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Abstract

Main sources of manganese (Mn) in the general jabipul are diet and drinking water. Mn is
also found in ethylene bisdithiocarbamate (EBDQ@)faides used in agriculture or emitted into
the air by ferromanganese plants and welding fumk&h can be additional environmental and
occupational sources of exposure. High occupatibiméxposure has been linked with motor,
behavioral, and cognitive impairment, but its ef$sen neural function remain poorly
understood. We conducted a functional neuroimasgindy in a sample of 48 farmworkers in
Zarcero County, Costa Rica, an agricultural regiubiere EBDC fungicides are sprayed. We
measured Mn concentrations in farmworkers’ toena#gl0 farmworkers) and hain£33
farmworkers), and recorded brain activity in thesiateral prefrontal cortex during a letter-
retrieval working memory task using functional nedrared spectroscopy (fNIRS). We
estimated exposure-outcome associations usingvauéble linear regression models adjusted
for age and education level. Geometric mean (gesrsttindard deviation) toenail and hair Mn
concentrations were 0.4@/g (3.52) and 0.24g/g (3.54), respectively. We did not find strong
evidence that Mn concentrations were associatddworking memory-related brain activity in
this sample of farmworkers; we also found null agsmons between working memory task
accuracy and brain activity. However, our small glnsize may have limited our ability to
detect small effect sizes with statistical precisiOur study demonstrates that fNIRS can be a
useful and feasible tool in environmental epideogglfor examining the effects of toxicants,
like Mn, on neural function. This may prove to bgportant for elucidating neuropathological
pathways that underlie previously reported assiociatof elevated Mn exposure with neurotoxic
effects.

Keywords: manganese, mancozeb, pesticides, farmworkerspingaging, functional near-

infrared spectroscopy, working memory, Costa Rica



Introduction

Manganese (Mn) is a naturally-occurring element ishéound ubiquitously in the
environment. Though an essential nutrient for lgatellular functioning, Mn can be neurotoxic
at high levels (Agency for Toxic Substances & DggeRegistry, 2012). Main sources of Mn for
the general population are diet, such as nutsemdand drinking water (Agency for Toxic
Substances & Disease Registry, 2012). Mn is algteshinto the air by ferromanganese plants
(Bowler et al., 2015) and welding fumes (Change®810), and is found in ethylene
bisdithiocarbamate (EBDC) fungicides, such as masloc@nd manelwhich can contaminate
drinking water (van Wendel de Joode et al., 20R6vious occupational studies have found
increased urinary levels of Mn (Canossa et al.3189d ethylenethiourea (ETU) (Runkle et al.,
2013), the main metabolite of EBDCs, among farmwosKollowing mancozeb applications on
agricultural fields. Another study found increa$dolod serum levels of Mn in farmworkers
exposed to mancozeb compared to unexposed woikechd et al., 2015). Environmental
studies in communities living near agriculturaldehave also found that closer residential
proximity to agricultural use of EBDC fungicides svassociated with increased Mn levels in
pregnant women’s hair (Mora et al., 2014), prendégitin from children’s shed teeth (Gunier et
al., 2013), and home dust samples (Gunier et@14R Exposure to Mn from EBDC fungicides
is therefore a particular concern among farmworkeigindividuals living in proximity to
agricultural fields.

Elevated Mn exposure has been linked with motorl @l Olanow, 2007), behavioral
(Bouchard et al., 2007b; Donaldson, 1987), and itiwgrimpairment (Al-Lozi et al., 2017;
Bowler et al., 2007), primarily in occupational diees of welders exposed to Mn from welding
fumes. To our knowledge, there has been only onepational study of Mn exposure in adult
farmworkers, which reported higher prevalence @daehe, fatigue, nervousness, memory
complaints, and sleepiness in workers exposedet&BDC fungicide maneb compared to
unexposed workers (Ferraz et al., 1988). Much efethidence for the impact of Mn exposure on
cognitive abilities comes from studies of prenatad early-life exposures (Coetzee et al., 2016).
Though developmental exposure likely affects trarbdifferently than exposure during
adulthood (Rice and Barone, 2000), these studmsge 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 unexposed 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., 2016YVe 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.

M ethods
Sudy Participants and Procedures

We conducted this cross-sectional study of 48 farmworkers from 14 smallholder
horticultural farms [farms <20 hectares 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 lamativhere organic farming practices in the
country originated (Rodriguez Miranda and Panigguarrero, 1994).

We selected a convenience sample of participaots the Pesticide Use in Tropical
Settings (PESTROP) study cohort, which is a stddB00 farmworkers aimed at assessing
agricultural pesticide exposure and their poteritesith effects. Detailed methods for the
PESTROP study have been described elsewhere (Farmiet al., 2019). Sample size for the
current study was limited by the availability oflRE equipment and technical staff. We
included farmworkers from organic farms=@6) and conventional farme%22) to ensure that
there would be sufficient variability in pesticidgposure. We identified smallholder
conventional farms using random Global Positiorfiygtem (GPS) points, and certified organic
farms from a list provided by the organic farmwaseassociation. Eligible participants for this
study were farmworkers on a conventional or orgéamim within the study area and werg8
years of age. No patrticipants self-reported a diagnof a psychiatric disorder or use of
psychopharmacologic medications.

