1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Environ Res. Author manuscript; available in PMC 2019 April 01.

-, HHS Public Access
«

Published in final edited form as:
Environ Res. 2018 April ; 162: 55-62. doi:10.1016/j.envres.2017.12.005.

Neurocognitive and physical functioning in the Seveso Women’s
Health Study

Ames Jenniferl, Warner Marcellal, Brambilla Paolo?, Mocarelli Paolo?, William A.
Satariano3, and Eskenazi Brendal”

1Center for Environmental Research & Children’s Health (CERCH), School of Public Health,
University of California, Berkeley, California, USA

2Department of Laboratory Medicine, University of Milano-Bicocca, School of Medicine, Hospital
of Desio, Desio-Milano, Italy

3School of Public Health, University of California, Berkeley, Berkeley, California

Abstract

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is neurotoxic in animals but few studies have
investigated its effects on the human brain. Related dioxin-like compounds have been linked to
poorer cognitive and motor function in older adults, with effects more pronounced in women,
perhaps due to the loss of neuro-protective estrogen in menopause. On 10 July 1976, a chemical
explosion in Seveso, Italy, resulted in one of the highest known residential exposures to TCDD. In
1996, we initiated the Seveso Women’s Health Study, a retrospective cohort study of the health of
the women who were newborn to 40 years old in 1976. Here, we investigate whether TCDD
exposure is associated with physical functioning and working memory more than 20 years later.
Individual TCDD concentration (ppt) was measured in archived serum collected soon after the
explosion. In 1996 and 2008, we measured physical functioning (h=154) and working memory
(n=459), respectively. We examined associations between serum TCDD and motor and cognitive
outcomes with multivariate linear regression and semi-parametric estimators. A 10-fold increase in
serum TCDD was not associated with walking speed (adjusted p=0.0006 ft/sec, 95% Confidence
Interval (Cl): —0.13, 0.13), upper body mobility (adjusted p=-0.06, 95% CI: —0.36, 0.23), or
manual dexterity (adjusted p=0.34, 95% CI: -0.65, 1.33). We observed an inverted U-shaped
association in grip strength, with poorer strength in the lowest and highest TCDD exposure levels.
There was no association between TCDD and the Wechsler digit and spatial span tests. Neither
menopause status at assessment nor developmental timing of exposure modified associations
between TCDD and working memory. Our findings, in one of the only studies of TCDD’s effects
on neuropsychological and physical functioning in women, do not indicate an adverse effect on
these domains, with the exception of a U-shaped relationship with grip strength. Given the limited
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assessment and relative youth of the women at this follow-up, future work examining additional
neuropsychological outcomes is warranted.
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INTRODUCTION

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a global environmental pollutant released
into the environment through industrial sources of combustion. Due to its exceptional
toxicological potency and chemical stability, TCDD ranks among the 2001 Stockholm
Convention’s “dirty dozen” of ubiquitous persistent organic pollutants (POPs) (Lallas 2001).
TCDD exerts its biological toxicity primarily through its binding affinity for the aryl
hydrocarbon receptor (AhR), a nuclear receptor and transcription factor that regulates
myriad biological processes related to development, cell growth, apoptosis, and immune
function (Denison et al. 2011). TCDD is a member of a wider class of halogenated aromatic
compounds such as polychlorinated dibenzo-para-dioxins (PCDDs), dibenzofurans
(PCDFs), and certain polychlorinated biphenyls (PCBs) that share this mechanism of action
via the AhR. Dioxins bioaccumulate in adipose tissue (Kahn et al. 1988) and have a long
half-life of 4 to 11 years in the human body (Milbrath et al. 2009; Warner et al. 2014). While
levels of dioxins found in humans have decreased substantially over the last few decades,
aging populations with high fish and meat consumption are particularly vulnerable to
accruing higher, potentially toxic body burdens over the life course (LaKind et al. 2009).

In vitro studies demonstrate that TCDD-induced activation of the AhR, through altering
endocrine function and expression of genes related to apoptosis and oxidative stress,
promotes premature cell senescence in rat and human neurons and animal studies have
reported impairments in memory, spatial and visual learning, and fear response with
developmental exposure to TCDD and dioxin-like compounds (Curran et al. 2011; Haijima
et al. 2010; Hojo et al. 2008; Schantz and Bowman 1989; Schantz and Widholm 2001;
Seegal 2000; Wan et al. 2014). However, few studies have investigated the neurotoxic effects
of TCDD in humans. Studies of U.S. veterans exposed to TCDD through the spraying of
Agent Orange during the Vietham War have found that men with the highest dioxin
exposures performed poorly on tests of motor coordination and verbal memory compared to
their unexposed peers (Barrett et al. 2001; Wolfe et al. 1992). Neuropathic signs, writer’s
dystonia, and tremor have also been documented in small studies of individuals exposed to
TCDD occupationally and during the Seveso accident (Barbieri et al. 1988; Klawans 1987,
Singer et al. 1982; Urban et al. 2007). Several studies in general populations with exposures
closer to background levels have found associations between dioxin-like PCB body burdens
and impairments in motor function, memory, learning, and executive function (Fitzgerald et
al. 2008; Haase et al. 2009; Peper et al. 1993; Schantz et al. 2001).

