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Abstract

Background: Little attention has been paid to neurotoxicants on the risk of dementia. Exposure to known
neurotoxicants such as polychlorinated biphenyls (PCBs) and organochlorine (OC) pesticides is suspected to have
adverse cognitive effects in older populations.

Objective: To assess whether plasma concentrations of PCBs and OC pesticides are associated with the risk of
cognitive decline, Alzheimer’s disease (AD) and of all-cause dementia in the Canadian older population.

Methods: Analyses were based on data from the Canadian Study of Health and Aging, a 3-phase, 10-year population-
based study of individuals aged 65+ years. Analyses included 669 clinically assessed subjects, of which 156 developed
dementia including 108 incident cases of AD. Subjects were screened at each phase with the 100-point Modified Mini-
Mental State Examination (3MS), a measurement of global cognitive function. Statistical analyses included Cox
proportional hazards model when the outcome was dementia or AD, and a repeated-measure mixed model when the
outcome was the 3MS score.
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Results: No association of PCB and OC pesticides with the risk of dementia and AD was observed. Elevated
concentrations of PCB congeners nos 118, 153, 156, 163, and OC pesticides 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane
(p,p’-DDT) and its metabolite 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (p,p’-DDE) were significantly associated with
cognitive decline as assessed with the 3MS. A posteriori analyses suggested that only p,p’-DDE was significantly related to
a higher cognitive decline in time based on the 3MS among incident cases of dementia compared to subjects remaining
nondemented.

Conclusion: PCB and OC pesticide plasma concentrations were not related to the incident diagnosis of neither dementia,
nor AD. Using the 3MS scores as the outcome, higher concentrations of four PCB congeners and two OC pesticides were
associated with lower cognitive performances in subjects. The association of p,p’-DDE with cognitive decline in time in
incident cases of dementia merits further investigation.

Keywords: Alzheimer’s disease, Dementia, Cognitive decline, Organochlorine pesticide, Polychlorinated biphenyl

Background
There is increasing evidence suggesting the role of envir-
onmental factors in the development of dementia or
Alzheimer’s disease (AD) [1–3]. One systematic review
including a meta-analysis reported a positive association
between pesticide exposure and AD [4]. Since poly-
chlorinated biphenyls (PCBs) and organochlorine (OCs)
pesticides, also known as persistent OC compounds,
were reported to induce cognitive, motor and behavioral
deficits in animal models through a number of potential
modes of action [5, 6], growing interest in ascertaining
their relationship with cognitive impairment [7–11], all-
cause dementia and AD [12–15] and Lewy pathology
[16] has been mostly noticed in recent years. These few
studies indicate a potential association between OC
compound exposure and cognitive impairment and de-
mentia, but the results are still inconsistent.
Using biomarkers of exposure to PCBs and OC pesti-

cides, we previously found no significant association of
elevated plasma concentrations of PCBs with the preva-
lence of all-cause dementia or AD in subjects from the
Canadian Study of Health and Aging (CSHA) [13]. Ele-
vated concentrations of some OC pesticides were signifi-
cantly associated with a reduced prevalence of all-cause
dementia, and hexachlorobenzene (HCB) with a reduced
prevalence of AD. These findings contrast with those
reported in a case-control study, where elevated serum
1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (p,p’-
DDE) concentrations were associated with an in-
creased risk for AD, especially in apolipoprotein E al-
lele e4 (ApoE4) carriers [14].
The present study extends our previous findings in a

more rigorous prospective study design to determine
whether plasma PCB and OC pesticide concentrations
are associated with the incidence of all-cause dementia,
AD and cognitive decline. The potential modifying ef-
fects of sex, ApoE4 and total blood mercury concentra-
tions were also investigated.

Methods
Study population
The CSHA is a national cohort study of dementia in older
Canadians. Eighteen research centers across the country
were involved. Methodological details have been described
elsewhere [17, 18]. The baseline examination was carried
out in 1991–1992 (CSHA-1) with two follow-ups. Each
phase received approval from institutional ethics commit-
tees in participating centers. Subjects and/or family repre-
sentatives gave written consent at each phase.
In CSHA-1, a random sample of 10,263 men and women,

representative of the Canadian population aged 65 and over
was drawn from the Enumeration Composite in Ontario
and from Medicare lists in the other provinces for 36 urban
and surrounding rural areas. Institutionalized participants
were randomly selected from residents in stratified random
samples of institutions in each region. The study excluded
Yukon and the Northwest Territories, Indian reserves and
military units. Of the study subjects, 9008 were living in the
community, and 1255 in institutions.
Community-dwelling participants were screened for

dementia using a cut-off of 77/78 on the 100-point
Modified Mini-Mental State (3MS) examination [18].
Subjects who screened positive (3MS < 78), a random
sample of those who screened negative and all institu-
tionalized subjects were invited to attend an extensive
standardized clinical evaluation. Of note, subjects who
screened negative were invited to the clinical evaluation
as part of other sub-studies in CSHA including valid-
ation or case-control studies [17].
A nurse (re)administered the 3MS, collected information

on medication, and obtained the subject’s medical and
family histories from a relative. A physician performed a
standardized clinical and neurological examination. Non-
fasting blood samples were drawn at the end of the exam-
ination for laboratory tests (required if dementia or delir-
ium presumed) or collected for future analyses (optional).
Finally, a psychometrist administered a neuropsychological
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test battery to subjects with a 3MS of 50 and over; results
were interpreted by a neuropsychologist.
The physician and the neuropsychologist made inde-

pendent preliminary diagnoses. Then, they reached a con-
sensus diagnosis in a case conference according to
Diagnostic and Statistical Manual of Mental Disorders, 3rd
edition, revised criteria (DSM-III-R) for dementia [19].
Consensus diagnoses also included: no cognitive impair-
ment; cognitive impairment with no dementia (CIND) ac-
cording to DSM-III-R and the International Classification
of Diseases, 10th revision criteria [20]; AD according to the
National Institute of Neurological and Communicative Dis-
orders and Stroke-Alzheimer’s Disease and Related Disor-
ders Association criteria [21]; vascular dementia according
to the International Classification of Diseases, 10th revision
criteria; and other specific and unclassifiable dementia.
Information on risk factors was collected at baseline

with a self-administered risk factor questionnaire cover-
ing socio-demographic characteristics, lifestyle, family
and medical histories.
All subjects initially evaluated were contacted in 1996–

1997 (CSHA-2) to assess changes in health status and
functioning. The diagnostic process used in CSHA-2 was
similar to the one used in CSHA-1.
Subjects clinically examined at CSHA-1 were automat-

ically invited to the clinical examination. CSHA-2 diag-
noses were made without knowledge of CSHA-1
diagnoses. Two final diagnoses were made: one accord-
ing to CSHA-1 criteria; the other one, according to more
recent criteria from the fourth edition of the DSM [22]
for dementia and AD, and the National Institute of
Neurological Disorders and Stroke-Association Inter-
nationale pour la Recherche et l’Enseignement en Neu-
rosciences criteria [23] for vascular dementia.
The last phase of CSHA (CSHA-3) took place in 2001–

2002. The 3MS cut-off was increased to 89/90 to focus on
the progression of cognitive impairment. Subjects unable to
complete the neuropsychological evaluation or with a diag-
nosis of CIND, or dementia according to the neuropsych-
ologist were asked to attend the clinical examination. The
final diagnoses were made according to the same processes
and diagnostic criteria as those used in CSHA-2 [17].