We assessed the 48 participants over the coutseddtudy visits. At the first visit,
trained research staff administered a structurestipnnaire to gather information on
sociodemographic characteristics, occupationabhysturrent or past disease status, and
computer literacy (i.e., whether they have evedwseomputer or played video games). fNIRS
data were also collected on the first visit. Theosel visit occurred about a month later [mean
(SD), 29.7 (2.7) days]. We collected hair and tdeseamples during the second visit in order to
give us time to remind the participants to refrfaom cutting their hair and clipping their
toenails. Despite the gap in time between fNIRSl@ntbgical sample collection, hair and
toenail Mn concentrations reflect Mn exposure diaerpast month and a seven- to 12-month
period, respectively, thus capturing exposure atithe of and before outcome assessment (Gil
et al., 2011; Laohaudomchok et al., 2011).

All study materials and procedures were approvetheyHuman Subjects Committee of
the Universidad Nacional in Costa Rica (UNA-CECUNRKUE-04-2016) and the Ethical
Board of the Ethikkommission Nordwest-und Zentralgeiz in Switzerland (EKNZ-UBE 2016-

00771). Written informed consent was obtained faedhstudy participants at enroliment.



Hair and Toenail Mn Measurement

We measured Mn concentrations in farmworkers’ aad toenails. We collected hair
samples from 33 (69%) participants (15 participandsnot have enough hair to collect a
sample). Using stainless steel scissors, we c@2€trands of hair from the occipital region,
approximately 2 mm from the scalp. We collectedhédlesamples from 40 (83%) participants
(toenalils of 8 participants were too short to sagelquire a sample). Prior to collection,
participants were asked to wash their feet witlpsavad water and then clip their toenails with
clean stainless-steel nail clippers. We stored dnairtoenail samples in sterile plastic bags at
room temperature until they were shipped to theeF|dJniversity of Bahia, Brazil for analysis.

To limit contamination, hair samples were cleangiti@ a technique detailed elsewhere
(Eastman et al., 2013). Briefly, the nearest cnmftbe scalp of hair was sonicated for 20 min in
1% Triton, rinsed five times with ultra-pure wa#filli-Q, Millipore-Merck), sonicated for ten
minutes in 1 N ultra-pure nitric acid, rinsed ondgéh a 1 N ultra-pure nitric acid, and then rinsed
five times with ultra-pure water. Approximately @@y of hair was digested with 2 mL of
concentrated spectroscopic grade nitric acid ina@awave digester oven. The digested material
was then diluted to 10 mL with ultra-pure wateritsamples, certified reference material
(Human hair IAEA-085), and reagent blanks were yread twice using graphite furnace atomic
absorption spectrometry with Zeeman backgroundection. Toenail samples were analyzed for
Mn using the same procedure described for hair Esmp

The analytical limit of detection (LOD) of both In@nd toenail Mn concentrations was
0.05ug/g with precision ranging between 2.6% and 7.686.farticipants with two
measurements above the LOD, we took the averagedrticipants with only one measurement
above the LODr{=3 for hair), we used that single value. For pgénts whose measurements

were both below the LODE3 for hair,n=3 for toenail), we imputed their Mn concentratam

LOD/V/2 (Lubin et al., 2004).

fNIRS Data Collection and Preprocessing

We measured brain activity during a letter-retslevorking memory task (Sternberg,
1969) with a portable fNIRS device (NIRSport, NIRbedical Technologies, LLC). Details of
fNIRS methods utilized in this study have been dbed elsewhere (Baker et al., 2017). Briefly,

we projected near-infrared light with wavelengtiig @ nm and 850 nm into the cortex of each
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participant’s brain, and recorded samples of datarate of 7.81 Hz. We attached eight sources
and eight detectors to a mesh cap using the irtterrah 10/20 system, resulting in 18 channels
configured to record brain activity from the leftcaright dorsolateral prefrontal cortex. We
grouped the 18 channels into eight functional negjiof interest (ROIs), four in each brain
hemisphere (Figure 1). The dorsolateral prefrotaaiex is a region known to be involved in
working memory based on previous fNIRS and fMRHgts of healthy adults (Rypma and
D’Esposito, 1999; Sato et al., 2013) and it is &isown to be affected by Mn exposure (Chang
et al., 2010; Seo et al., 2016).