Susceptibility to the neurotoxic effects of dioxin may vary by sex and age. For example, an
inverse association was observed between blood PCB concentrations and performance on
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tests of attention, visual memory, and learning ability among older Taiwanese women but
not among men who were exposed as adults in 1979 to high levels of PCBs and dioxin-like
compounds in contaminated cooking oil (the Yucheng cohort) (Lin et al. 2008). Similarly, a
study of older adults in NHANES, where exposures were closer to background, found
adverse associations between dioxin-like PCB serum concentrations and poorer cognitive
scores, with the association most pronounced among women aged 70+ years (Bouchard et
al. 2014). An excess of Parkinson’s disease, dementia, and amyotrophic lateral sclerosis was
also observed among women occupationally exposed to PCBs (Steenland et al. 2006). Given
the wide cross-talk of the AhR with several hormonal pathways, the mechanism underlying
these interactions between age, sex, and exposure to dioxin-like compounds may be
exacerbated by the loss of estrogen’s neuroprotective effects during and after menopause
(Koyama et al. 2016). Estrogen-related loss of brain dopamine could also contribute to
lowered physical functioning and reductions in muscle mass and strength following
menopause (Sowers et al. 2007).

In the present study, we investigated the neurotoxic effects of dioxin in the Seveso Women’s
Health Study (SWHS), a historical cohort study of women residing around Seveso, Italy at
the time of an industrial accident on July 10, 1976 that resulted in one of the highest levels
of residential TCDD contamination known (Mocarelli et al. 1988). We hypothesized that
higher 1976 serum concentrations of dioxin would be inversely associated with physical and
cognitive functioning and that adverse associations would be most pronounced in
postmenopausal women. In addition to susceptibility factors at the time of assessment, we
also considered differences in susceptibility among those exposed at younger ages, while the
brain, particularly areas related to working memory such as the prefrontal cortex, are still
developing (White and Swartzwelder 2005). The study of neurodevelopmental effects of
dioxin have largely focused on the perinatal period but the continued susceptibility of the
brain to environmental toxicants during its rapid growth, neuronal pruning, and maturation
during childhood and young adulthood (up to about 25 years of age) is not well understood
(Golub 2000; Weiss 2013).

METHODS
Study population

Recruitment of the SWHS cohort has been described previously (Eskenazi et al. 2000).
Briefly, this historical cohort study recruited eligible women who were newborn to 40 years
of age on July 10, 1976, resided at that time in the highest contaminated areas (Zones A and
B), and had adequate stored serum for analysis of TCDD collected soon after the explosion.
Enrollment took place from March 1996 to July 1998, and 981 women (80% of those
eligible) participated. The oldest women (31-40 years in 1976) who were interviewed after
September 1997 (n=173 of 229) were invited to participate in an assessment of physical
functioning added as part of the study visit. Of those invited, 19 women refused to
participate in any of the tests leaving 154 women (89% of eligible) who completed the
physical function tests.

Between April 2008 and December 2009, we conducted a follow-up of the SWHS cohort:
833 (85%) of the original 981 women could be contacted and participated (16 were deceased
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and 36 could not be located). Data collection was already underway when findings of
lowered working memory and other neuropsychological measures in the Yucheng cohort
were published (Lin et al. 2008). This motivated development of an ad-hoc assessment of
neuropsychological outcomes in the SWHS. Starting in December 2008, partway through
the 2008-2009 follow-up of the cohort, remaining participants (n=459) were invited to
complete an assessment of working memory as part of the study visit. We excluded two with
Turner’s syndrome leaving 457 participants.

The study was approved by the Institutional Review Boards of the participating institutions
and written informed consent was obtained from all women prior to participation. Details of
the study procedure for the 1996 and 2008 studies are described elsewhere (Eskenazi et al.
2000; Warner et al. 2011). In both 1996 and 2008, information on covariates such as
demographic and lifestyle factors and medical history were obtained from a questionnaire
administered in private by a trained nurse-interviewer and followed by a brief medical exam
which included anthropometric and blood pressure measurements. Interviewers were blinded
to participants’ serum TCDD levels and zones of residence.

