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Abstract

Chronic kidney disease of unknown etiology (CKDu) is an epidemic that affects young
agricultural workers in several warm regions of the world. However, there is a lack of monitoring
of kidney issues in regions with extremely warm environments such as the Northwest of Mexico,
a semi-arid region with a growing agricultural industry, where migrant and seasonal farm workers
(MSFWs) travel to work in the fields. The objective of this study was to longitudinally assess
kidney functioning of MSFWs in relation to pesticide exposure, heat stress and dehydration in

a large-scale farm in Mexico. We enrolled 101 MSFWs, of whom 50 were randomly selected

to work in an organic certified area and 51 were randomly selected to work in a conventional
area. We also enrolled 50 office workers within the same region as a reference group. We
collected urine and blood samples from all workers in addition to demographic, behavioral, and
occupational characteristics. The physiological strain index (PSI) was used to estimate workers’
heat strain. Sampling was conducted at pre-harvest (March) and late in the harvest (July). Linear
mixed models were built with the estimated glomerular filtration rate (eGFR) as the dependent
variable. We found a significant decrease in kidney function in MSFWSs compared to office
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workers. By the late harvest, one MSFW developed kidney disease, two MSFWs suffered a kidney
injury, and 14 MSFWs were at risk of a kidney injury. We found that the eGFR in MSFWs
decreased significantly from pre-harvest (125 + 13.0 mL/min/1.73 m?2) to late harvest (109 + 13.6
mL/min/1.73 m2) (p < 0.001), while no significant change was observed in office workers. The
eGFR was significantly lower in MSFWs who worked in the conventional field (101.2 +£ 19.4
mL/min/1.73 m2) vs the organic field (110.9 + 13.6 mL/min/1.73 m?) (p = 0.002). In our final
model, we found that dehydration was associated with the decrease of eGFR. We also found

an interaction between heat strain and job category, as a significant decline in eGFR by job
category (conventional/organic MSFWs and office workers) was related to an increase in heat
strain. This suggests that pesticide exposure needs to be considered in combination with heat stress
and dehydration. This study provides valuable information on kidney function in MSFWs, and it
shows the importance of early long-term monitoring in farm workers in other regions where CKDu
has not been evaluated yet.
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Introduction

The prevalence of chronic kidney disease (CKD) is rising worldwide and has become a
global health problem, as it is one of the fastest growing causes of mortality globally (Levin
etal., 2017; Webster et al., 2017). People with kidney disease have difficulties filtering

their blood, which produces a buildup of waste in the body and can lead to other chronic
health issues such as cardiovascular disease, mineral bone disease and anemia (Webster
etal., 2017). A subtype of CKD, chronic kidney disease of undetermined cause (CKDu),
has gained significant attention in recent years because its cause is yet to be determined

and it occurs in younger people without any traditional risk factors associated with CKD
such as age, diabetes, hypertension, obesity, lipoprotein levels and tobacco usage (Laws

et al., 2016; Ramirez-Rubio et al., 2013; Wesseling et al., 2014; Wijkstrom et al., 2013).
Several epidemiological studies have reported a growing global epidemic of CKDu, with the
prevalence steadily rising among vulnerable populations in Sri Lanka, Egypt, India, in the
coastal zones of El Salvador, Nicaragua, Costa Rica and Southern Mexico (Brooks et al.,
2012; Correa-Rotter et al., 2014; El-Arbagy et al., 2016; Jayasekara et al., 2015; Laws et al.,
2016; Rajapurkar et al., 2012; Ramirez-Rubio et al., 2013; Wesseling et al., 2015).

CKDu disproportionately affects men in their 20s—50s who work in agriculture (Correa-
Rotter et al., 2014). While the risk factors of CKDu are not fully understood, several factors
have been proposed to explain the pattern of this disease, including: exposure to pesticides,
pain medications, heavy metals, and heat stress (Correa-Rotter et al., 2014; Laws, 2015;
Peraza et al., 2012; Ramirez-Rubio et al., 2013; Valcke et al., 2017; Wesseling et al., 2014).
However, most of the existing published research on the topic has suggested that repeated
exposure to high heat levels in combination with strenuous labor and dehydration may

be the main risk factor associated with the development of CKDu (Crowe et al., 2013;
Glaser et al., 2020; Hansson et al. 2019, 2020; Johnson et al., 2014; Peraza et al., 2012;
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Wesseling et al. 2016, 2020). Within the next few decades, the number of hot days (over

30 °C) and heat waves are expected to rise globally due to climate change; heat-related
injuries and illnesses, such as kidney damage, are also expected to increase, which in part
has led to the International Society of Nephrology recognizing CKDu as a global research
priority (Levin et al., 2017; Xiang et al., 2014). Several studies focused on CKDu have
found that workers in other industries such as construction, brickmaking, and mining also
appear to be affected with kidney problems associated with high working temperatures and
heavy manual labor (Gallo-Ruiz et al., 2019; Scammell et al., 2019). Although it has been
proposed that heat-stress nephropathy may be the main factor related to CKDu, due to
repeated dehydration and exposure to occupational heat stress, it remains unproven and it
is likely that the causal mechanism of CKDu is a multifactorial one that includes several
occupational risk factors that should be evaluated (Laws, 2015; Ramirez-Rubio et al., 2013;
Scammell et al., 2019). Thus, a diverse combination of factors including pesticide exposure,
pain medications, heat stress, and heavy metals must be considered (Nerbass et al., 2017).

CKDu is usually detected at a very late stage because there are no evident early clinical
symptoms and there is a lack of surveillance studies and infrastructure to help monitor

this disease, particularly among these younger populations (PAHO, 2017). The diagnosis of
CKDu is difficult in field studies due to the need for consistent monitoring of physiological
changes over several months. However, a risk factor that has been recently recognized as

an important cause of the development of CKD is acute kidney injury (AKI), especially
recurrent incidents of AKI (Chawla and Kimmel, 2012). AKI events can be detected on

the basis of elevations in serum creatinine that occur rapidly and are detectable within
hours or days (Ronco, 2013). Similar to CKDu, occupational and environmental risk factors
in agricultural work settings, such as pesticide exposure and repeated episodes of heat
stress accompanied by dehydration, may increase the risk for AKI in farm workers (Correa-
Rotter et al., 2014; Levin et al., 2017; Wesseling et al., 2014). Thus, a few studies have
begun evaluating the incidence of AKI in agricultural settings and found that heat stress
accompanied by dehydration may be associated with AKI (Butler-Dawson et al., 2019;
Garcia-Trabanino et al., 2015; Moyce et al., 2016). Analyzing kidney functioning at earlier
stages is crucial to prevent kidney damage, so recent studies have investigated the early
decline of the estimated glomerular filtration rate (eGFR) in relation to risk factors that
affect kidney function before a possible injury (Butler-Dawson et al., 2018; Sorensen et al.,
2019).

While most studies related to CKD and AKI have focused on workload, heat stress

and hydration, the combination of other potential risk factors such as dietary fructose
consumption, heavy metals and agrochemicals remains fully unevaluated (Coca et al., 2012;
Lucas et al., 2020). There is a need for studies that can evaluate occupational risk factors

in combination with heat stress and dehydration. For example, pesticide exposure has been
linked to kidney dysfunction in animal studies, but there is a lack of epidemiological studies
to support this (Scammell et al., 2019). Further, most epidemiological studies are based

on self-reported pesticide exposures and do not include direct pesticide measurements in
either the environment or biological samples (Scammell et al., 2019; Wegman et al., 2016;
Wesseling et al., 2014). More studies are needed to properly assess possible interactions
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between heat stress and pesticide exposure as it relates to kidney function in the workplace
(Valcke et al., 2017).

In 2016, we conducted a pilot study to evaluate exposure to heat and pesticides in 20
migrant seasonal farm workers (MSFWs) working at a large-scale grape farm during the
harvest season in the semi-arid region of Sonora, Mexico. This region which borders the
U.S. state of Arizona, is considered approximately 95% arid or semi-arid land and is
characterized by a lack of precipitation and extremely high temperatures (Hallack-Alegria
and Watkins Jr, 2007). Working in large-scale commercial farms in Sonora, MSFWs conduct
strenuous tasks while exposed to a wide array of occupational risks and hazards, such as
extreme heat and pesticide exposure. We found that nearly all MSFWs reported working
in extreme heat, most had core body temperatures reaching and exceeding 38 °C at some
point during the workday, and all workers were dehydrated to some degree (Wagoner et
al., 2020). Also, many had high levels of organophosphate (OPs), pyrethroids (PYRs), and
imidacloprid biomarkers in their urine; the highest pesticide levels were found during the
summer, late in the harvest season (Lopez-Galvez et al., 2018; Lopez-Galvez et al., 2020).
Although the MSFW:s are exposed to occupational risk factors such as heat and pesticides,
to our knowledge, no studies have comprehensively examined, longitudinally, the potential
effect of these combined occupational factors on kidney function in MSFWs. Therefore,
the objective of this study was to longitudinally assess the kidney function in MSFWSs as

a function of pesticide exposure, heat stress and dehydration in the Northern agricultural
region of Sonora, Mexico over an entire grape harvest season.

2. Methods

In this study, we evaluated the longitudinal changes in kidney function in MSFWs (n = 101)
and office workers (i.e., the reference group, n = 50). We also evaluated the association
between heat strain, dehydration, pesticide exposure and kidney function.