We selected an appropriately sized cap for eadicyant by measuring their head
circumference; some participants (20%) also watar& overcap to cover the sources and
detectors to decrease noise introduced by sunkgirticipants wore the fNIRS cap while seated
in front of a laptop that presented the task stirfikigure S1). The Sternberg letter-retrieval
working memory task required participants to mem®a list of seven or eight letters that were
displayed for 2 seconds (Encoding), hold them @irtmemory (Maintenance), and then
determine whether a single letter was part of tle®ipus list or not (Recall) (Sternberg, 1969).
During Recall, participants pressed a button orkéyboard to indicate their response (yes or
no), and reaction time and accuracy were recortieel task consisted of 30 trials, with a jittered
inter-trial interval with a mean of 4 seconds wheagticipants passively viewed a fixation cross.
Participants were asked to relax, remain still, lmo#t at the fixation cross for 30 seconds at the
beginning and end of the task (Rest).

We quality checked fNIRS data using software dgwetbby Cui et al. (2010) and
preprocessed data using a pipeline (Brigadoi gR@l4) involving the Homer 2 package in
Matlab (Brigadoi et al., 2014; Cui et al., 2010;dgert et al., 2009). Briefly, we converted raw
data to optical density prior to being correctedrfmtion-related artifacts using a wavelet-based
correction procedure (Hosseini et al., 2017). Nexet band-pass filtered the data between 0.01
Hz and 0.5 Hz (Cui et al., 2010). Finally, we coried the preprocessed data into time series of
oxygenated hemoglobin (HbO) and deoxygenated heshog(HbR) concentrations using the
modified Beers-Lambert law (Wyatt et al., 1986).

After preprocessing, we employed a general lineadeh(GLM) approach to assess task-
related cortical responses related to each comparfiéine task (i.e., Encoding, Maintenance,

Recall, and Rest) within each recording channehi(&ster et al., 2004). Due to a hypothesized



difference in cognitive demands elicited by the @&tog and Recall phases of our task
(Anderson et al., 2000), we made a contrast betwee-values estimated for these conditions
within the GLM procedure. We then performed a fiorel localization procedure by selecting
the channel with the greatest contrast value widlaich of the eight functional ROIs for use in
group-level analyses (Figure 1) (Hosseini et &11,7). This procedure allows for individual
participant variation in the task-responsive chémaad underlying brain regions, and reduces
the risk of committing Type Il errors due to averggacross non-responsive channels. For
consistency, we conducted the localization proce(itst on the HbO data, then selected the

same eight channels for the HbR data.

Satistical Analysis

We assessed the relationship between toenail anMhaconcentrations in farmworkers
who provided both samples using a Spearman caoeltdst. To test for potential selection bias,
we compared distributions of sociodemographic awlipational characteristics among all
farmworkers included in our analyses48) with the subsets who provided har83) and
toenail samplesn€40), using Wilcoxon rank-sum gf tests. We assessed bivariate associations
of Mn exposures with farmworker characteristicsigsspearman correlation or Wilcoxon rank-
sum tests.

We modeled brain activation (HbO and HbR) at ajheROls and accuracy of the
working memory task (percentage of correct trialsfontinuous outcomes. We used one-
samplet-tests to determine whether there was significaantactivation in each ROl in
response to the working memory task among theeegéimple of 48 participants. We examined
bivariate associations of brain activity with satgoographic and occupational characteristics
using two-samplé-tests, analyses of variance (ANOVA), or Pearsaretation tests. We also
assessed the association between task accuratyandactivity at each ROl using linear
regression models.

We estimated associations of toenail and hair Mitentrations with brain activity in
each ROI using linear regression models. We alsmated associations of toenail and hair Mn
concentrations with accuracy on the Sternberg fBs&nail and hair Mn concentrations were
strongly right-skewed, with few farmworkers havimgher concentrations, so we jog

transformed them to improve the linear fit of thedel. Covariates associated with Mn exposure



and cogpnition in previous studies [i.e., age airigsand education levek 6" grade vs. 7-11
grade)](Damalas and Koutroubas, 2017; de Azeredo Passis 2015; Oulhote et al., 2014;
Reuter-Lorenz and Cappell, 2008), including presitMRI studies (Chang et al., 2010; Seo et
al., 2016), were included in the modalpriori.

We examined the impact of other potential confouside sensitivity analyses using
linear regression models. In separate analysesxaladed femalen€2), left-handed
participantsi=2), and those with self-reported neurological disos (i.e., fibromyalgia and
epilepsy) (=2), because these subgroups are known to hawatiffpatterns of brain activation
(Cosgrove et al., 2007; Gur et al., 1982; Staud,12@hang et al., 2010). We also excluded
farmworkers who performed the task poorly (accura®p%) (=3) because we were unsure if
their poor performance was due to inattention &ot#isk. Given that people drinking from non-
agueduct sources might be exposed to elevated Witsldue to external contamination of their
water sources (e.g., from agricultural EBDC sprgyijvan Wendel de Joode et al., 2016) or
naturally-occurring Mn found in groundwater (Agerfoy Toxic Substances & Disease Registry,
2012), we excluded participants who did not drird¢er from an aqueduct at honm=2). We
reran our models adjusting for household povenglland computer literacy, separately, to
determine if there was residual confounding aftgusting for education level. Missing
household poverty data<£3) was imputed using predictions from a linearesgion model of
income per person per household per month on yeakeed in agriculture and years of
education. Lastly, we included hair and toenail dédncentrations in the same multivariable
models to estimate their independent associatidgtfishrain activity, among the sub-sample that
provided both hair and toenail samples32).