Study and biospecimen samples
To be included in the analytic sample, subjects had to
have their blood sample drawn while they were still cog-
nitively normal, prior to a subsequent clinical evaluation,
thus preserving the prospective nature of the data collec-
tion. Of 10,263 subjects, there were 1132 prevalent cases
of dementia and 500 subjects who screened positive but
refused the clinical evaluation, which left 8631 subjects.
Of these, 1219 nondemented subjects provided blood
samples while being clinically assessed in either CSHA-1
or CSHA-2; 450 died and 57 did not have follow-up

data, which left 712 eligible subjects. Of these, 43 sub-
jects had to be excluded because of exhausted stored
plasma, leaving 669 subjects for statistical analyses in-
cluding 642 with whole blood samples (Fig. 1). Study
entry was defined as the moment of providing blood
(CSHA-1 for 112 subjects and CSHA-2 for 557 subjects)
. There was no difference concerning age at CSHA base-
line and sex between subjects in the analytic sample
(n = 669) and those from the CSHA cohort who could
not be included (n = 7954). Subjects from the analytic
sample had slightly fewer years of education than those
not included (mean ± SD, 9.8 ± 4.1 and 10.3 ± 3.8 years,
respectively; p < 0.01).

Laboratory assessment
Plasma and ethylenediaminetetraacetic acid (EDTA, added
as an anticoagulant) whole-blood samples from partici-
pants were stored at the National Microbiology Laboratory,
Winnipeg, Canada. Plasma OC compound concentrations
were determined as described previously [24] at the Labor-
atoire de toxicologie of the Institut national de santé publi-
que du Québec (INSPQ), Quebec, Canada, which is
accredited under ISO 17025 by the Standards Council of
Canada [25]. Briefly, 15 PCB congeners numbers 28, 52,
99, 101, 105, 118, 128, 138, 153, 156, 163, 170, 180, 183,
187 and 11 OC pesticides or their metabolites [aldrin,
mirex, α-chlordane, γ-chlordane, oxychlordane, cis-nona-
chlor, trans-nonachlor, β-hexachlorocyclohexane (β-HCH),
hexachlorobenzene (HCB), 1,1,1-trichloro-2,2-bis(p-chlor-
ophenyl)ethane (p,p’-DDT), 1,1-dichloro-2,2-bis(p-chloro-
phenyl)ethylene (p,p’-DDE)] were identified and quantified
by gas chromatography-mass spectrometry using negative
chemical ionisation. Limits of detection (LOD) ranged
from 0.01 to 0.70 μg/L (PCB congeners), and from 0.005
to 0.20 μg/L (OC pesticides/metabolites). Between day co-
efficients of variation were ≤ 11% for PCB congeners ex-
cept for PCB 28 (13.3%) and PCB 128 (20.8%), and ≤ 12%
for OC pesticides except for oxychlordane (14.7%), p,p’-
DDT (16.9%) and aldrin (29.7%).
Copper, lead, mercury and zinc were also determined

at the INSPQ in EDTA whole-blood samples by induct-
ively coupled plasma mass spectrometry (ICP-MS).
Blood samples are diluted in ammonium hydroxide and
metals are brought to their elementary form by passing
through argon plasma before being identified and quan-
tified by mass spectrometry. Lead, copper and zinc were
detected in all samples. Mercury was not detected in 39
out of 642 samples (LOD = 0.5 nmol/L). Between-day co-
efficients of variation were 3.0% for copper, 2.7% for
lead, 3.8% for mercury, and 3.9% for zinc.
Cholesterol and triglycerides concentrations were de-

termined by enzymatic tests on Roche automated clin-
ical chemistry analyzers at the Laboratoire de biochimie
du Centre de recherche du CHU de Québec, Québec,
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Canada. Total lipids were calculated using the two-
component formula of Phillips et al. [26]. Apolipoprotein
E genotypes were determined by the modified method of
Zivelin and colleagues [27].
The measurement of biomarkers was approved by the

ethic committee of the CHU de Québec, Québec, Canada.

Covariates and potential confounders
Information on covariates and potential confounders
were extracted from the risk factor questionnaire at

baseline or the clinical examination at blood collection.
These included age (years), education (years), sex, body
mass index (BMI, kg/m2), the presence of ApoE4 (yes/
no) and residence area (rural/urban). Smoking status
was categorized as ever been smoking regularly (almost
every day) or not, and alcohol intake, as ever been drink-
ing regularly (at least once a week) or not. A vascular
score was defined as a summation score (0–3) for three
vascular risk factors including hypertension (defined as a
supine blood pressure > 160 mmHg systolic or 95 mmHg

Fig. 1 Flowchart of study sample
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diastolic, or a physician’s diagnostic or the use of medi-
cation for hypertension), history of myocardial infarction
or stroke, and history of diabetes mellitus.

Statistical analysis
Analyses were performed on individual OC compounds
with at least 60% of samples with measurements above
the LOD [13]; these included PCB congeners 105, 118,
138, 153, 156, 163, 170, 180, 183 and 187, and OC pesti-
cides β-HCH, HCB, oxychlordane, trans-nonachlor, cis-
nonachlor, p,p’-DDE, and p,p’-DDT. Samples with mea-
sures below detection were set to one-half LOD of each
analyte [28]. Baseline characteristics of demented and
nondemented subjects were compared using chi-square
tests for categorical variables and Student’s t tests or
Wilcoxon rank-sum tests for continuous variables. Con-
centrations of PCBs, OC pesticides and metals except
copper were skewed to the right and log-transformed.
To take into account observations with missing covari-
ates, multiple imputation (MI) was also performed [29].
Five imputed datasets were generated and individually
analysed as complete data before being pooled. Type 3
tests were pooled using the methodology presented in
van Ginkel and Kroonenberg’s paper [30].
Hazard ratios (HRs) with 95% confidence intervals