2.1. Location and study population

This longitudinal study was conducted over a six-month period in the year 2019 on a

large commercial table-grape farm in Sonora, Mexico. The agricultural company contracts
approximately 2000 MSFWs per year to work on the farm during for the pre-harvest

and harvest season. This large table-grape farm conducts both organic and conventional
farming methods in separated designated fields. The conventional field areas of the farm are
commonly treated with pesticides and artificial fertilizers, whereas the organic farming takes
place in separate United States Department of Agriculture (USDA)-certified organic field
areas with approved pesticides and fertilizers. The on-site agricultural engineers informed
our research team that apart from the application of certain agrochemicals, the farming
techniques between the organic and conventional areas are very similar to each other. The
artificial pesticides applied only in the conventional area during pre-harvest included a
variety of fungicides (Triazoles) and insecticides (OPs, PYRs, and Imidacloprid), while a
few herbicides and insecticides (Imidacloprid and PYRs) were applied during the harvest
season. Most of the agrochemicals applied in this farm are injected through the drip
irrigation system.
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The study population included MSFWs who were bused from their home states to work as
field workers in this farm. MSFWs (n = 101) were enrolled in the study upon their arrival
while participating in the general registration conducted by the agricultural company who
hired them. Only the MSFWs, who worked in the fields and who do not directly apply or
mix pesticides were recruited for this study. To evaluate exposure to pesticides, 50 MSFWs
were randomly selected to work in the organic certified area of the farm and 51 MSFWs
were randomly selected to work in the conventional area. Randomization occurred via the
placement of several cards with two colors (green and black) in a box and asking participant
to grab one card from the box without looking. Participants who picked the green card were
assigned to the organic field areas and those who picked the black card were assigned to

the conventional field areas. It is important to mention that all MSFWs lived on the farm in
shared dormitories provided by the company, shared the same physical space while eating
meals, and were served the same food via an on-site cafeteria provided by the company,

as workers did not have kitchens in their dormitories. There was no division of dormitories
for participants working in the conventional or organic area. The agricultural company also
provided well water from the farm to all MSFWs. Apart from lunch breaks, there are

no other mandatory breaks; however, the company provides resting areas without shade,
portable toilets with hand washing stations, and large tanks with hauled water placed on

the field at end of the grapevine rows. The MSFWs conducted similar field work activities
regardless of the type of field (conventional or organic) for about 10-12 h a day. During the
pre-harvest, MSFWs worked on training grapevines in addition to thinning of grape clusters.
They also pruned plants and cleaned grapevines. During harvest, MSFWs carried plastic
bins to put the hand-harvested grapes and then weighed them at stations located at the end of
grapevine rows.

In addition, office workers (n = 50), who were permanent residents of Sonora and worked
for the same agricultural company in a town located 30 min away from the farm, were
recruited as a non-farmworker reference group. All of the study participants in this study
were male because about 90% of the workers hired by this agricultural company are males.
Sampling and survey administration of participants was conducted twice: at the pre-harvest
(i.e., the beginning of March 2019) and in the late harvest (i.e., July 2019). Participants with
previous diagnoses of renal health issues, diabetes or hypertension were excluded from the
study. The medical examination/screening was conducted by an on-site medical team that
included three medical doctors provided by the agricultural company. Written consents in
Spanish were obtained from all participants. The University of Arizona Human Subjects
Protection Program reviewed and approved all study procedures (IRB approval protocol
number: 1810987689R001).

2.2. Questionnaires

All participants were surveyed to collect information on demographic and behavioral
characteristics such as age, primary language, state of origin, income, educational level,
smoking and alcohol consumption, and current medication usage. Additional questions
related to typical hydration practices (e.g., amount of water and sweetened beverages
consumed per day), and pesticide exposure (e.g., application of insecticides inside their
home or dormitories were asked of all participants after their workday at each sampling
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timepoint (i.e., early, and late harvest). With respect to water consumption, since all MSFWs
carried water in a 1 L plastic jug during their workday in the field, we asked each worker
how many of those water jugs did they drink that day. All surveys were administered orally
in Spanish by trained member of our research team.

2.3. Heat stress, physiological strain index, and anthropometric measurements

Heat stress was assessed using the wet bulb globe temperature (WBGT) index by
continuously collecting the following environmental measurementsy: globe temperature
(7g), dry air temperature (75), relative humidity (R#), and wet bulb temperature during

the entire study period using a REED Heat Index WBGT Meter (model SD-2010; REED
Instruments, Wilmington, NC). One monitor was placed near the grape fields to estimate
MSFWs heat stress and a second monitor was placed inside the office space of the reference
group to estimate office workers’ heat stress levels. The WBGT was monitored for the
organic and conventional grape fields near workers’ daily activities. Each monitor was
attached to a tripod at a height of 1.6 m at each site. Monitors were set to continuously
collect data every minute for the length of the study. The effective WBGT (WBGT¢) was
calculated by incorporating the ACGIH clothing correction factor to the 8-h average WBGT
for each participant (Bernard et al., 2007).

Participants’ heat strain was determined using the physiological strain index (PSI) developed
by Moran et al. (1999), which was calculated using core body temperature at rest (Temp
resting) and at work (Temp working) and heart rate at rest (HR resting) and at work (HR
working) as presented in equation (1) (Moran et al., 1999). Core body temperature was
estimated from the ear canal temperature measurements, which were collected using a
digital thermometer (Braun Thermoscan ExacTemp model IRT 6520; Braun, South Boston,
MA). Heart rate was collected using a digital sphygmomanometer (Omron M10-IT, Omron
Healthcare Inc., Bannockburn, USA). Each of these measurements were taken from each
participant twice: first, a half an hour before their work shift began and second, about 3 h
after their work shift began. It is important to mention that although HR and ear temperature
measured at work could be affected by workers temporally stopping their activities during
sampling, our trained research team collected these measurements on the field in a short
time, less than a minute per person, to capture the heat strain of their work-shift.

5(T working — T resting) S(HR working — HR resting)

PST= 39.5 —T resting 180 — HR resting

)]

Other anthropometric measurements such as height, weight, and blood pressure were
collected from each participant in the morning before their work shift at both pre-harvest
and late-harvest sampling points. A stadiometer (Seca, Birmingham, UK) was used to
measured participants’ height, while their weight was measured with minimal clothing

using a Seca 813 digital flat scale (Seca, Birmingham, UK). Systolic and diastolic pressure
were measured using a digital sphygmomanometer (Omron M10-1T, Omron Healthcare Inc.,
Bannockburn, USA). Age, heart rate and body weight were used to calculate metabolic work
rate (W/m?) by using the standard 1SO 8996 equation (Bréde and Kampmann, 2018; I1SO,
2017). Body mass index (BMI) (kg/m?) was calculated by dividing their body weight by the
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squared height of each participant. Total body water was estimated from weight and height
measurements using the Boer, 1984 formula, as presented in equation (2) (Boer, 1984).

TBW = 0.297(Weight) + 19.5(Height) — 14.0 @

2.4. Urine and blood sampling

Participants were instructed to collect their first morning void urine sample in a 120

mL sterile polyethylene plastic container in the morning after the observed work shift.
Collection of first morning void is highly recommended as the body fluid compartments are
equilibrated providing a more uniform assessment (Cheuvront et al., 2015; Hamouti et al.,
2010; Johnson et al., 2013). Additionally, blood samples were drawn through venipuncture
from all participants by an on-site medical doctor using 4 mL BD Vacutainer blood
collection tubes (Becton Dickinson & Co., USA). The biological samples were transported
on ice the same day in a cooler to a locally certified clinical laboratory (Labo-ratorio
Bio-Clinico Martinez, Hermosillo-Sonora, Mexico) to be processed the same day as sample
collection. The biological samples from all participants were collected the morning after a
normal workday for each study timepoint (i.e., pre-harvest and late harvest). It is important
to mention that for the MSFWs group, the collection of biological samples, heat strain,
metabolic work rate, and other anthropometric measurements corresponded to the first day
of work during the pre-harvest, and a regular workday during the late harvest.

2.5. Laboratory analysis

Urinary specific gravity was determined with dipstick analyses of the urine samples,

using Bayer Clinitek Chemistry Analyzer with Multistix 10SG reagent strips (Siemens
Diagnostics, United States). The blood samples were centrifuged at 3500 RPM for
approximately 10 min to separate the serum from red blood cells. Samples were analyzed
within a few hours of collection. The creatinine (Cr) and uric acid in serum samples

were analyzed using a single-slide enzymatic method, the VITROS CREA and the URIC
slide method with the VITROS Calibrator Kit 1, which uses three levels of calibration to
obtain quantitative measurements read by the automated VITROS 350 Chemistry Systems
analyzer (Ortho Clinical Diagnostics, Rochester, NY). The serum osmolality (mOsm/L)
was calculated from the sodium, blood urea nitrogen (BUN), and glucose in serum, which
were measured using an enzymatic method with a fully automated VITROS 350 chemistry
system analyzer (Vitros Na, BUN, GLUC; Ortho Clinical Diagnostics, Rochester, NY).
After the laboratory analyses, remaining urine was transferred to 15 mL polyethylene tubes
and remaining blood serum was transferred to cryogenic vials and transported on ice to be
stored at —80 °C at the University of Arizona.

2.6. Data analysis

The data were entered into Microsoft Excel (2007) and organized in IBM SPSS (\ersion
24). The data were then analyzed using Rstudio software version 3.5.1 (Team, 2015).

We estimated the glomerular filtration rate (eGFR) from serum creatinine (SCr) using the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation developed by
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Stevens et al. (2011), in which a four level race variable allowed us to include Latino and
Indigenous groups in the calculation presented in equations (3) and (4)(Stevens et al., 2011).

For SCr <0.90 mg/dL:eGFR = 143 x 0.99348¢ x (SCr/0.9)~0-412 @)

For SCr> 0.90 mg/dL:eGFR = 143 x 0.99348¢ x (SCr/0.9)~ 1210 @)

Descriptive statistics were calculated for demographic and occupational characteristics.
Differences between MSFWSs and office workers at pre-harvest were assessed using a £test
for continuous variables and chi-square test for categorical variables. Variable distribution
was examined using histogram and summary statistics. Variables with a lognormal
distribution were log-transformed prior to analyses. Both MSFWs and office workers were
included in the analyses to examine changes over time. The differences among variables
between the two sampling time points, pre-harvest (March) and late harvest (July), were
assessed with paired t-tests. In order to evaluate several factors of interest associated with
eGFR, we performed linear mixed effects regression analyses with random intercepts for
individuals to account for the repeated measures on the same participant using the data
collected during pre-harvest and the late harvest timepoints. Occupational factors, individual
behaviors and demographic characteristics known to be risk factors in reduced kidney
function were selected a prioribased on recent literature and data collection feasibility
(Butler-Dawson et al., 2019; Moyce et al. 2018, 2020; Sorensen et al., 2019).