We performed all statistical analyses in RStudisim 1.1.419. We controlled for Type
| error using the Benjamini-Hochberg False Discgueate (FDR) ap<0.05, except for tests not

involving fNIRS outcomes. We assessed for significateraction effects gi<0.20.

Results
Sociodemographic Characteristics, Mn Concentrations, and Working Memory

Participants included in the study were mostlyer(86%), right-handed (94%), born in
Costa Rica (71%), educated at or below tAgde level (65%), living above the poverty level
(73%), and drank water from an aqueduct at hom&j9@able 1). Notably, we did not find
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meaningful differences in sociodemographic chareties between all study participants=438)
and those who provided hair samples33) or toenail samples£40) (Table 1).

Geometric mean (GM) (geometric standard deviati@BD) toenail and hair Mn
concentrations were 0.4@/g (3.52) and 0.24g/g (3.54), respectively (Table 2). Toenail Mn
concentrations ranged from 0.04 to 74fg, and hair Mn concentrations ranged from 0.04 to
9.45ug/g (Table S1). We found that toenail and hair Mnaentrations trended positively
among the 32 participants who provided both toegnadl hair samples, but this correlation was
not statistically significant [Spearman correlataoefficient (£=0.21,p=0.25]. Toenail Mn
concentrations were negatively associated with(age).36,p=0.02) and years worked in
agriculture (&=-0.33,p=0.04; data not shown). Farmworkers born in Nicasagad higher
toenail Mn concentrations (GM=0.85, GSD=2.8%0.03) compared to those born in Costa Rica
(GM=0.31, GSD=3.44; Table 2), which could be comided by age since farmworkers born in
Nicaragua were significantly younger [median=22rgemterquartile range (IQR)=4.8;
p<0.001] than those from Costa Rica (median=43.7sy¢@R=24.5). We also observed higher
toenail Mn concentrations in workers from orga@mis (GM=0.56, GSD=3.24=0.04) than
those from conventional farms (GM=0.24, GSD=3.46t, similar hair Mn concentrations in
both groups (Table 2). Hair Mn concentrations weseassociated with any other
sociodemographic or occupational characteristics.

Among all study participant$£48), there was significant brain activation acrals
ROIs using HbO, but not using HbR (Figure 2, Tald2sS3). Additionally, there was
significant brain deactivation in R2 using HbR binariate analyses, age, years worked in
agriculture, and type of farm were associated Witil© at some ROIs (Table S2); education
level was associated with HbR at some ROIs (TaB)e Bhese associations were null after
correcting for multiple comparisons, except for #8ssociations between type of farm and HbO
at the most medial (L2, R2) and posterior (L4, R®Is and the association between education
level and HbR at R4.

Associations of Working Memory Task Performance with Brain Activity
Farmworkers performed the working memory task witinedian accuracy of 67%
(IQR=11%) and a mean (SD) reaction time of 1.5.5 §). For each unit increase in HbO, there

was a 0.3-0.5% increase in working memory taskraoguat all ROIs (Table S4). The positive
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associations between HbO and accuracy were stroagége most lateral ROIs (L3, R3) and the
right posterior ROI (R4), but they were not stataty significant after FDR correction. HbR

was not associated with accuracy, neither beforafter FDR correction.

Associations of Mn Concentrations with Brain Activity

We observed mostly null associations of toenail laair Mn concentrations with brain
activity (HbO and HbR) in our unadjusted (Table Bgures S2-S5) and adjusted (Table 3)
linear regression models. There were no statigfisagnificant associations after adjusting for
multiple comparisons with FDR correction. Never#ssl, associations between toenail Mn
concentrations and HbO at all eight ROIs showedgative trend, after controlling for age and
education level (Table 3). More specifically, brartivity decreased with every two-fold
increase in toenail Mn concentrations, with thersiest association observed at the most
anterior ROI in the right hemisphere (RBF(1.5, 95% CI: -3.4, 0.5). Associations between
toenail Mn concentrations and HbR showed a positeed, after controlling for age and
education level (Table 3).

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

We found null associations of toeng#=(1.2, 95% CI: -4.1, 1.6) and hair Mn
concentrations£=0.9, 95% CI: -2.3, 4.2) with working memory tasicaracy, after adjusting

for age and education level (data not shown).

