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A B S T R A C T

Background: Exposure to some phthalate diesters has been associated with adverse reproductive health outcomes in both rodents and humans indicative of anti-
androgenic effects. Exposure during sensitive periods of development, such as prenatally, is of particular concern.
Objectives: We wished to investigate whether phthalate metabolites measured in maternal serum samples from historical birth cohorts can be used to assess prenatal
exposure. Further, we aimed to study temporal and geographical trends in phthalate exposure across three different birth cohorts.
Methods: We compared phthalate metabolite levels in maternal serum samples from an Australian (1989–91) and a Danish (1997–2001) birth cohort with levels in
serum and urine samples from a recent Danish birth cohort (2012–14). Samples were analysed for 32 phthalate metabolites from 15 phthalate diesters by isotope-
diluted liquid chromatography-tandem mass spectrometry (LC-MS/MS). Correlations between metabolites were tested by Spearman rank correlation test, and
differences between the cohorts were tested by Mann-Whitney U test.
Results: Overall, we observed large variations in serum phthalate metabolite levels between individuals. Secondary metabolites of di-(2-ethyl-hexyl) phthalate
(DEHP) and di-iso-nonyl phthalate (DiNP) in serum were weakly to moderately and positively correlated to the levels measured in urine, and secondary metabolites
of DEHP were also moderately to strongly and significantly correlated in serum. Correlations with mono-(2-ethyl-hexyl) phthalate (MEHP) and mono-iso-nonyl
phthalate (MiNP), the two primary metabolites of DEHP and DiNP, were inconsistent, and we found indications of sample contamination. We observed some
significant differences in phthalate metabolite levels between the three cohorts with generally higher levels in the older birth cohorts.
Conclusion: Based on comparison across two older birth cohorts and a recent cohort, our results support the concept that historical biobanked serum samples may be
used for assessment of prenatal exposure to phthalates when using serum levels of the monoesters of the low-molecular weight (LMW) phthalates and the secondary
metabolites of the high-molecular weight (HMW) phthalates. Serum phthalate measurements are, however, not suitable for human biomonitoring and should only be
used to exploit historical samples from cohorts, where urine samples were not collected. Our findings suggest that phthalate exposure may have decreased over time
from the early 1990s to the 2010s.

1. Introduction

Phthalate diesters (phthalates) are used as softeners in plastics such
as polyvinyl chloride (PVC) that came onto the market nearly a century
ago (Baird et al., 2010). Today, phthalates are found in various con-
sumer products such as building materials, clothing, packaging (in-
cluding food packaging), personal care products (such as cosmetics and
lotions) and medical devices (Heudorf et al., 2007).

As phthalates are not covalently bound to PVC, they can leach,

migrate or evaporate, and humans are exposed through ingestion, in-
halation and dermal routes (Heudorf et al., 2007). In adults, food is one
of the main source of exposure to di-(2-ethyl-hexyl) phthalate (DEHP),
one of the most commonly used phthalate plasticisers, and other high-
molecular weight (HMW) phthalates (Koch and Calafat, 2009;
Wittassek et al., 2011). Use of consumer products and different indoor
sources dominate the exposure to the low-molecular weight (LMW)
phthalates (Wormuth et al., 2006).

Exposure to phthalates also seems to vary by geographical region.
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Studies have found differences in exposure between populations in
rural and urban areas (Larsson et al., 2014); a study on phthalates in
breast milk samples from Finnish and Danish mothers found between-
country differences in concentrations (Main et al., 2006a). During
hospitals visits, both children (Calafat et al., 2004; Frederiksen et al.,
2014b) and adults (Dine et al., 2000; Sampson and de Korte, 2011;
Takahashi et al., 2008) may be exposed to different phthalates via
medical equipment.

Some phthalates, such as di-n-butyl phthalate (DnBP) DEHP, have
anti-androgenic effects both in vitro and in vivo. In rodents, prenatal
exposure to DnBP, di-iso-nonyl phthalate (DiNP), butylbenzyl phthalate
(BBzP) and DEHP has been associated with testicular dysgenesis with
Leydig cell clusters, immature Sertoli cells, congenital cryptorchidism
and hypospadias, increased nipple retention, reduced anogenital dis-
tance (AGD) and reduced adult testis volume, sperm count and hypo-
gonadism (Foster, 2006; Gray et al., 2000; van den Driesche et al.,
2017). Exposure during so-called sensitive windows of development is
of particular concern as this may cause irreversible damage to the re-
productive system (Johansson et al., 2017; van den Driesche et al.,
2017).

Although data are still limited, similar associations between anti-
androgenic impact on reproductive endpoints and exposure to phtha-
lates have been found in humans (Hauser and Calafat, 2005; Mariana
et al., 2016; Matsumoto et al., 2008). Main adverse effects on male
reproductive development comprise hypospadias, attenuated en-
dogenous reproductive hormone levels in infant boys (Main et al.,
2006b; Ormond et al., 2009; Sathyanarayana et al., 2016) and subtle
changes in sperm quality and reproductive hormones in adult men
(Joensen et al., 2012; Thurston et al., 2016; Wang et al., 2016). Adverse
health effects in vulnerable populations such as pregnant women have
given particular rise to concern. Studies have found an inverse re-
lationship between AGD in male infants, an androgen-dependent trait
that develops in utero, and prenatal levels of di-ethyl phthalate (DEP),
DnBP, BBzP and mono-iso-butyl phthalate (MiBP) (Bornehag et al.,
2015; Swan et al., 2015, 2005). A recent study in a less exposed Danish
cohort, however, found no associations between shorter AGD and pre-
natal phthalate exposure (Jensen et al., 2016).

Congruent with the findings in rodents, a common fetal origin of
male reproductive disorders was proposed in 2001 with the testicular
dysgenesis syndrome hypothesis, and it was suggested that adverse
environmental effects play a role in the development of this entity
(Skakkebaek, 2001).

Published data on female reproductive endpoints associated with
exposures to phthalates include delayed development of pubic hair
associated with increased urinary phthalate levels in puberty
(Frederiksen et al., 2012; Wolff et al., 2014) and a potential association
with early onset of puberty and premature thelarche after prenatal
exposure (Hart et al., 2014; Jurewicz and Hanke, 2011).

