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A B S T R A C T

Background: Several cross-sectional studies have linked different environmental contaminants to the metabolic
syndrome (MetS). However, mixture effects have not been investigated and no prospective studies exist re-
garding environmental contaminants and the MetS.
Objectives: To study mixture effects of contaminants on the risk of incident MetS in a prospective fashion.
Methods: Our sample consisted of 452 subjects from the Prospective Study of the Vasculature in Uppsala Seniors
(PIVUS) study (50% women, all aged 70 years) free from the MetS at baseline, being followed for 10 years. At
baseline, 30 different environmental contaminants were measured; 6 polychlorinated biphenyls (PCBs), 3 or-
ganochlorine (OC) pesticides, one dioxin, one polybrominated diphenyl ether (all in plasma), 8 perfluoroalkyl
substances (in plasma) and 11 metals (in whole blood). The MetS was defined by the ATPIII/NCEP criteria.
Gradient boosted Classification and Regression Trees (CARTs) was used to evaluate potential synergistic and
additive mixture effects on incident MetS.
Results: During 10-year follow-up, 92 incident cases of the MetS occurred. PCB126, PCB170, hexachlorobenzene
(HCB) and PCB118 levels were all associated with incident MetS in an additive fashion (OR 1.73 for a change
from 10th to 90th percentile (95%CI 1.24–3.04) for PCB126, OR 0.63 (0.42–0.78) for PCB170, OR 1.44
(1.09–2.20) for HCB and OR 1.46 (1.13–2.43) for PCB118). No synergistic effects were found.
Conclusion: A mixture of environmental contaminants, with PCB126, PCB170, HCB and PCB118 being the most
important, showed associations with future development of the MetS in an additive fashion in this prospective
study. Thus, mixture effects of environmental contaminants could contribute to the development of cardio-
metabolic derangements.

1. Introduction

The metabolic syndrome (MetS) is a term used to define subjects
with multiple cardiovascular (CV) risk factors, like hypertension, dia-
betes/impaired glucose tolerance, visceral obesity, low HDL-cholesterol
and high serum triglycerides. The MetS was described in the late 1980s
by different groups (Reaven, 1988) (Lind et al., 1988), and the clus-
tering of the CV risk factors have been suggested to be due to visceral
obesity and/or insulin resistance. Having the MetS approximately
doubles your risk of future CV disease (Sundstrom et al., 2006).

In the last decade it has become apparent that environmental con-
taminants could play a role in the development of cardio-metabolic
diseases (Lind and Lind, 2012; Lind et al., 2016). A number of en-
vironmental contaminants have been linked to obesity, diabetes,

hypertension and disturbances in lipid metabolism (Goncharov, Haase
et al., 2008, Gaskins and Schisterman, 2009, Lee et al., 2011, Lee et al.,
2012, Lind et al., 2012, Patel et al., 2012, Fisher et al., 2013, Lind,
Zethelius et al. 2014, Lind, Penell et al. 2014, Penell et al., 2014), as
well as to the metabolic syndrome in itself (Lee et al., 2007; Uemura
et al., 2009; Park et al., 2010; Teppala et al., 2012; Fisher et al., 2013;
Lind et al., 2013).

However, previous reports on a link between environmental con-
taminants and the MetS have used a cross-sectional design, which has
the possibility of being biased by reverse causation. Furthermore, these
studies have not taken into account that multiple environmental con-
taminants interfere with each other in the population setting; in pre-
vious studies the contaminants are usually evaluated one by one.

In the present study, we addressed some of these shortcomings of
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previous investigations in that we studied the effect of a mixture of
environmental contaminants on incident MetS in a prospective fashion.
We used the Prospective Study of the Vasculature in Uppsala Seniors
(PIVUS) study (Lind et al., 2005), in which we have evaluated 30 dif-
ferent environmental contaminants and have followed the cohort for
10 years regarding the development of the MetS. The hypothesis tested
was that several contaminants would be associated with incident MetS,
either in an additive or a synergistic fashion. We tested this hypothesis
by using gradient-boosted CARTs, a statistical method previously
deemed suitable for studies of mixture effects of environmental con-
taminants (Lampa et al., 2014).

