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Abstract

Main sources of manganese (Mn) in the general population are diet and drinking water. Mn is also
found in ethylene bisdithiocarbamate (EBDC) fungicides used in agriculture or emitted into the air
by ferromanganese plants and welding fumes, which can be additional environmental and
occupational sources of exposure. High occupational Mn exposure has been linked with motor,
behavioral, and cognitive impairment, but its effects on neural function remain poorly understood.
We conducted a functional neuroimaging study in a sample of 48 farmworkers in Zarcero County,
Costa Rica, an agricultural region where EBDC fungicides are sprayed. We measured Mn
concentrations in farmworkers’ toenails (7= 40 farmworkers) and hair (n= 33 farmworkers), and
recorded brain activity in the dorsolateral prefrontal cortex during a letter-retrieval working
memory task using functional near-infrared spectroscopy (fNIRS). We estimated exposure-
outcome associations using multivariable linear regression models adjusted for age and education
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level. Geometric mean (geometric standard deviation) toenail and hair Mn concentrations were
0.40 ug/g (3.52) and 0.24 pg/g (3.54), respectively. We did not find strong evidence that Mn
concentrations were associated with working memory-related brain activity in this sample of
farmworkers; we also found null associations between working memory task accuracy and brain
activity. However, our small sample size may have limited our ability to detect small effect sizes
with statistical precision. Our study demonstrates that fNIRS can be a useful and feasible tool in
environmental epidemiology for examining the effects of toxicants, like Mn, on neural function.
This may prove to be important for elucidating neuropathological pathways that underlie
previously reported associations of elevated Mn exposure with neurotoxic effects.
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1. Introduction

Manganese (Mn) is a naturally-occurring element that is found ubiquitously in the
environment. Though an essential nutrient for healthy cellular functioning, Mn can be
neurotoxic at high levels (Agency for Toxic Substances and Disease Registry, 2012). Main
sources of Mn for the general population are diet, such as nuts and tea, and drinking water
(Agency for Toxic Substances and Disease Registry, 2012). Mn is also emitted into the air
by ferromanganese plants (Bowler et al., 2015) and welding fumes (Chang et al., 2010), and
is found in ethylene bisdithiocarbamate (EBDC) fungicides, such as mancozeb and maneb,
which can contaminate drinking water (van Wendel de Joode et al., 2016). Previous
occupational studies have found increased urinary levels of Mn (Canossa et al., 1993) and
ethylenethiourea (ETU) (Runkle et al., 2013), the main metabolite of EBDCs, among farm-
workers following mancozeb applications on agricultural fields. Another study found
increased blood serum levels of Mn in farmworkers exposed to mancozeb compared to
unexposed workers (Rocha et al., 2015). Environmental studies in communities living near
agricultural fields have also found that closer residential proximity to agricultural use of
EBDC fungicides was associated with increased Mn levels in pregnant women’s hair (Mora
et al., 2014), prenatal dentin from children’s shed teeth (Gunier et al., 2013), and home dust
samples (Gunier et al., 2014). Exposure to Mn from EBDC fungicides is therefore a
particular concern among farmworkers and individuals living in proximity to agricultural
fields.

Elevated Mn exposure has been linked with motor (Perl and Olanow, 2007), behavioral
(Bouchard et al., 2007b; Donaldson, 1987), and cognitive impairment (Al-Lozi et al., 2017;
Bowler et al., 2007), primarily in occupational studies of welders exposed to Mn from
welding fumes. To our knowledge, there has been only one occupational study of Mn
exposure in adult farmworkers, which reported higher prevalence of headache, fatigue,
nervousness, memory complaints, and sleepiness in workers exposed to the EBDC fungicide
maneb compared to unexposed workers (Ferraz et al., 1988). Much of the evidence for the
impact of Mn exposure on cognitive abilities comes from studies of prenatal and early-life
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exposures (Coetzee et al., 2016). Though developmental exposure likely affects the brain
differently than exposure during adulthood (Rice and Barone, 2000), these studies provide
additional support that overexposure to Mn has an adverse impact on the brain.