Exploring correlations between prenatal exposure and adult re-
productive health in humans is challenging due to the long generation
time. Existing samples from older birth cohorts, where the offspring has
reached adulthood, are therefore highly valuable. As urine samples
were not routinely collected when these historical cohorts were estab-
lished, only serum samples may be available to assess prenatal ex-
posure.

Measuring phthalates in serum, however, has limitations, and it has
been regularly debated whether serum measurements are appropriate
to assess phthalate exposure (Calafat et al., 2015, 2013; Hauser and
Calafat, 2005; Högberg et al., 2008; Koch and Calafat, 2009). This is
due to two main reasons:

First, phthalate diesters are quickly metabolized to their respective
metabolites and have relatively short half-lives in vivo (Johns et al.,
2015). As a result, concentrations in serum are many times lower than
in urine, especially of the secondary oxidized monoesters (Frederiksen
et al., 2010; Koch et al., 2005; Silva et al., 2003).

Second, due to their extensive use, phthalates are ubiquitously

present in our environment, and contamination with phthalate diesters
may occur through various routes. This is particularly challenging when
measuring serum levels, as samples are collected with medical equip-
ment potentially containing phthalates. Furthermore, serum contains
esterases that can catalyse the conversion of diesters to the primary
hydroxylated monoesters (Albro and Thomas, 1973; Inoue et al., 2005;
Kato et al., 2003). As a result, concentrations of both phthalate diesters
and hydroxylated monoesters may be elevated in serum due to an un-
known contribution from contamination (Calafat and Needham, 2008).
This contribution may be substantial relative to the low endogenous
levels (Koch and Calafat, 2009). Although esterase activity can be in-
hibited by addition of acid, this may not have been done at the time of
collection for historical cohort samples.

Thus, serum measurements of especially hydrolytic monoesters
should be interpreted with caution. In contrast, oxidation of the hy-
droxylated monoesters only happens in vivo, hence contamination with
these metabolites is not an issue.

Given the concern about effects on reproductive health, the use of
certain phthalates has been restricted. In the European Union (EU), four
phthalates (DEHP, DnBP, di-iso-butyl phthalate (DiBP) and BBzP) have
been restricted in products that cause exposure through skin or by in-
halation and other articles moulded or coated with plastic (European
Chemicals Agency (ECHA), 2017), including food contact materials
(European Commission, 2007). In the United States (US) and several
European countries, recent studies indicate that restrictions of phtha-
late use have contributed to reductions in exposure of the populations
(Frederiksen et al., 2020, 2014a; Gyllenhammar et al., 2017; Koch
et al., 2017; Larsson et al., 2017; Schoeters et al., 2017; Zota et al.,
2014). In the large biomonitoring programmes conducted in both
Germany and the US, no data are collected on fetal exposures (Koch and
Calafat, 2009).

In this study, we compared phthalate metabolites measured in
prenatal maternal serum samples derived from two older cohorts, 1) the
Western Australian Pregnancy Cohort (Raine) Study (1989–91) and 2)
the Copenhagen Mother-Child cohort (Cop1, 1997–2001), with urine
and serum phthalate measurements in a recent cohort from
Copenhagen (Cop2, 2012–14). First, we aimed to investigate whether
phthalate metabolites measured in historical serum samples can be used
to assess maternal exposure when urine samples are not available.
Second, we wanted to explore temporal and geographical trends in
phthalate exposure across three different birth cohorts.

2. Materials and methods

2.1. Study populations and sampling

This study includes pregnant women from three different pro-
spective population-based mother-child cohorts. Phthalate measure-
ments have previously partly been published for the Raine Study (Hart
et al., 2014, 2018) and the Cop1 cohort (Assens et al., 2019) while
phthalate data from the Cop2 cohort have not been published before.

2.1.1. The Raine Study cohort
The Western Australian Pregnancy Cohort (Raine) Study (www.

rainestudy.org.au) was established in 1989–91 (Newnham et al., 1993).
Pregnant women (‘Generation 1’) were enrolled around 18 weeks of
gestation, and singleton pregnancies were randomized to an intensive
investigation group (n = 1415) and a regular group (n = 1419)
(Newnham et al., 1993). In the intensive investigation group, maternal
blood samples were collected at 18 weeks and 34–36 weeks and stored
in aliquots at −80 °C (Hickey et al., 2009).

For each woman, 200 μL from thawed aliquots of the 18- and 34-/
36-weeks samples were pooled and couriered frozen to Copenhagen,
Denmark (Hart et al., 2014, 2018). Serum samples from a total of 986
women were analysed for phthalates and included in this study.
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2.1.2. The Copenhagen mother-child cohort (Cop1)
The Copenhagen Mother-Child Cohort (Cop1) (http://edmarc.net/

mother-child-cohort.html) is an ongoing population-based longitudinal
birth cohort study established 1997–2001. Pregnant women were re-
cruited consecutively from three university hospitals during the first
trimester if they were healthy and both parents as well as grandparents
of the unborn child were born and raised in Denmark (Boisen et al.,
2004; Chellakooty et al., 2004; Wohlfahrt-Veje et al., 2014). The
women belonged to the hospitals’ primary geographic referral area.
2788 women entered the study.

At two hospitals, a serum sample was collected during pregnancy at
a median gestational week of 23 (range 8–39), and a subgroup (selected
based on offspring sex being female) was analysed for phthalates and
included in this study (n= 114). At the third hospital, participants had
blood samples taken repetitively throughout pregnancy (Chellakooty
et al., 2004). Serum was stored in aliquots at −20 °C. Samples were
analysed for phthalates and a sample as close to week 20 of pregnancy
as possible was included in the present study (n= 99). Thus, a total of
213 serum samples were included in this study.