Laboratory Analyses

Archived serum samples collected in 1976 were stored at —20°C until shipped to the Centers
for Disease Control and Prevention (CDC) for analysis in 1998. TCDD was measured in
archived sera by high-resolution gas chromatography/high-resolution mass spectrometry
methods (Patterson et al. 1987). Prior to statistical analysis, serum TCDD levels were
adjusted for blood lipid concentrations by dividing TCDD on a whole-weight basis by total
serum lipid content, estimated from measurements of triglycerides and total cholesterol
(Akins et al. 1989). Serum TCDD levels were reported in picograms per gram lipid or parts
per trillion (ppt). The median serum sample weight for these samples was 0.65 g, and the
median lipid-adjusted limit of detection was 18.8 ppt. Samples below the limit of detection
(LOD) (9.4% in full cohort) were assigned a value equal to one-half of the LOD (Hornung
and Reed 1990). Details of the serum sample selection and TCDD concentrations measured
in 1976 serum are presented elsewhere (Eskenazi et al. 2000; Eskenazi et al. 2004b).

Physical function assessment in 1996

The physical function assessment administered in 1996 included four validated physical
tasks chosen for their ease of implementation, reliability, and frequent use in studies of
community-dwelling older adults (Tager et al. 1998): 1) a 10-foot walking test of functional
mobility, 2) a coin-flipping test of manual dexterity, 3) a grip strength test, and 4) a reach
down test of lower body mobility (Muriel Lezak 2012). Together, these tests represented a
diverse cross-section of physical performance. For the 10-foot walking test, participants
were asked to walk back and forth on a 10-foot long course for two minutes at their regular
speed as if walking down the street to go to the store. We used the number of lengths walked
in this time to calculate the average walking speed (ft/s). For the coin flip test, participants
were timed on how quickly they could turn five 50 lire coins from the heads to tails position
on a table without dropping them. For the grip strength test, participants, while in the
standing position, were asked to squeeze a dynamometer three times in each hand. We
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analyzed grip strength in two ways: the average of the three measures and the highest of the
three measures for the dominant and non-dominant hands. Lastly, in the reach down test,
participants were timed (in seconds) on how quickly they could, from a standing position,
reach down to pick a pen off the floor and return to standing.

Working memory assessment in 2008

The neurocognitive assessment in 2008 included the Wechsler Adult Intelligence Scale
(WAIS) digit span and spatial span tests (Muriel Lezak 2012). The digit span test targets
verbal working memory and engages executive function skills of attention, associability by
linking items so as to better recall them, and mathematical ability; the backward task
requires more complex storage and retrieval. The forward and backward subtests begin with
the administrator saying aloud 2 digits (i.e. 1-7) and progresses until criterion up to 8 digits.
The participant is then asked to retrieve and verbalize the span back to the administrator in
either the forward or backward order and must successfully repeat two lists at each sequence
length before another digit is added. The digit span (forward, backward) is the length of the
longest sequence recalled correctly (maximum of 8 forward and 7 backward). In a normative
sample of Italian adults (aged 30-70 years) the mean (xSD) of the forward and backward
digit spans was 6.0 (x1.0) and 4.7 (£1.1), respectively (Monaco et al. 2013).

The spatial span test, an adaptation of the Corsi block-tapping test (Muriel Lezak 2012), is
considered a visual-spatial analog of the digit span. The task assesses an individual’s ability
to remember a 3-dimensional sequence of tapping on a grid of white squares by the
administrator immediately after their presentation. The spatial span (forward, backward) is
the length of the longest sequence correctly recalled with a maximum of 8. The normative
mean (+SD) forward and backward spatial spans in Italian adults is 5.5 (£1.0) and 4.9
(£1.0), respectively (Monaco et al. 2013).

Each of the four subtests was repeated twice, and each subtest raw score was calculated as
the sum of the two trials. The maximum raw score was 14 for the backward digit span
subtest and 16 for the other three subtests (forward digit span, forward and backward spatial
span).

Statistical analysis

Because the serum TCDD distribution was approximately log-normal, TCDD levels were
log10-transformed. Serum TCDD was analyzed as both a continuous exposure (log;oTCDD)
and categorized to four levels. In the categorical analysis, TCDD levels <20ppt, which were
comparable to background serum levels of unexposed Italian women in 1976, served as the
reference group (Eskenazi et al. 2004a; Papke et al. 1994); the remaining three exposure
categories were defined by exposure tertiles calculated across the full cohort, producing
groups of < 20, 20.1-47.0, 47.1-135.0, and > 135 ppt.