We used simple linear mixed effect regression models to independently evaluate each
individual variable effect on eGFR. The independent variables that were statistically
significant in the simple linear mixed regression analyses were considered for adjusted
linear mixed effect models. To select variables for inclusion the models, the significance
levels of the simple regression analyses were set with a p-value < 0.2. Four linear mixed
effect models were built based on the main exposures of interests (heat strain, dehydration,
and job category as a proxy to pesticide exposure). To evaluate differences between eGFR
at pre-harvest and late harvest, we added time as the main variable of interest in our first
adjusted linear mixed model. Our second model included only heat strain, water intake

and dehydration as main variables of interest. In model 3, we assessed the association of
pesticides and eGFR by including job category and pesticides used at home as a proxy

for pesticide exposure. The differences by job during harvest season were evaluated by
including an interaction term between time and job category in model 3. In the final adjusted
model (4th model), all variables of interest, including PSI, dehydration and job category
were included. Models were fit with interaction terms of each variable of interest. Variables
such as age, BMI, and blood pressure were included in all adjusted models (Laws, 2015).
Observations with missing values (19.9% of the dataset had missing values in this study)
were imputed using Multivariate Imputation by Chained Equations (MICE) (Buuren and
Groothuis-Oudshoorn, 2010). We also conducted a sensitivity analysis, where a reduced
eGFR model was computed one more time by using only the complete data (without missing
values as all participants datapoints with incomplete observations were deleted). Each set
of variables were evaluated for multicollinearity. The correlation coefficients and variance
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inflation factor (VIF) were used to assess multicollinearity. Independent variables with a
significant correlation coefficient >0.7 or a VIF >2 were removed one by one from models
(Dohoo et al., 1997; Dormann et al., 2013).

3. Results

3.1. Study population

Before consenting participants, we screened out potential participants (17 MSFWs and

2 office workers) who had been previously diagnosed with hypertension or diabetes. In
terms of study attrition, out of the 151 recruited participants, 26 MSFWSs (17% of the
total population, 13 from each field group, organic and conventional) dropped out of

the workforce before the end of the harvest and did not participate in the final study
measurement. An additional 30 office workers (19% of the total population) were absent
during the final study measurement. Although this study has a total attrition rate of

36%, there were no significant differences between the demographic characteristics and
measurements of the MSFWSs who completed the study versus the ones who dropped out
before the late harvest (Table S1-S2 in Supplementary materials). Regarding the attrition
of the office workers, unfortunately, the participants that were more likely to drop out
were older participants, with a higher BMI and higher systolic blood pressure than their
counterparts who completed the study. In terms of kidney function, while the average
eGFR and serum creatinine measured in office workers who completed the study were
different than in office workers who did not complete the study, these differences were not
statistically significant (Table S3, Supplementary materials).

3.2. Demographic, occupational and behavioral characteristics

As presented in Table 1, participants’ ages ranged from 18 to 59 years, with an average of
28.5 years. Although there were no significant differences between the ages of MSFWs and
office workers, MSFWs were slightly older than office workers. There were significant
differences in workers’ primary language, as 34% of MSFWSs reported an Indigenous
language as their primary language, compared to only 10% of the office workers. In terms

of workers’ state of origin, most MSFWSs came from Puebla (55%) and Chiapas (41%),
while most office workers were from Sonora (80%). There were significant differences in
the educational level and monthly income acquired by workers, as only 15% of the MSFWs
had received at least some high school education and most (86%) earned less than $500 per
month. On the other hand, 40%the office workers earned more than $500 per month. And
most office workers (86%) received a high school education and above. Smoking and recent
consumption of alcohol was significantly higher in MSFWs than in office workers, as almost
half (46%) of MSFWs reported smoking and most (66%) reported having recently consumed
alcohol. This is an important contrast to the office workers, as only 22% reported smoking
and less than 1/3rd (32%) reported recent consumption of alcohol. There were no significant
differences in the use of pain medications reported at baseline between MSFWs and office
workers.

In terms of hydration practices, most participants (86.8%) reported consuming at least 4 L
of water per day at baseline and there were no significant differences in reported daily water
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intake between MSFWs and office workers. Most participants (66.5%) reported having
recently (same day that the questionnaires were administered or one day ago) consumed
soda and 40% reported consuming at least one soda per day. There were significant
differences in both the frequency and amount of soda consumed between MSFWs and
office workers (p < 0.001). Recent consumption of soda was significantly higher in MSFWs
compared to office workers, as 77.3% of MSFWs recently consumed soda compared to only
44% of office workers. Also, 24.8% of MSFWSs consumed more than one soda per day
compared to office workers (2.0%). Finally, although most participants reported not recently
applying insecticide in their homes or dormitories, significantly more MSFWs (24.8%)
applied insecticides in their dormitories, compared to 10% of office workers who applied
insecticides in their homes.

3.3. Pre-harvest measurements of the studied population

As shown in Table 2, the average participants’ body weight was 71.0 + 12.5 kg and there
was no significant difference in body weight between MSFWSs and office workers. There
was a significant difference in participants” height, as MSFWs were shorter on average

1.64 + 0.6 m, compared to office workers, 1.73 £ 0.7 m (p < 0.001). MSFWs also had

a significantly higher average BMI, 26.6 + 3.9 kg/m?2, compared to office workers, 23.7

+ 4.3 kg/m? (p < 0.001). Half of the MSFWs were considered overweight and 15% were
considered obese, while most officer workers (66%) had a normal BMI. The average systolic
and diastolic blood pressure among all participants was 115.1 + 17.5 mmHg and 73.2 + 13.1
mmHg, respectively. Blood pressure was not significantly different between MSFWs and
office workers at baseline.

In terms of work intensity, the mean metabolic work rate was significantly higher in
MSFWs, 169 + 43.1 Watts/m2, compared to office workers, 133 + 29.8 Watts/m?2 (p <
0.001). In addition, heat stress exposure was significantly higher in MSFWs than in office
workers, as the average-8hr WBGTg¢ for MSFWSs was 17.7 £ 3.4 °C compared to 13.7

+ 1.11 °C for office workers. There was also a significant difference between MSFWs’
and office workers’ PSI levels, as the median PSI for MSFWSs and office workers were
2.7 and 1.8, respectively (p < 0.001). The mean total body water was significantly higher
in officer workers (41.0 + 5.2 mL/kg) compared to MSFWs (38.8 + 3.9 mL/kg). With
respect to dehydration, the average serum osmolality across all participants was 264.0 + 17.4
mOsm/kg and there was not a significant difference between the two participant groups at
the pre-harvest sampling period.

Similarly, even though about half of the participants (49.7%) were dehydrated, with urinary
SG greater than 1.021, there were no significant differences in the SG between MSFWs and
office workers. For the kidney functioning, the median serum creatinine was 0.70 mg/dL
and the average eGFR levels were 126 + 14.2 mL/min/1.73 m? across all participants. There
were no significant differences in serum creatinine or eGFR between MSFWs and office
workers at pre-harvest. Also, there were no significant differences in the characteristics and
measurements collected at pre-harvest between the MSFWs who worked in the organic
field area versus the MSFWs who worked in the conventional field area (Table S4-S5,
Supplement materials).

Environ Res. Author manuscript; available in PMC 2021 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Galvez et al.

Page 11

3.4. Pre-harvest to late harvest changes in kidney function and other physiological
measurements

Although there were no participants with kidney function issues at pre-harvest, by the

late harvest, one MSFW (in conventional field) experienced an 87% decline in eGFR

with levels below 60 mL/min/1.73 m2, which can be consider as kidney disease. Also,
based on the Risk/Injury/Failure/Loss/End-stage (RIFLE) criteria for acute kidney injury
classification, two of the MSFWs who worked in the conventional field developed a kidney
injury documented by a decreased of eGFR greater than 50% by the late harvest (Table 3)
(Bellomo et al., 2004). In addition, by the late harvest, 12 participants, all of whom were
MSFWs (8 working in the conventional field and 4 in the organic field), experienced a
decrease in eGFR greater than 25%, putting them at risk of kidney injury (Table 3). While
no participants had eGFR levels below 90 mL/min/1.73 m? at the pre-harvest, eight MSFWSs
had a significant decline in eGFR levels (under 90 mL/min/1.73 m2, an indication of kidney
damage) from pre-harvest to the late harvest; all eight (21%) worked in the conventional
field (Table 4). Also, by the late harvest, one MSFW, who worked in the conventional field,
experienced a decline in eGFR of 87% with levels below 60 mL/min/1.73 m2, an indication
of kidney disease (Table 4). The mean eGFR among MSFWs decreased significantly from
125 + 13.0 mL/min/1.73 m? at pre-harvest to 106 + 17.5 mL/min/1.73 m? at late harvest
(Fig. 1). Comparatively, the mean The Risk, Injury, Failure, Loss of Kidney Function and
End Stage Kidney disease (RIFLE) classification. eGFR in office workers increased from
127 + 16.6 mL/min/1.73 m? to 135.4 + 14.4 mL/min/1.73 m2, though this increase was not
significant (Fig. 1). The results of the measurements taken from MSFWs who worked in
the organic field or conventional field areas throughout the study are shown in Table 5. A
significant decline in eGFR levels was observed for MSFWs who worked in the organic
field area from pre-harvest to late harvest (127.5 + 12.2 and 110.9 + 13.6 mL/min/1.73 m?,
respectively) (Table 5, Fig. 1). Similarly, as shown in Table 5 and Fig. 1, the eGFR levels
decreased significantly in MSFWs who worked in the conventional area from pre-harvest
to late harvest (127.4 + 12.9 and 101.2 + 19.4 mL/min/1.73 m2) (p < 0.001). No eGFR
differences were observed between the two MSFW groups at the pre-harvest; however,
during the late harvest, the mean eGFR was significantly higher in MSFWs who worked

in the organic field (110.9 + 13.6 mL/min/1.73 m2), compared to MSFWs who worked the
conventional field (101.2 + 19.4 mL/min/1.73 m2) (p = 0.002). No significant changes in
eGFR were observed in office workers from pre-harvest to late harvest (Table 5).

Regardless of whether MSFWs worked in the organic or conventional field, the serum
creatinine and other blood biomarkers, including uric acid, BUN, and osmolality, increased
significantly from pre-harvest to late harvest (Table 5). Blood biomarkers were not
significantly different in office workers from pre-harvest to late harvest. Systolic blood
pressure increased significantly from pre-harvest to late harvest in MSFWSs working in

the organic, as well as MSFWs working in the conventional field, but there was not a
significant change in diastolic blood pressure during these two timepoints. There were

no significant differences in the systolic blood pressure between MSFWs working in the
conventional versus organic area during any of the sampling timepoints. Also, there were
no significant changes in the diastolic or systolic blood pressure observed in office workers
from pre-harvest to late harvest. There were, however, significant decreases in BMI from
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pre-harvest to late harvest in office workers and in MSFWs working in the conventional
field. Similarly, the total body water (TBW) decreased significantly in MSFWs working

in the conventional field and in office workers. The significant decline in BMI and TBW
measured in office workers cannot be explained. For MSFWs working in the organic field,
their BMI and TBW decreased, but not significantly, during the study (Table 5). While
there were no significant changes in office workers’ metabolic work rate and PSI during the
two study time points, the metabolic work rate and PSI increased significantly in MSFWs
working in both the organic field and conventional fields from pre-harvest to late harvest
(Table 5, Figure S1 in Supplementary materials).