Functional neuroimaging techniques, such as functional magnetic resonance imaging (fMRI)
and functional near-infrared spectroscopy (fNIRS), measure localized changes in cerebral
blood flow related to brain activity at the neural level and have the potential to elucidate the
neuropathological pathway through which chemical exposures affect the brain (Boas et al.,
2014; Horton et al., 2014). While fMRI is considered the gold standard in functional
neuroimaging due to its high spatial resolution, fNIRS is emerging as a convenient and low-
cost alternative, especially when working in remote regions (Baker et al., 2017). Although
fNIRS has a lower signal-to-noise ratio than fMRI, the two methods have been found to
correlate highly across a variety of cognitive tasks (Cui et al., 2011).

To date, few published studies have examined the association between occupational Mn
exposure and brain activity using functional neuroimaging. A recent fNIRS case study of a
55-year-old man in Singapore, who was likely occupationally exposed to Mn at previous
workplaces, had elevated urinary concentrations of Mn and decreased activation of the
frontal lobe during a verbal fluency test compared to a healthy comparison subject (Ho et al.,
2018). In addition, one fMRI study found increased brain activity of the prefrontal cortex
during a verbal working memory task (Chang et al., 2010), while another found decreased
brain activity in the same region during an executive function task (Seo et al., 2016) in Mn-
exposed welders compared to un-exposed controls in Korea.

In the present study, we examined whether elevated Mn exposure was associated with brain
activity in a sample of farmworkers in Zarcero Country, Costa Rica, a region where the Mn-
containing fungicide mancozeb is the second most widely used agricultural pesticide
(Ramirez et al., 2016). We hypothesized that higher Mn concentrations, as measured in hair
and toenails, would be associated with altered brain activation patterns in the prefrontal
cortex related to working memory.

2. Methods

2.1. Study participants and procedures

We conducted this cross-sectional study of 48 farmworkers from 14 smallholder
horticultural farms [farms < 20 ha that operate as family businesses and use mainly family
labor (FAO, 2012)] in Zarcero County, Costa Rica, between July and August of 2016.
Zarcero is considered the “salad bowl” of Costa Rica because of the large amount and
diversity of crops grown in the area. Notably, this is also the location where organic farming
practices in the country originated (Rodriguez Miranda and Paniagua Guerrero, 1994).

We selected a convenience sample of participants from the Pesticide Use in Tropical Settings
(PESTROP) study cohort, which is a study of 300 farmworkers aimed at assessing
agricultural pesticide exposure and their potential health effects. Detailed methods for the
PESTROP study have been described elsewhere (Fuhrimann et al., 2019). Sample size for
the current study was limited by the availability of fNIRS equipment and technical staff. We
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included farmworkers from organic farms (7= 26) and conventional farms (n7= 22) to ensure
that there would be sufficient variability in pesticide exposure. We identified smallholder
conventional farms using random Global Positioning System (GPS) points, and certified
organic farms from a list provided by the organic farmworkers’ association. Eligible
participants for this study were farmworkers on a conventional or organic farm within the
study area and were =18 years of age. No participants self-reported a diagnosis of a
psychiatric disorder or use of psychopharmacologic medications.

We assessed the 48 participants over the course of two study visits. At the first visit, trained
research staff administered a structured questionnaire to gather information on
sociodemographic characteristics, occupational history, current or past disease status, and
computer literacy (i.e., whether they have ever used a computer or played video games).
fNIRS data were also collected on the first visit. The second visit occurred about a month
later [mean (SD), 29.7 (2.7) days]. We collected hair and toenail samples during the second
visit in order to give us time to remind the participants to refrain from cutting their hair and
clipping their toenails. Despite the gap in time between fNIRS and biological sample
collection, hair and toenail Mn concentrations reflect Mn exposure over the past month and a
seven-to 12-month period, respectively, thus capturing exposure at the time of and before
outcome assessment (Gil et al., 2011; Laohaudomchok et al., 2011).

All study materials and procedures were approved by the Human Subjects Committee of the
Universidad Nacional in Costa Rica (UNA-CECUNA-ACUE-04-2016) and the Ethical
Board of the Ethikkommission Nordwest-und Zentralschweiz in Switzerland (EKNZ-UBE,
2016-00771). Written informed consent was obtained from all study participants at
enrollment.