2.1.3. The Copenhagen mother-child cohort (Cop 2)
A new mother-child cohort (Cop2) (Krause et al., 2018) was es-

tablished 2012–14. Pregnant women were recruited from two uni-
versity hospitals. Women with singleton pregnancies who had amnio-
centesis performed, either on maternal request (n = 53) or medical
indication (n= 147), were included in the study (n= 200). 78 women
had either malformations on ultrasound scans (n = 61) and/or ab-
normal karyotype of the fetus (n= 17) (Krause et al., 2018). Aliquots of
serum and urine samples collected at the same examination at median

gestational week 18 (range 12–36) were stored in glass bottles at
−20 °C (Krause et al., 2018). Immediately after collection, acid was
added to serum samples. 103 serum samples and 107 urine samples
were analysed for phthalates. 102 women provided both a serum and
urine sample.

2.2. Measurement of phthalates

All serum and urine samples were analysed in the same laboratory
at the Department of Growth and Reproduction, Rigshospitalet,
Copenhagen. Samples were analysed for 32 phthalate metabolites from
15 phthalate diesters in both serum and urine (Table 1) by isotope-
diluted liquid chromatography-tandem mass spectrometry (LC-MS/MS)
preceded by enzymatic deconjugation as previously described in detail
for 13 metabolites (Frederiksen et al., 2010). This method was recently
expanded to include 32 metabolites and further modified by using
online TurboFlow LC-MS/MS technology equipped with a probe for
heated electrospray ionization (HESI) running in negative mode
(Frederiksen et al., 2020; Hart et al., 2018).

In brief, samples were analysed in batches including standards for
calibration curves, 30–40 participant samples, three blanks, three
serum pool controls and three serum pool controls spiked with native
phthalate metabolite standards at low and high level.

2.3. Adjustment for urinary dilution

Osmolality was measured by the freezing point depression method
with automatic cryoscopic osmometer (Osmomat® 030 from Gonotec,
Berlin, Germany). Urinary osmolality ranged from 0.006 to 1.070 Osm/

Table 1
|Phthalate diesters and their respective metabolites detected in maternal serum and urine and sums of metabolites used for statistical analysis.

Phthalate diester Human serum and urine metabolite

Di-methyl phthalate DMP Mono-methyl phthalate MMP
Di-ethyl phthalate DEP Mono-ethyl phthalate MEP
Di-iso-propyl phthalate DiPrP Mono-(4-oxopentyl) phthalate MiPrP

DPrP Mono-propyl phthalate MPrP
Di-iso-butyl phthalate DiBP Mono-iso-butyl phthalate MiBP
Di-n-butyl phthalate DnBP Mono-n-butyl phthalate MnBP

Mono-(3-hydroxybutyl) phthalate MHBP
Butylbenzyl phthalate BBzP Mono-benzyl phthalate MBzP
Di-n-pentyl phthalate DPP Mono-n-pentyl phthalate MPP

Mono-(4-hydroxypentyl) phthalate MHPP
Di-(2-ethyl-hexyl) phthalate DEHP Mono-(2-ethyl-hexyl) phthalate MEHP

Mono-(2-ethyl-5-hydroxyhexyl) phthalate MEHHP
Mono-(2-ethyl-5-oxohexyl) phthalate MEOHP
Mono-(2-ethyl-5-carboxypentyl) phthalate MECPP
Mono-(2-carboxymethyl-hexyl) phthalate MCMHP

Di-n-hexyl phthalate DHxP Mono-n-hexyl phthalate MHxP
Mono-(5-hydroxyhexyl) phthalate MHHxP
Mono-(5-carboxypentyl) phthalate MCPeP

Di-cyclohexyl phthalate DCHP Mono-cyclohexyl phthalate MCHP
Di-n-heptyl phthalate DHpP Mono-n-heptyl phthalate MHepP

Mono-(6-hydroxyheptyl) phthalate MHHpP
Mono-(6-carboxyhexyl) phthalate MCHxP

Di-octyl phthalate DOP Mono-octyl phthalate MOP
Mono-3-carboxypropyl phthalate MCPP a

Di-iso-nonyl phthalate DiNP Mono-iso-nonyl phthalate MiNP
Mono-hydroxy-iso-nonyl phthalate MHiNP
Mono-oxo-iso-nonyl phthalate MOiNP
Mono-carboxy-iso-octyl phthalate MCiOP

Di-iso-decylphthalate DiDP Mono-iso-decyl phthalate MiDP
Mono-(9-hydroxydecyl) phthalate MHiDP
Mono-(9-oxodecyl) phthalate MOiDP
Mono-(9-carboxynonyl) phthalate MCiNP

∑DEHPm Molar sum of MCMHP and MECPP expressed as DEHP in ng/mL
∑LMW phth.m Molar sum of MEP, MiBP, MnBP and MHBP expressed as MEP in ng/mL
∑HMW phth.m Molar sum of MBzP, MECPP, MCMHP, MCPP and MCiOP expressed as MECPP in g/mL
∑all phth.m Molar sum of MEP, MiBP, MnBP, MHBP, MBzP, MECPP, MCMHP, MCPP and MCiOP expressed as MECPP in ng/mL

a Major metabolite of DOP, not specific for DOP.
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kg with a median value of 0.437 Osm/kg for all 107 urine samples.
To account for urinary dilution, phthalate concentrations were ad-

justed for individual urinary osmolality normalised to the median os-
molality of all samples according to a previously described method
(Lassen et al., 2013):

=
×

( )
( ) ( )

( )

Osmolality adjusted phthalate conc ng
mL

Phthalate conc

Sample osmolality

.

. 0.437ng
mL

Osm
kg

Osm
kg

This was done for all urinary phthalate concentrations ≥ limit of
detection (LOD) while samples with phthalate concentrations < LOD
were registered as < LOD regardless of the urine osmolality.

2.4. Covariates

Information on maternal age, parity, pre-pregnancy weight and
height, fetal sex, smoking during pregnancy and educational status was
obtained from all three cohorts (Table S1).

In the Raine cohort, all information was collected from a ques-
tionnaire completed at the time of enrolment with assistance from one
of three research midwifes (Newnham et al., 1993).

In Cop1, questionnaires were administered once during pregnancy
(Damgaard et al., 2008), and information on maternal age, parity,
prepregnancy weight and height, smoking status and education was
collected from these. Information on fetal sex and gestational age (GA)
was collected from birth records.