(CIs) were calculated using Cox proportional hazards
model with delayed entry and age as the time scale to
assess the relationship between PCBs and OC pesticides
and the incidence of all-cause dementia or AD. Since
onset of disease is estimated to occur between two sub-
sequent evaluations, time-to-event on the age scale was
interval-censored between the two evaluations. Subjects
who remained cognitively normal or died were censored
at the time of last evaluation. The proportional hazards
assumptions were tested [31] and found to be satisfied.
The linearity assumption for continuous variables was
found to be satisfied [32]. Two models were built. Since
lipid-standardized OC concentrations (i.e. OC concen-
trations divided by total plasma lipid concentrations) are
highly prone to bias [33, 34], and that total plasma lipids
may be related to dementia or AD, total plasma lipid
concentrations were rather included in both models as a
separate covariate. A first model was adjusted for total
lipids, age as scale time, sex, education, and ApoE4. The
second model was additionally adjusted for BMI, smok-
ing status, alcohol intake, residence area, vascular score,
copper, lead, mercury and zinc. Lead and mercury are
considered as suspected neurotoxicants [1]; serum cop-
per and zinc concentrations might be considered as po-
tential markers for AD [35]. PCBs, OC pesticides, total
plasma lipids, education, BMI, vascular score, copper,
lead, mercury and zinc were treated as continuous vari-
ables and introduced in the model on usual linear scale.

A repeated-measures mixed model was used to assess
the relationship of PCBs and OC pesticides on cognitive
decline as measured with the 3MS. This analysis had the
advantage of increasing statistical power given that the
observations were subjects’ 3MS scores at each clinical
examination, but to the detriment of the sensibility of
the measure of the cognitive status. The time variable
was defined by the 3 phases of CSHA. A first model was
adjusted for total lipids, CSHA phase as well as age, sex,
education, and ApoE4. The second model was additionally
adjusted for BMI, smoking status, alcohol intake, resi-
dence area, vascular score, copper, lead, mercury and zinc.
The effect modification by sex, ApoE4 and total mercury

[36] was tested on the associations of four indicator PCBs
(congeners 118, 138, 153, 180) and three sentinel OC pesti-
cides (β-HCH, trans-nonachlor, p,p’-DDE) with dementia,
AD and cognitive decline by entering interaction terms in
fully-adjusted models. These OC compounds are character-
ized by both high prevalence (i.e. 98% of subjects had con-
centrations above LODs) and high concentrations [24].
A 2-tailed p-value < 0.05 was considered to indicate stat-

istical significance. Analyses were performed using SAS
software (version 9.3 SAS Institute Inc., Cary, NC, USA).

Results
Over a mean follow-up of 5.1 ± 0.3 years, 513 subjects
remained free of dementia and 156 developed dementia,
including 108 cases of AD. Compared with cognitively
normal subjects, incident cases of dementia were signifi-
cantly older (82.4 vs. 80.1 years), had fewer years of educa-
tion (9.0 vs. 10.1 years), showed a higher proportion of
ApoE4 (25.2 vs. 18.0%) and had lower concentrations of
mercury (Table 1). There was no difference for sex, BMI,
smoking status, alcohol drinking, residence area, vascular
score, and concentrations of copper, lead and zinc between
the two groups. OC concentrations were not different be-
tween the two groups (Table 2). Plasma concentrations of
PCB congeners and OC pesticides were not associated
with the risk of dementia or AD in any models (Table 3).
Table 4 summarizes the beta coefficients associated with

individual OC compound concentrations in relation to
3MS scores. As mentioned, no significant interaction of
OC compounds and time was detected, which means that
OC compounds might have affected study entry cognitive
performance, but did not accelerate cognitive decline. In
the first model, the log-transformed concentrations of PCB
congeners nos. 118, 153, 156, 163 and OC pesticide p,p’-
DDT and its main metabolite (p,p’-DDE) were significantly
associated with lower 3MS scores.. All these associations
remained significant in the second model. We further in-
vestigated these specific results by entering in the models a
triple interaction term including the presence of an incident
diagnosis of dementia, CSHA period and, PCB or pesticide
concentrations. These a posteriori analyses showed that
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only p,p’-DDE was significantly associated with dementia-
related cognitive decline (p = 0.03). Figure 2 shows the esti-
mated relationship between the 3MS and the p,p’-DDE
concentrations on the log-scale for each CSHA phase ac-
cording to dementia incidence. For incident cases of de-
mentia, we see that the 3MS scores decreased at each
phase, and that p,p’-DDE concentrations were associated
with lower 3MS scores in CSHA-2 and -3, but not in

CSHA-1. As for subjects remaining nondemented, we see
little differences in the relationship between p,p’-DDE con-
centrations and 3MS scores at each CSHA phase. No asso-
ciation was found between the 3MS and PCBs 105, 138,
170, 180, 183, 187, and OC pesticides β-HCH, HCB, oxy-
chlordane, cis-nonachlor and trans-nonachlor.
No effect modification by sex, ApoE4 and total mercury

was found in any regression analyses (data not shown).

Discussion
Few observational studies have explored the potential as-
sociation between exposure to organochlorines and risk of
all-cause dementia, AD [12–15], and cognitive impair-
ment [7–11] over the last years among seniors. The
present study was designed to evaluate prospectively such
associations among Canadians aged 65 and older.
Our study found no association between the exposure to

PCBs and OC pesticides and the incidence of dementia or
AD. However, analyses using the 3MS scores as the out-
come showed that higher concentrations of PCB conge-
ners nos. 118, 153, 156, 163 and OC pesticides (p,p’-DDT
and its metabolite p,p’-DDE) were significantly associated
with lower cognitive performances. A posteriori analyses
suggested that only p,p’-DDE was significantly associated
with dementia-related cognitive decline. An increase in
the concentration of p,p’-DDE reduced 3MS scores more
importantly over time in incident cases of dementia com-
pared to nondemented subjects. However, these results
were not strictly monotonous in time and may have been
more susceptible to attrition in the last phase of CSHA,
particularly for incident cases of dementia.
There is a paucity of research on the association of

PCBs and OC pesticides with the risk of dementia in
older populations. In addition to our study, two epi-
demiological studies specifically examined the associ-
ation of PCBs and OC pesticides with the risk of
dementia [12, 15]. Compared with the U.S. population, a
retrospective mortality study of 17,321 PCB-exposed
workers reported a two-fold mortality excess of demen-
tia and AD among women in the high exposure group
[15]. Limitations included the small numbers of death
and the PCB exposure assessment method based on a
modified job-exposure matrix. In an analysis from the
Cache County Memory Study including 3084 partici-
pants, technical grade DDT was associated with a mar-
ginally increased risk of AD [12]. A limitation was the
pesticide exposure assessment method based on in-
person occupational history questionnaire that is often
prone to recall bias. Finally, a case-control study in-
cluding 86 cases of AD and 79 controls reported a sig-
nificant association between elevated serum p,p’-DDE
concentrations and an increased risk for AD in a US
clinical population [14].

