone‑3 BP‑3 0.12 495 0.28 0.40 0.53 0.67 0.94 22.72
Benzophenone‑7 BP‑7 0.24 34 <LOD 4.52
4‑Hydroxybenzophenone 4‑HBP 0.18 498 0.63 0.87 1.16 1.49 1.87 3.19
4‑Methylbenzophenone 4‑MBP 0.27 481 0.51 0.99 1.71 2.42 3.23 5.40
4‑Methylbenzylidene camphor 4‑MBC 0.18 104 < LOD 0.97 6.04

Serum concentrations (ng/ml) of UV filters in prenatal maternal serum samples from 128 Danish women given as percentiles. LOD – Level of detection.

Table 2
Correlations (Spearman's rho) among serum concentrations of primary and secondary phthalate mono‑esters.

Primary phthalate mono‑esters

MEP MiBP MnBP MEHP MiNP MiDP

Secondary phthalate mono‑esters MHBP 0.066 0.039 0.082 0.026 0.102 0.179⁎⁎⁎

MECPP 0.028 −0.003 0.022 0.507⁎⁎⁎ 0.067 −0.015
MCMHP 0.103⁎ −0.005 0.006 0.258⁎⁎⁎ −0.027 −0.055
MCiOP −0.027 0.004 0.131⁎⁎ 0.254⁎⁎⁎ 0.130⁎⁎ 0.091⁎

⁎ Significant correlation, p-value 0.01–0.05.
⁎⁎ Significant correlation, p-value 0.001–0.01.
⁎⁎⁎ Significant correlation, p-value<0.001.

Table 3
Single measures intra-class correlation coefficient (ICC) for the within-person variance of repeated measures for all chemicals above LOD in> 50% of the samples.

Chemicals Phthalates

MEP MiBP MnBP MHBP MEHP MECPP MCMHP MiNP MCiOP MiDP

Single measures ICCs
(p-value)

0.476
(< 0.001)

0.111
(0.003)

0.014
(0.638)

0.351
(< 0.001)

0.115
(0.002)

0.025
(0.250)

0.133
(< 0.001)

0.496
(< 0.001)

0.092
(0.010)

0.427
(< 0.001)

Chemicals Parabens Phenols UV filters Phthalate sums

MeP n‑PrP BPA 2‑PP BP‑3 4‑HBP 4‑MBP sumDEHP sumDiNP sumMBP

Single measures ICCs
(p-value)

0.027
(0.235)

0.586
(< 0.001)

0.007
(0.417)

0.149
(< 0.001)

0.126
(0.001)

0.620
(< 0.001)

0.786
(< 0.001)

0.103
(0.005)

0.453
(< 0.001)

0.029
(0.217)
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Fig. 1. Serum concentrations (ng/mL) in individual samples for each woman plotted against the median level (vertical line) of the same woman's four samples.
Graphs shown for chemicals with the highest ICC values within each chemical group (please note differences in scaling of axes).
All concentrations are here shown on a logarithmic scale. Samples with concentration< LOD were set to LOD/√2. Vertical lines represent individual women and dots
on the lines represent measured concentrations for each individual woman. Dashed lines represent LOD/√2.
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median serum concentrations of phthalates and phenols measured in
samples taken during pregnancy in one study differed from ours pos-
sibly due to geographical differences in exposure (Fisher et al., 2018). A
Swedish study with maternal serum samples collected in 1989–1992
showed concentrations about two times higher than ours (Axelsson
et al., 2015). Except BP‑7, 4‑HBP and 4‑MBP, concentrations of
phthalates, parabens, phenols and UV filters are known to be present in
serum in lower concentrations compared with urine, reducing sensi-
tivity in identifying exposed women when using serum (Frederiksen
et al., 2011, 2010; Krause et al., 2018; Vandenberg et al., 2014). It is yet
unknown whether concentrations in urine or serum best reflect relevant
exposure associated with health effects in humans.

Our findings confirmed a considerable and ongoing exposure of
pregnant women to a broad mixture of non-persistent chemicals, which
has also been shown as urinary excretion in previous studies of preg-
nant women (Frederiksen et al., 2014; Louis et al., 2014;
Sathyanarayana et al., 2017). The large total variation of some che-
micals indicated differences in life style among women and may be
linked to personal care products, diet and other life style factors. De-
tectable concentrations of BP‑2 in 25% of samples as found in our co-
hort might be expected in samples collected 15–20 years ago. BP‑2 is
not used today and is on the EU category 1 list, which includes sub-
stances known or strongly presumed to have endocrine-disrupting ef-
fects based on in vivo studies (Hass et al., 2012). Despite low ICCs for
DEHP metabolites and the sum of these indicating large variation from
day to day, there were significant correlations among DEHP metabolites
and they were detectable in a high number of samples, which under-
lines its important role in environmental exposures to chemicals.