In Cop2, information on GA at sampling, maternal age, parity, fetal
sex and measurements of pre-pregnancy weight and height were ob-
tained from medical records (Krause et al., 2018). Furthermore, all
participants answered a questionnaire including questions on their
educational status and smoking habits (Krause et al., 2018).

2.5. Statistical analyses

Selected percentiles (25, 50, 75, 95) as well as minimum and
maximum concentrations were calculated for all 32 metabolites and
four sums of phthalate metabolites. This was also done for all 32 me-
tabolites in urine samples from Cop2.

According to a previously described method (Hart et al., 2014; Wolff
et al., 2010), phthalate metabolites were divided into groups that re-
present similar sources of exposure: metabolites of DEHP (mono-(2-
carboxymethyl-hexyl) phthalate (MCMHP), mono-(2-ethyl-5-carbox-
ypentyl) phthalate (MECPP)) were combined into ∑DEHPm, the LMW
phthalate metabolites (mono-ethyl phthalate (MEP), MiBP, mono-n-
butyl phthalate (MnBP), mono-(3-hydroxybutyl) phthalate (MHBP))
were combined into ∑LMW phth.m, and HMW phthalate metabolites
(mono-benzyl phthalate (MBzP), MECPP, MCMHP, mono-3-carbox-
ypropyl phthalate (MCPP), mono-carboxy-iso-octyl phthalate (MCiOP))
were combined into ∑HMW phth.m. Finally, all phthalate metabolites
that were detected in ≥ 40% of samples in at least one of the three
cohorts were combined into ∑all phth.m (MEP, MiBP, MnBP, MHBP,
MBzP, MECPP, MCMHP, MCPP, MCiOP). Due to suspected con-
tamination with mono-iso-nonyl phthalate (MiNP) and mono-(2-ethyl-
hexyl) phthalate (MEHP) in Cop2 serum samples (further described in
the discussion, section 4), three metabolites (MiNP, mono-iso-decyl
phthalate (MiDP), MEHP) were excluded from all sums for all three
cohorts.

Single analytes were reported in ng/mL. To combine phthalate
metabolites into groups, molar concentrations (nmol/mL) of the
phthalate metabolites were summed and multiplied by the molecular
weight (ng/nmol) of either the corresponding phthalate diester (i.e.
DEHP in ∑DEHPm) or the metabolite measured in the highest con-
centration (MEP for ∑LMW phth.m, and MCMHP for both ∑HMW

phth.m and ∑all phth.m). This was done to convert units for sums to ng/
mL.

Differences between the demographic variables from the three co-
horts were tested by Student's t-test for parametric data, Mann-Whitney
U test for non-parametric data and Chi-squared test for categorical data.

Correlations between primary and secondary phthalate metabolites
in each cohort as well as between phthalate metabolites in urine and
serum in Cop2 were tested by Spearman rank correlation test. Serum
phthalate levels were compared between the three cohorts by Mann-
Whitney U test. To explore whether differences in serum phthalate
metabolite levels between the cohorts could be explained by differences
in demographics, we conducted sensitivity analyses where demo-
graphic variables that differed between the cohorts (maternal age,
maternal BMI, parity (nullipara versus primi- and multipara), offspring
gender, smoking, educational level and GA at sampling (only available
for Cop1 and Cop2)) were included one by one in a linear regression
model. For these analyses, metabolite levels were logarithmically
transformed.

These analyses were performed for metabolites that were detected
in ≥ 40% of samples in at least one of the three cohorts. However,
MCPP was excluded from correlation tests as it is not specific to DOP.
Due to suspected contamination with MiNP and MEHP, these two me-
tabolites were excluded from the Mann-Whitney U tests.

P < 0.05 was considered statistically significant, while P < 0.1
was considered borderline significant. Concentrations below the LOD
were assigned the value 0. LODs for sums were defined as the LOD for
the most frequently detected metabolite in the sum. In Fig. 2 and for
sensitivity analyses, serum metabolite levels below LOD were sub-
stituted with LOD/√2.

All statistical analyses were conducted using R software (R Core
Team (2014). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria) and IBM SPSS
Statistics 22 (SPSS Inc., Chicago, IL). Figures were constructed in R
using the ggplot2 package.

3. Results

3.1. Serum phthalate concentrations

Six phthalate metabolites (MEP, MnBP, MiNP, MEHP, MECPP and
MCMHP) were detectable (≥ LOD) in ≥ 70% of both Raine and Cop1
serum samples. MiBP was detectable in 63% and 83% of the Raine and
Cop1 serum samples respectively (Table 2). Five other metabolites
(MHBP, MBzP, MCPP, MCiOP and MiDP) were detectable in ≥ 29% of
the Raine serum samples, while three metabolites (MHBP, MCiOP and
MiDP) were detectable in ≥ 17% of the Cop1 serum samples. In Cop2,
only MEHP and MiNP were detectable in almost all serum samples
(98% and 99%, respectively), while six other metabolites (MEP,
MECPP, MCMHP, MCPP, MCiOP, MiDP) were measured in 17–38% of
Cop2 serum samples.

All other metabolites were not detectable or only detectable
in< 10% of serum samples in each of the three cohorts.

Potential post-collection contamination of samples was assessed
through evaluation of inter-individual variation and calculation of
correlations between primary and secondary phthalate metabolites. We
observed large variations in serum metabolite levels between in-
dividuals. For instance, MEP concentrations ranged from<LOD to
maximum levels of 2107, 67.2 and 17.7 ng/mL respectively in the three
cohorts (Table 2).

Several significant correlations between metabolites of the same
phthalate diester were found in serum from all three cohorts (Table 3).
In serum samples from all three cohorts, there were moderate to strong
correlations between MECPP and MCMHP (r ≥ 0.562, P < 0.001). In
the Raine cohort, MEHP was significantly correlated to MCMHP
(r= 0.153, P < 0.001) but not to MECPP. In Cop1 serum, MEHP was
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not correlated to either MECPP or MCMHP. In Cop2 serum, MEHP was
weakly correlated to MECPP (r = 0.208, P < 0.05) and weakly but
only borderline significantly to MCMHP (r = 0.168, P < 0.1).