2. Material and methods

2.1. Subjects

Eligible subjects were all aged 70 and lived in the city of Uppsala,
Sweden, a city of 185,000 inhabitants. The subjects were randomly
chosen from the register of community living. A total of 1016 subjects
participated, entailing a participation rate of 50.1%. The prevalence of
the MetS at baseline was 23% in the total cohort. These subjects were
invited to a follow-up examination 10 years later, and 606 individuals
participated in this follow-up. Following exclusion of 154 subjects who
showed the MetS at baseline, 452 subjects were included in the final
analyses (being free from the MetS at baseline and participating in the
10-year follow-up).

The study was approved by the Ethics Committee of Uppsala
University, and all the participants gave their informed consent prior to
the study.

All subjects were investigated in the fasting state in the morning
after an overnight fast. Between 8 and 10 am venous samples of whole
blood, serum and plasma were collected. The whole blood and plasma
samples were collected in EDTA-tubes, while serum was collected in
tubes free from additives. After approximately 1 h, the serum was re-
moved to plastic tubes free from additives and the samples were put
into a −80C freezer. The plasma tubes were spinned and plasma was
removed to plastic tubes free from additives and the samples were put
into a −80C freezer within 1 h. Whole blood was removed from the
EDTA-tubes to plastic tubes free from additives and the samples were
put into a −80C freezer within 1 h. The samples were kept in −80C
until analysis. The samples were later shipped to different laboratories
using dry ice to keep them in the frozen state.

No medication or smoking was allowed after midnight. The parti-
cipants were asked to answer a questionnaire about their medical his-
tory, smoking habits and regular medication.

Blood pressure was measured three times by a calibrated mercury
sphygmomanometer to the nearest mmHg following at least 30 min of
rest. The mean of these three recordings were used. Lipid variables and
fasting blood glucose were measured by standard laboratory techniques
the same day using unfrozen samples (Carlsson et al., 2010).

These examinations were performed in the same fashion both at age
70 and at age 80 years.

Basic characteristics are presented in Table 1 in the Results section.
Results of the measurements of the 30 environmental contaminants

at age 70 are shown in Table 2 in the Results section. The collection of
blood samples for the measurements of the environmental con-
taminants and the other examinations at age 70 was performed on the
same day.

2.2. Chemical analysis

2.2.1. Metals
All 11 metal elements in this study were determined in whole blood

at a commercial laboratory (ALS Scandinavia, Luleå, Sweden). The
analysis was performed using inductively coupled plasma-sector field
mass spectrometry, ICP-SFMS, after microwave-assisted digestion with

Table 1
Means (and SD) or proportions (in %) for major cardiovascular risk factors at age 70 and
80 years in the sample. n = 452. NE = not evaluated. For more detailed definitions of
exercise levels, please see the Methods section.

Age 70 Age 80

Variable Mean (SD) Mean (SD)
Systolic blood pressure (mm Hg) 147.1 (22.4) 145.7 (19.1)
Diastolic blood pressure (mm Hg) 77.9 (9.8) 73.5 (8.9)
Fasting blood glucose (mmol/L) 5.0 (0.8) 5.1 (1.1)
Waist circumference (cm) 89.1 (10) 94.6 (11.1)
HDL-cholesterol (mmol/L) 1.6 (0.4) 1.4 (0.4)
Serum triglycerides (mmol/L) 1.1 (0.4) 1.1 (0.5)
LDL-cholesterol (mmol/L) 3.4 (0.8) 3.2 (0.9)
Current smoking (%) 8.4 3.4
Education level < 10 years: 51%

10–12 years: 19%
>12 years: 30%

NE

Exercise habits (per week) Sedentary: 9%
Light exercise only: 56%
1–2 times heavy exercise per
week: 27%
>2 times heavy exercise per
week: 8%

NE

Alcohol intake (g/day) 7.6 (8.1) NE
Energy intake (kcal/day) 1921 (481) NE
Fat intake (% of total energy

intake)
32 NE

Metabolic syndrome (%) 0 20
Antihypertensive treatment (%) 22 55

Table 2
Medians and 10th and 90th percentile for the 30 evaluated environmental contaminants
in the present sample (n = 452). Wet-weight data are given.