Sengitivity Analysis

Effect estimates for toenail (Table S6) and haalff€ S7) Mn concentrations after
excluding femalesnE2), left-handed farmworkers£2), poor performersE3), participants
with neurological diseases<2, fibromyalgia, epilepsy), and farmworkers withter sources
other than an aqueduct=2) generally stayed the same. Similarly, when pguevel and
computer literacy were added to the models, caefits did not change meaningfully (Tables
S6-S7). Lastly, when toenail and hair Mn concerdrst were added simultaneously to the same

multivariable models, effect estimates remain ungea (Table S8).
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Discussion

In a pilot study of smallholder farmworkers in Co&ica, we did not find strong
evidence that elevated Mn exposure, measured mailseand hair, was associated with
alterations in cortical brain activation during arking memory task. Overall, patterns of brain
activation in relation to Mn were weak and incotesis. We found that toenail Mn
concentrations trended negatively with brain agtjwwoncurrently with both HbO and HbR,
suggesting that past Mn exposure may be weakljexela inefficient recruitment of the
dorsolateral prefrontal cortex; however, our smathple size impeded our ability to measure
subtle associations with precision. Higher hair dédncentrations, on the other hand, were
associated with a mixed pattern of brain activatioross brain hemispheres.

Our study demonstrates the capacity to measuradmmf chemical exposures and metal
toxicity on cognitive ability at the neural leveding functional neuroimaging. These measures
are potentially more sensitive than studies of opsychological test scores in detecting the
neural consequences of environmental insults. K@amele, an elevated exposure to a
neurotoxicant such as Mn could induce damage tbr&ie which results in neural
compensation, where brain regions “work harder” b@come overactivated in order to perform
on tests within a normal range (Reuter-Lorenz aappe@ll, 2008). Functional neuroimaging also
provides an opportunity to study how elevated expesto Mn affect neural pathways (de Water
et al., 2017) and the function and structure ofrbragions (Ho et al., 2018).

Our findings are not consistent with previous fimeal neuroimaging studies of welders
that found associations of elevated Mn exposurk altered brain activation in the prefrontal
cortex (Chang et al., 2010; Seo et al., 2016).ullsin Korea found that Mn-exposed welders
(n=23) with similar accuracy in their performanceaowerbal working memory task as the
unexposed workersi£21) had significantly greater activity in the paeftal cortex and a more
widespread pattern of activity across the brainaf@het al., 2010). In contrast, another study in
Korea found that Mn-exposed weldens%3) performed worse on an executive function aest
had less activation of the bilateral superior fabigbrtex (part of the prefrontal cortex) compared
to unexposed workers£44) (Seo et al., 2016). In these studies, botreased and decreased
activation of the prefrontal cortex are suggestiaeural dysfunction, and the distinction may
depend on cognitive demand (Seo et al., 2016; Tomas., 2007). Elevated Mn exposure may

lead to inefficient engagement of neural resou(ces higher brain activation) in a task with
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lower cognitive demands [e.g., working memory t@8kang et al., 2010)], but this
compensatory mechanism may no longer be effeativasks with higher cognitive demands
[e.g., executive function test (Seo et al., 201%) @erbal fluency test (Ho et al., 2018)], leading
to equivalent or lower activation of brain regions.

Lower Mn exposure levels in our farmworker popwatcompared with levels observed
in two studies of welders (Chang et al., 2010; &eal., 2016), due to differences in exposure
routes and background levels, could explain ourfmdings (United States Environmental
Protection Agency, 2005). However, direct comparisbMn exposure levels is not possible
given that the studies of welders measured Mnaondkhnd we measured Mn in hair and
toenails. Notably, hair and toenail Mn concentradian our study were lower than those reported
in previous occupational and environmental stu@liedble S9) (Grashow et al., 2014; Hariri et
al., 2018; Hassani et al., 2016; Mora et al., 2@HAgami et al., 2018; Reiss et al., 2016;
Rodrigues et al., 2015; Rolle-McFarland et al.,204/ard et al., 2017), though it is unclear if
these differences are real or due to variatiorteércleaning procedures used to prepare the
biological samples for analysis.

We used different tasks in our study, compared wstitidies of welders, which could
explain our inconsistent findings. The Sternbesi that we used in our study assesses working
memory using a letter-retrieval format. This id&liént than the tasks used in the welding
studies, which included an N-back task that regubenstant updating of memory (Chang et al.,
2010) and the Wisconsin Card Sort Task that inwbagnitive flexibility and executive control
(Seo et al.,, 2016). Finally, our sample sizes effieslightly; one study had a similar sample size
to ours (23 Mn-exposed welders and 21 controlsaf@tet al., 2010), but the other had a larger
sample size (53 Mn-exposed welders and 44 contf®&) et al., 2016). Our small sample size
may have limited our ability to detect subtle asstoans of elevated Mn exposure with brain
activation.