The primary and secondary metabolites of DiNP, MiNP and MCiOP,
were weakly correlated in Raine serum samples (r = 0.254,
P < 0.001). This did not reach significance in serum from Cop1 and
Cop2 (Table 3). MnBP and MHBP were also weakly correlated in serum
from the Raine cohort (r = 0.245, P < 0.001) but not in Cop1.

We also observed many positive correlations between serum meta-
bolites originating from different phthalates, mainly in the Raine cohort
where, e.g. secondary metabolites of DEHP and DiNP were weakly to
moderately correlated (r ≥ 0.346, P < 0.001) (Table 3).

3.2. Urinary phthalate concentrations in Cop2

Urinary levels of phthalates in Cop2 are presented adjusted for urine
osmolality in Table 4 and unadjusted in Table S2.

Seven phthalate metabolites (MEP, MiBP, MnBP, mono-(2-ethyl-5-
hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl) phtha-
late (MEOHP), MECPP, MCMHP and MCiOP) were detectable in ≥
83.2% of urine samples. Seven phthalates (MBzP, MEHP, mono-(5-
carboxypentyl) phthalate (MCPeP), mono-(6-carboxyhexyl) phthalate
(MCHxP), MCPP, mono-hydroxy-iso-nonyl phthalate (MHiNP), mono-
oxo-iso-nonyl phthalate (MOiNP)) were measured in between 45.8%
and 71.0% of urine samples. Mono-methyl phthalate (MMP) was
measured in 25.2% and MiNP in 29.9% of urine samples. All other
metabolites were detected in ≤ 15.0% of urine samples. Compared to
serum, detection frequencies (% ≥ LOD) of some metabolites were
higher in urine. For instance, while MiBP was detectable in only 2.9%
of serum samples in Cop2, it was measured in 98.1% of the urine
samples.

There were large interindividual variations in urinary phthalate
metabolite concentrations (Table 4). In urine, there were moderate to
strong correlations between all five DEHP metabolites (r = 0.731

–0.958, P < 0.001) and four DiNP metabolites (r = 0.524–0.800,
P < 0.001) (results not shown).

Significant and weak to moderate correlations between concentra-
tions of the same metabolite in serum and urine samples were observed
for MEP (r = 0.615, P < 0.01), MECPP (r = 0.533, P < 0.01),
MCMHP (r = 0.496, P < 0.01), and MCiOP (r = 0.566, P < 0.01)
(Table 5).

The concentration of MEHP in serum was not significantly corre-
lated to the concentration in urine (Table 5) but MECPP correlated
weakly with urinary MEHP (r=0.419, P < 0.01) and moderately with
MCMHP (r = 0.540, P < 0.01). MCMHP in serum was weakly cor-
related to both MEHP (r = 0.257, P < 0.01) and MECPP (r = 0.354,
P < 0.01) in urine.

Serum MiNP was not significantly correlated to urinary levels of
MiNP (r = 0.059, P = 0.56) or MCiOP (r = 0.095, P = 0.34), but
MCiOP in serum was weakly correlated to urinary MiNP (r = 0.304,
P < 0.01).

3.3. Differences between the cohorts

Generally, in terms of maternal characteristics and lifestyle the two
Danish cohorts were more alike than the Australian cohort (Table S1).
Women in the Raine cohort were younger, shorter, weighed less and
had lower BMIs (P < 0.001) than the two Danish cohorts. Mothers in
the two older cohorts were more likely to smoke than mothers in the
recent cohort (P < 0.001). Due to selection of samples for phthalate
analyses belonging to mothers of girls in Cop1, the gender distribution
was skewed in this cohort and thus significantly different from the two
other cohorts (P < 0.001) where the male/female ratio was closer to
50/50. The educational level differed significantly between the Aus-
tralian and the two Danish cohorts (P < 0.001) with 58% of Cop1 and
66% of Cop2 having a university degree while this number was only
10% in the Raine cohort (Table S1).

For most phthalates, we observed significant differences in serum

Table 3
|Correlations (Spearman rho, r) between selected maternal serum phthalate metabolites in three prospective mother-child cohorts, Raine, Cop1 and Cop2.

Raine, n = 986 MEP MiBP MnBP MHBP MBzP MEHP MECPP MCMHP MiNP MCiOP

MiBP 0.188***
MnBP 0.273*** 0.644***
MHBP 0.087** 0.119*** 0.245***
MBzP 0.145*** 0.358*** 0.435*** 0.110**
MEHP 0.110** 0.007 0.222*** −0.102** 0.219***
MECPP 0.180*** 0.177*** 0.230*** 0.073* 0.135*** 0.045
MCMHP 0.117*** 0.112** 0.169*** −0.031 0.102** 0.153*** 0.710***
MiNP 0.110** 0.116*** 0.181*** 0.295*** 0.173*** 0.038 0.226*** 0.030
MCiOP 0.141*** 0.064* 0.099** 0.097** 0.100** 0.052 0.562*** 0.344*** 0.254***
MiDP −0.059 −0.050 −0.071* −0.142*** −0.034 0.140*** −0.179*** −0.039 −0.101** −0.164***

Cop1, n = 213 MEP MiBP MnBP MHBP MEHP MECPP MCMHP MiNP MCiOP

MiBP 0.014
MnBP −0.150* 0.647***
MHBP 0.189** 0.069 −0.059
MEHP 0.050 0.267*** 0.377*** 0.172*
MECPP −0.068 0.141 0.040 0.141* 0.106
MCMHP −0.025 −0.256*** −0.359*** 0.085 −0.039 0.562***
MiNP 0.088 −0.165* −0.298*** 0.133# 0.006 −0.067 0.185**
MCiOP −0.030 −0.185** −0.152* −0.046 −0.076 0.140* 0.231** 0.067
MiDP 0.017 0.388*** 0.488*** 0.114# 0.288*** 0.017 −0.295*** −0.103 −0.192***

Cop2, n = 103 MEHP MECPP MCMHP MiNP MCiOP

MECPP 0.208*
MCMHP 0.168# 0.698***
MiNP 0.052 0.153 0.182#

MCiOP −0.020 0.180# 0.276** 0.005
MiDP −0.125 −0.012 0.075 0.376*** 0.097

Significant correlations: *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.1.