3.5. Regression models

As presented in Table 6, in our first model the variable time was the main independent
variable of interest, adjusted for covariates which were selected based on their significance
(p <0.2) in simple linear mixed effect analyses. After adjusting for education, BMI, age,
and systolic blood pressure, a significant decrease of 16.98 mL/min/1.73 m? (95% ClI:
-20.22, -13.69) in eGFR was observed among participants during the late harvest timepoint
compared to the pre-harvest timepoint.

Our second model incorporated the primary variables of PSI, self-reported water intake,
and dehydration based on SG (Table 6, Mode/ 2). In a post-hoc analysis, the variables

for time, metabolic work rate and WBGT ¢ were excluded from the second model (Table
S8a—d; Figure S3.1 in Supplementary materials). After controlling for education, age, BMI,
and systolic blood pressure, we found that for every 1% increment in PSI, there was a
significant decrease in eGFR of 0.16 mL/min/1.73 m2 (95% CI: —0.15, —0.06). In addition,
the association between dehydration and eGFR remained strong, as participants with mild
dehydration during the study period had a significant decrease in eGFR of 9.68 mL/min/1.73
m? (95% Cl: —13.31, —3.26) compared to hydrated participants. A significant decrease of
13.62 mL/min/1.73 m? (95% CI: -16.56, —7.71) in eGFR was observed in dehydrated
participants compared to hydrated participants. Although there was a decrease of eGFR
among participants who consume more than 4 L of water, the significance disappeared after
adjusting for covariates (Table 6, Model 2).

In the third model, as presented in Table 6, the primary independent variables of

job category and insecticide application inside homes/dormitories were adjusted by

the following covariates: age, BMI, and systolic blood pressure. After examining for
multicollinearity, education was excluded from the third model (Table S8a—c; Figure S2

in Supplementary materials). There was a significant difference in the effect of time by job
category, so an interaction term between time of sampling (pre-harvest and late harvest)
and job category was included in this model (Table S9, Supplementary materials). Thus,
from early harvest to late harvest, there was a significant decrease in eGFR of 19.02
mL/min/1.73 m? (95% ClI: -27.29, —10.82) among MSFWs who worked in an organic field
compared to office workers. Also, in comparison to office workers, a significant decrease
of 29.17 mL/min/1.73 m2 (95% CI: —37.26, —21.17) was observed in MSFWSs who worked
in the conventional field throughout the study time points. Even though a decrease in
eGFR was observed among participants who reported recently applying insecticide in their
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home/dorms, the significance of the associations between eGFR and insecticide application
disappeared after covariates were included (Table 6, Model 3).

In the final model (Model 4) presented in Table 7, the main variables of interest were

PSI, job category, dehydration, self-reported water intake and recent home/dorm insecticide
application. Due to multicollinearity, time and education were excluded from the final
model. We found a significant interaction term between PSI and job category, so we
included this interaction term in the final model (Table 7). After controlling for BMI, age,
systolic blood pressure, hydration and insecticide application at home, a 1% increment in
PSI among MSFWs who worked in the organic field, was associated with a significant
decrease of 0.23 mL/min/1.73 m2 (Cl 95%: —0.41, -0.03) in eGFR when compared to office
workers. Also, in comparison to office workers, a 1% increment in PSI among MSFWs who
worked in the conventional field was associated with a significant decrease of 0.37 mL/min/
1.73 m2 (95% CI: —0.57, —0.16) in eGFR. With respect to participants’ hydration levels in
the final model, there was a significant decrease in eGFR of 8.51 mL/min/1.73 m? (95% ClI:
-13.98, —3.03) among participants who had mild dehydration and an eGFR decline of 11.99
mL/min/1.73 m? (95% CI: -16.88, —7.10) among dehydrated participants in comparison

to participants who were normally hydrated at each timepoint. The associations between
job category and eGFR disappeared after controlling for all covariates including heat and
hydration. There were no significant associations between self-reported water intake and
insecticides application at home/dorm in the final model with eGFR (Table 7). This final
model was also conducted with serum creatinine as the outcome variable, and the results
from that analysis indicated that the same variables associated with the decline of eGFR

are also significantly associated with the increase of creatinine during the study (Table S11,
Supplementary materials).

3.6. Sensitivity analysis

We found that the results of this sensitivity analysis are similar to the MICE imputed model.
As presented in Table S12 (Supplementary materials), most of the variables, except for mild
dehydration, that were found to be significant in the MICE model, remained significant in
the reduced model (deleted missing values). The final R2 between these two models were
also very similar to each other.

4. Discussion

To our knowledge, this is the first longitudinal study to assess kidney functioning in relation
to heat strain and pesticide exposure by evaluating MSFWs who work in organic and
conventional fields and comparing them with office workers as a reference group. The main
findings of this study are that kidney function among MSFWs decreased significantly from
pre-harvest to late harvest, while no significant change in kidney function was observed in
office workers. Although all workers had a normal kidney function at baseline, as MSFWs
worked in the grape fields over the course of several months, they experienced a significant
decline in kidney function by late-harvest. In fact, one MSFW developed a kidney disease
and two MSFWs experienced a kidney injury by the end of the study, however, further
clinical measurements are necessary to confirm any kidney disease development. It is
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important to mention that no unique behavioral or personal factors were observed in these
MSFWs during the study that may have resulted in extreme decline of the eGFR levels.
Also, we found that by the late grape harvest, a total of 14 (19%) MSFWs were at high risk
of suffering a kidney injury, as their eGFR declined by more than 25% from pre-harvest to
late harvest. On the other hand, no office workers were at high risk of developing kidney
injury during the study. We found that all MSFWs that experienced a decline in eGFR
below 90 mL/min/1.73 m2 by the late-harvest worked in the conventional field, while no
office worker or MSFWs in the organic field had eGFR levels below 90 mL/min/1.73 m2
during the study. These results may indicate that the prolonged exposures to occupational
hazards in grape field workers, especially for the ones working on conventional fields in this
region, can experience a significant impair of their renal function in comparison to non-field
workers.

There were no significant differences between blood pressure, dehydration levels, and
kidney function biomarkers including eGFR between MSFWs and office workers at pre-
harvest. However, during the study period, only MSFWSs experienced a significant increase
of systolic blood pressure, serum creatinine, BUN, serum uric acid, and serum osmolality.
This suggests that as MSFWs work on the grape farm into the hotter months of the harvest
season, their health was negatively impacted, compared to office workers. For example, the
significant increase of uric acid in serum, which can be increased after strenuous physical
activity and potential muscle injury, observed in MSFWs can lead to harmful conditions
such as the development of hyperuricemia (Ames et al., 1981; Arakawa et al., 2016; Suzuki
et al., 2006). Hyperuricemia has been previously associated with the increase of eGFR in
sugarcane workers in Guatemala, as excess serum uric acid can alter the regulation of the
renal perfusion pressure, which can increment the glomerular pressure (Sorensen et al.,
2019). In our study, we also found that the increment of uric acid in participants during the
harvest season is significantly associated with a decrease of eGFR. Thus, monitoring of uric
acid in MSFWSs may be used as an early indicator of kidney injury.

4.1. Heat strain and dehydration

There was a significant association between heat strain, measured by PSI, along with the
participants’ dehydration and Kidney functioning decline during the study timeline. The high
temperatures coupled with the intense physical workload can have a physiological effect on
the body related to kidney function. Our results of the simple linear mixed models indicate
that heat stress, heat strain measured by PSI, and metabolic work rate measurements along
with water intake and dehydration levels were significantly associated with a decline in
eGFR over the study timeline. The association between PSI and decline in eGFR continued
to be significant after controlling for water intake, dehydration, education, BMI, age, and
systolic blood pressure, as presented in our mode/ 2. This indicates that heat strain may
affect workers’ kidney function. Although a few studies have suggested that heat stress in
combination to physical workload are associated with AKI and the development of CKD
(Butler-Dawson et al., 2019; Paula Santos et al., 2015; Sorensen et al., 2019; Wesseling et
al., 2016), only one other study conducted in California, U.S. has utilized PSI to evaluate
workers’ heat strain levels in relation to changes in eGFR (Moyce et al., 2018). Similarly,
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Moyce et al. (2018) also found that heat strain (i.e., PSI) in agricultural workers was
associated with decreased kidney functioning.

In addition, we found that dehydration played an important role in the decrease of eGFR. As
presented in the model 2, dehydrated participants, measured with SG, had significantly
lower eGFR levels compared to better hydrated participants. Our results support the

idea that dehydration is a risk factor for kidney damage among workers exposed to hot
environments while working (Roncal-Jimenez et al., 2015). Furthermore, in terms of water
consumption, there was a significant association between an increase in water consumption
and a decline in eGFR. This association may indicate that participants drink more water
with the increment of workload, not necessarily as a preventative measure. Nonetheless,
this association was not evident after controlling for PSI and other covariates in mode/ 2.
Our results on water consumption and eGFR are consistent with other studies in which

an increase on self-reported water consumption is associated with eGFR decline (Laws,
2015; Sanoff et al., 2010; Wesseling et al., 2016). This supports the idea that perhaps

the workers who drank large amounts may be compensating for working hard (Moyce et
al., 2020). It is important to consider the effect of hyperthermia alone or in combination
with dehydration, as consequences of the strenuous physical work conducted during high
levels of heat stress, which can lead to a reduced renal blood flow (Cotter et al., 2014;
Cuddy and Ruby, 2011). The renal blood flow decreases because the blood is redirected

to the working muscles during the physical activity and to the skin, as a heat dissipator;
thus, the ability of the kidneys to eliminate waste products is reduced (Hansson et al.,
2020). We also found that recent (within the last 2 days) consumption of soda among
participants was significantly associated with decreased eGFR. This suggests that the intake
of sugary drinks could be an important kidney disease risk factor, as previous experimental
studies have shown that rehydration with sugary drinks containing fructose can accelerate
kidney issues (Schlader et al., 2019; S&nchez-Lozada et al., 2019). However, the association
between recent consumption of soda among participants and lower eGFR disappeared after
controlling for PSI. The lack of an association with soda consumption and eGFR is similar
to the results reported by a recent study conducted in California among agricultural workers,
in which there was no association between sugary drinks and AKI (Moyce et al., 2020).