Potential confounding variables were chosen a prioribased on the literature of human
neurotoxicity of PCBs/dioxins and earlier work in the SWHS. We considered: educational
attainment, smoking, alcohol consumption, age at interview, age at explosion, menarche
status at explosion, menopause status (pre-/post-) at interview (>12 months without a
menstrual cycle or surgical menopause), body mass index category [BMI; kilograms per
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meter squared categorized as underweight/normal (< 25 kg/m?2), overweight BMI > 25
kg/m? and < 30 kg/m?2) and obese (BMI = 30 kg/m?2)], and marital status. We used a directed
acyclic graph (DAG) of the assumed underlying causal relationships among variables to
inform covariate selection into the initial adjusted model and then, following a change-in-
estimate approach, further pared down the adjustment set to contain covariates changing the
association between TCDD and the outcome by more than 10% (Evans et al. 2012).

The physical function and working memory outcomes were initially all considered as
continuous variables. We examined the functional form of the relationship between each of
the outcomes and TCDD using locally weighted scatterplot smoothing (lowess) and
restricted cubic splines, and compared regression models with and without a squared term
on TCDD with a likelihood ratio test (Desquilbet and Mariotti 2010). If a linear model
appeared adequate, we used multivariate linear regression to assess the dose-response
relationship between dioxin and the physical and cognitive function tests, conditional on
confounders. In sensitivity analyses, we modeled TCDD categorically and obtained marginal
estimates of effect using semi-parametric estimation [targeted maximum likelihood
estimation (tmle) implementing Superlearner] that allowed us to make fewer assumptions
about the functional form, thus mitigating any bias in the effect measure introduced by mis-
specified parametric modeling (van der Laan and Rubin 2006). For all regression models,
variances were estimated using a robust sandwich estimator (Williams 2000).

For the working memory analysis, we considered effect modification by developmental
status at exposure including menarche status in 1976 (premenarche versus postmenarche)
and before/after peak brain development (< age 25 versus = age 25) (Pujol et al. 1993;
Sowell et al. 2001), and menopause status at assessment (premenopause vs. postmenopause).
(All women assessed on physical functioning were post-menarche at the time of the
explosion and post-menopause at assessment.) Effect modification was modeled by creating
a cross-product term between log10TCDD and the effect modifier of interest. Interactions
were considered significant if the p-value for the cross-product term was < 0.2.

In sensitivity analysis, to account for potential selection bias due to subsampling of women
within each wave and for loss-to-follow-up across the 1996 and 2008 waves, we re-
estimated the parameters with inverse-probability weights of censoring (Cole and Hernan
2008).

Participant characteristics

Descriptions of the 1996 physical function and 2008 working memory study samples in
comparison to the full SWHS cohort are provided in Table 1. The 1996 physical function
sample was older than the full SWHS cohort but did not differ with respect to other
sociodemographic characteristics; the 2008 working memory sample was of similar age to
the full SWHS cohort and was also similar in sociodemographic characteristics (see Table
1). In the 1996 assessment of physical functioning, the average age at interview was 57.3
(SD+ 2.9) years and all women were postmenopausal. Almost all were married (97%) and
the household primary wage earner had completed the required education (96%), 22%
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reported ever smoking, and 49% were regular alcohol drinkers. In the 2008 working memory
sample, 53% of the women were postmenopausal and averaged 52.3 (SD+ 11.3) years at the
time of the memory assessment. The majority were married (91%) and reported the primary
wage earner had completed the required education (65%), and 38% and 37% had a history
of smoking and regular alcohol consumption, respectively. In addition, 30% were pre-
menarche at the time of the explosion.

The median 1976 TCDD serum concentration was 45.2 ppt [interquartile range (IQR) = 28 —
100] for women who completed the physical function assessment and 60.1 ppt (IQR =29 —
150) for women who completed the working memory assessment compared to a median of
55.9 ppt (IQR = 28 — 157) for the full SWHS cohort. Among women who were pre- and
post-menopausal at the time of the working memory assessment, the median levels were
74.3 ppt (IQR = 33 — 207) and 46.3 ppt (IQR = 25 — 103), respectively. Women who were
pre-menarche at the time of the explosion had higher serum TCDD levels (median = 141.2
ppt; IQR = 48 — than those who were postmenarche (median= 45.6 ppt; IQR = 25 — 93).
These associations between exposure levels and age have been documented previously
(Eskenazi et al. 2004a).