L.S. Henriksen, et al. Environmental Research 184 (2020) 109231

7



metabolite levels between the three cohorts (Table 6, Figs. 1 and 2).
Generally, serum metabolite levels were lower in the most recent Cop2
cohort than in the earlier samples. This was reflected in serum levels of
∑DEHPm, ∑LMW phth.m and ∑all phth.m with median serum levels of
∑all phth.m in Raine and Cop1 being almost 30- and 40-fold higher than
the levels in Cop2 (Table 2, Fig. 2).

We found a decreasing level of secondary DEHP metabolites
(MECPP, MCMHP) and ∑DEHPm from Raine to Cop1 and Cop2 (Figs. 1
and 2) in serum. A similar pattern was observed for MEP, MnBP and
MCiOP (Fig. 1). The median serum levels of MiBP, MiDP and MHBP
were significantly higher in Cop1 than in Raine which, in turn, was
significantly higher than in Cop2 (Fig. 1, Table 6). ∑all phth.m was
higher in Cop1 than in Raine and Cop2 (Fig. 2, Table 6).

In sensitivity analyses, adjustment for demographic variables did
not substantially change these findings (data not shown).

Table 4
|Urine levels of 32 phthalate metabolites (ng/mL, osmolality adjusted) in pregnant women in a recent prospective mother-child cohort, Cop2 (n = 107).

Percentiles

LOD % > LOD min. 25 50 75 95 max.

MMP 0.53 25.2 < LOD 0.49 3.15 5.59
MEP 0.79 95.3 < LOD 5.16 13.0 35.4 590 1697
MiPrP 0.25 2.8 < LOD 3.41
MPrP 0.30 0.0 < LOD
MiBP 0.44 98.1 < LOD 7.05 12.5 23.8 51.6 219
MnBP 0.68 92.5 < LOD 4.72 8.31 14.5 32.0 46.7
MHBP 0.63 3.7 < LOD 83.3
MBzP 0.50 60.4 < LOD 1.14 2.45 11.4 21.4
MPP 0.28 1.9 < LOD 0.8
MHPP 0.35 5.6 < LOD 1.46 4.25
MEHP 0.42 69.2 < LOD 1.03 1.98 3.87 5.15
MEHHP 0.40 87.9 < LOD 1.69 3.54 5.91 12.9 18.5
MEOHP 0.46 84.1 < LOD 1.30 2.59 4.61 10.2 14.1
MECPP 0.28 98.1 < LOD 1.91 2.96 4.91 9.29 13.1
MCMHP 0.22 97.1 < LOD 2.50 4.34 7.11 12.7 29.4
MHxP 0.33 11.2 < LOD 0.83 2.33
MHHxP 0.21 5.6 < LOD 0.08 0.49
MCPeP 0.22 45.8 < LOD 1.15 2.43 5.80
MCHP 0.33 0.0 < LOD
MHepP 0.33 13.1 < LOD 0.65 4.52
MHHpP 0.19 15.0 < LOD 0.92 2.42
MCHxP 0.30 71.0 < LOD 0.95 1.64 4.32 9.51
MOP 0.32 2.8 < LOD 0.84
MCPP 2.32 54.2 < LOD 2.31 5.06 11.7 215
MiNP 0.39 29.9 < LOD 0.32 0.74 1.4
MHiNP 0.61 66.4 < LOD 1.35 2.78 6.05 20.1
MOiNP 0.57 52.3 < LOD 0.49 1.40 4.06 11.8
MCiOP 0.29 83.2 < LOD 0.67 1.57 3.06 9.55 35.9
MiDP 0.91 3.7 < LOD
MHiDP 0.27 0.9 < LOD 0.79
MOiDP 0.32 14.0 < LOD 0.50 1.52
MCiNP 0.27 0.0 < LOD

LOD, limit of detection. For abbreviations of phthalate metabolites, see Table 1.

Table 5
|Correlations (Spearman rho, r) between selected maternal serum and urine phthalate metabolites in Cop2 (n = 102).

Urine concentrations

MEP MEHP MECPP MCMHP MiNP MCiOP

Serum concentrations MEP 0.615*** 0.150 0.063 0.099 −0.041 0.012
MEHP 0.169# 0.177# 0.223* 0.174# −0.003 0.050
MECPP 0.244* 0.419*** 0.533*** 0.540*** 0.091 0.238*
MCMHP 0.171# 0.257** 0.354*** 0.496*** −0.055 0.132
MiNP 0.040 0.040 0.096 0.151 0.059 0.095
MCiOP 0.136 0.154 0.217* 0.432*** 0.304** 0.566***

Urine phthalate levels > LOD were adjusted for osmolality. Significant correlations: *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.1.

Table 6
|Differences between selected maternal serum phthalate metabolite levels in
three prospective mother-child cohorts, Raine (n = 986), Cop1 (n = 213) and
Cop2 (n = 103), tested by Mann-Whitney U test.

Raine vs. Cop1 Raine vs. Cop2 Cop1 vs. Cop2

MEP 0.728 < 0.001 < 0.001
MiBP < 0.001 < 0.001 < 0.001
MnBP 0.284 < 0.001 < 0.001
MHBP < 0.001 < 0.001 < 0.001
MBzP < 0.001 < 0.001 0.063
MECPP < 0.001 < 0.001 < 0.001
MCMHP 0.005 < 0.001 < 0.001
MCPP < 0.001 < 0.001 < 0.001
MCiOP < 0.001 < 0.001 0.147
MiDP < 0.001 0.026 < 0.001
∑all phth.m < 0.001 < 0.001 < 0.001

Depicted values are P values. Bold font indicates a significant difference be-
tween cohorts with P values < 0.05.
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4. Discussion

In this study we compared maternal serum phthalate metabolite
levels in three different birth cohorts: the Australian Raine cohort
(approximately 30 years old), the Danish Cop1 cohort (approximately
20 years old) and the Danish Cop2 cohort (6–8 years old).