Table 1 Selected characteristics from the analytic study sample
(n = 669)

Characteristics Non-demented
individuals (n = 513)

Incident cases of
dementia (n = 156)

P-value

Age at study
entry, y

80.1 ± 6.12 82.4 ± 6.60 <
0.001

Sex, female, n (%) 304 (59.3) 102 (65.4) 0.17

Education, y 10.1 ± 4.1 9.0 ± 4.1 < 0.01

BMI, kg/m2 25.9 ± 4.6 25.4 ± 5.2 0.30

Total lipids, g/L 6.1 ± 1.7 6.0 ± 2.0 0.63

ApoE4 carrier, n
(%)

92 (18.0) 39 (25.2) < 0.05

3MS score at
study entry

88 ± 8.4 83 ± 9.8 <
0.001

Residence area, n
(% urban)

448 (87.8) 139 (90.3) 0.41

Smoking, n (%
yes) a

217 (46.7) 67 (48.6) 0.70

Alcohol drinking,
n (% yes)b

176 (37.7) 44 (32.4) 0.26

Vascular score 1.19 ± 0.83 1.26 ± 0.88 0.38

Blood heavy
metal
concentrations

Copper, median
(IQR), μmol/L

13.0 (12.0–14.0) 13.0 (12.0–14.0) 0.15

Lead, median
(IQR), μmol/L

0.15 (0.11–0.20) 0.14 (0.10–0.20) 0.55

Mercury,
median (IQR),
nmol/L

3.3 (1.7–5.9) 2.4 (1.1–4.6) <
0.001

Zinc, median
(IQR), μmol/L

340 (270–460) 345 (270–455) 0.88

Note: BMI body mass index, IQR interquartile range
Study entry was set at the moment of blood collection (n = 112 at CSHA-1 and
n = 557 at CSHA-2)
Values are represented as mean ± standard deviation unless
mentioned otherwise
P-values were obtained using χ2 test for dichotomous variables and t-tests or
non-parametric Wilcoxon rank-sum tests for continuous variables,
as applicable
a Indicates ever been smoking regularly (nearly everyday)
b Indicates ever been drinking regularly (once a week)
Information was missing for 35 subjects on BMI (21 for nondemented and 14
for demented subjects); 3 subjects on ApoE4 status (2 for nondemented vs. 1
for demented subjects); 5 subjects on residence area (3 for nondemented vs. 2
for demented subjects); 66 subjects on smoking (48 for nondemented vs. 18
for demented subjects); 66 subjects on alcohol drinking (46 for nondemented
vs. 20 for demented subjects); 33 subjects on plasma total lipids (27 for
nondemented vs. 6 for demented subjects)
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The present finding of no significant association of
PCB congeners with incident cases of dementia and AD
does not differ from the findings observed in our previ-
ous study with prevalent cases of dementia and AD [13],
but the association of OC pesticides/metabolites does
differ. In the previous study, elevated concentrations of
HCB, cis-nonachlor and p,p’-DDT were associated with
a reduced prevalence of dementia. HCB was also associ-
ated with a reduced prevalence of AD. These results are
more fallacious than compelling ones as acknowledged
in the paper. In the present study, none of the OC pesti-
cides/metabolites were associated with the incidence of
dementia and AD. A possible explanation for these dis-
cordant results might be that current results were ob-
tained with incident cases of dementia which would
attenuate the potential for reverse causality bias as com-
pared to results obtained with prevalent cases.
The evidence supporting an association between ex-

posure to OC pesticides and cognitive impairment in
older adults is limited. Using the 3MS as a continuous
outcome allowed us to test with greater statistical power

the associations of PCBs and OC pesticides/metabolites
with cognitive decline, which has been suggested to pre-
dict the development of dementia [37]. Increased con-
centrations of four PCBs (congeners 118, 153, 156, 163)
and two OC pesticides (p,p’-DDT and its metabolite p,
p’-DDE) were found to be significantly associated with a
lower cognitive function. These findings are somewhat
in line with previous studies which reported associations
between a lower performance in some cognitive domains
and exposure to PCBs [7, 11, 38–41] in population- or
community-dwelling older subjects, to p,p’-DDT or/and
p,p’-DDE in population-dwelling older subjects (US Na-
tional Health and Nutrition Examination Survey, 1999–
2002) [8, 9] and in retired malaria-control Costa-Rican
workers [42]. In contrast to our study, neither p,p’-DDT
nor p,p’-DDE were significantly associated with a lower
cognitive function measured with the Mini-Mental State
Examination (MMSE) among occupational OC pesticide
exposure Costa Ricans [43]. Richardson et al. reported a
significant association between elevated concentrations
of serum p,p’-DDE and lower MMSE scores [14], espe-
cially in ApoE4 carriers. This interaction was not found
in our sample, but the prevalence of ApoE4 carriers was
much lower (20%) than theirs (global: 51%; 35% in con-
trols and 65% in AD cases). Furthermore, mean concen-
trations of DDE in our sample varied between 1.33 ng/
mg cholesterol in cognitively normal subjects and 1.57
ng/mg cholesterol in AD cases whereas those values var-
ied respectively between 0.69 and 2.64 ng/mg cholesterol
in the study of Richardson et al. [14].
In our analytic sample, despite that all subjects were

clinically diagnosed nondemented at study entry, those
who developed dementia had a lower mean 3MS score
compared to those remaining nondemented (83 vs. 88,
respectively p < 0.001). This suggests that the group of
incident cases of dementia comprised at study entry a
higher proportion of subjects who were in the pro-
dromal stage of AD. Indeed, this group included a higher
proportion of subjects with CIND compared to those
remaining nondemented (65% vs. 23%). CIND has been
found with the highest relative predictive power for the
5-year progression to dementia in CSHA [44].
Our analyses using the 3MS scores as the outcome

may therefore be more informative. Not all PCBs and
OC pesticides/metabolites that theoretically have a high
potential to produce alterations in neurotransmitter sys-
tems in the brain are associated with lower cognitive
performance. Except for PCBs 118 and 156, which be-
long to mono-ortho dioxin-like PCBs, other PCBs (con-
geners 153 and 163) also involved in the association
with lower cognitive performances are non-dioxin-like
PCBs. Our results indicate that different types of PCB
congeners and OC pesticides/metabolites, with different
structures and toxicologic properties may affect the

Table 2 Median plasma PCB and OC pesticide concentrations
(μg/L) (n = 669)

OC
concentrations

Non-demented
individuals (n = 513)

Incident cases of
dementia (n = 156)