The distribution of the neurophysiological function scores in 1996 and 2008 are presented in
Table 2. Physical function and working memory scores were normally distributed with the
exception of the reach down test where the majority (94%) of participants completed the
task within the narrow range of 1-3 seconds while the rest of the distribution was positively
skewed toward longer test times.

TCDD and physical functioning

The linear models for the physical function outcomes are presented in Table 3. We observed
no association between a 10-fold increase in 1976 TCDD serum concentrations and average
walking speed (adjusted p = 0.0006; 95% Confidence Interval (Cl): —0.13, 0.13), manual
dexterity (coin flip)(adjusted p = 0.32, 95% CI: -0.65, 1.33), and lower body flexibility
(reach down test)(adjusted p = —0.04; 95% CI: —0.36, 0.23) in the postmenopausal women
twenty years after the accident, after adjusting for age at assessment, primary wage earner's
highest education level (i.e. spouse for majority of participants), and BMI in 1996

The relationship between log;oTCDD and dominant and non-dominant hand grip strengths
showed evidence of non-linearity. In separate quadratic models for average grip strength in
dominant and non-dominant hands, the first and second order log;gTCDD terms were
statistically significant. In these two models, the first order log;oTCDD terms were positive
and the quadratic terms were negative, suggesting an inverted U-shape curve at which grip
strength improved at low levels of TCDD but decreased with higher exposure levels (see
Figure 1). This pattern was also supported by models using a restricted cubic spline function
with 4 knots. Models examining the highest grip strength yielded similar findings (Table 3).
Fifty-five women were unable to perform the grip strength test due to self report of arthritis
(n=47), tendonitis (n=6), or recent hand/arm surgery (n=2); though the proportion with
arthritis/hand pain was higher than the typical prevalence of osteoarthritis in Italian women
at this age (Corti and Rigon 2003), these women did not differ significantly from those who
did perform the test with respect to age or TCDD levels. Modeling all of the physical
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functioning outcomes as a function of categorized TCDD levels based on the distribution of
exposure in the full cohort (Supplementary Table 1) provided similar inference as the
continuous models.

In sensitivity analyses, when we adjusted for loss-to-follow up with inverse-probability
weights results were similar (data not shown).

TCDD and working memory

Adjusting for age at assessment and primary wage earner’s highest education level, a 10-fold
increase in 1976 serum TCDD levels was not associated with verbal or spatial working
memory measured about thirty years after the accident (Table 4) and there was no evidence
of non-linearity in the associations. We found some evidence of effect modification by
menarche status in 1976 (Table 4). A 10-fold increase in serum TCDD was associated with a
better forward digit span score (adjusted p = 0.42; 95% CI: 0.03, 0.81) among women who
were post-menarche in 1976, but not among those who were premenarche in 1976 (adjusted
B =—0.05; 95% ClI: —0.43, 0.32) (p-interaction = 0.06). We found no evidence of effect
modification of the association between continuous TCDD and memory scores by exposure
before or after peak brain development (age 25) (Supplementary Table 2) or by menopause
status at study visit (Supplementary Table 3).

In sensitivity analyses, we examined the consistency of the working memory association
when the assumptions of parametric models were relaxed with use of targeted maximum
likelihood estimation (tmle) using SuperLearner (Supplementary Table 4). These models
produced similar findings to the linear regression models using categorical exposure,
suggesting no association between TCDD exposure and working memory (Supplementary
Table 5). Further, results were robust in models including inverse-probability of censoring
weights to account for selection bias in subsampling and loss-to-follow up in the cohort
(data not shown). We also did not observe evidence of effect measure modification by
exposure before menarche or during peak brain development at the explosion, when TCDD
was categorized (data not shown).