In our pilot study, we did not find associationshair and toenail Mn concentrations with
working memory task accuracy. This could be dueuwosmall sample size or to the fact that the
working memory task that we used, while designedfdimal fNIRS data collection and
analysis, was not a standardized neuropsychologgisalLikewise, a previous study in Korea did
not find differences in working memory task accyraetween Mn-exposed welders and the

comparison group (Chang et al., 2010).
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We observed higher toenail Mn concentrations iranigfarmworkers and comparable
hair Mn concentrations between organic and congeatifarmworkers, which highlights the
complexity of Mn sources. Mn is found in the EBD@hgicide mancozeb, which is the second
most widely used pesticide in conventional farmZancero County, our study area (Ramirez et
al., 2016), but it is also found in fertilizers tlzae used in organic farms if deficiency of Mn in
the soil is documented (Baker, 2009). Additionadiyixce the main sources of Mn for the general
population are drinking water and food (AgencyToxic Substances & Disease Registry,
2012), we do not know for certain how much agriatat sources contributed to Mn
concentrations observed in our sample of farmwarkeurthermore, this did not impede our
ability to assess brain activity across a gradsémiin exposure, as we had sufficient variability
in the exposure based on the distributions of Mmceatrations in our sample. Future research is
needed to determine how much agricultural sousgasther from EBDC fungicides or
fertilizers, contribute to Mn exposure levels imfavorkers.

While analyzing Mn concentrations in two biologicaatrices is a strength of our study,
we cannot conclude which biomarker is more validctwaracterizing long-term cumulative Mn
exposure. Currently, there is no consensus on wsaharker of Mn most reliably reflects
internal dose (Eastman et al., 2013; Skroder eP@l.7; Smith et al., 2007). Previous
occupational studies have primarily used blood @k, which are suitable for capturing short-
term and recent exposures (hours to days) (Chaalg @010; Laohaudomchok et al., 2011,
Smith et al., 2007). Given the mounting eviden@ NMn accumulates in the brain over periods
of exposure (Bowler et al., 2017; Guilarte, 2018iyAng et al., 2014), biomarkers that reflect
exposures over longer time intervals, such asdmartoenails, might be useful. While hair has
been used in epidemiologic studies and is beli¢oedliably reflect Mn in the body from
exposures over the past month (Bouchard et al7&08il et al., 2011), toenails are a relatively
new biomarker that reflect internal dose of Mn freeven to 12 months earlier (Laohaudomchok
et al., 2011). More research is needed in orddetermine which biomarker provides the best
estimate of long-term cumulative exposure.

While our study has some notable strengths, inolpthe novelty of conducting an
epidemiologic field study with neuroimaging amonfpamworker population, it also has some
limitations. First, our small sample size limitear @bility to estimate potentially subtle Mn-

related associations with brain activity with psean. Second, we utilized a convenience
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sampling scheme to select farmworkers based oavigability of fNIRS equipment and
technical staff, meaning our sample may not beasstative of the entire farmworker
population in our study area. Third, while farmwenk were reminded to refrain from cutting
their toenails and hair two to four weeks prioctdlection, some had forgotten and were unable
to safely provide samples. We believe it is unijkiblat selection bias strongly impacted our
results as we did not find meaningful differenaefarmworker characteristics between the
subsets of participants who provided hair or tdeseamnples and all participants included in this
study ©=48). Future research could improve sample cobeatifforts by giving more reminders
or allowing participants an allotted time frameMint which they can provide a sample. Another
limitation includes selection bias due to the Healvorker effect. For example, since we were
unable to capture in our sampling scheme farmwsnro may have left their occupation due
to illness related to elevated Mn exposure, we hese underestimated the effect that elevated
Mn has on working memory-related brain activitystlg, in our study, we did not assess
participants’ intelligence, which may be a potentinfounder of the exposure-outcome
associations of interest; however, we adjustedmain analyses for education level, which has
been used as a proxy for intelligence (Deary aheigion, 2010).

A limitation of most fNIRS recording devices is timability to decouple neurovascular
responses, used to infer functional brain activatyd hemodynamic activity from non-cortical
sources (e.g., skin blood flow changes and glolmalcopressure changes) from fNIRS signal
recordings (Caldwell et al., 2016; Scholkmann gt20114). An emerging solution to this
problem is the inclusion of “short-channels” togetphysiological signals that can be used as
additional regressors in the GLM approach usedtionate brain activation (Tachtsidis and
Scholkmann, 2016). Short-channels function the sasrtgpical fNIRS recording channels, but
have a much smaller distance between source aadtdetwhich creates a shallower photon
path and enables measurement of oxygen fluctuationsscalp blood. While our fNIRS device
was not equipped with short-channels, the GLM apghidhat we used is robust and should not
be highly influenced by extraneous interferencemwhaise is spatially constant. Because our
optode coverage was symmetrical and limited tdotlaeral prefrontal cortex, noise from scalp
blood flow was likely to be detected similarly assall fNIRS recording channels. We are
therefore confident that any unexpected influerndescalp blood flow on our outcomes was

minimal.
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Lastly, we had a dominantly male sample with oalg females, thus limiting the
generalizability of our findings to women and dlyiio measure sex-dependent effects. Previous
neuroimaging studies of Mn-exposed welders wer lafsted to men (Chang et al., 2010; Seo
et al., 2016). Given the evidence of neurobioldgiifferences between sexes (Cosgrove et al.,
2007), higher Mn concentrations found in women (©tg et al., 2014), and sex-dependent
effects of Mn concentrations on cognition in chéldi(Bouchard et al., 2017), future studies
should ensure that females are sufficiently represkin their sample using a stratified sampling
scheme. While this may be difficult to accomplisloccupational populations that are
predominantly male, efforts should be made in thdysdesign to ensure the inclusion of

females.