Variable Median (10th and 90th
percentile)

PCB-118 (2,3′,4,4′,5-pentachlorobiphenyl) (pg/mL) 197.2 (92, 364.2)
PCB-126 (3,3′,4,4′,5-pentachlorobiphenyl) (pg/mL) 39.8 (12.4, 112.6)
PCB-153 (2,2′,4,4′,5,5′-hexachlorobiphenyl) (pg/

mL)
1394 (809, 2289.8)

PCB-169 (3,3′,4,4′,5,5′-hexachlorobiphenyl (pg/mL) 173 (102.6, 289)
PCB-170 (2,2′,3,4,4′,5,5′-heptachlorobiphenyl) (pg/

mL)
494 (302.2, 787.6)

PCB-209 (2,2′,3,3′,4,4′,5,5′,6,6′-
decachlorobiphenyl) (pg/mL)

26.6 (14.6, 44.8)

HCB (hexachlorobenzene) (pg/mL) 245.4 (145.2, 424.8)
OCDD (octachlorodibenzo-p-dioxin) (pg/mL) 2.4 (1.3, 5.8)
TNC (trans-nonachlor) (pg/mL) 132.4 (60, 270.8)
p,p′-DDE (pg/mL) (2,2-bis (4-chlorophenyl)-1,1-

dichloroethene)
1613.6 (475.2, 5265.8)

BDE-47 (bromodiphenyl ether) (pg/mL) 12.6 (9, 32.4)
PFHpA (perfluoroheptanoic acid) (ng/mL) 0.1 (0, 0.1)
PFHxS (perfluorohexane sulfonic acid) (ng/mL) 2.2 (1.2, 8.5)
L-PFOS (linear-perfluorooctane sulfonic acid isomer)

(ng/mL)
13.8 (7.7, 25.4)

PFOA (perfluorooctanoic acid) (ng/mL) 3.5 (2, 5.7)
PFNA (perfluorononanoic acid) (ng/mL) 0.7 (0.4, 1.4)
PFDA (perfluorodecanoic acid) (ng/mL) 0.3 (0.2, 0.6)
PFOSA (perfluorooctane sulfonamide) (ng/mL) 0.1 (0.1, 0.3)
PFUnDA (perfluoroundecanoic acid) (ng/mL) 0.3 (0.1, 0.5)
Al (aluminium) (μmol/L) 0.6 (0.4, 1)
Cd (cadmium) (nmol/L) 2.3 (1.3, 5.1)
Co (cobalt) (nmol/L) 1.4 (0.8, 2.8)
Cr (chromium) (nmol/L) 11.7 (8.1, 29.4)
Cu (copper) (nmol/L) 12.6 (10.6, 15.3)
Hg (mercury) (nmol/L) 9.7 (4.1, 22.4)
Mn (manganese) (nmol/L) 138.5 (93.7, 200)
Mo (molybdenum) (nmol/L) 9.7 (6.6, 15.3)
Ni (nickel) (nmol/L) 89.4 (15.7, 429)
Pb (lead) (μmol/L) 0.1 (0, 0.1)
Zn (zink) (μmol/L) 95.5 (78, 113)
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nitric acid (Rodushkin et al., 2000) according to a method accredited
for 10 of the 11 metal elements tested, with Al being unaccredited. All
testing followed the stringent QA/QC demands required by the Swedish
National Accreditation Body, SWEDAC, in accordance with ISO 17025.

The performing laboratory, ALS Scandinavia AB in Luleå Sweden, is
registered with the FDA and has a certificate of GMPcompliance issued
by the Swedish Medical Products Agency.