DISCUSSION

In our study, we examined physical and cognitive function in women several decades after
exposure to dioxin released in an industrial explosion in Seveso, Italy. We found no
significant associations between their 1976 serum TCDD levels and several measures of
motor function and working memory (digit span or spatial span) approximately twenty and
thirty years after exposure, respectively. Average and highest grip strengths in the dominant
and non-dominant hands were the only endpoints with a suggestive hon-monotonic
relationship characterized by diminished strength at the lowest and highest levels of dioxin
exposure. At present, we are unaware of a biological explanation for the shape of this
relationship and caution it may be a spurious result from a small sample. This finding
warrants confirmation although few other populations will have exposure as high as the
Seveso cohort.
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In 1976 at the time of the explosion, the women in the physical function study were in their
30s — an age window not typically considered a critical period of brain development
(Knudsen 2004; Schug et al. 2011). Further, the women were assessed for motor ability in
their 50s and 60s when such functions are beginning to decline; though our findings suggest
that TCDD may not accelerate this course in the short term, an investigation at later life
stages, when physical function is in steeper decline, may better reveal dioxin’s potential to
alter the aging process. Further, we did not assess the physical function of the younger
women in the cohort (less than 30 years at the time of the explosion); as they age, these
outcomes may warrant another look. Our findings are consistent with a cross-sectional study
of older Michigan residents with diets high in PCB-contaminated fish in which no
association was found between PCB exposure and hand steadiness nor visual-motor
coordination in models adjusted for age and gender (Schantz et al. 1999). However, it is
important to note that the physical function tests we examined are reflective of general
physical performance and are not typically as sensitive as the tests of finer neuromotor
changes in the Michigan study.

Our findings on working memory are not consistent with those reported by Lin et al. in the
Yucheng cohort, which was exposed primarily to a mixture of PCBs and furans. They
reported a dose-response relationship between exposure and poorer performance on learning
and memory tests, including the digit span test, in 313 exposed women 25 years after the
accidental rice oil poisoning (Lin et al. 2008). This discrepancy could be attributable to the
older age of their sample (mean = 69.5 (£5.9) years versus 52.3 (+11.3) years in our
sample), differences in the mix of compounds the two populations were exposed to, or
perhaps differences in the populations’ genetic susceptibilities. Though our study examined
cognitive susceptibility around the time of menopause, several studies of PCB/dioxins in
older adults have reported cognitive reductions in women over the age of 70, suggesting that
the reserve capacity defending the brain from neurotoxins may diminish with aging
(Bouchard et al. 2014; Grandjean 1991; Haase et al. 2009). We note that the oldest subject in
our analysis was 73 years old with fewer than 10% of the sample aged 70 years or more.
Thus, any age-related susceptibility to dioxin neurotoxicity may not manifest nor be readily
measureable until the cohort shifts toward elderly (as we also previously noted with the
physical function tests).

Another potential explanation for the differences between our findings and those in the
Yucheng cohort is the comprehensiveness of the latter’s neuropsychological assessment.
While they found significant poorer performance on tests of forward and backward digit
span in women with increased exposure to PCB/PCDFs, they also reported dose-response
inverse relationships with additional measures of attention, verbal memory, psychomotor
function, visual scanning, and learning ability that we were not able to assess in the SWHS
(Lin et al. 2008). We only examined working memory and physical functioning in the
SWHS, and thus the effects of TCDD exposure on additional neurophysiological domains
cannot be gleaned from this study and remain unknown. Future work should consider a more
rigorous and broad examination of neuropsychological function and include, for example, a
refined battery of neuromotor tests and the digit symbol coding test which was sensitive to
dioxin-like chemicals in two different studies (Bouchard et al. 2014; Lin et al. 2008).
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With measurements of working memory in 2008, we were able to examine dioxin’s
neurotoxic potential across two developmental windows in the female life course —
menarche and menopause. Gonadal hormones are integral to brain development,
transitioning from organizational effects on brain differentiation in early life to activational
effects of neural plasticity and behavioral functions throughout adulthood (Weiss 2007).
Thus, we expected initial TCDD exposure and subsequent body burdens in relation to these
periods of neuroendocrine regulation could have important and disparate effects on the aging
brains of women who were different ages, ranging from 0-40 years, at the time of the
accident. However, in our analysis, we found that dioxin exposure at younger ages, either
during the window of peak brain development before age 25 or before menarche in
adolescence, was not associated with cognitive performance thirty years later.

We previously reported a non-monotonic relationship between TCDD and risk of earlier
menopause in the SWHS, consistent with the hypothesized effects of endocrine-disrupting
chemicals (Eskenazi et al. 2005). We expected that the hormonal declines of menopause
could also modify a woman’s later life susceptibility to dioxin neurotoxicity since many
women experience temporary neurological impairment, particularly related to memory,
during perimenopause though the longevity of this effect is unclear (Dluzen 2000; Espeland
et al. 2004). The inhibition of central dopamine resulting from the menopause-related
decline of estrogen in older women as well as age-related loss of dopaminergic neurons,
may be exacerbated by the neurotoxic activity of dioxin-like compounds on the dopamine
system to hasten cognitive decline among highly exposed older women (Akahoshi et al.
2009; Seegal 2000; Weiss 2007). Toxicologic studies /n vitro have suggested that TCDD, in
addition to disrupting regulation of the neuroendocrine system, can alter neuronal
biochemistry, inhibiting calcium uptake and neurotransmitter synthesis and signaling (Hong
et al. 1998; Jiang et al. 2014; Kim et al. 2007; Lee et al. 2007; Li et al. 2013). However, the
physiologic implications of these molecular changes have not been closely studied in adult
animals or humans. In this study, we did not see evidence of modified sensitivity to TCDD
neurotoxicity among menopausal women, the majority of whom were adults at the time of
explosion.