2.2. Hair and toenail Mn measurement

We measured Mn concentrations in farmworkers’ hair and toenails. We collected hair
samples from 33 (69%) participants (15 participants did not have enough hair to collect a
sample). Using stainless steel scissors, we cut 20-30 strands of hair from the occipital
region, approximately 2 mm from the scalp. We collected toenail samples from 40 (83%)
participants (toenails of 8 participants were too short to safely acquire a sample). Prior to
collection, participants were asked to wash their feet with soap and water and then clip their
toenails with clean stainless-steel nail clippers. We stored hair and toenail samples in sterile
plastic bags at room temperature until they were shipped to the Federal University of Bahia,
Brazil for analysis.

To limit contamination, hair samples were cleaned using a technique detailed elsewhere
(Eastman et al., 2013). Briefly, the nearest cm from the scalp of hair was sonicated for 20
min in 1% Triton, rinsed five times with ultra-pure water (Milli-Q, Millipore-Merck),
sonicated for ten minutes in 1 N ultra-pure nitric acid, rinsed once with a 1 N ultra-pure
nitric acid, and then rinsed five times with ultra-pure water. Approximately 10 mg of hair
was digested with 2 mL of concentrated spectroscopic grade nitric acid in a microwave
digester oven. The digested material was then diluted to 10 mL with ultra-pure water. Hair
samples, certified reference material (Human hair IAEA-085), and reagent blanks were
analyzed twice using graphite furnace atomic absorption spectrometry with Zeeman

Environ Res. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Palzes et al.

2.3.

Page 5

background correction. Toenail samples were analyzed for Mn using the same procedure
described for hair samples.

The analytical limit of detection (LOD) of both hair and toenail Mn concentrations was 0.05
ng/g with precision ranging between 2.6% and 7.6%. For participants with two
measurements above the LOD, we took the average. For participants with only one
measurement above the LOD (7= 3 for hair), we used that single value. For participants
whose measurements were both below the LOD (n= 3 for hair, n= 3 for toenail), we
imputed their Mn concentration as LOD/4/2 (Lubin et al., 2004).

fNIRS data collection and preprocessing

We measured brain activity during a letter-retrieval working memory task (Sternberg, 1969)
with a portable fNIRS device (NIRSport, NIRx Medical Technologies, LLC). Details of
fNIRS methods utilized in this study have been described elsewhere (Baker et al., 2017).
Briefly, we projected near-infrared light with wavelengths of 760 nm and 850 nm into the
cortex of each participant’s brain, and recorded samples of data at a rate of 7.81 Hz. We
attached eight sources and eight detectors to a mesh cap using the international 10/20
system, resulting in 18 channels configured to record brain activity from the left and right
dorsolateral prefrontal cortex. We grouped the 18 channels into eight functional regions of
interest (ROIs), four in each brain hemisphere (Fig. 1). The dorsolateral prefrontal cortex is a
region known to be involved in working memory based on previous fNIRS and fMRI studies
of healthy adults (Rypma and D’Esposito, 1999; Sato et al., 2013) and it is also known to be
affected by Mn exposure (Chang et al., 2010; Seo et al., 2016).

We selected an appropriately sized cap for each participant by measuring their head
circumference; some participants (20%) also wore a dark overcap to cover the sources and
detectors to decrease noise introduced by sunlight. Participants wore the fNIRS cap while
seated in front of a laptop that presented the task stimuli (Fig. S1). The Sternberg letter-
retrieval working memory task required participants to memorize a list of seven or eight
letters that were displayed for 2 s (Encoding), hold them in their memory (Maintenance),
and then determine whether a single letter was part of the previous list or not (Recall)
(Sternberg, 1969). During Recall, participants pressed a button on the keyboard to indicate
their response (yes or no), and reaction time and accuracy were recorded. The task consisted
of 30 trials, with a jittered inter-trial interval with a mean of 4 s where participants passively
viewed a fixation cross. Participants were asked to relax, remain still, and look at the fixation
cross for 30 s at the beginning and end of the task (Rest).