4.2. Job categories as proxy to pesticide exposure

As shown in model 3, we found a significant decrease in kidney functioning over time (from
pre-harvest to late harvest) among MSFWs who worked in the organic field and MSFWs
who worked in the conventional field compared to office workers. This decrease in eGFR
was most prominent in MSFWs who worked in the conventional field. The association
between both MSFW job categories (organic and conventional) and the decrease of eGFR
was strengthened after controlling for the application of pesticides in home, BMI, age,

and systolic blood pressure. Our findings suggest that field workers who are potentially
exposed to pesticide at work could be at a high risk of having lower kidney function and
developing kidney injury. Even though no previous study has compared kidney function
among workers in organic versus conventional fields, other studies have found a significant
increase in serum creatinine and/or a decrease in eGFR in farm workers who self-reported
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to have applied or mixed pesticides (Garcia-Trabanino et al., 2015; Hassanin et al., 2018;
Jayasumana et al., 2015; Lebov et al., 2016).

It is important to note that none of the participants, MSFWs or control groups alike, applied
pesticides at work directly. For example, though MSFWs working in the conventional field
may have been exposed to pesticides, they themselves were not responsible for applying

the pesticides. Thus, we could expect worse outcomes for farmworkers that are involve

in direct pesticide application; also, further studies should be conducted on field workers
(non-pesticides applicators), as indirect exposure to pesticides in the field may affect their
kidney function Additionally, even though we did not observe an association between using
insecticides inside the home/dorm and eGFR in our final model, more research is needed, as
farm workers could have double risk of exposure at work and home in comparison to other
occupations where they are only exposing themselves by choice in their home.

4.3. Heat strain-hydration and pesticides

In our final model, which was adjusted for heat strain, dehydration, and pesticide proxy
variables, we found that the workers’ heat strain, estimated by PSI, and dehydration were
significantly associated with the decrease of eGFR, while job categories (used as a proxy
for pesticide exposure) and recent use of insecticides within their home/dorm were no
longer significantly associated with eGFR. These results are consistent with many studies
which support the importance of heat stress and hydration as main factors that affect kidney
function in farm workers (Butler-Dawson et al., 2019; Laws, 2015; Moyce et al. 2016,
2018). Thus, as shown in other studies, reduction of heat stress in addition to rehydration
with electrolytes may protect workers in this region from future kidney injuries (Wesseling
etal., 2016).

Additionally, we found an important interaction between heat strain and job category, a
proxy variable to pesticide exposure, as the decrease in kidney functioning by job category
or pesticide exposure was related to the increment in heat strain. The interaction we
documented, supports the idea that pesticide exposure should be analyzed in combination
with heat stress and dehydration in relation to kidney function (Valcke et al., 2017). Some
experimental studies have demonstrated that the combination of these factors can have
synergistic negative health effects in mice (Gordon et al., 2014; Leon, 2008), but the
potential synergistic effects caused by heat stress and pesticides has not been fully evaluated
in epidemiological studies. Also, the absorption and toxicity of pesticides in the body may
be exacerbated with the increment of heat stress and core body temperature (Gordon et al.,
2014). As discovered in our previous pilot study on this farm, the high levels of pesticide
metabolites in urine were correlated with heat stress and body temperature (L6pez-Galvez
et al., 2020), which can potentially affect kidney function. Further research should be
conducted in the interaction of heat and pesticides in relation to kidney functioning.

The changes in kidney functioning that we found by job category due to heat strain are not
only consistent with the hypothesis that heat stress may be a main contributing factor of
developing a kidney disease, but it suggests that pesticide exposure is a potential factor
that needs to be consider in conjunction with heat stress and dehydration. Our study
highlights the need for additional comprehensive research to assess exposure to multiple
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risk factors including heat, hydration, and pesticides exposures and a need for them to be
considered simultaneously. Currently, most research studies focus on heat-related exposures
and kidney function, but there is a paucity of epidemiological studies on pesticide exposure
in combination with heat/hydration. Most studies, including this one, that do include these
factors based on self-reported exposures, lack specific information on pesticides, and do not
include environmental measurements of pesticide or biomarkers (Scammell et al., 2019).

4.4. Strengths and limitations

Though there are many strengths of our research, a main strength is that our study is the
first to incorporate two groups (organic and conventional) of field workers who were not
only working within the same grape farm but working in distinct sections on the farm.

This study design has allowed us to better control for potential pesticide exposure among
MSFWs assigned to specific types of farming and reduces the variability of other factors that
could affect their kidney functioning such as food type variability. For example, the MSFWs
working on this specific farm in Sonora typically consumed similar meals to each other and
drank from the same water source, since the food and water were provided to all workers

by the farm owner. Also, the dorms where MSFWs stayed were relatively like each other,
which eliminates some household variability, but increases the possibility for take home
pathways and cross contamination between MSFW groups since there was no division of
dorms between MSFW who worked in the conventional and organic field areas. Additional
research should be done to further reduce cross contamination to truly assess the differences
in exposure and health outcomes for MSFWSs assigned to conventional and organic fields.

Ultimately, this is a study of many firsts, including the first to be conducted in a migratory
farmworker population, the first longitudinal study to be conducted in this region and the
first longitudinal study to evaluate the kidney functioning and compare them to heat strain
by collecting individual measurements to estimate PSI and dehydration. Our results shows
the need of long-term monitoring of farm workers’ kidney function and their occupational
exposures, as all MSFWs arrived at the farm with a normal kidney function, but many
experienced high risk of kidney injuries and one worker developed kidney disease during
the time they worked in this farm. Hence, early detection of kidney injury or disease and
prolong surveillance is important in agricultural workers because kidney injuries have been
associated with an increased risk of permanent kidney damage, which puts agricultural
workers at a higher risk of developing CKD (Bellomo et al., 2004; Moyce et al., 2016).
Our study calls for occupational surveillance of agricultural workers in other regions of
the world to improve detection and prevent further health issues. Additionally, our findings
indicate that not one risk factor in isolation, but a multiple-risk factors are involved in

the development of kidney damage in agricultural workers; therefore, future studies should
focus on the combination of occupational factors.

Despite the significant components of this work, there are limitations. One of these
limitations is that our study lacks the inclusion of other urinary markers for kidney
functioning that could have helped to validate our findings. For example, the amount of
protein in urine as an indicator of kidney filtration, or the use of other novel urinary
biomarkers such as neutrophil gelatinase-associated lipocalin (NGAL), or measuring of
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serum cystatin C can serve as a renal function marker to detect early acute injury and
provide a better understanding of the kidney function in this population (Nadkarni et al.,
2017). Also, creatine phosphokinase (CPK) was not analyzed in this study, which has been
shown to correlate with potential development of rhabdomyolysis and the risk of AKI
(Bieber and Jefferson, 2019). An important limitation is the number of participants that
were lost to follow up for the last measurement with an attrition rate of 36% across all
participants. Also, there is the possibility for a healthy worker selection effects (HWSE),
as the office workers who dropped out from our study were generally older with higher
BMI and blood pressure than the office workers who completed the study. Although the
attrition rate was relatively high, there were no significant differences in the demographic
characteristics and measurements collected from MSFWSs who dropped out before the
late-harvest and the ones who stayed for the whole study. Another limitation is the use

of job categories and insecticide application as a proxy to pesticide exposure, as the true
concentration of pesticides and the specific type of pesticides that participants were exposed
to is unknown. Direct monitoring of pesticide biomarkers could help improve this study.

One limitation more is that even though PSI may be appropriate to evaluate levels of heat
strain in different environments, it may not be the most reliable tool to identify participants
who are at a high risk of reaching thermal tolerance limits, as recently discovered by an
experimental study with 15 females and 21 males (Davey et al., 2021). However, according
to Davey et al. (2021), monitoring the rate of change of the rectal or skin temperature, or
heart rate with thermal perceptions could be a valid alternative to predict thermal tolerance
limits in extreme environments. Also, although when calculating PSI, rectal temperature is
considered the gold standard measurement for core body temperature, ear canal temperature
is a validated alternative that is more practical and less invasive (Amoateng-Adjepong et
al., 1999; Heidari et al., 2018; Muir et al., 2001; Smitz et al., 2009). While ear temperature
readings could be influenced by surrounding environmental conditions and temperature
variations within the ear canal, it has been demonstrated that the digital thermometer
device used in this study, Braun Thermoscan Exact Temp, can provide a valid core body
temperature estimation during high physical activity in heat (Hamouti et al., 2010; Moran-
Navarro et al., 2019; Towey et al., 2017).

In addition, heart rate and core body temperature used to estimate PSI were collected
intermittently during the two time points of the MSFW and officer workers’ active work-
shift and resting periods. Alternately, PSI could be estimated by collecting continuous
real-time core body temperature and heart rate throughout the workday. Additionally, the
metabolic work rate collected during the first sampling timepoint might be distorted by
MSFWSs’ lack of time to acclimatize to the new work environment. Also, although BMI

is a widely used tool to identify overweight or obese individuals, we recognized that BMI
has its limitations since it has low sensitivity and high specificity to identify adiposity in
populations with different ethnic and racial backgrounds; hence, future research is needed on
the obesity related cutoffs for this Mexican population (Macias et al., 2014; Motamed et al.,
2017).

Another weakness is that our study had no gender distribution, as we only recruited male
workers. Hence, the results from this study cannot be generalized to all farm workers,
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as women can be affected differently by occupational exposures due to known gender
differences in agricultural work activities and behaviors (Habib et al., 2014; Jayasekara

et al., 2019; Moyce et al., 2018). Another limitation is that the race adjustment factors

used in the eGFR calculation were validated in a population from the U.S., which does

not represent the population groups in this study, even though the serum creatinine-based
equations of CKD-EPI are commonly used worldwide. The current eGFR equation used

for this study only considers Latinxs and Native Americans within the same group, but it
does not consider Indigenous groups from outside the U.S., which is an important limitation
because of the large group of Mexican Indigenous workers in this study. Thus, future studies
should consider these groups in developing future epidemiological equations to predict
eGFR. However, it is important to mention that we obtained similar results when using only
serum creatinine in the analyses, so this limitation of the eGFR equation in relation to race is
not likely to significantly affect our findings.