Conclusions

We did not find strong evidence that elevated Mposure was associated with working
memory-related brain activity in this pilot studysmallholder farmworkers. We demonstrate
that conducting a functional neuroimaging studygs$NIRS in the field with a farmworker
population is feasible and may be a useful toofdture environmental and occupational
epidemiologic studies with larger sample sizes. $deag cognitive ability at the neural level
with functional neuroimaging has potential for d¢iteg adverse effects of chemical exposures
that may not otherwise be detected with neuropdypgizal tests or behavior rating scales due
to, for example, compensation of other neural reszs) The ability to conveniently measure
brain activity with fNIRS also has important publiealth implications for assessing the

neurobehavioral effects of chemical exposuresrtiat have subtle effects on the brain.
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Tables

Table 1. Characteristics of farmworkers with functionaln@maging from the Pesticide Use in Tropical
Settings (PESTROP) study, Zarcero County, Costa,Rig16.

All participants Participants with toenalil Participants with hair
(n=48) samples{=40) samplesi{=33)

Characteristics n (%) n (%) p-valué n (%) p-valué

Age’ 0.98 0.42
18 -29 21 (43.8) 17 (42.5) 11 (33.3)

30-49 13 (27.1) 11 (27.5) 10 (30.3)
=50 14 (29.1) 12 (30.0) 12 (36.4)

Sex 1.00 1.00
Female 2(4.2) 2 (5.0 2 (6.1)

Male 46 (95.8) 38 (95.0) 31 (93.9)

Education level 1.00 0.90
< 6" grade 31 (64.6) 25 (62.5) 20 (60.6)

7-11" grade 17 (35.4) 15 (37.5) 13 (39.4)

Country of birth 0.84 0.23
Costa Rica 34 (70.8) 30 (75.0) 28 (84.8)
Nicaragua 14 (29.2) 10 (25.0) 5(15.2)

Poverty status 1.00 0.98
< Poverty line 13 (27.1) 11 (27.5) 8 (24.2)
> Poverty line 35 (72.9) 29 (72.5) 25 (75.8)

Handedness 0.65 0.68
Right 45 (93.7) 38 (95.0) 32 (97.0)

Left 2(4.2) 2(5.0) 1(3.0)
Unknown 1(2.1) 0 (0) 0(0)

Computer literacy 0.54 0.87
Yes 27 (56.2) 26 (65.0) 20 (60.6)

No 21 (43.8) 14 (35.0) 11 (39.4)

Years worked in agricultufe 0.91 0.90
<14 19 (39.6) 16 (40.0) 11 (33.3)

15-29 14 (29.2) 12 (30.0) 10 (30.3)
>30 15 (31.2) 12 (30.0) 12 (36.4)

Type of farm 0.74 0.94
Conventional 22 (45.8) 16 (40.0) 14 (42.4)

Organic 26 (54.2) 24 (60.0) 19 (57.6)

Drinking water source 0.98 0.68
Aqueduct 46 (95.8) 38 (95.0) 32 (97.0)

Spring 1(2.1) 1(2.5) 1(3.0)
Other 1(2.1) 1(2.5) 0 (0)

@ Groups were compared using Wilcoxon rank-sum festsontinuous variables and tests for categorical variables.
®Modeled as continuous variable when testing fougrifferences.
¢ Defined as ever used a computer of played videtega
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Table 2. Bivariate associations of manganese (Mn) conagatrs (1g/g) with characteristics of
farmworkers, Zarcero County, Costa Rica, 2016.