2.2.2. Persistent organic pollutants POPs
POPs were measured in stored plasma samples collected at baseline.

Analyses of POPs were performed using a Micromass Autospec Ultima
(Waters, Milford, MA, USA) high resolution chromatography coupled to
a high resolution mass spectrometry (HRGC/HRMS) system based on
the method by Sandau et al. (2003) with some modifications. A total of
23 POPs were measured: 16 polychlorinated biphenyl (PCB) congeners,
5 organochlorine (OC) pesticides, 1 octachlorodibenzo-p-dioxin
(OCDD), and 1 polybrominated diphenyl ether (PBDE) congener.
Amongst the 23 POPs measured, 2 OC pesticides (trans-chlordane and
cis-chlordane) with detection rates< 10% were not included in the
final statistical analyses; the minimum detection rate was 72% and was
observed for BDE47. The recovery of internal standards used for
quantification of POPs ranged between 46% and 110%, and the re-
producibility was, for most compounds, below 25% relative standard
deviation (RSD) except for two OC pesticides and one dioxin. Method
detection limits ranged between 0.8 and 117.7 pg/mL depending on the
analyte. Further details on POP analyses including quality control are
provided elsewhere (Salihovic et al., 2012). Wet-weight plasma con-
centrations were used in the analyses (and lipids were used in the model
to adjust for the lipid dependence of the lipid-soluble POPs).

2.2.3. Perfluoroalkyl substances PFASs
The analytical method used to determine plasma concentrations of

perfluoroalkyl substances (PFASs) in the samples was successfully va-
lidated in terms of recovery, accuracy, and precision (Salihovic et al.,
2013; Salihovic et al., 2015).

Briefly, 150 μL plasma samples were subjected to protein pre-
cipitation using Ostro 96-well plates (Waters Corporation, Milford, MA,
USA). Sample extracts were analyzed using an Acquity UPLC ultra-
performance liquid chromatography coupled to a Quattro Premier XE
HPLC-MS/MS system (Waters Corporation, Milford, MA, USA). Eight
PFASs were determined: perfluoroheptanoic acid (PFHpA), per-
fluorooctanoic acid PFOA, perfluorononanoic acid (PFNA), per-
fluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA),
perfluorohexane sulfonic acid (PFHxS), linear isomer of per-
fluorooctane sulfonic acid (L-PFOS), and perfluorooctane sulfonamide
(PFOSA). The method detection limits ranged between 0.01 and
0.17 ng/mL depending on the analyte.

Medians and 10th and 90th percentile of the eight different PFASs
with detectable levels (ng/mL) in> 75% of the subjects in the sample
are given in Table 2 together with data on POPs and metals.

2.3. Definition of the metabolic syndrome

The MetS was defined by the The National Cholesterol Education.
Program (NCEP) Expert Panel on Detection, Evaluation, and

Treatment of High.
Blood Cholesterol in Adults (Adult Treatment Panel III) (NCEP/ATP

III) criteria. Three of the following five criteria should be fulfilled:
Blood pressure > 130/85 mm Hg or antihypertensive treatment,
fasting blood glucose> 5.6 mmol/L, serum triglycerides> 1.7 mmol/
L, waist circumference > 102 cm in men and> 88 cm in women,
HDL-cholesterol < 1.0 mmol/L in men and< 1.3 in women.

2.4. Definition of lifestyle factors

Life-style factors were evaluated by a questionnaire. Educational

level was divided into three groups:< 9 years, 9–12 years and> 12
years of education. Exercise habits were divided into four groups:< 2
times light exercise (no sweat) per week, ≥2 times light exercise per
week, 1–2 times heavy exercise (sweat) per week,> 2 times heavy
exercise (sweat) per week.

Each participant recorded his or her food consumption during 7
consecutive days using a pre-coded food diary after instructions from a
dietician. The pre-coded food diary had been prepared, validated and
previously used by the Swedish National Food Administration (NFA)
and Statistics Sweden in a food survey of 3000 households in 1989
(Administration, 1994; Becker, 2001). In this study we use data on total
energy intake, fat intake and alcohol intake.

2.5. Statistical analysis

We have previously shown that certain PCBs cluster together both in
the PIVUS study and in the NHANES study (Lampa et al., 2012).
Therefore, we only used 6 (PCB118, PCB126, PCB153, PCB169, PCB170
and PCB209) out of the 16 measured PCBs in the present analyses.
Those 6 PCBs will cover the main variance in all the measured PCBs.