As urine samples were not collected during pregnancy in the two
oldest cohorts, only serum samples were available for phthalate meta-
bolite measurements. In the recent Cop2 cohort, both serum and urine
were collected for measurements of chemicals and clinical biomarkers.

To our knowledge, this is the first study to explore temporal and
geographical trends in prenatal exposure to phthalates with all phtha-
late measurements performed in the same laboratory.

Urine is currently considered the best matrix to evaluate phthalate
exposure as serum measurements have some limitations.

First, phthalate diesters are referred to as non-persistent chemicals,
and several studies have shown that phthalate metabolite levels are
10–100 times higher in urine than in serum (Frederiksen et al., 2010;
Koch et al., 2005; Silva et al., 2003) due to metabolism and elimination.
Consequently, not all metabolites are present in detectable levels in
circulating blood. This was also demonstrated in our study where the
secondary oxidized metabolites of DEHP (MEHHP, MEOHP) and DiNP
(MHiNP, MOiNP) in serum were below their respective LODs in all
three cohorts. Generally, both concentrations and detection frequencies
were higher in urine than in serum samples.

Second, as it has been shown that diester phthalates can be cleaved
to monoesters by endogenous esterases present in blood, there is a
potential risk that measured serum levels of phthalate monoesters may
be falsely increased if post-collection contamination of the samples has
occurred (Silva et al., 2005). To prevent this, it is possible to inhibit
esterase activity by adding acid to the serum as soon as it has been
separated from the blood cells. However, this best practice procedure
was not established when the two early cohorts were initiated. It is
possible to indirectly assess a potential contamination by evaluating the
inter-individual variation in measured serum levels as a systematic
source of contamination during sample handling would most likely lead
to a systematic background level and less inter-individual variation.

Correlations between different metabolites of the same diester can also
be used to assess a potential contamination as only the initial cleavage
of a diester to a monoester phthalate can occur in the samples after
collection. Other metabolic reactions (e.g. phase one and phase two
metabolism) is considered only to occur in vivo.

Our findings support this consideration that serum levels of the
hydroxylated monoesters may reflect contamination during and after
serum sampling. As opposed to most other phthalate metabolites,
MEHP was detected in nearly all serum samples in Cop2 but only in
around two thirds of the urine samples, and concentrations were similar
to those in Raine and Cop1 with little interindividual variation. Thus,
some contamination of Cop2 serum samples with DEHP is likely to have
occurred although acid was added after collection, and MEHP was
therefore excluded from all sums and analyses. However, the high levels
of MEHP metabolites found in the urine samples of the same pregnant
women indicate that there was an actual DEHP exposure as well.

In Cop2, the pregnant women were recruited at amniocentesis
scheduled for reasons other than exposure biomonitoring. All three
samples (urine, serum, amniotic fluid) were collected within an hour of
the procedure (Krause et al., 2018). As an amniocentesis is performed
with the aid of ultrasound guidance, it imposes a risk of procedure-
related exposure, as found in a recent study (Messerlian et al., 2017).
Previous studies have shown that exposure to phthalates, particularly
DEHP, may be high during medical procedures (Heudorf et al., 2007)
such as blood transfusions (Sampson and de Korte, 2011), haemodia-
lysis (Dine et al., 2000) and cardiopulmonary bypass (Takahashi et al.,
2008). While urinary levels of phthalate metabolites generally increase
7–12 h after exposure (Janjua et al., 2007; Messerlian et al., 2017), they
may be detected in serum already 15 min after ingestion (Kessler et al.,
2012). The unexpected high serum MEHP concentration in Cop2 may
therefore be explained at least in part by the medical procedure. For all
other phthalates, women in Cop2 were comparable to healthy Danish
women's exposure levels (Frederiksen et al., 2014a).

Similarly, Cop2 serum samples showed high MiNP concentrations
with little interindividual variation, and primary and secondary meta-
bolites of DiNP were not correlated. MiNP was measured in 99% of the
serum samples, but in only 29.9% of the urine samples. Further, median
MiNP serum levels in Cop2 were approximately six times higher than in
Cop1 and 10-fold higher than urine levels. Also, serum MiNP in Cop2
was not correlated to either urinary MiNP or urinary MCiOP. Thus,
sample contamination with DiNP cannot be excluded in this recent
cohort and MiNP was omitted from all sums and analyses. The sig-
nificant albeit weak correlation between MiNP and MCiOP in serum
from Raine indicates that the presence of MiNP in serum is caused by
exposure to DiNP in this cohort.

In serum from all three cohorts, correlations between the two car-
boxylated metabolites of DEHP were highly significant and moderate to
strong. In the most recent cohort, correlations between serum and urine
levels of all investigated secondary metabolites were highly significant
and of moderate strength. This supports the conclusion that secondary
metabolites in serum seem more valid proxies for phthalate exposure to
HMW phthalates than primary metabolites. This is in agreement pre-
vious studies (Calafat et al., 2015, 2013; Hauser and Calafat, 2005;
Högberg et al., 2008; Koch and Calafat, 2009; Wittassek et al., 2009).

The primary and secondary metabolites of DnBP were significantly
but only weakly correlated in the Raine cohort. In the recent cohort,
most metabolites of the LMW phthalates, e.g. MiBP, MnBP and MHBP,
were not detected in serum. MEP was detected in enough Cop2 serum
samples and the correlation between serum and urine levels was sig-
nificant and moderate, indicating that MEP levels in serum may reflect
exposure to DEP. Serum levels of some metabolites originating from
different phthalate diesters, e.g. MiBP and MnBP, were also sig-
nificantly and moderately correlated. This has also been found in other
studies (Frederiksen et al., 2020).