5. Conclusion

To our knowledge, this is the first longitudinal study that evaluates several occupational

risk factors and kidney function in MSFWs. It is also the first study of its kind, collecting
longitudinal data from workers in an organic certified field, a conventional field, and a
control group to better understand differences in these exposures. Our findings suggest that
those employed in high-risk jobs, such as farm work (regardless of whether it takes place
on a conventional or organic field or farm) should be frequently monitored and studies
should include additional quantitative multifactorial measures of pesticides, heat strain, and
biomarkers of kidney function. Future studies should consider a multifactorial approach to
evaluate kidney functioning in agricultural workers. Our results indicated that the prolonged
exposures to occupational hazards in grape field workers can experience a significant impair
of their renal function in comparison to office workers; therefore, long-term occupational
surveillance programs to improve early detection and prevent development of CKDu in
agricultural workers in other regions of the world are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding

We would like to acknowledge all the migrant farm workers that participated in this study for their hard work and
their time provided to our study including the managerial and medical team at the farm. We are thankful to Veronica
Lugo, M.P.H., Fernanda Garavito, M.P.H., Marvin Chaires, Carolina Quijada, Marisol Verdugo, who assisted us in
the field sampling.

This study was supported by the Pilot Project Research Training Program of the Southern California NIOSH
Education and Research Center, Grant Number T420H008412, as well as the NIEHS Southwest Environmental
Health Sciences Center, Grant Number P30 ES006694. This study was supported in part by Agricola Pozo Manuel.
This publication’s contents are solely the responsibility of the authors and do not necessarily represent the official
views of the National Institutes of Health.

Environ Res. Author manuscript; available in PMC 2021 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Galvez et al. Page 20

References

Ames BN, Cathcart R, Schwiers E, Hochstein P, 1981. Uric acid provides an antioxidant defense in
humans against oxidant-and radical-caused aging and cancer: a hypothesis. Proc. Natl. Acad. Sci.
Unit. States Am 78 (11), 6858-6862.

Amoateng-Adjepong Y, Del Mundo J, Manthous CA, 1999. Accuracy of an infrared tympanic
thermometer. Chest 115 (4), 1002-1005. [PubMed: 10208200]

Arakawa K, Hosono A, Shibata K, Ghadimi R, Fuku M, Goto C, Imaeda N, Tokudome Y, Hoshino
H, Marumoto M, 2016. Changes in blood biochemical markers before, during, and after a 2-day
ultramarathon. Open Access J. Sports Med 7, 43. [PubMed: 27186145]

Bellomo R, Fau - Kellum Ronco C, Kellum JA Fau - Mehta Ja, Mehta RL RI Fau - Palevsky P,
Palevsky P, 2004. Acute renal failure - definition, outcome measures, animal models. In: Fluid
Therapy and Information Technology Needs: the Second International Consensus Conference of the
Acute Dialysis Quality Initiative (ADQI) Group, 1466—-609X (Electronic).

Bernard TE, Caravello V, Schwartz SW, Ashley CD, 2007. WBGT clothing adjustment factors for four
clothing ensembles and the effects of metabolic demands. J. Occup. Environ. Hyg 5 (1), 1-5.

Bieber SD, Jefferson JA, 2019. Chapter 12 - rhabdomyolysis. In: Lerma EV, Sparks MA, Topf JM
(Eds.), Nephrology Secrets, fourth ed. Elsevier, pp. 89-93.

Boer P, 1984. Estimated lean body mass as an index for normalization of body fluid volumes in
humans. Am. J. Physiol. Ren. Physiol 247 (4), F632-F636.

Brode P, Kampmann B, 2018. Accuracy of metabolic rate estimates from heart rate under heat stress—
an empirical validation study concerning 1SO 8996. Ind. Health

Brooks DR, Ramirez-Rubio O, Amador JJ, 2012. CKD in Central America: a hot issue. Am. J. Kidney
Dis 59 (4), 481-484. 10.1053/j.ajkd.2012.01.005. [PubMed: 22444491]

Butler-Dawson J, Krisher L, Asensio C, Cruz A, Tenney L, Weitzenkamp D, Dally M, Asturias

EJ, Newman LS, 2018. Risk factors for declines in kidney function in sugarcane workers in
Guatemala. J. Occup. Environ. Med 60 (6), 548. [PubMed: 29370016]

Butler-Dawson J, Krisher L, Yoder H, Dally M, Sorensen C, Johnson RJ, Asensio C, Cruz A, Johnson
EC, Carlton EJ, 2019. Evaluation of heat stress and cumulative incidence of acute kidney injury
in sugarcane workers in Guatemala. Int. Arch. Occup. Environ. Health 92 (7), 977-990. [PubMed:
30997573]

Buuren S.v., Groothuis-Oudshoorn K, 2010. mice: Multivariate imputation by chained equations in R.
J. Stat. Software 1-68.

Chawla LS, Kimmel PL, 2012. Acute kidney injury and chronic kidney disease: an integrated clinical
syndrome. Kidney Int. 82 (5), 516-524. 10.1038/ki.2012.208. [PubMed: 22673882]

Cheuvront SN, Kenefick RW, Zambraski EJ, 2015. Spot urine concentrations should not be used for
hydration assessment: a methodology review. Int. J. Sport Nutr. Exerc. Metabol 25 (3), 293-297.

Coca SG, Singanamala S, Parikh CR, 2012. Chronic kidney disease after acute kidney injury: a
systematic review and meta-analysis. Kidney Int. 81 (5), 442-448. [PubMed: 22113526]

Correa-Rotter R, Wesseling C, Johnson RJ, 2014. CKD of unknown origin in Central America:
the case for a Mesoamerican nephropathy. Am. J. Kidney Dis 63 (3), 506-520. 10.1053/
j.ajkd.2013.10.062. [PubMed: 24412050]

Cotter JD, Thornton SN, Lee JKW, Laursen PB, 2014. Are we being drowned in hydration advice?
Thirsty for more? Extreme Physiol. Med 3 (1), 1-16.

Crowe J, Wesseling C, Solano BR, Umafia MP, Ramirez AR, Kjellstrom T, Morales D, Nilsson M,
2013. Heat exposure in sugarcane harvesters in Costa Rica. Am. J. Ind. Med 56 (10), 1157-1164.
[PubMed: 23775893]

Cuddy JS, Ruby BC, 2011. High work output combined with high ambient temperatures caused heat
exhaustion in a wildland firefighter despite high fluid intake. Wilderness Environ. Med 22 (2),
122-125. [PubMed: 21664560]

Davey SL, Downie V, Griggs K, Havenith G, 2021. The physiological strain index does not reliably
identify individuals at risk of reaching a thermal tolerance limit. Eur. J. Appl. Physiol 121 (6),
1701-1713. [PubMed: 33677693]

Environ Res. Author manuscript; available in PMC 2021 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Galvez et al.

Page 21

Dohoo IR, Ducrot C, Fourichon C, Donald A, Hurnik D, 1997. An overview of techniques for dealing
with large numbers of independent variables in epidemiologic studies. Prev. Vet. Med 29 (3),
221-239. [PubMed: 9234406]

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, Marquéz JRG, Gruber B, Lafourcade
B, Leitao PJ, 2013. Collinearity: a review of methods to deal with it and a simulation study
evaluating their performance. Ecography 36 (1), 27-46.

El-Arbagy A, Yassin Y, Boshra B, 2016. Study of prevalence of end-stage renal disease in
Assiut governorate, upper Egypt [Original Article]. Menoufia Med. J 29 (2), 222-227.
10.4103/1110-2098.192441.

Gallo-Ruiz L, Sennett CM, Sanchez-Delgado M, Garcia-Urbina A, Gamez-Altamirano T, Basra K,
Laws RL, Amador JJ, Lopez-Pilarte D, Tripodis Y, 2019. Prevalence and risk factors for CKD
among brickmaking workers in La Paz Centro, Nicaragua. Am. J. Kidney Dis 74 (2), 239-247.
[PubMed: 30826087]

Garcia-Trabanino R, Jarquin E, Wesseling C, Johnson RJ, Gonzélez-Quiroz M, Weiss |, Glaser J,
José Vindell J, Stockfelt L, Roncal C, Harra T, Barregard L, 2015. Heat stress, dehydration, and
kidney function in sugarcane cutters in El Salvador—A cross-shift study of workers at risk of
Mesoamerican nephropathy. Environ. Res 142, 746—755. 10.1016/j.envres.2015.07.007. [PubMed:
26209462]

Glaser J, Hansson E, Weiss |, Wesseling C, Jakobsson K, Ekstrom U, Apelqgvist J, Lucas R, Monge
EA, Peraza S, 2020. Preventing kidney injury among sugarcane workers: promising evidence from
enhanced workplace interventions. Occup. Environ. Med 77 (8), 527-534. [PubMed: 32404530]

Gordon CJ, Johnstone AF, Aydin C, 2014. Thermal stress and toxicity. Comprehen. Physiol

Habib RR, Hojeij S, Elzein K, 2014. Gender in occupational health research of farmworkers: a
systematic review. Am. J. Ind. Med 57 (12), 1344-1367. [PubMed: 25227724]

Hallack-Alegria M, Watkins DW Jr., 2007. Annual and warm season drought intensity—duration—
frequency analysis for Sonora, Mexico. J. Clim 20 (9), 1897-1909. 10.1175/JCL14101.1.

Hamouti N, Del Coso J, Avila A, Mora-Rodriguez R, 2010. Effects of athletes” muscle mass on
urinary markers of hydration status. Eur. J. Appl. Physiol 109 (2), 213-219. [PubMed: 20058021]

Hansson E, Glaser J, Weiss I, Ekstrom U, Apelqgvist J, Hogstedt C, Peraza S, Lucas R, Jakobsson K,
Wesseling C, 2019. Workload and cross-harvest kidney injury in a Nicaraguan sugarcane worker
cohort. Occup. Environ. Med 76 (11), 818-826. [PubMed: 31611303]

Hansson E, Glaser J, Jakobsson K, Weiss I, Wesseling C, Lucas RAI, Wei JLK, Ekstrédm U, Wijkstrom
J, Bodin T, 2020. Pathophysiological mechanisms by which heat stress potentially induces kidney
inflammation and chronic kidney disease in sugarcane workers. Nutrients 12 (6), 1639.

Hassanin NM, Awad OM, EI-Fiki S, Abou-Shanab RAI, Abou-Shanab ARA, Amer RA, 2018.
Association between exposure to pesticides and disorder on hematological parameters and kidney
function in male agricultural workers. Environ. Sci. Pollut. Control Ser 25 (31), 30802-30807.