Gradient-boosted Classification and Regression Trees (CART) were
used to investigate the associations between the studied variables and
incident MetS. A CART partitions the feature space into disjoint regions
with constant predictions to form prediction rules. These prediction
rules are created by using binary splits on the input variables and while
they may be easily interpreted, the predictive power of single CARTs is
usually poor. CARTs are described by their depth which determines the
maximum interaction order. A CART containing a single split is called a
stump and allows no interactions. A depth 2 CART can contain two-way
interactions or a non-linear relationship obtained by successive splits on
a variable. A depth three CART can contain at most third order inter-
actions and so on.

Gradient boosting is a technique to improve the poor predictive
performance of single CARTs by combining many CARTs into an en-
semble. The boosting algorithm briefly works as follow:

1. Fit a CART to the outcome and calculate the (pseudo-) residuals. For
a binary outcome this may be the gradient of the Bernoulli
Deviance.

2. Fit a new CART to the (pseudo-) residuals using a random split of the
data.

3. Shrink the CART via a factor λ, e.g. 0.001 to slow down the learning
4. Update the ensemble and calculate new (pseudo-) residuals.
5. Iterate steps 2–4 many times.

The depth of each CART and the number of iterations to use in the
expansion was determined by 10 repeats of 10-fold cross-validation.
Cross validation randomly splits the data into k subsets of roughly equal
size. The ensemble is fitted to k – 1 parts and the performance is
evaluated on the withheld part. This is repeated for each subset and the
k performance estimates are averaged to give a performance estimate
for a particular configuration of the CARTs in the ensemble. Cross-va-
lidation is a random process in which results may vary depending on
how the data are split. To mitigate this effect, the entire process was
repeated 10 times and the performance estimates were averaged. The
optimal number of CARTs (1 through 15,000) and their depths (1–4)
were chosen as the combination that minimized the cross-validated
Bernoulli deviance.

The interpretability of single CARTs is lost in an ensemble, but
variable importance measures and partial dependency plots are two
tools to interpret the ensemble. The variable importance was de-
termined by randomly permuting each variable at a time and measures
the associated drop in predictive performance. An important variable,
which participates in many splits throughout the ensemble, would have
a large effect on the predictive power while an unimportant variable
would only have a minor effect on the predictive power. As the variable
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importance measure has no absolute relevance, it can be used to de-
termine amongst a group of variables, which are likely to be most
predictive, and is scaled so that the variable importance estimates for
all variables sum to 100.

Since an ensemble of CARTs does not provide regression coeffi-
cients, partial dependence plot is a graphical way of understanding the
nature of the dependencies. The ensemble is a complex function de-
pending on all variables in the data. The partial dependence on a subset
of variables in then defined as the predictions for values of the subset
averaged over all other data.

Partial dependencies are also used in the evaluation of interaction
effects from an ensemble of CARTs. A function F(xi,xj) is said to be
additive if we can write F(xi,xj)=Fi(xi)+Fj(xj). Friedman and Popescu
defined the H-statistic as a measure of the additivity of a complex
function from an ensemble of depth 2 or deeper CARTs (Friedman and
Popescu, 2008). H ranges from 0 to 1 with 0 means no interactions. A
sample based estimate of H is never exactly zero and a resampling based
method can be used to obtain a null distribution for H. An observed
value of H far from the null distribution could indicate substantial in-
teractions. CARTs, gradient boosting and the application to the study of
mixture effects are described in detail elsewhere (Friedman, 2001;
Hastie et al., 2009; Lampa et al., 2014).

Thirty environmental contaminants, sex (age same in all subjects),
baseline values of the variables that constitutes the metabolic syn-
drome, LDL-cholesterol, smoking, education, exercise habits, alcohol,
energy and dietary fat intake were evaluated in the model.