In summary, we were able to detect phthalate exposure in a sub-
stantial part of the pregnant women by using serum samples, especially

Fig. 1. |Median maternal serum concentrations of phthalate metabolites (ng/
mL) in three mother-child cohorts. For abbreviations of phthalate metabolites,
please see Table 1. (Single column fitting image).
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in the two older cohorts and to a lesser extent in the most recent cohort.
Levels of both primary and secondary metabolites were generally lower
and had lower detection frequencies than in urine. Serum is thus an
inappropriate matrix for phthalate exposure assessment in recent co-
horts where phthalate exposure is low. Correlations between primary
and secondary metabolites as well as between serum and urine levels
were generally weak to moderate indicating substantial noise, and
serum phthalate measurements are not appropriate for biomonitoring.

We suggest that serum may be used to assess maternal phthalate
exposure only in historical cohorts established before regulations on
phthalate use were enacted and when urine samples are not available.
The correct precautions should be taken when evaluating and inter-
preting the data. The relevance of serum phthalate measurements is to
exploit data from historical cohorts to assess potential long-term
harmful effects of prenatal exposure to phthalates. Studies have shown
considerable day-to-day variation in phthalate exposure. Thus, if asso-
ciations between early phthalate exposure of historical cohorts and
long-term health outcomes are found, they are likely true and deserve
further corroboration. Reversely, failure to find an association could be
due to noise in exposure classification. This is further supported by
recent studies of our research group (Assens et al., 2019; Hart et al.,

2014, 2018).
The first temporary restrictions on the use of phthalates were en-

acted in December 1999 in the EU (Koch et al., 2017); these involved
three phthalates (DEHP, BBzP, DnBP) and in addition the use of three
other phthalates (DiNP, DiDP, DOP) specifically in toys and childcare
articles. Since 2007, permanent restrictions on phthalate-use have been
enacted by REACH (Koch et al., 2017). In 2015, four phthalates (DiBP,
DnBP, BBzP, DEHP) were added to the so-called authorization list, i.e.
Annex XIV of REACH (Koch et al., 2017). Certain medical equipment,
where a high level of flexibility is necessary, may still contain phtha-
lates, most commonly DEHP, as plasticisers (European Commission,
2019; Sampson and de Korte, 2011). From July 2020, the use of DnBP,
DiBP, BBzP and DEHP will be further restricted on the European market
(European Commission, 2018).

We observed a decline from Cop1 to Cop2 in metabolites of
phthalates that have been subject to regulations, including MiBP,
MnBP, MiDP and secondary metabolites of DEHP. MBzP and MCiOP
were only measured in very few samples in both cohorts. Thus, reg-
ulations appear to have resulted in lower exposure which is in agree-
ment with findings in European and American studies using urinary
phthalate measurements (Centers for Disease Control and Prevention,

Fig. 2. |Sums are defined in Table 1. Percentiles displayed in the box plots are 5, 25, 50, 75 and 95. Differences between cohorts were tested by Mann-Whitney U test,
and P values are displayed as following: *P < 0.05, **P < 0.01, ***P < 0.001. Please note the log transformed Y axis.
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2019; Frederiksen et al., 2020, 2014a; Gyllenhammar et al., 2017; Koch
et al., 2017; Larsson et al., 2017; Schoeters et al., 2017; Zota et al.,
2014). When evaluating the sum of DEHP metabolites in our study, a
significant decrease from Cop1 to Cop2 was observed. This is in
agreement to the early restrictions on DEHP which has also been ap-
parent in German time-trend studies (Koch et al., 2017).

In the US, DnBP, BBzP and DEHP were banned in any amount>
0.1% in child care articles in 2008, and at the same time a provisional
restriction was placed on DiNP, DiDP and DOP in toys that can be put in
the mouth (Zota et al., 2014). As a result, urinary metabolite con-
centrations of DnBP, BBzP and DEHP declined approximately 20–50%
between 2001 and 2010 (Zota et al., 2014). In the same period, DiBP
and DiNP increased by>100%. This increase in phthalates substituting
DEHP was not seen in this study but one German time-trend study also
found an increase in urinary DiNP metabolites between 1988 and 2008
(Göen et al., 2011). In the US population, MnBP levels remained high in
2007–8, but decreased significantly by 2009–10 (Zota et al., 2014), i.e.
some years later than in the current study, which is in agreement with a
later regulation.

However, legislation alone does not explain our observed time
trends. Although DEP remains unregulated in the EU, we found a sig-
nificant decline in MEP levels from Cop1 to Cop2. A similar trend was
reported by both European and American researchers (Centers for
Disease Control and Prevention, 2019; Frederiksen et al., 2020;
Gyllenhammar et al., 2017; Koch et al., 2017; Larsson et al., 2017; Zota
et al., 2014). This most likely reflects non-regulated differences in the
use and/or production of phthalate-containing products caused by an
increasing awareness of the general population and the producers.

While we observed higher serum levels of MiBP, MiDP and MHBP in
Cop1, serum levels of all other metabolites, including DEHP metabo-
lites, were found in higher concentrations in Australian women. In
Australia, the first temporary ban on DEHP was brought in 2010, made
permanent in 2011 and included certain children's soft plastic toys and
childcare articles (Australian Competition and Consumer Commission,
2010). As in the rest of the world, legislation on phthalate use in
Australia was enacted only after the turn of the millennium. Differences
between Raine and Cop1 may thus be explained by non-regulated na-
tional or consumer differences in phthalate use.

5. Conclusion

In this study on pregnant women, we observed weak to strong and
significant correlations between some secondary phthalate metabolites
in serum from early population-based cohorts and between serum and
urinary levels of some phthalate metabolites in a recent cohort. These
findings indicate that historical biobanked serum samples may be used
for assessment of exposure to some but not all phthalates, when urine is
not available. We found that the primary metabolites of the HMW
phthalate diesters in serum should be handled cautiously whereas the
carboxylated metabolites seem more valid. Serum phthalate measure-
ments are not suitable for human biomonitoring and should only be
used to exploit historical cohort biobanks to evaluate potential long-
term effects of prenatal phthalate exposure.

We observed that prenatal phthalate exposure has decreased over
time from the early 1990s to the 2010s, most likely due to regulations
restricting the use of phthalates. National/local production and con-
sumer patterns also seem to affect exposure.
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