We quality checked fNIRS data using software developed by Cui et al. (2010) and
preprocessed data using a pipeline (Brigadoi et al., 2014) involving the Homer 2 package in
Matlab (Brigadoi et al., 2014; Cui et al., 2010; Huppert et al., 2009). Briefly, we converted
raw data to optical density prior to being corrected for motion-related artifacts using a
wavelet-based correction procedure (Hosseini et al., 2017). Next, we band-pass filtered the
data between 0.01 Hz and 0.5 Hz (Cui et al., 2010). Finally, we converted the preprocessed
data into time series of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR)
concentrations using the modified Beers-Lambert law (Wyatt et al., 1986).
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After preprocessing, we employed a general linear model (GLM) approach to assess task-
related cortical responses related to each component of the task (i.e., Encoding,
Maintenance, Recall, and Rest) within each recording channel (Schroeter et al., 2004). Due
to a hypothesized difference in cognitive demands elicited by the Encoding and Recall
phases of our task (Anderson et al., 2000), we made a contrast between the T-values
estimated for these conditions within the GLM procedure. We then performed a functional
localization procedure by selecting the channel with the greatest contrast value within each
of the eight functional ROIs for use in group-level analyses (Fig. 1) (Hosseini et al., 2017).
This procedure allows for individual participant variation in the task-responsive channels
and underlying brain regions, and reduces the risk of committing Type Il errors due to
averaging across non-responsive channels. For consistency, we conducted the localization
procedure first on the HbO data, then selected the same eight channels for the HbR data.

2.4, Statistical analysis

We assessed the relationship between toenail and hair Mn concentrations in farmworkers
who provided both samples using a Spearman correlation test. To test for potential selection
bias, we compared distributions of sociodemographic and occupational characteristics
among all farmworkers included in our analyses (7= 48) with the subsets who provided hair
(n=33) and toenail samples (/7= 40), using Wilcoxon rank-sum or /1/2 tests. We assessed
bivariate associations of Mn exposures with farmworker characteristics using Spearman
correlation or Wilcoxon rank-sum tests.

We modeled brain activation (HbO and HbR) at all eight ROIs and accuracy of the working
memory task (percentage of correct trials) as continuous outcomes. We used one-sample &
tests to determine whether there was significant brain activation in each ROI in response to
the working memory task among the entire sample of 48 participants. We examined bivariate
associations of brain activity with socio-demographic and occupational characteristics using
two-sample £tests, analyses of variance (ANOVA), or Pearson correlation tests. We also
assessed the association between task accuracy and brain activity at each ROl using linear
regression models.

We estimated associations of toenail and hair Mn concentrations with brain activity in each
ROI using linear regression models. We also estimated associations of toenail and hair Mn
concentrations with accuracy on the Sternberg task. Toenail and hair Mn concentrations
were strongly right-skewed, with few farmworkers having higher concentrations, so we logs-
transformed them to improve the linear fit of the model. Covariates associated with Mn
exposure and cognition in previous studies [i.e., age at testing and education level (<6th
grade vs. 7-11th grade)] (Damalas and Koutroubas, 2017; de Azeredo Passos et al., 2015;
Oulhote et al., 2014; Reuter-Lorenz and Cappell, 2008), including previous fMRI studies
(Chang et al., 2010; Seo et al., 2016), were included in the models a priori.

We examined the impact of other potential confounders in sensitivity analyses using linear
regression models. In separate analyses, we excluded females (/7= 2), left-handed
participants (7= 2), and those with self-reported neurological disorders (i.e., fiboromyalgia
and epilepsy) (n7= 2), because these subgroups are known to have different patterns of brain
activation (Cosgrove et al., 2007; Gur et al., 1982; Staud, 2011; Zhang et al., 2010). We also
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excluded farmworkers who performed the task poorly (accuracy < 50%) (77 = 3) because we
were unsure if their poor performance was due to inattention to the task. Given that people
drinking from non-aqueduct sources might be exposed to elevated Mn levels due to external
contamination of their water sources (e.g., from agricultural EBDC spraying) (van Wendel
de Joode et al., 2016) or naturally-occurring Mn found in groundwater (Agency for Toxic
Substances and Disease Registry, 2012), we excluded participants who did not drink water
from an aqueduct at home (7= 2). We reran our models adjusting for household poverty
level and computer literacy, separately, to determine if there was residual confounding after
adjusting for education level. Missing household poverty data (/7= 3) was imputed using
predictions from a linear regression model of income per person per household per month on
years worked in agriculture and years of education. Lastly, we included hair and toenail Mn
concentrations in the same multivariable models to estimate their independent associations
with brain activity, among the sub-sample that provided both hair and toenail samples (n=
32).