The Odds Ratios given in the results were estimated by predicting
the response on the logit scale at the 10th and 90th percentiles of the
variables and anti-logging the difference. 95% bias-corrected and ac-
celerated (BCa) confidence intervals were obtained using the bootstrap
(Efron and Tibshirani, 1994; Davison and Hinkley, 1997) with 10,000
replicates. Confidence intervals from boosted tree ensembles have to
our knowledge not been well studied. Goeman points out that standard
errors resulting from penalized estimation are not very meaningful as
penalized estimation introduces bias in the estimates to lower their
variance (Goeman et al., 2016). The bootstrap quantifies the variance
part of the mean-squared error, but an estimate of the bias is impossible
to obtain in many situations when penalized estimation is used. The
presented intervals are thus confidence intervals for the predicted Odds
Ratios in these data rather than confidence intervals for the population
Odds Ratios. All analyses were performed using R (R Core Team, 2016)
version 3.2.4 using the gbm and boot packages (Hickey et al., 2016;
Canty and Ripley, 2017).

3. Results

Basic characteristics regarding cardiovascular risk factors are pre-
sented in Table 1.

A more detailed description of the measurement of the life-style
factors are given in the methods Section 2.4.

Results of the measurements of the 30 environmental contaminants
at age 70 are shown in Table 2.

During the 10-year follow-up period, 92 incident cases of the MetS
occurred.

Based on the cross-validation (see below), the Bernoulli Deviance
was minimized by using 11,502 depth 1 CARTs, i.e. no interactions
were modeled. The cross-validated C-index was 0.74.

Table 3 below shows the relative importance of the investigated
variables regarding the association vs. incident MetS. The top variable
was HDL-cholesterol, followed by two other variables included in the
MetS definition, serum triglycerides and waist circumference. The most
important environmental contaminants were PCB126, followed by
PCB170, HCB and PCB118.

Of the environmental contaminants studied, PCB126, PCB170, HCB
and PCB118 were all associated with incident MetS (OR 1.57 for a
change from 10th to 90th percentile (95%CI 1.07–2.28) for PCB126, OR

0.68 (0.53–0.87) for PCB170, OR 1.38 (1.06–1.91) for HCB and OR
1.36 (1.05–1.94) for PCB118, respectively, in an additive fashion. This
model also included HDL- and LDL-cholesterol and serum triglycerides
in order to adjust for lipid levels. Please see Fig. 1 below for details.

Fig. 2 below shows the marginal probabilities (partial de-
pendencies) for the ten most important variables for predicting incident
MetS.

4. Discussion

The present study, using a statistical method previously deemed to
be suitable for the study of mixture effects of environmental con-
taminants (Lampa et al., 2014), showed that a mixture of contaminants,
with PCB126, PCB170, HCB and PCB118 being the most important,
were related to the development of the MetS in the prospective setting.
This is the first large prospective study to investigate the role of a
mixture of environmental contaminants on incident MetS.

PCBs have previously been linked to the MetS and its components in
cross-sectional studies (Lee et al., 2007; Lind et al., 2013). In the pre-
sent prospective setting it was mainly the two PCB congeners 126 and
118 that were related to incident MetS independently of each other and
in a positive additive fashion. We have previously shown that certain

Table 3
Relative importance of environmental contaminants, metabolic syndrome
variables and some lifestyle factors.

Variable Relative importance

HDL-cholesterol 22.8
Serum triglycerides 20.1
Waist circumference 10.8
PCB 126a 7.77
Energy intake 5.6
PCB 170 4.1
HCB 4.0
Systolic blood pressure 3.1
PCB 118 2.1
Cd 1.6
Co 1.5
Dietary fat intake 1.5
PFH× S 1.1
Alcohol intake 1.1
PCB 209 1.0
PCB 169 0.9
Cu 0.8
OCDD 0.8
Pb 0.8
Al 0.8
Hg 0.7
Fasting glucose 0.6
TNC 0.6
Ni 0.6
Sex 0.5
LDL-cholesterol 0.5
p,p′-DDE 0.5
LPFOS 0.4
PFNA 0.3
PFOSA 0.3
PCB 153 0.3
BDE-47 0.3
Mo 0.3
Zn 0.3
PFOA 0.3
PFDA 0.2
PFHpA 0.2
Education 0.1
Cr 0.1
Exercise habits 0.1
Mn 0.1
PFUnDA 0.1
Smoking < 0.1