P-
value

PCB congeners

PCB 105 0.03 (0.01–0.04) 0.03 (0.02–0.04) 0.82

PCB 118 0.14 (0.08–0.23) 0.14 (0.09–0.23) 0.85

PCB 138 0.24 (0.17–0.36) 0.24 (0.16–0.35) 0.77

PCB 153 0.43 (0.30–0.60) 0.44 (0.28–0.61) 0.98

PCB 156 0.06 (0.04–0.08) 0.06 (0.04–0.08) 0.34

PCB 163 0.08 (0.05–0.11) 0.08 (0.05–0.12) 0.43

PCB 170 0.10 (0.07–0.14) 0.10 (0.07–0.15) 0.63

PCB 180 0.34 (0.24–0.49) 0.35 (0.24–0.51) 0.82

PCB 183 0.03 (0.02–0.05) 0.03 (0.02–0.05) 0.62

PCB 187 0.10 (0.06–0.14) 0.09 (0.06–0.14) 0.52

OC pesticides

β-HCH 0.12 (0.08–0.19) 0.13 (0.08–0.19) 0.88

HCB 0.17 (0.10–0.27) 0.19 (0.10–0.30) 0.28

Oxychlordane
0.11 (0.07–0.14) 0.11 (0.08–0.14) 0.87

cis-Nonachlor 0.02 (0.01–0.03) 0.02 (0.01–0.03) 0.37

trans-
Nonachlor

0.15 (0.10–0.21) 0.14 (0.11–0.20) 0.77

p,p’-DDT 0.07 (0.02–0.13) 0.07 (0.02–0.13) 0.80

p,p’-DDE 4.10 (2.10–7.60) 4.10 (2.00–8.05) 0.82

Note: β-HCH beta hexachlorocyclohexane, HCB hexaclorobenzene, OC
organochlorine compound, PCBs polychlorinated biphenyl, p,p’-DDT, 1,1,1-
trichloro-2,2-bis(p-chlorophenyl)ethane,
p,p’-DDE, 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene
Values in parentheses represent the interquartile range
P-values were obtained using non-parametric Wilcoxon rank-sum tests
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central nervous system differently, inducing cognitive
impairment over time in older subjects.
Subtle changes in central nervous system functions in-

duced by chronic exposure to PCBs 118, 153, 156, 163
and OC pesticides such as p,p’-DDT and p,p’-DDE may
have important repercussions on cognition in older sub-
jects by reducing their capacity to compensate for age-
related impairment. Disruption of Ca2+ homeostasis and
of neurotransmitter release, excitotoxicity, formation of
reactive oxygen species, oxidative stress, neuronal dys-
function and apoptosis have been proposed as potential
mechanisms of action [6].
Some limitations in this study should be noted. The

analyses were restricted to 669 clinically assessed sub-
jects out of the eligible subjects. No difference between
subjects from the analytic sample and those who could
not be included in terms of age and sex at the beginning
of study was noted, and the difference in years of educa-
tion between the two groups was less than 1 year. The
fact that we retained in the analytic sample only subjects
with follow-up information may have produced biased
results. However, when we compared the characteristics
of excluded subjects with exposure data (n = 507) with

those from the analytic sample (Additional file 1: Table
S1), excluded subjects showed characteristics generally
associated with an increased risk of dementia (older age,
fewer years of education, lower 3MS score at entry), but
no difference in plasma concentrations of PCB conge-
ners and OC pesticides. Our results are based on a sin-
gle measurement of PCBs and OC pesticides, but these
compounds are recognized as stable toxicants with long
half-lives (years) in humans, which reduces the possibil-
ity of exposure misclassification. Though the present
study looks at individual compounds, novel modeling
methods such as the Bayesian kernel machine regression
[45] could be used to explore mixtures of OC com-
pounds in larger samples, which may be more meaning-
ful at the population level. However, it is not clear that
our sample size allows for appropriate coverage of all
possible mixtures of the 10 PCBs and 7 OC pesticides
for such an analysis. Our results are also based on PCB
concentrations lower than those from the 2001–2002 Na-
tional Health and Nutrition Examination Surveys
(NHANES), which may limit the possibility of finding an
association. Finally, only three cases of Parkinson disease
out of the 156 incident cases of dementia were observed

Table 3 HRs for all-cause dementia and AD per 1-unit log increase in plasma PCB and OC pesticide concentrations (μg/L)
OC All-cause dementia (n = 669) Alzheimer’s disease (n = 621)

Model 1 Model 2 Model 1 Model 2

HR (95%CI) HR (95% CI) HR (95% CI) HR (95% CI)

PCB congeners

PCB 105 0.93 (0.76, 1.13) 0.95 (0.77, 1.17) 0.91 (0.71, 1.17) 0.97 (0.75, 1.26)

PCB 118 0.94 (0.75, 1.18) 0.97 (0.77, 1.23) 0.93 (0.71, 1.23) 1.00 (0.75, 1.32)

PCB 138 0.92 (0.73, 1.16) 0.95 (0.76, 1.20) 0.96 (0.71, 1.29) 0.99 (0.74, 1.34)

PCB 153 0.95 (0.73, 1.24) 1.00 (0.77, 1.31) 0.94 (0.68, 1.31) 0.99 (0.71, 1.38)

PCB 156 1.16 (0.87, 1.55) 1.23 (0.91, 1.65) 1.09 (0.76,1.54) 1.14 (0.79, 1.65)

PCB 163 1.03 (0.79, 1.34) 1.09 (0.83, 1.42) 1.01 (0.73, 1.40) 1.08 (0.77, 1.50)

PCB 170 1.07 (0.83, 1.37) 1.11 (0.87, 1.43) 1.03 (0.76, 1.40) 1.08 (0.78, 1.48)

PCB 180 1.02 (0.80, 1.31) 1.07 (0.84, 1.37) 0.98 (0.73, 1.33) 1.03 (0.75, 1.41)

PCB 183 0.90 (0.72, 1.13) 0.94 (0.75, 1.17) 0.91 (0.69, 1.21) 0.94 (0.70, 1.25)

PCB 187 0.93 (0.75, 1.16) 0.97 (0.78, 1.22) 0.90 (0.68, 1.18) 0.95 (0.72, 1.26)

OC pesticides

β-HCH 1.17 (0.95, 1.46) 1.18 (0.95, 1.47) 1.20 (0.90, 1.58) 1.16 (0.88, 1.54)

HCB 0.97 (0.79, 1.20) 1.01 (0.81, 1.25) 1.06 (0.81, 1.38) 1.14 (0.87, 1.50)