Toenail Mn =40} Hair Mn (=33
Characteristics GM (GSD) p-valué GM (GSD) p-valué
All 0.40 (3.52) 0.24 (3.54)
Age’ 0.02 0.64
18 -29 0.76 (3.07) 0.21 (4.32)
30-49 0.25 (2.93) 0.18 (3.08)
>50 0.24 (3.57) 0.34 (3.35)
SexX
Female 0.33(1.73) 0.19 (10.57)
Male 0.40 (3.63) 0.24 (3.42)
Education level 0.62 0.13
< 6" grade 0.36 (3.93) 0.29 (2.92)
7-11" grade 0.48 (2.91) 0.18 (4.51)
Country of birth 0.03 0.06
Costa Rica 0.31 (3.44) 0.21 (3.53)
Nicaragua 0.85 (2.87) 0.55 (2.78)
Poverty status 0.35 0.60
< Poverty line 0.25 (3.55) 0.35(6.14)
> Poverty line 0.48 (3.43) 0.21 (2.87)
Handedness
Right 0.36 (3.41) 0.24 (3.61)
Left 2.20 (1.27) 0.24 (NA)
Years worked in agricultufe 0.04 0.81
<14 0.77 (3.17) 0.32 (4.40)
15-29 0.25 (3.30) 0.15 (2.38)
> 30 0.26 (3.17) 0.29 (3.72)
Type of farm 0.04 0.93
Conventional 0.24 (3.46) 0.25 (3.50)
Organic 0.56 (3.24) 0.24 (3.69)
Drinking water source
Agueduct 0.40 (3.62) 0.24 (3.61)
Spring 0.26 (NA) 0.18 (NA)
Other 0.70 (NA)
Days between fNIRS and 0.12 0.71
toenail/hair sample collectidn
<30 0.61 (3.67) 0.32 (5.40)
>30 0.26 (2.95) 0.20 (2.45)

Abbreviations: fNIRS, functional near-infrared spectroscopy; Glpmetric mean; GSD,
geometric standard deviation; LOD, limit of detenti NA, not applicable.

837 farmworkers (92.5%) had toenail Mn concentratiabove the LOD (0.05g/g).

b 30 farmworkers (90.1%) had hair Mn concentratiabsve the LOD (0.0fg/g).

“We estimated bivariate associations using Speacm@glation tests for continuous
variables and Wilcoxon rank-sum tests for categbniariables.

d Bivariate associations assessed using continuaiee.

¢ Bivariate association not assessed due to smafllsasize



Table 3. Adjusted coefficientsf) and (95% CI) in fNIRS oxygenated (HbO) and de@nated hemoglobin

(HbR) per two-fold increase in toenaiiH40) and hairr{=33) Mn concentrationgu/g) in farmworkers, Zarcero
County, Costa Rica, 2016.

Toenail Mn

ROI HbO HbR HbO HbR

L1 -1.0(-2.9, 0.9) 0.2(-1.5,1.9 0.4(-1.9, 2.6) 0.2 (-1.5,2.0)
L2 -0.6(-2.2, 1.0) 0(-1.8,1.8) 0.3(-1.6, 2.2) -0.2 (-2.3,1.9)
L3 -1.0(-2.8, 0.8) 0.7 (-0.9, 2.2) 0.9(-1.2, 2.9) -0.2 (-1.9, 1.5)
L4 -0.7(-2.5,1.1) 0.6 (-0.8,1.9) 0.7(-1.4, 2.8) 0.1(-1.5,1.7)
R1 -1.5(-3.4, 0.5) 0.6 (-0.8,1.9) -0.5(-2.9, 1.8) -0.1(-1.5, 1.3)
R2 -0.3(-2.0, 1.4) -0.2 (-1.5,1.1) -0.3(-2.2,1.7) -0.8 (-2.2, 0.6)
R3 -1.0(-2.8, 0.8) 0.9 (-0.9, 2.6) -0.1(-2.2, 2.0) -0.8 (-2.6, 0.9)
R4 -0.7(-2.7, 1.4) 0.3(-0.9,1.5) -0.1(-2.4,2.2) 0.2(-1.2,1.5)

Abbreviations: Cl, confidence interval; fNIRS, functional neafrared spectroscopy; ROI, region of interest; fft, le
hemisphere; Mn, manganese; R, right hemisphere;, ldkg@enated hemoglobin; HbR, deoxygenated hemaglob
Models adjusted for age and education level.
" Unadjuste<0.05

T FDR-correcteh<0.05
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Figures

Figure 1. The functional near-infrared spectroscopy (fNIRBdode configuration over the
dorsolateral prefrontal cortex used in our studsing the international 10/20 system, we
configured eight sources (solid red circles) amghedetectors (checkered blue circles) to make
18 unique channels (bold black lines), creatindpeiggions of interest (ROIs)—four in the left
hemisphere (L1-L4) and four in the right hemisph@&#-R4).
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Figure 2. Group mean estimates of brain activity acrosstgbt regions of interest (ROIs) in
response to the letter-retrieval working memork {@s48). Colors represent T-scores with
warm colors indicating positive values and coobeslindicating negative values. (A) Brain

activation using oxygenated hemoglobin concentnati¢ibO). (B) Brain activation using

deoxygenated hemoglobin concentrations (HbR).
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Manuscript: Manganese exposure and working memory-related brain activity in smallholder
farmworkers in Costa Rica: results from a pilot study

Highlights

* Toenail and hair Mn concentrations were lower compared to other studies
* Mn concentrations were not associated with working memory brain activity
* Mn concentrations were not associated with working memory task accuracy
* Results were not consistent with previous occupational studies of welders
» Functiona near-infrared spectroscopy may be a useful epidemiologic tool