We performed all statistical analyses in RStudio version 1.1.419. We controlled for Type |
error using the Benjamini-Hochberg False Discovery Rate (FDR) at p < 0.05, except for
tests not involving fNIRS outcomes. We assessed for significant interaction effects at p <
0.20.

3. Results

3.1. Sociodemographic characteristics, Mn concentrations, and working memory

Participants included in the study were mostly male (96%), right-handed (94%), born in
Costa Rica (71%), educated at or below the 6th grade level (65%), living above the poverty
level (73%), and drank water from an aqueduct at home (96%) (Table 1). Notably, we did
not find meaningful differences in sociodemographic characteristics between all study
participants (/7= 48) and those who provided hair samples (7= 33) or toenail samples (n=
40) (Table 1).

Geometric mean (GM) (geometric standard deviation, GSD) toenail and hair Mn
concentrations were 0.40 pg/g (3.52) and 0.24 pg/g (3.54), respectively (Table 2). Toenail
Mn concentrations ranged from 0.04 to7.45 pg/g, and hair Mn concentrations ranged from
0.04 to 9.45 ug/g (Table S1). We found that toenail and hair Mn concentrations trended
positively among the 32 participants who provided both toenail and hair samples, but this
correlation was not statistically significant [Spearman correlation coefficient (rs) = 0.21, p=
0.25]. Toenail Mn concentrations were negatively associated with age (r; = -0.36, p=0.02)
and years worked in agriculture (r; = —0.33, p= 0.04; data not shown). Farmworkers born in
Nicaragua had higher toenail Mn concentrations (GM = 0.85, GSD = 2.87; p=0.03)
compared to those born in Costa Rica (GM = 0.31, GSD = 3.44; Table 2), which could be
confounded by age since farmworkers born in Nicaragua were significantly younger [median
= 22 years, interquartile range (IQR) = 4.8; p < 0.001] than those from Costa Rica (median =
43.7 years, IQR = 24.5). We also observed higher toenail Mn concentrations in workers from
organic farms (GM = 0.56, GSD = 3.24; p= 0.04) than those from conventional farms (GM
= 0.24, GSD = 3.46), but similar hair Mn concentrations in both groups (Table 2). Hair Mn
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concentrations were not associated with any other sociodemographic or occupational
characteristics.

Among all study participants (7= 48), there was significant brain activation across all ROIs
using HbO, but not using HbR (Fig. 2, Tables S2-S3). Additionally, there was significant
brain deactivation in R2 using HbR. In bivariate analyses, age, years worked in agriculture,
and type of farm were associated with HbO at some ROIs (Table S2); education level was
associated with HbR at some ROIs (Table S3). These associations were null after correcting
for multiple comparisons, except for the associations between type of farm and HbO at the
most medial (L2, R2) and posterior (L4, R4) ROIs and the association between education
level and HbR at R4.

3.2. Associations of working memory task performance with brain activity

Farmworkers performed the working memory task with a median accuracy of 67% (IQR =
11%) and a mean (SD) reaction time of 1.5 s (0.5 s). For each unit increase in HbO, there
was a 0.3-0.5% increase in working memory task accuracy at all ROIs (Table S4). The
positive associations between HbO and accuracy were strongest at the most lateral ROIs (L3,
R3) and the right posterior ROl (R4), but they were not statistically significant after FDR
correction. HbR was not associated with accuracy, neither before nor after FDR correction.

3.3. Associations of Mn concentrations with brain activity

We observed mostly null associations of toenail and hair Mn concentrations with brain
activity (HbO and HbR) in our unadjusted (Table S3; Figs. S2-S5) and adjusted (Table 3)
linear regression models. There were no statistically significant associations after adjusting
for multiple comparisons with FDR correction. Nevertheless, associations between toenail
Mn concentrations and HbO at all eight ROIs showed a negative trend, after controlling for
age and education level (Table 3). More specifically, brain activity decreased with every two-
fold increase in toenail Mn concentrations, with the strongest association observed at the
most anterior ROI in the right hemisphere (R1) (8= -1.5, 95% CI: —-3.4, 0.5). Associations
between toenail Mn concentrations and HbR showed a positive trend, after controlling for
age and education level (Table 3).