Heidari H, Golbabaei F, Shamsipour A, Rahimi Forushani A, Gaeini A, 2018. The cut-off point for
tympanic temperature as a heat strain index for evaluation of outdoor workers: a field study. Int. J.
Occup. Saf. Ergon 24 (2), 224-232. [PubMed: 28440104]

I1SO, c., 2017. Ergonomics of the Thermal Environment—Assessment of Heat Stress Using the
WBGT (Wet Bulb Globe Temperature) Index (ISO 7243: 2017). International Organization for
Standardization, Geneva, Switzerland, p. 7243.

Jayasekara KB, Dissanayake DM, Sivakanesan R, Ranasinghe A, Karunarathna RH, Priyantha Kumara
GW, 2015. Epidemiology of chronic kidney disease, with special emphasis on chronic kidney
disease of uncertain etiology, in the north central region of Sri Lanka. J. Epidemiol 25 (4), 275—
280. 10.2188/jea.JE20140074. [PubMed: 25787679]

Jayasekara KB, Kulasooriya PN, Wijayasiri KN, Rajapakse ED, Dulshika DS, Bandara P, Fried LF,
De Silva A, Albert SM, 2019. Relevance of heat stress and dehydration to chronic kidney disease
(CKDu) in Sri Lanka. Prevent. Med. Rep 15, 100928.

Jayasumana C, Gunatilake S, Siribaddana S, 2015. Simultaneous exposure to multiple heavy metals
and glyphosate may contribute to Sri Lankan agricultural nephropathy. BMC Nephrol. 16 (1), 1-8.

Johnson CL, Paulose-Ram R, Ogden CL, Carroll MD, Kruszan-Moran D, Dohrmann SM, Curtin LR,
2013. National health and nutrition examination survey. Analytic guidelines 1999-2010.

Environ Res. Author manuscript; available in PMC 2021 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Galvez et al.

Page 22

Johnson RJ, Rodriguez-lturbe B, Roncal-Jimenez C, Lanaspa MA, Ishimoto T, Nakagawa T, Correa-
Rotter R, Wesseling C, Bankir L, Sanchez-Lozada LG, 2014. Hyperosmolarity drives hypertension
and CKD-water and salt revisited. Nat. Rev. Nephrol 10 (7), 415-420. 10.1038/nrneph.2014.76.
[PubMed: 24802066]

Laws RL, 2015. Chronic Kidney Disease of Unknown Etiology in Nicaragua: Investigating the Role of
Environmental and Occupational Exposures. Public Health, Boston University.

Laws RL, Brooks DR, Amador JJ, Weiner DE, Kaufman JS, Ramirez-Rubio O, Riefkohl A, Scammell
MK, Lopez-Pilarte D, Sanchez JM, Parikh CR, McClean MD, 2016. Biomarkers of kidney
injury among Nicaraguan sugarcane workers. Am. J. Kidney Dis 67 (2), 209-217. 10.1053/
j.ajkd.2015.08.022. [PubMed: 26454687]

Lebov JF, Engel LS, Richardson D, Hogan SL, Hoppin JA, Sandler DP, 2016. Pesticide use and risk
of end-stage renal disease among licensed pesticide applicators in the Agricultural Health Study.
Occup. Environ. Med 73 (1), 3-12. 10.1136/0emed-2014-102615. [PubMed: 26177651]

Leon LR, 2008. Thermoregulatory responses to environmental toxicants: the interaction of thermal
stress and toxicant exposure. Toxicol. Appl. Pharmacol 233 (1), 146-161. [PubMed: 18313713]

Levin A, Tonelli M, Bonventre J, Coresh J, Donner JA, Fogo AB, Fox CS, Gansevoort RT, Heerspink
HJL, Jardine M, Kasiske B, Kottgen A, Kretzler M, Levey AS, Luyckx VA, Mehta R, Moe
O, Obrador G, Pannu N, Parikh CR, Perkovic V, Pollock C, Stenvinkel P, Tuttle KR, Wheeler
DC, Eckardt KU, participants, 1.G.K.H.S., 2017. Global kidney health 2017 and beyond: a
roadmap for closing gaps in care, research, and policy. Lancet 390 (10105), 1888-1917. 10.1016/
S0140-6736(17)30788-2. [PubMed: 28434650]

Lopez-Galvez N, Wagoner R, Beamer P, De Zapien J, Rosales C, 2018. Migrant farmworkers’
exposure to pesticides in Sonora, Mexico. Int. J. Environ. Res. Publ. Health 15 (12). 10.3390/
ijerph15122651.

Lopez-Galvez N, Wagoner R, Canales RA, de Zapien J, Calafat AM, Ospina M, Rosales C, Beamer
P, 2020. Evaluating imidacloprid exposure among grape field male workers using biological and
environmental assessment tools: an exploratory study. Int. J. Hyg Environ. Health 230, 113625.
10.1016/j.ijheh.2020.113625. [PubMed: 32950770]

Lucas RAI, Bodin T, Garcia-Trabanino R, Wesseling C, Glaser J, Weiss I, Jarquin E, Jakobsson K,
Wegman DH, 2020. Heat stress and workload associated with sugarcane cutting-an excessively
strenuous occupation! Extreme Physiol. Med 4 (1), 1-2.

Macias N, Quezada AD, Flores M, Valencia ME, Denova-Gutiérrez E, Quiterio-Trenado M, Gallegos-
Carrillo K, Barquera S, Salmerén J, 2014. Accuracy of body fat percent and adiposity indicators
cut off values to detect metabolic risk factors in a sample of Mexican adults. BMC Publ. Health 14
(1), 1-9.

Moran DS, Horowitz M, Meiri U, Laor A, Pandolf KB, 1999. The physiological strain index applied to
heat-stressed rats. J. Appl. Physiol 86 (3), 895-901. 10.1152/jappl.1999.86.3.895, 1985. [PubMed:
10066702]

Moran-Navarro R, Courel-Ibéfiez J, Martinez-Cava A, Conesa-Ros E, Sanchez-Pay A, Mora-
Rodriguez R, Pallafes JG, 2019. Validity of skin, oral and tympanic temperatures during exercise
in the heat: effects of wind and sweat. Ann. Biomed. Eng 47 (1), 317-331. [PubMed: 30136150]

Motamed N, Sohrabi M, Poustchi H, Maadi M, Malek M, Keyvani H, Amoli MS, Zamani F, 2017. The
six obesity indices, which one is more compatible with metabolic syndrome? A population based
study. Diabetes Metabol. Synd.: Clin. Res. Rev 11 (3), 173-177.

Moyce S, Joseph J, Tancredi D, Mitchell D, Schenker M, 2016. Cumulative incidence of acute kidney
injury in California’s agricultural workers. J. Occup. Environ. Med 58 (4), 391-397. 10.1097/
jom.0000000000000668. [PubMed: 27058480]

Moyce S, Mitchell D, Armitage T, 2018. Heat strain, volume depletion and kidney function in
California agricultural workers (vol 74, pg 402, 2017). Occup. Environ. Med 75 (2), 162-162.
[PubMed: 29335354]

Moyce S, Mitchell D, Vega A, Schenker M, 2020. Hydration choices, sugary beverages, and
kidney injury in agricultural workers in California. J. Nurs. Scholarsh 52 (4), 369-378. 10.1111/
jnu.12561. [PubMed: 32391966]

Environ Res. Author manuscript; available in PMC 2021 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Galvez et al.

Page 23

Muir I, Bishop P, Lomax R, Green J, 2001. Prediction of rectal temperature from ear canal
temperature. Ergonomics 44 (11), 962-972. [PubMed: 11693247]

Nadkarni GN, Coca SG, Meisner A, Patel S, Kerr KF, Patel UD, Koyner JL, Garg AX, Philbrook HT,
Edelstein CL, 2017. Urinalysis findings and urinary kidney injury biomarker concentrations. BMC
Nephrol. 18 (1), 1-6. [PubMed: 28049448]

Nerbass FB, Pecoits-Filho R, Clark WF, Sontrop JM, Mclntyre CW, Moist L, 2017. Occupational
heat stress and kidney health: from farms to factories. Kidney Int Rep 2 (6), 998-1008. 10.1016/
j.ekir.2017.08.012. [PubMed: 29270511]

PAHO, 2017. Epidemic of Chronic Kidney Disease in Agricultural Communities in Central.

Paula Santos U, Zanetta DM, Terra-Filho M, Burdmann EA, 2015. Burnt sugarcane harvesting
is associated with acute renal dysfunction. Kidney Int. 87 (4), 792-799. 10.1038/ki.2014.306.
[PubMed: 25229334]

Peraza S, Wesseling C, Aragon A, Leiva R, Garcia-Trabanino RA, Torres C, Jakobsson K, Elinder CG,
Hogstedt C, 2012. Decreased kidney function among agricultural workers in El Salvador. Am. J.
Kidney Dis 59 (4), 531-540. 10.1053/j.ajkd.2011.11.039. [PubMed: 22300650]

Rajapurkar MM, John GT, Kirpalani AL, Abraham G, Agarwal SK, Almeida AF, Gang S, Gupta A,
Modi G, Pahari D, Pisharody R, Prakash J, Raman A, Rana DS, Sharma RK, Sahoo RN, Sakhuja
V, Tatapudi RR, Jha V, 2012. What do we know about chronic kidney disease in India: first
report of the Indian CKD registry. BMC Nephrol. 13, 10. 10.1186/1471-2369-13-10. [PubMed:
22390203]

Ramirez-Rubio O, McClean MD, Amador JJ, Brooks DR, 2013. An epidemic of chronic kidney
disease in Central America: an overview. J. Epidemiol. Community Health 67 (1), 1-3. 10.1136/
jech-2012-201141. [PubMed: 23002432]

Roncal-Jimenez C, Lanaspa MA, Jensen T, Sanchez-Lozada LG, Johnson RJ, 2015. Mechanisms by
which dehydration may lead to chronic kidney disease. Ann. Nutr. Metab 66 (Suppl. 3), 10-13.
10.1159/000381239.