TCDD has been shown to cross the placenta and is hypothesized to interfere with fetal
development in both humans and animals (Chao et al. 2007; Nau et al. 1986). Animal
studies and limited epidemiological evidence suggest those exposed in utero may be even
more susceptible to the effects of TCDD (Arima et al. 2009; Bruner-Tran and Osteen 2011;
Ding et al. 2011; Gray et al. 1995; Gray and Osthy 1995; Ikeda et al. 2005; Jin et al. 2008;
Kakeyama et al. 2008; Manikkam et al. 2012). TCDD’s neurotoxicity in the human fetus,
however, is less clear and the sex-specific effects of TCDD on human neural development
remain to be characterized (White and Birnbaum 2009). In future analyses, we will examine
the relationship of /n utero TCDD exposure on the children born to the women in the
SWHS.

The present study has several strengths. First, the SWHS cohort is one of the only studies of
sufficient size and wide exposure variability to TCDD with background levels of exposure to
other dioxin-like compounds (Warner et al. 2005) to examine the effects of dioxin on
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women’s health. Further, the study utilizes direct measurements of serum TCDD close to the
time of the accident and a prospective study design.

In addition to the limited scope of the study’s neuropsychological assessment and the
possibility that the window of the present study is too premature to observe the age-related
neurotoxicity of TCDD, the small sample size of the physical function analysis raises
concerns about power and selection bias. Further, a third of the women who completed the
physical function assessment did not participate in the grip strength test due to hand pain or
surgery. Since these women did not differ significantly in TCDD levels and age from those
who completed the test, selection bias is unlikely to explain the grip strength finding.
Nevertheless, the proportion of women refusing the test due to arthritis/hand pain is in
excess of the expected prevalence in older Italian women (18%), further qualifying these
findings. Our data in the working memory analysis lack a large cell size of younger people
with lower TCDD levels (and older individuals with high exposure), leaving open the
possibility of residual confounding by age. While we were only able to collect outcome data
on a subsample of eligible women in both 1996 and 2008, sensitivity analyses exploring the
possibility of selection bias with inverse probability of treatment weighting did not
appreciably change the results. Nevertheless, the background exposures of 1976 are
substantially higher than background levels today (around 2ppt), which makes our lowest
exposed individuals fairly exposed by today’s standards, and thereby limits our ability to
generalize the relationship to these lower levels.

CONCLUSIONS

In summary, we did not see evidence of an adverse relationship between TCDD exposure
and long-term effects on working memory in a cohort of women exposed postnatally to high
levels of dioxin released during the Seveso accident. TCDD exposure does not appear to be
associated with physical functioning in the oldest women in the cohort, possibly with the
exception of grip strength where we observed an inverted U-shaped association. However,
the cohort was still relatively young at the age of assessment and continued follow-up of
their neurophysiological health into old age, with a more comprehensive neurocognitive
assessment, is warranted. Research on the interplay of past and current environmental
exposures on the aging brain is understudied and of greater importance given the increasing
longevity of populations in industrialized countries.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Little research exists on the neurotoxic effects of dioxins in older women.

TCDD was associated with grip strength but not other measures of physical
function.

TCDD exposure was not adversely associated with working memory.
Menopause, age at exposure, and age at menarche did not modify the association.

TCDD susceptibility may increase as the women age, warranting further research.
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Figure 1.

Plots of grip strength measurements for a 10-fold increase in 1976 levels of serum TCDD
(ppt) in A) dominant hand and B) non-dominant hand. Green line shows fit of predicted
values from quadratic model adjusted for age at assessment, BMI, and primary wage
earner’s education.
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Select characteristics of participants in complete cohort and in physical function and working memory

Table 1

assessments, SWHS, Italy, 1996-2009 [n(%)]