Associations between hair Mn concentrations and HbO in left ROIs also showed a positive
trend; however, a negative trend was observed in right ROIs (Table 3). Associations between
hair Mn concentrations and HbR were slightly positive in left anterior (L1) and bilateral
posterior (L4, R4) ROIs and negative elsewhere.

We found null associations of toenail (8= -1.2, 95% CI: —-4.1, 1.6) and hair Mn
concentrations (8= 0.9, 95% CI: —2.3, 4.2) with working memory task accuracy, after
adjusting for age and education level (data not shown).

3.4. Sensitivity analysis

Effect estimates for toenail (Table S6) and hair (Table S7) Mn concentrations after excluding
females (7= 2), left-handed farm-workers (1= 2), poor performers (1= 3), participants with
neurological diseases (7= 2, fibromyalgia, epilepsy), and farmworkers with water sources
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other than an aqueduct (/7= 2) generally stayed the same. Similarly, when poverty level and
computer literacy were added to the models, coefficients did not change meaningfully
(Tables S6-S7). Lastly, when toenail and hair Mn concentrations were added simultaneously
to the same multivariable models, effect estimates remain unchanged (Table S8).

4. Discussion

In a pilot study of smallholder farmworkers in Costa Rica, we did not find strong evidence
that elevated Mn exposure, measured in toe-nails and hair, was associated with alterations in
cortical brain activation during a working memory task. Overall, patterns of brain activation
in relation to Mn were weak and inconsistent. We found that toenail Mn concentrations
trended negatively with brain activity, concurrently with both HbO and HbR, suggesting that
past Mn exposure may be weakly related to inefficient recruitment of the dorsolateral
prefrontal cortex; however, our small sample size impeded our ability to measure subtle
associations with precision. Higher hair Mn concentrations, on the other hand, were
associated with a mixed pattern of brain activation across brain hemispheres.

Our study demonstrates the capacity to measure impacts of chemical exposures and metal
toxicity on cognitive ability at the neural level using functional neuroimaging. These
measures are potentially more sensitive than studies of neuropsychological test scores in
detecting the neural consequences of environmental insults. For example, an elevated
exposure to a neurotoxicant such as Mn could induce damage to the brain which results in
neural compensation, where brain regions “work harder” and become overactivated in order
to perform on tests within a normal range (Reuter-Lorenz and Cappell, 2008). Functional
neuroimaging also provides an opportunity to study how elevated exposures to Mn affect
neural pathways (de Water et al., 2017) and the function and structure of brain regions (Ho
etal., 2018).

Our findings are not consistent with previous functional neuroimaging studies of welders
that found associations of elevated Mn exposure with altered brain activation in the
prefrontal cortex (Chang et al., 2010; Seo et al., 2016). A study in Korea found that Mn-
exposed welders (n= 23) with similar accuracy in their performance on a verbal working
memory task as the unexposed workers (7= 21) had significantly greater activity in the
prefrontal cortex and a more widespread pattern of activity across the brain (Chang et al.,
2010). In contrast, another study in Korea found that Mn-exposed welders (7= 53)
performed worse on an executive function test and had less activation of the bilateral
superior frontal cortex (part of the prefrontal cortex) compared to unexposed workers (/7=
44) (Seo et al., 2016). In these studies, both increased and decreased activation of the
prefrontal cortex are suggestive of neural dysfunction, and the distinction may depend on
cognitive demand (Seo et al., 2016; Tomasi et al., 2007). Elevated Mn exposure may lead to
inefficient engagement of neural resources (i.e., higher brain activation) in a task with lower
cognitive demands [e.g., working memory task (Chang et al., 2010)], but this compensatory
mechanism may no longer be effective in tasks with higher cognitive demands [e.g.,
executive function test (Seo et al., 2016) and verbal fluency test (Ho et al., 2018)], leading to
equivalent or lower activation of brain regions.
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Lower Mn exposure levels in our farmworker population compared with levels observed in
two studies of welders (Chang et al., 2010; Seo et al., 2016), due to differences in exposure
routes and background levels, could explain our null findings (United States Environmental
Protection Agency, 2005). However, direct comparison of Mn exposure levels is not possible
given that the studies of welders measured Mn in blood and we measured Mn in hair and
toenails. Notably, hair and toenail Mn concentrations in our study were lower than those
reported in previous occupational and environmental studies (Table S9) (Grashow et al.,
2014; Hariri et al., 2018; Hassani et al., 2016; Mora et al., 2014; Ohgami et al., 2018; Reiss
et al., 2016; Rodrigues et al., 2015; Rolle-McFarland et al., 2018; Ward et al., 2017), though
it is unclear if these differences are real or due to variations in the cleaning procedures used
to prepare the biological samples for analysis.