a For abbreviations of chemicals listed in this table please see Table 2
above.
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PCBs cluster together, both in the PIVUS study and in the NHANES
study (Lampa et al., 2012). Since the R2-value for the relationship be-
tween PCB118 and PCB126 only was 0.05, no close relationship be-
tween those two PCB congeners was found. It should be noted however
that PCB126 is a coplanar non-ortho substituted PCB with a high affinity
to the Ah-receptor and that PCB118 is a mono-ortho substituted PCB
having a substantially lower affinity to the same receptor. Thus, it
might be that the additive effect found for these two PCB congeners is
mediated by activation of the Ah-receptor, a main binding site for di-
oxins. In the cross-sectional setting it has been shown that the TEQ
(toxic equivalent), a summary measure of the toxic equivalence factors
(TEF) of dioxins, dioxin-like PCBs and furans, was linked to prevalent
MetS (Uemura et al., 2009), supporting a role for Ah-receptor binding
contaminants, like PCB118 and PCB126 also in the present prospective
study. That assumption is supported by a recent study showing that
directly measured Ah-receptor binding of sera was higher in subjects
with the MetS than in controls (Park et al., 2010).

Amongst the dioxins only OCDD showed measurable levels in the
majority of the population, and was therefore the only dioxin included
in the present analyses. It should be remembered however that OCDD is
a very weak Ah-receptor ligand, a fact that could explain the absence of
effect of OCDD in the present study.

In contrast to the positive relationships found between PCB126 and
PCB118 and incident MetS, an inverse relationship was seen for
PCB170. We have previously shown that PCB170 and other highly
chlorinated PCBs (substituted with 6–10 chlorine atoms) are inversely
related to obesity in the PIVUS study, either as evaluated by body fat at
Dual-energy X-ray absorptiometry (Ronn et al., 2011), or as waist cir-
cumference (Lee et al., 2012). Since abdominal obesity is thought to be
a key driver of the MetS (Alberti et al., 2006), it was not surprising that
PCB170 levels were inversely related also to incident MetS. Although it
cannot be excluded that this PCB might have actions that are opposite
of the less chlorinated PCBs (substituted with 4–5 chlorine atoms), it
seems more likely that this inverse relationship is due to the high li-
pophilicity of this highly chlorinated compound. As shown by Wolff
et al. (2007), circulating levels of POPs will show an inverse relation-
ship with obesity for a substantial number of years following the time of
main exposure due to the accumulation in fat tissue. This period will be
longer for the highly chlorinated PCBs due to their longer half-life. Any
recurrent exposure will also prolong the period during which the

relationship between the specific POP and obesity will be negative.
Despite the fact that all PCBs were subjected to the same ban back in the
1970s in Sweden, the exposure to the highly chlorinated PCBs with long
half-lives is more likely to be prolonged when compared to less
chlorinated PCBs with shorter half-lives. Thus, it is likely that the ob-
served negative relationship between PCB170 is due to the kinetic
properties of this contaminant. An inverse relationship between highly
chlorinated PCBs and obesity has also been documented by other in-
vestigators (Dirinck et al., 2011).

HCB had widely been used as a fungicide before it was banned. HCB
has been shown to be a weak agonist of the Ah-receptor (Hahn et al.,
1989), but also to have effects on sex hormones by increasing estradiol
and prolactin and reducing progesterone levels in rats (Pena et al.,
2012). It is not known whether it is the Ah-receptor binding of HCB, or
other mechanisms of action of HCB, that links this pesticide to incident
MetS in the present study. It should be noted that a previous case-
control study did not find any association between HCB levels and
prevalent MetS (Park et al., 2010).