Oxychlordane 1.07 (0.80, 1.43) 1.13 (0.83, 1.53) 1.22 (0.85, 1.76) 1.33 (0.91, 1.94)

cis-Nonachlor 0.94 (0.75, 1.17) 0.99 (0.79, 1.24) 0.95 (0.73, 1.24) 1.04 (0.79, 1.38)

trans-Nonachlor 0.98 (0.74, 1.28) 1.03 (0.78, 1.36) 1.02 (0.73, 1.43) 1.10 (0.78, 1.55)

p,p’-DDT 1.03 (0.86, 1.23) 1.04 (0.87, 1.26) 1.02 (0.81, 1.28) 1.08 (0.86, 1.36)

p,p’-DDE 0.94 (0.81, 1.10) 0.96 (0.82, 1.12) 0.99 (0.81, 1.21) 1.01 (0.82, 1.23)

Note: AD Alzheimer’s disease, BMI body mass index, β-HCH beta hexachlorocyclohexane, HCB hexaclorobenzene, OC organochlorine, HR Hazards ratio, PCBs
polychlorinated biphenyl, p,p’-DDT, 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane, p,p’-DDE, 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene
Model 1 was adjusted for total lipids and age as time scale, sex, education, and ApoE4
Model 2 was additionally adjusted for BMI, smoking, alcohol drinking, residence area, vascular score, mercury, lead, cooper and zinc
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which limits the possibility of confounding, but residual
and unmeasured confounding remains possible.

Conclusion
The present study suggests that exposure to PCBs and OC
pesticides were not associated with the incidence of demen-
tia and AD. In contrast, exposure to PCB congeners 118,
153, 156 and 163, and two OC pesticides, p,p’-DDT and p,
p’-DDE, was associated with reduced mean cognitive per-
formances. Of these, p,p’-DDE was associated with cogni-
tive decline on the 3MS scores related to dementia. Further
prospective research using these specific biomarkers of OC
exposure, notably p,p’-DDE, in a larger sample of subjects
clinically evaluated is warranted.

Additional file

Additional file 1: Table S1. Characteristics of included (n = 669) and
excluded (n = 507) subjects at study entry. (DOCX 42 kb)

Abbreviations
3MS: Modified Mini-Mental State Examination; AD: Alzheimer’s disease;
ApoE4: Apolipoprotein E allele e4; BMI: Body mass index; CI: Confidence
intervals; CIHR: Canadian Institutes of Health Research; CIND: Cognitive
impairment with no dementia; CSHA: Canadian Study of Health and Aging;

Table 4 Estimated coefficients of plasma log-transformed PCB and OC pesticide concentrations (μg/L) in relation to 3MS scores

OC
concentrations

Model 1 Model 2

β SE P-value β SE P-value

PCB congeners

PCB 105 −0.811 0.509 0.111 −0.780 0.544 0.151

PCB 118 −1.225 0.581 0.035 −1.207 0.611 0.048

PCB 138 −1.219 0.626 0.052 −1.223 0.644 0.058

PCB 153 −1.387 0.705 0.049 − 1.449 0.727 0.046

PCB 156 −1.509 0.755 0.046 −1.586 0.780 0.042

PCB 163 −1.501 0.699 0.032 −1.602 0.724 0.027

PCB 170 −0.830 0.691 0.230 −0.908 0.708 0.200

PCB 180 −0.521 0.688 0.448 −0.611 0.707 0.390

PCB 183 −0.948 0.611 0.121 −0.968 0.629 0.124

PCB 187 −0.149 0.580 0.797 −0.215 0.601 0.721

OC pesticides

β-HCH −0.751 0.590 0.203 −0.699 0.606 0.249

HCB −0.737 0.519 0.156 −0.644 0.541 0.233

Oxychlordane −0.602 0.803 0.454 −0.540 0.824 0.512

cis-nonachlor −0.044 0.585 0.940 + 0.038 0.627 0.952

trans-Nonachlor −0.351 0.714 0.623 −0.332 0.742 0.655

p,p’-DDT −1.717 0.468 < 0.001 −1.693 0.487 < 0.001

p,p’-DDE −1.554 0.414 < 0.001 −1.578 0.422 < 0.001

Note: 3MS Modified Mini-Mental State Examination, β beta, BMI body mass index, β-HCH beta hexachlorocyclohexane, HCB hexaclorobenzene, OC organochlorine,
PCBs polychlorinated biphenyls, p,p’-DDT, 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane; p,p’-DDE, 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene, SE standard error
Repeated measures regression models with unstructured correlation matrix
Model 1 was adjusted for total lipids and CSHA phase, age, sex, education, and ApoE4
Model 2 was additionally adjusted for BMI, smoking, alcohol drinking, residence area, vascular score, copper, lead, mercury and zinc

Fig. 2 Relationship between 3MS at each of three CSHA phases and
log-DDE according to dementia incidence
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DSM III-R: Diagnostic and Statistical Manual of Mental Disorders, 3rd edition,
revised criteria; EDTA: Ethylenediaminetetraacetic acid;
HCB: Hexachlorobenzene; HR: Hazard ratios; ICP-MS: Inductively coupled
plasma mass spectrometry; INSPQ: Institut national de santé publique du
Québec; IQR: Interquartile range; LOD: Limits of detection; MI: Multiple
imputation; NHANES: National Health and Nutrition Examination Surveys;
OC: Organochlorine; p,p’-DDE: 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene;
p,p’-DDT: 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane; PCB: Polychlorinated
biphenyl; β-HCH: β-hexachlorocyclohexane

Acknowledgements
Not applicable.

Competing interest0073
The authors declare they have no competing interests.

Authors’ contributions
DL and PA supervised the research project; TCMM, PA and DL formulated the
research question; TCMM and DL analyzed and interpreted the data; PHC and
AB supervised the data analysis; TCMM wrote the first draft of the manuscript;
PA, PHC, EK, RV, JL, ED, SLT, AB, DL revised and provided comments to the
manuscript. All authors read and approved the final manuscript.

Funding
The core funding for phases 1 and 2 of the Canadian Study of Health and Aging
was provided by the Seniors’ Independence Research Program, through the Health
Canada’s National Health Research and Development Program (NHRDP). Other
funding was provided by Pfizer Canada Incorporated, by Bayer Incorporated and by
the British Columbia Health Research Foundation. The core funding for phase 3 was
provided by the Canadian Institutes of Health Research (CIHR). Other funding was
provided by Merck-Frosst and Janssen-Ortho.
The present study was financially supported by grants from the CIHR. Dr.
Medehouenou was recipient of a PhD scholarship from the Alzheimer Society of
Canada (ASC) and the Canadian Dementia Knowledge Translation Network
(CDKTN). Drs. Bureau and Laurin were supported by scientist awards from the
Fonds de Recherche du Québec – Santé (FRQS).
All these sources of funding have no role in the design of this study and
collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The data supporting the conclusions of this work are included within the
manuscript and its Additional file 1: Table S1. Characteristics of included (n= 669)
and excluded (n= 507) subjects at study entry). Further, the dataset analysed during
the current study is available from the corresponding author on reasonable request.