We used different tasks in our study, compared with studies of welders, which could explain
our inconsistent findings. The Sternberg task that we used in our study assesses working
memory using a letter-retrieval format. This is different than the tasks used in the welding
studies, which included an N-back task that requires constant updating of memory (Chang et
al., 2010) and the Wisconsin Card Sort Task that involves cognitive flexibility and executive
control (Seo et al., 2016). Finally, our sample sizes differed slightly; one study had a similar
sample size to ours (23 Mn-exposed welders and 21 controls) (Chang et al., 2010), but the
other had a larger sample size (53 Mn-exposed welders and 44 controls) (Seo et al., 2016).
Our small sample size may have limited our ability to detect subtle associations of elevated
Mn exposure with brain activation.

In our pilot study, we did not find associations of hair and toenail Mn concentrations with
working memory task accuracy. This could be due to our small sample size or to the fact that
the working memory task that we used, while designed for optimal fNIRS data collection
and analysis, was not a standardized neuropsychological test. Likewise, a previous study in
Korea did not find differences in working memory task accuracy between Mn-exposed
welders and the comparison group (Chang et al., 2010).

We observed higher toenail Mn concentrations in organic farm-workers and comparable hair
Mn concentrations between organic and conventional farmworkers, which highlights the
complexity of Mn sources. Mn is found in the EBDC fungicide mancozeb, which is the
second most widely used pesticide in conventional farms in Zarcero County, our study area
(Ramirez et al., 2016), but it is also found in fertilizers that are used in organic farms if
deficiency of Mn in the soil is documented (Baker, 2009). Additionally, since the main
sources of Mn for the general population are drinking water and food (Agency for Toxic
Substances and Disease Registry, 2012), we do not know for certain how much agricultural
sources contributed to Mn concentrations observed in our sample of farmworkers.
Furthermore, this did not impede our ability to assess brain activity across a gradient of Mn
exposure, as we had sufficient variability in the exposure based on the distributions of Mn
concentrations in our sample. Future research is needed to determine how much agricultural
sources, whether from EBDC fungicides or fertilizers, contribute to Mn exposure levels in
farmworkers.
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While analyzing Mn concentrations in two biological matrices is a strength of our study, we
cannot conclude which biomarker is more valid for characterizing long-term cumulative Mn
exposure. Currently, there is no consensus on which biomarker of Mn most reliably reflects
internal dose (Eastman et al., 2013; Skroder et al., 2017; Smith et al., 2007). Previous
occupational studies have primarily used blood and urine, which are suitable for capturing
short-term and recent exposures (hours to days) (Chang et al., 2010; Laohaudomchok et al.,
2011; Smith et al., 2007). Given the mounting evidence that Mn accumulates in the brain
over periods of exposure (Bowler et al., 2017; Guilarte, 2013; Zaiyang et al., 2014),
biomarkers that reflect exposures over longer time intervals, such as hair and toenails, might
be useful. While hair has been used in epidemiologic studies and is believed to reliably
reflect Mn in the body from exposures over the past month (Bouchard et al., 2007a; Gil et
al., 2011), toenails are a relatively new biomarker that reflect internal dose of Mn from seven
to 12 months earlier (Laohaudomchok et al., 2011). More research is needed in order to
determine which biomarker provides the best estimate of long-term cumulative exposure.