In the present study, we used a previously validated statistical
method to investigate the role of mixtures of environmental con-
taminants, gradient-boosted CARTs (Lampa et al., 2014). Unlike the
classical statistical methods that could be used in the present setting,
like logistic regression and Cox proportional hazard analysis, gradient-
boosted CARTs could evaluate both additive and synergistic effects for a
large number of exposures in samples sizes as in the present study.
Several other methods, like weighted quantile sum (WQS) regression,
elastic net, and least absolute shrinkage and selection operator
(LASSO), have been proposed for the study of mixture effects (Braun
et al., 2016; Taylor et al., 2016). Every technique has its pro and cons,
but we have found gradient-boosted regression trees (CARTs) to be a
good method for the study of mixture effects in humans, because of the
possibility of incorporating both additive and interaction effects
(Lampa et al., 2014).

Traditionally, circulating levels of classical POPs are normalized for
lipids due to the fact that these compounds are lipid soluble (Bernert
et al., 2007). It is however not appropriate to normalize for lipids when
dealing with outcomes like the MetS including lipid components, since
POP exposure has been shown to alter lipid levels in both humans and
animal studies (Bell et al., 1994; Lind et al., 2004; Goncharov, Haase
et al., 2008; Kanagawa et al., 2008; Penell et al., 2014). We therefore
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Fig. 1. Predicted effects on incident MetS for the top ten ranked
variables. Odds ratios (OR) for a change from 10th to 90th
percentile and bootstrapped confidence intervals are shown.
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used wet-weight levels for the POPs, but adjusted for lipids in the sta-
tistical model. This is supported by statistical simulation data showing
that adjustment for lipids in the models usually are preferably to lipid-
normalization (Gaskins and Schisterman, 2009).

Several different definitions of the MetS have been proposed. We
have used the NCEP/ATPIII-criteria, since this definition is by far the
most commonly used in research and we have previously validated this
definition in terms of mortality (Sundstrom et al., 2006). Furthermore,
the few other studies on environmental contaminants and MetS (re-
ferences 16–19) have used that definition, so we think it is appropriate
to use the same definition in order to keep the literature comparable.

In the present study, we found self-reported energy intake to be
inversely related to incident MetS. There is a rich literature on under-
reporting of energy intake in obese subjects, which probably explains
the present counter-intuitive finding (Braam et al., 1998).

4.1. Strength and limitations

Amongst the strengths of the present study is its prospective design
with a reasonably long follow-up period with a fair number of incident
cases of the MetS, together with baseline measurements of a large
number of environmental contaminants and the application of vali-
dated statistical methods.

Amongst the weaknesses is the lack of a full dioxin spectra, which
limits our conclusion regarding dioxins and TEQ/Ah-receptor binding
as a mechanism behind the associations between some PCBs and in-
cident MetS.

It should also be acknowledged that the present study was con-
ducted in elderly Scandinavians, limiting the generalizability to other
age and ethnic groups, and we cannot test the hypothesis regarding
fetal exposure, since this cohort was born in the early 1930s when most
of the measured chemicals were not used.

Plasma/serum/whole blood is convenient to use in large scale epi-
demiology. However, for the lipid-soluble POPs fat samples would
probable give a better measure of exposure. PFASs are mainly bound to
proteins and accumulate in the liver. Some of the metals are accumu-
lating in other tissues than whole blood, for example cadmium accu-
mulation in bone tissue. So for experimental studies or small scale
human studies other compartments than blood might give better mea-
sures of exposure, but in large scale studies, such as PIVUS, measure-
ments in the circulation, or in urine, is the only realistic way to obtain
multiple measurements.

The power to detect any interactions was limited by to the low
number of incident cases. CARTs do however emphasize interactions in
their fitting and are notoriously poor at fitting additive relationships.
Several tree depths were allowed in the parameter tuning process and
since depth one CARTs clearly outperformed the rest we believe that
any interactions present, despite the algorithm not finding them, are
small compared to the additive effects. Larger studies would be needed
to confirm these findings.

5. Conclusions

In conclusion, of 30 evaluated environmental contaminants, a mix-
ture of contaminants, including PCB126, PCB170, HCB and PCB118,
showed associations with future development of the MetS in an additive
fashion in this prospective study.
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