The increases in serum concentrations of 4‑MBP and 4‑HBP across
trimesters are to our knowledge a novel observation which we currently
do not have an explanation for. This change may reflect changes of
personal habits or physiological metabolic changes during pregnancy.
Concentrations of 4‑MBP and 4‑HBP measured in serum are higher for

these two chemicals than those measured in urine, which is not ac-
counted for by their hydrophilicity, as 4‑HBP is more hydrophilic than
other benzophenones and 4‑MBP more lipophilic (Krause et al., 2018).

Serial concentration measurements of EDCs in each woman de-
monstrated a considerable variation. The within-person variation in-
cluded both the variation in the laboratory measurement as well as the
day-to-day variation in the personal exposure and metabolism.
Previously published studies of within- and between-person variation
found similar ICCs based on urine concentrations for BPA, MEHP,
MECPP, propylparaben and MEP (Lassen et al., 2013; Philippat et al.,
2013). Thus, the assessment of an individual's exposure to non-persis-
tent chemicals remains a considerable challenge for research into
human health effects of EDCs, independent of which biological matrix is
used. Historic cohorts often have serum from pregnant women stored,
making serum analyses still highly valuable in the study of long term
effects and two-generation studies of prenatal EDC exposure, i.e. for
chemicals such as some phthalate metabolites, parabens and UV filters
i.e. MEP, MiNP, MiDP, n‑PrP, 4‑HBP and 4‑MBP. The quantification of
the variation as between- and within-person allowed calculation of ICCs
adjusted for season and gestational age. Being able to quantify this
variation enables an estimate of the effect of the compound where an
adjustment has been made for the fact that the exposure is measured
with error.

This corrects for well-known attenuation of an exposure effect in the
presence of measurement error in the exposure. The analyses can be
performed as a regression calibration approach or a standard regression
with subsequent correction of the found effect (Carroll et al., 2006). The
estimated ICC indicates that any health effect of an investigated che-
mical is likely to be underestimated in a cross-sectional study. Adjusted
ICCs are also valuable when designing a new study aimed at identifying
the effect of e.g. 4‑HPB on a subsequent outcome, as measuring 4‑HPB
concentrations twice rather than once will reduce the within-person
variance by a factor of two.

4.1. Conclusions

In conclusion, thirty-nine chemicals and metabolites were measur-
able in> 50% of samples, and MEP, MiNP, MiDP, 4‑MBP, 4‑HBP and
nPrP showed a lower within-person than total variation. Thus, it was
possible with acceptable accuracy to evaluate maternal exposure for
these non-persistent chemicals using biobank serum samples. The here
presented adjusted ICC values can in addition be applied as adjustment
of residual variation in future studies that evaluate outcomes related to
prenatal exposures.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2018.11.047.

Table 4
Mixed model analyses of variations over gestational week 12, 20, 30 and 40 during pregnancy, adjusted and unadjusted for seasonal variation.

Effect estimate (p-value) Trend for adjusted effects

Gest. week 12 Gest. week 20 Gest. week 30 Gest. week 40

Phenols
BPA, adjusted Ref −0.128 (0.619) −0.536 (0.043) −0.111 (0.680)
BPA, unadjusted Ref −0.131 (0.610) −0.483 (0.066) −0.019 (0.943)

UV filters
4‑HBP, adjusted Ref 0.142 (< 0.001) 0.346 (< 0.001) 0.437 (< 0.001)
4‑HBP, unadjusted Ref 0.141 (< 0.001) 0.328 (< 0.001) 0.416 (< 0.001)
4‑MBP, adjusted Ref 0.156 (0.002) 0.363 (< 0.001) 0.458 (< 0.001)
4‑MBP, unadjusted Ref 0.153 (0.002) 0.368 (< 0.001) 0.462 (< 0.001)

Phthalates
MHBP, adjusted Ref −0.012 (0.820) −0.099 (0.076) 0.027 (0.657)
MHBP, unadjusted Ref −0.023 (0.652) −0.087 (0.109) 0.052 (0.361)

Gest. week 12= timepoint 1 (reference). Gest. week 20= timepoint 2. Gest. week 30= timepoint 3. Gest. week 40= timepoint 4.
Mixed model analyses of variations between repetitive gestational exposure measurements of chemicals measured above LOD in> 50% of samples and a p-value
covering all individual measurements below 0.05. All adjusted analyses were adjusted for seasonal variation.

Table 5
Mixed effect model estimates of the variance components adjusted for seasonal
effect.

Standard deviation
between persons

Standard deviation
within persons

ICCadjusted ICCunadjusted

4‑HBP 0.375 0.286 0.632 0.620
4‑MBP 0.884 0.449 0.795 0.786

± 2 std.dev. between persons= 95% of women's true concentration.
± 2 std.dev. within persons=95% of one woman's concentration around true
level.
ICCadjusted= (std.dev.btw)2/((std.dev.btw)2+ (std.dev.within)2).
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