While our study has some notable strengths, including the novelty of conducting an
epidemiologic field study with neuroimaging among a farmworker population, it also has
some limitations. First, our small sample size limited our ability to estimate potentially
subtle Mn-related associations with brain activity with precision. Second, we utilized a
convenience sampling scheme to select farmworkers based on the availability of fNIRS
equipment and technical staff, meaning our sample may not be representative of the entire
farmworker population in our study area. Third, while farmworkers were reminded to refrain
from cutting their toenails and hair two to four weeks prior to collection, some had forgotten
and were unable to safely provide samples. We believe it is unlikely that selection bias
strongly impacted our results as we did not find meaningful differences in farmworker
characteristics between the subsets of participants who provided hair or toenail samples and
all participants included in this study (77 = 48). Future research could improve sample
collection efforts by giving more reminders or allowing participants an allotted time frame
within which they can provide a sample. Another limitation includes selection bias due to
the healthy worker effect. For example, since we were unable to capture in our sampling
scheme farmworkers who may have left their occupation due to illness related to elevated
Mn exposure, we may have underestimated the effect that elevated Mn has on working
memory-related brain activity. Lastly, in our study, we did not assess participants’
intelligence, which may be a potential confounder of the exposure-outcome associations of
interest; however, we adjusted our main analyses for education level, which has been used as
a proxy for intelligence (Deary and Johnson, 2010).

A limitation of most fNIRS recording devices is the inability to decouple neurovascular
responses, used to infer functional brain activity, and hemodynamic activity from non-
cortical sources (e.g., skin blood flow changes and global blood pressure changes) from
fNIRS signal recordings (Caldwell et al., 2016; Scholkmann et al., 2014). An emerging
solution to this problem is the inclusion of “short-channels” to record physiological signals
that can be used as additional regressors in the GLM approach used to estimate brain
activation (Tachtsidis and Scholkmann, 2016). Short-channels function the same as typical
fNIRS recording channels, but have a much smaller distance between source and detector,
which creates a shallower photon path and enables measurement of oxygen fluctuations
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from scalp blood. While our fNIRS device was not equipped with short-channels, the GLM
approach that we used is robust and should not be highly influenced by extraneous
interference when noise is spatially constant. Because our optode coverage was symmetrical
and limited to the bilateral prefrontal cortex, noise from scalp blood flow was likely to be
detected similarly across all fNIRS recording channels. We are therefore confident that any
unexpected influences of scalp blood flow on our outcomes was minimal.

Lastly, we had a dominantly male sample with only two females, thus limiting the
generalizability of our findings to women and ability to measure sex-dependent effects.
Previous neuroimaging studies of Mn-exposed welders were also limited to men (Chang et
al., 2010; Seo et al., 2016). Given the evidence of neurobiological differences between sexes
(Cosgrove et al., 2007), higher Mn concentrations found in women (Oulhote et al., 2014),
and sex-dependent effects of Mn concentrations on cognition in children (Bouchard et al.,
2017), future studies should ensure that females are sufficiently represented in their sample
using a stratified sampling scheme. While this may be difficult to accomplish in
occupational populations that are predominantly male, efforts should be made in the study
design to ensure the inclusion of females.

5. Conclusions

We did not find strong evidence that elevated Mn exposure was associated with working
memory-related brain activity in this pilot study of smallholder farmworkers. We
demonstrate that conducting a functional neuroimaging study using fNIRS in the field with a
farm-worker population is feasible and may be a useful tool for future environmental and
occupational epidemiologic studies with larger sample sizes. Measuring cognitive ability at
the neural level with functional neuroimaging has potential for detecting adverse effects of
chemical exposures that may not otherwise be detected with neuropsychological tests or
behavior rating scales due to, for example, compensation of other neural resources. The
ability to conveniently measure brain activity with fNIRS also has important public health
implications for assessing the neurobehavioral effects of chemical exposures that may have
subtle effects on the brain.
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Fig. 1.
The functional near-infrared spectroscopy (fNIRS) optode configuration over the

dorsolateral prefrontal cortex used in our study. Using the international 10/20 system, we
configured eight sources (solid red circles) and eight detectors (checkered blue circles) to
make 18 unique channels (bold black lines), creating eight regions of interest (ROIs)—four
in the left hemisphere (L1-L4) and four in the right hemisphere (R1-R4). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 2.

Grgoup mean estimates of brain activity across the eight regions of interest (ROISs) in
response to the letter-retrieval working memory task (77 = 48). Colors represent T-scores with
warm colors indicating positive values and cool colors indicating negative values. (A) Brain
activation using oxygenated hemoglobin concentrations (HbO). (B) Brain activation using
deoxygenated hemoglobin concentrations (HbR).
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