Ethics approval and consent to participate
Each phase received approval from institutional ethics committees in
participating centers. Subjects and/or family representatives gave written
informed consent at each phase.
Further, the measurement of biomarkers was approved by the ethic
committee of the CHU de Québec, Québec, Canada.

Consent for publication
Not applicable.

Author details
1Département de Génie d’imagerie médicale et de radiobiologie, École
Polytechnique d’Abomey-Calavi, University of Abomey-Calavi, P.O. Box 2009,
Cotonou, Abomey-Calavi, Republic of Benin. 2Centre d’excellence sur le
vieillissement de Québec, CHU de Québec-Université Laval Research Center,
and Centre de recherche sur les soins et les services de première ligne de
l’Université Laval, Québec, Canada. 3Faculty of Pharmacy, Laval University,
Québec, Canada. 4Département de médecine sociale et préventive, Faculty
of Medicine, Laval University, Québec, Canada. 5Axe Santé des populations et
pratiques optimales en santé, CHU de Québec-Université Laval Research
Center, Québec, Canada. 6Laboratoire de toxicologie, Institut national de
santé publique du Québec, Québec, Canada. 7Institut sur le vieillissement et
la participation sociale des aînés, Université Laval, Québec, Canada.
8Department of Epidemiology and Community Medicine, Faculty of
Medicine, University of Ottawa, Ottawa, Canada. 9School of Public Health and
Health Systems, and Department of Psychology, University of Waterloo,

Waterloo, Canada. 10Centre de recherche de l’Institut universitaire en santé
mentale de Québec, Québec, Canada.

Received: 20 March 2019 Accepted: 31 May 2019

References
1. Cicero CE, Mostile G, Vasta R, Rapisarda V, Signorelli SS, Ferrante M, Zappia

M, Nicoletti A. Metals and neurodegenerative diseases. A systematic review.
Environ Res. 2017;159:82–94.

2. Killin LO, Starr JM, Shiue IJ, Russ TC. Environmental risk factors for
dementia: a systematic review. BMC Geriatr. 2016;16(1):175. https://doi.
org/10.1186/s12877-016-0342-y.

3. Yegambaram M, Manivannan B, Beach TG, Halden RU. Role of
environmental contaminants in the etiology of Alzheimer's disease: a
review. Curr Alzheimer Res. 2015;12(2):116–46.

4. Yan D, Zhang Y, Liu L, Yan H. Pesticide exposure and risk of Alzheimer's
disease: a systematic review and meta-analysis. Sci Rep. 2016;6:32222.
https://doi.org/10.1038/srep32222.

5. Kodavanti PR. Neurotoxicity of persistent organic pollutants: possible mode(s)
of action and further considerations. Dose-Response. 2006;3(3):273–305.

6. Mariussen E, Fonnum F. Neurochemical targets and behavioral effects of
organohalogen compounds: an update. Crit Rev Toxicol. 2006;36(3):253–89.

7. Bouchard MF, Oulhote Y, Sagiv SK, Saint-Amour D, Weuve J. Polychlorinated
biphenyl exposures and cognition in older U.S. adults: NHANES (1999-2002).
Environ Health Perspect. 2014;122(1):73–8.

8. Kim KS, Lee YM, Lee HW, Jacobs DR Jr, Lee DH. Associations between
organochlorine pesticides and cognition in U.S. elders: National Health and
nutrition examination survey 1999-2002. Environ Int. 2015a;75:87–92.

9. Kim SA, Lee YM, Lee HW, Jacobs DR Jr, Lee DH. Greater cognitive decline
with aging among elders with high serum concentrations of
organochlorine pesticides. PLoS One. 2015b;10(6):e0130623.

10. Lee DH, Lind PM, Jacobs DR Jr, Salihovic S, van Bavel B, Lind L. Association
between background exposure to organochlorine pesticides and the risk of
cognitive impairment: a prospective study that accounts for weight change.
Environ Int. 2016;89-90:179–84.

11. Przybyla J, Houseman EA, Smit E, Kile ML. A path analysis of multiple
neurotoxic chemicals and cognitive functioning in older US adults (NHANES
1999-2002). Environ Health. 2017;16(1):19–29.

12. Hayden KM, Norton MC, Darcey D, Ostbye T, Zandi PP, Breitner JC, Welsh-
Bohmer KA. Occupational exposure to pesticides increases the risk of
incident AD: the Cache County study. Neurology. 2010;74(19):1524–30.

13. Medehouenou TC, Ayotte P, Carmichael PH, Kroger E, Verreault R, Lindsay J,
Dewailly E, Tyas SL, Bureau A, Laurin D. Plasma polychlorinated biphenyl
and organochlorine pesticide concentrations in dementia: the Canadian
study of health and aging. Environ Int. 2014;69:141–7.

14. Richardson JR, Roy A, Shalat SL, von Stein RT, Hossain MM, Buckley B,
Gearing M, Levey AI, German DC. Elevated serum pesticide levels and risk
for Alzheimer disease. JAMA Neurol. 2014;71(3):284–90.

15. Steenland K, Hein MJ, Cassinelli RT 2nd, Prince MM, Nilsen NB, Whelan EA,
Waters MA, Ruder AM, Schnorr TM. Polychlorinated biphenyls and
neurodegenerative disease mortality in an occupational cohort.
Epidemiology. 2006;17(1):8–13.

16. Ross GW, Duda JE, Abbott RD, Pellizzari E, Petrovitch H, Miller DB,
O'Callaghan JP, Tanner CM, Noorigian JV, Masaki K, et al. Brain
organochlorines and Lewy pathology: the Honolulu-Asia aging study. Mov
Disord. 2012;27(11):1418–24.

17. Lindsay J, Sykes E, McDowell I, Verreault R, Laurin D. More than the
epidemiology of Alzheimer's disease: contributions of the Canadian study of
health and aging. Can J Psychiatr. 2004;49(2):83–91.

18. The Canadian Study of Health and Aging Working Group. Canadian
study of health and aging: study methods and prevalence of
dementia. CMAJ. 1994;150(6):899–913.

19. American Psychiatric Association. Diagnostic and statistical manual of
mental Disorders,3rd Edn, revised criteria. Washington, DC: American
Psychiatric Association; 1987.

20. World Health Organization. Tenth revision of the international
classification of diseases, 1987 draft of chapter V, categories F00-F99,
mental, behavioural and developmental disorders. In: Clinical
descriptions and diagnostic guidelines (MNH/MEP/87.1 rev 1). Geneve.
Geneva: World Health Organization; 1987.