2008
1996 Physical Working
SWHS FUL' Function Memory
Characteristic Cohort Subgroup Subgroup
Total n=981 n=154 n=459
Characteristics at explosion
Age at explosion, years
0-10 232 (23.7) 0 111 (24.2)
11-20 279 (28.4) 0 144 (31.4)
21-30 241 (24.6) 1(0.7) 105 (22.9)
31-40 229 (23.2) 153 (99.3) 99 (21.6)
Menarche status at explosion
Premenarche 284 (28.9) 0 139 (30.2)
Postmenarche 69 (71.1) 154 (100) 320 (69.8)
Exposure before age 25
<25 years 613 (62.5) 0 301 (65.6)
=25 years 368 (37.5) 154 (100) 158 (34.4)
Smoking status
Never 827 (84.3) 126 (80.8) 387 (84.3)
Ever 154 (15.7) 28 (18.2) 72 (15.7)
Alcohol status
Never 772 (78.8) 85 (55.2) 367 (80.0)
Ever 209 (21.3) 69 (44.8) 92 (20.0)
Serum TCDD, ppt (median (IQR)) ~ 55.9 (28, 157)  45.2 (28,100)  60.1 (29, 150)
Characteristics at follow-up
Age at interview, years (Mean+SD) NA 57.3+29 52.3+11.3
Menopause status
Premenopausal 484 (49.3) 0 216 (47.3)
Postmenopausal 496 (50.6) 154 (100) 241 (52.7)
Primary wage earner's education
< Required 627 (63.9) 148 (96.1) 297 (64.7)
>High school 354 (36.1) 6 (3.9) 162 (35.3)
Marital Status
Never 76 (7.8) 4(2.6) 43 (9.4)
Ever 905 (92.3) 150 (97.4) 416 (90.6)
Smoking status
Never 619 (63.1) 120 (77.9) 286 (62.3)
Former 194 (19.8) 11(7.1) 105 (22.9)
Current 168 (17.1) 23 (14.9) 68 (14.8)

Alcohol status
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2008

1996 Physical Working

SWHS Full Function Memory

Characteristic Cohort Subgroup Subgroup

Never 618 (63) 78 (50.6) 288 (62.7)

Former 44 (4.5) 14 (9.1) 16 (3.5)

Current 319 (32.5) 76 (49.4) 155 (33.8)
BMI Category

Underweight 26 (2.6) 1(0.7) 8(1.7)

Normal 437 (44.6) 71 (46.1) 200 (43.6)

Overweight 302 (30.8) 57 (37.0) 142 (30.9)

Obese 216 (22.0) 25(16.2) 109 (23.8)

*
Last follow-up information on full cohort obtained from 1996 data for women who did not participate in 2008 follow-up.
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Multivariable linear regression analyses for the relationship of serum TCDD (log10) with measures of physical

functioning, Seveso Women’s Health Study, Italy, 1996-97.

log;TCDD (ppt) log;oTCDD? (ppt)
Outcome N Adjpa(95% Cl) Adj.p2(95% CI)
Time to flip 5 coins (sec) 153 0.34 (-0.65, 1.33)
Walking speed (ft/sec) 148  0.0006 (-0.13, 0.13)
Reach down test time (sec) 152 -0.06 (-0.36, 0.23)
Average grip strength dominant hand (kg) 98 §50(0.78,16.22)°  -2.06 (-3.69, —0.43) "

Average grip strength non-dominant hand (kg) ~ 98 1283 (5.61,20.05)" -3.15 (-4.66, -1.64) "
Highest grip strength dominant hand (kg) 98 948 (1.59, 17.37) * 296 (-3.90, —0.63)*

Highest grip strength non-dominant hand (kg) 98 1259 (5.39, 19.80)* -3.11 (-4.61, —1.60)*

aAdjusted for age at interview, primary wage earner education in 1996, BMI in 1996

*
p<0.05
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Multivariable linear regression analyses for the relationship of serum TCDD (log10) with measures of working
memory span, stratified by menarche status at explosion, Seveso Women’s Health Study, Italy, 2008-2009.

All women Pre-menarche in 1976  Post-menarche in 1976
(n=457) (n=139) (n=318)
Outcome Adjp2(95% Cl)  Adj.p2(95% CI) Adj p2 (95% CI) Pint
Digit Span
Forward 0.18 (-0.09, 0.45)  -0.05 (-0.43, 0.32) 0.42 (0.03, 0.81) * 0.06
Backward 0.06 (-0.22,0.34)  -0.1(-0.51,0.32) 0.17 (-0.23, 0.57) 052
Spatial Span
Forward 0.05 (-0.21, 0.31) 0.17 (-0.28, 0.61) 0.04 (-0.32, 0.39) 0.47
Backward -0.03 (-0.30,0.24)  -0.17 (~0.66, 0.32) 0.06 (-0.31, 0.43) 0.54

a . . . . -
Models adjusted for age at interview, primary wage earner education in 2008

*
p<0.05
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