Medehouenou et al. Environmental Health           (2019) 18:57 Page 10 of 11

https://doi.org/10.1186/s12877-016-0342-y
https://doi.org/10.1186/s12877-016-0342-y
https://doi.org/10.1038/srep32222


21. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM.
Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA work
group under the auspices of Department of Health and Human Services
Task Force on Alzheimer's disease. Neurology. 1984;34(7):939–44.

22. American Psychiatric Association. Diagnostic and statistical manual of
mental disorders. 4th ed. Washington, DC: American Psychiatric
Association; 1994.

23. Román GC, Tatemichi TK, Erkinjuntti T, Cummings JL, Masdeu JC, Garcia JH,
Amaducci L, Orgogozo JM, Brun A, Hofman A, et al. Vascular dementia:
diagnostic criteria for research studies. Report of the NINDS-AIREN
international workshop. Neurology. 1993;43(2):250–60.

24. Medehouenou TC, Ayotte P, Carmichael PH, Kroger E, Verreault R, Lindsay J, Dewailly
E, Tyas SL, Bureau A, Laurin D. Polychlorinated biphenyls and organochlorine
pesticides in plasma of older Canadians. Environ Res. 2011;111(8):1313–20.

25. Raaschou-Nielsen O, Pavuk M, Leblanc A, Dumas P, Philippe Weber J, Olsen
A, Tjonneland A, Overvad K, Olsen JH. Adipose organochlorine
concentrations and risk of breast cancer among postmenopausal Danish
women. Cancer Epidemiol Biomark Prev. 2005;14(1):67–74.

26. Phillips DL, Pirkle JL, Burse VW, Bernert JT Jr, Henderson LO, Needham LL.
Chlorinated hydrocarbon levels in human serum: effects of fasting and
feeding. Arch Environ Contam Toxicol. 1989;18(4):495–500.

27. McLeod D, Arnott B, Gaudreault N, Boudreau S, Sevigny P. A comparison of
two methods for routine, accurate determination of apolipoprotein E
genotypes. Alzheimers Rep. 1998;1:211–5.

28. Hornung RW, Reed L. Estimation of average concentration in the presence
of nondetectable values. Appl Occup Environ Hyg. 1990;5:48–51.

29. van Buuren S. Multiple imputation of discrete and continuous data by fully
conditional specification. Stat Methods Med Res. 2007;16(3):219–42.

30. van Ginkel JR, Kroonenberg PM. Analysis of variance of multiply imputed
data. Multivar Behav Res. 2014;49(1):78–91.

31. Dehghan MH, Duchesne T. A generalization of Turnbull's estimator for
nonparametric estimation of the conditional survival function with interval-
censored data. Lifetime Data Anal. 2011;17(2):234–55.

32. Lin DY, Wei LJ, Ying Z. Checking the cox model with cumulative sums of
martingale-based residuals. Biometrika. 1993;80:557–72.

33. Porta M, Jariod M, Lopez T, Pumarega J, Puigdomenech E, Marco E, Malats
N, Grimalt JO, Real FX. Correcting serum concentrations of organochlorine
compounds by lipids: alternatives to the organochlorine/total lipids ratio.
Environ Int. 2009;35(7):1080–5.

34. Schisterman EF, Whitcomb BW, Louis GM, Louis TA. Lipid adjustment in the
analysis of environmental contaminants and human health risks. Environ
Health Perspect. 2005;113(7):853–7.

35. Li DD, Zhang W, Wang ZY, Zhao P. Serum copper, zinc, and iron levels in
patients with Alzheimer's disease: a meta-analysis of case-control studies.
Front Aging Neurosci. 2017;9:300. https://doi.org/10.3389/fnagi.2017.00300.

36. Kröger E, Verreault R, Carmichael PH, Lindsay J, Julien P, Dewailly E, Ayotte
P, Laurin D. Omega-3 fatty acids and risk of dementia: the Canadian study
of health and aging. Am J Clin Nutr. 2009;90(1):184–92.

37. Fabrigoule C, Rouch I, Taberly A, Letenneur L, Commenges D, Mazaux JM,
Orgogozo JM, Dartigues JF. Cognitive process in preclinical phase of
dementia. Brain. 1998;121(Pt 1):135–41.

38. Fitzgerald EF, Belanger EE, Gomez MI, Cayo M, McCaffrey RJ, Seegal RF,
Jansing RL, Hwang SA, Hicks HE. Polychlorinated biphenyl exposure and
neuropsychological status among older residents of upper Hudson River
communities. Environ Health Perspect. 2008;116(2):209–15.

39. Haase RF, McCaffrey RJ, Santiago-Rivera AL, Morse GS, Tarbell A. Evidence of an age-
related threshold effect of polychlorinated biphenyls (PCBs) on neuropsychological
functioning in a native American population. Environ Res. 2009;109(1):73–85.

40. Lin KC, Guo NW, Tsai PC, Yang CY, Guo YL. Neurocognitive changes
among elderly exposed to PCBs/PCDFs in Taiwan. Environ Health
Perspect. 2008;116(2):184–9.

41. Schantz SL, Gasior DM, Polverejan E, McCaffrey RJ, Sweeney AM, Humphrey
HE, Gardiner JC. Impairments of memory and learning in older adults
exposed to polychlorinated biphenyls via consumption of Great Lakes fish.
Environ Health Perspect. 2001;109(6):605–11.

42. van Wendel de Joode B, Wesseling C, Kromhout H, Monge P, Garcia M,
Mergler D. Chronic nervous-system effects of long-term occupational
exposure to DDT. Lancet. 2001;357(9261):1014–6.

43. Steenland K, Mora AM, Barr DB, Juncos J, Roman N, Wesseling C.
Organochlorine chemicals and neurodegeneration among elderly subjects
in Costa Rica. Environ Res. 2014;134:205–9.

44. Ritchie LJ, Tuokko H. Patterns of cognitive decline, conversion rates,
and predictive validity for 3 models of MCI. Am J Alzheimers Dis
Other Dement. 2010;25(7):592–603.

45. Lazarevic N, Barnett AG, Sly PD, Knibbs LD. Statistical methodology in
studies of prenatal exposure to mixtures of endocrine-disrupting chemicals:
a review of existing approaches and new alternatives. Environ Health
Perspect. 2019;127(2):26001. https://doi.org/10.1289/EHP2207.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Medehouenou et al. Environmental Health           (2019) 18:57 Page 11 of 11

https://doi.org/10.3389/fnagi.2017.00300
https://doi.org/10.1289/EHP2207

	Abstract
	Background
	Objective
	Methods
	Results
	Conclusion

	Background
	Methods
	Study population
	Study and biospecimen samples
	Laboratory assessment
	Covariates and potential confounders
	Statistical analysis

	Results
	Discussion
	Conclusion
	Additional file
	Abbreviations
	Acknowledgements
	Competing interest0073
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Author details
	References
	Publisher’s Note