Ronco C, 2013. Kidney attack: overdiagnosis of acute kidney injury or comprehensive definition of
acute kidney syndromes? Blood Purif. 36 (2), 65-68. 10.1159/000354768. [PubMed: 23969548]

Sanchez-Lozada LG, Roncal-Jimenez CA, Garcia-Arroyo FE, Jensen T, Lanaspa MA, Johnson RJ,
2019. The perils of rehydrating with soft drinks following heat and exercise. Am. J. Physiol.
Regul. Integr. Comp. Physiol 316 (3), R187-R188. [PubMed: 30673300]

Sanoff SL, Callejas L, Alonso CD, Hu Y, Colindres RE, Chin H, Morgan DR, Hogan SL, 2010.
Positive association of renal insufficiency with agriculture employment and unregulated alcohol
consumption in Nicaragua. Ren. Fail 32 (7), 766—777. [PubMed: 20662688]

Scammell MK, Sennett CM, Petropoulos ZE, Kamal J, Kaufman JS, 2019. Environmental and
occupational exposures in kidney disease. Semin. Nephrol 39 (3), 230-243. [PubMed: 31054622]

Schlader ZJ, Hostler D, Parker MD, Pryor RR, Lohr JW, Johnson BD, Chapman CL, 2019. The
potential for renal injury elicited by physical work in the heat. Nutrients 11 (9), 2087.

Smitz S, Van de Winckel A, Smitz MF, 2009. Reliability of infrared ear thermometry in the prediction
of rectal temperature in older inpatients. J. Clin. Nurs 18 (3), 451-456. [PubMed: 19191993]

Sorensen CJ, Butler-Dawson J, Dally M, Krisher L, Griffin BR, Johnson RJ, Lemery J, Asensio C,
Tenney L, Newman LS, 2019. Risk factors and mechanisms underlying cross-shift decline in
kidney function in Guatemalan sugarcane workers. J. Occup. Environ. Med 61 (3), 239. [PubMed:
30575695]

Stevens LA, Claybon MA, Schmid CH, Chen J, Horio M, Imai E, Nelson RG, Van Deventer M,
Wang H-Y, Zuo L, 2011. Evaluation of the Chronic Kidney Disease Epidemiology Collaboration
equation for estimating the glomerular filtration rate in multiple ethnicities. Kidney Int. 79 (5),
555-562. [PubMed: 21107446]

Suzuki K, Peake J, Nosaka K, Okutsu M, Abbiss CR, Surriano R, Bishop D, Quod MJ, Lee H, Martin
DT, 2006. Changes in markers of muscle damage, inflammation and HSP70 after an Ironman
Triathlon race. Eur. J. Appl. Physiol 98 (6), 525-534.

Team, R., 2015. RStudio: Integrated Development for R. URL RStudio, Inc., Boston, MA, p. 14, 42.
http://www.rstudio.com.

Environ Res. Author manuscript; available in PMC 2021 November 10.


http://www.rstudio.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Galvez et al.

Page 24

Towey C, Easton C, Simpson R, Pedlar C, 2017. Conventional and novel body temperature
measurement during rest and exercise induced hyperthermia. J. Therm. Biol 63, 124-130.
[PubMed: 28010810]

Valcke M, Levasseur M-E, da Silva AS, Wesseling C, 2017. Pesticide exposures and chronic kidney
disease of unknown etiology: an epidemiologic review. Environ. Health 16 (1), 1-20. [PubMed:
28049482]

Wagoner RS, Ldpez-Galvez NI, de Zapien JG, Griffin SC, Canales RA, Beamer PI, 2020. An
occupational heat stress and hydration assessment of agricultural workers in North Mexico. Int. J.
Environ. Res. Publ. Health 17 (6), 2102.

Webster AC, Nagler EV, Morton RL, Masson P, 2017. Chronic kidney disease. Lancet 389 (10075),
1238-1252. 10.1016/S0140-6736(16)32064-5. [PubMed: 27887750]

Wegman D, Crowe J, Hogstedt C, Jakobsson K, Wesseling C, 2016. Mesoamerican Nephropathy:
Report from the Second International Research Workshop on MeN.

Wesseling C, Crowe J, Hogstedt C, Jakobsson K, Lucas R, Wegman DH, Nephropathy F.I.R.W.0.t.M.,
2014. Resolving the enigma of the mesoamerican nephropathy: a research workshop summary.
Am. J. Kidney Dis 63 (3), 396-404. 10.1053/j.ajkd.2013.08.014. [PubMed: 24140367]

Wesseling C, van Wendel de Joode B, Crowe J, Rittner R, Sanati NA, Hogstedt C, Jakobsson K,
2015. Mesoamerican nephropathy: geographical distribution and time trends of chronic kidney
disease mortality between 1970 and 2012 in Costa Rica. Occup. Environ. Med 72 (10), 714-721.
10.1136/0emed-2014-102799. [PubMed: 26199395]

Wesseling C, Aragon A, Gonzalez M, Weiss |, Glaser J, Rivard CJ, Roncal-Jiménez C, Correa-Rotter
R, Johnson RJ, 2016. Heat stress, hydration and uric acid: a cross-sectional study in workers of
three occupations in a hotspot of Mesoamerican nephropathy in Nicaragua. BMJ open 6 (12).
10.1136/bmjopen-2016-011034e011034-e011034.

Wesseling C, Glaser J, Rodriguez-Guzman J, Weiss |, Lucas R, Peraza S, da Silva AS, Hansson E,
Johnson RJ, Hogstedt C, 2020. Chronic kidney disease of non-traditional origin in Mesoamerica: a
disease primarily driven by occupational heat stress. Rev. Panam. Salud Public 44.

Wijkstrom J, Leiva R, Elinder CG, Leiva S, Trujillo Z, Trujillo L, Séderberg M, Hultenby K,
Wernerson A, 2013. Clinical and pathological characterization of Mesoamerican nephropathy:

a new kidney disease in Central America. Am. J. Kidney Dis 62 (5), 908-918. 10.1053/
j.ajkd.2013.05.019. [PubMed: 23850447]

Xiang J, Bi P, Pisaniello D, Hansen A, Sullivan T, 2014. Association between high temperature and
work-related injuries in Adelaide, South Australia, 2001-2010. Occup. Environ. Med 71 (4), 246-
252. [PubMed: 24334260]

Environ Res. Author manuscript; available in PMC 2021 November 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lopez-Galvez et al.

Type of Worker: == Organic MSFWs == Conventional MSFWs == Office Workers

Page 25

~ 150 J
3
e ] 135.4 (14.4)
- ~127.4 (12.9) 1
-
e 3110.9 (13.6)
~
= 100 4 101.2 (19.4)
=
<@
=

50

Pre-Harvest Late-Harvest
Timepoints
Fig. 1.

Participants’ eGFR (mL/min/1.73 m2) by job categories, office workers versus MSFWs in
organic fields versus MSFWs in conventional fields, during pre-harvest and late harvest

timepoints.

Environ Res. Author manuscript; available in PMC 2021 November 10.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lopez-Galvez et al.

Sociodemographic, behavioral, hydration and pesticide exposure characteristics of the study population.

Table 1

All participants (n = 151)

MSFWs (n = 101)

Office Workers (n = 50)

p-value

Sociodemographic & Behavior

Age (years), mean (Min-Max) 28.5 (18-59)
Primary Language, n (%)

Spanish 112 (74)
Indigenous language 39 (26)
State of Origin, n (%)

Puebla 57 (37)
Chiapas 47 (31)
Sonora 40 (27)
Other 7 (5)
Education, n (%)

Middle School or less 93 (62)
High School and above 58 (38)
Monthly Income, n(%)

Less than $500 116 (77)
$500 or above 35 (23)
Alcohol, n(%) ? 86 (53)
Smoking, n(%) a 57(38)
Pain Medications, n(%) a

No used of NSAIDs 131 (86.8)
Recent used of NSAIDs 20 (13.2)

Hydration and Pesticide Exposure Practices a

Daily Water Intake, n (%)

<4 Liters 131 (86.8)
>4 Liters 20 (13.2)
Recent Sweetened Drinks (Sodas), n(%)

No soda consumption 51 (33.5)
Recent soda consumption 100 (66.5)

Number of Sweetened Drinks Consumed, n(%)

<1 beverage a week 63 (41.9)
1 beverage per day 61 (40.1)
> 1 beverages per day 27 (18.0)
Insecticidesin Home/Dorms, n(%)

Recent application 29 (19.1)
No recent application 122 (80.9)

29.4 (18-59)

67 (66)
34 (34)

55 (55)
41 (41)
0(0)
5(5)

86 (85)
15 (15)

86 (85)
15 (15)
67 (66)

46 (46)

86 (85.2)
15 (14.8)

89 (88.9)
11 (11.1)

23 (22.7)
78 (77.3)

22 (21.4)
54 (53.8)
25 (24.8)

25 (24.8)
76 (75.2)

26.5 (18-51)

45 (90)
5 (10)

2(4)
6 (12)
40 (80)

2 (4)

7(14)
43 (86)

30 (60)
20 (40)
19 (32)

11(22)

45 (90.0)
5 (10.0)

41 (82.0)
9 (18.0)

28 (56.0)
22 (44.0)

45 (90.0)
4(8.0)
1(2.0)

5 (10.0)
45 (90.0)

0.052

0.001

<0.001

<0.001

<0.001

<0.001

0.003

0.188

0.095

<0.001

<0.001

0.027
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a - . . o . .
Abbreviations: MSFWSs, migrant seasonal farm workers; BMI, body mass index; SD, standard deviation, n, sample size. Statistical test performed:

ttest for age as continuous and chi-square test for categorical variables.Information collected at pre-harvest. Note: participants were asked about

recent consumption of alcohol and smoking; one sweetened beverage refers to one soda in aluminum 12 fluid ounce can.
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Table 2

Pre-harvest anthropometric, hydration, heat stress, and physiological measurements.

All participants (N =151) MSFWs(n=101) OfficeWorkers(n=50) p-value
Anthropometric Measurements
Weight (kg), mean (SD) 71.0 (12.5) 70.8 (11.4) 71.3 (14.7) 0.700
Height (m), mean (SD) 1.67 (0.7) 1.63 (0.6) 1.73(0.7) <0.001
BMI (kg/m?), mean (SD) 25.9 (4.1) 26.6 (3.9) 23.7 (4.3) <0.001
Normal: BMI < 25, n (%) 68 (45.0) 35 (35.0) 33 (66.0)
OW: BMI 25-29.9, n (%) 65 (43.0) 50 (50.0) 15 (30.0) <0.001
Obese: BMI >30, n (%) 18 (12.0) 16 (15.0) 2 (4.0)
Blood Pressure (mmHgQ)
Systolic, mean (SD) 115.1 (17.5) 116 (16.4) 113.0 (17.7) 0.290
Diastolic, mean (SD) 73.2 (13.1) 74.3 (13.4) 71.0 (9.6) 0.140
Work intensity, heat stress and dehydration
MWR (W/m2), mean (SD) 146 (35.6) 169 (43.1) 133 (29.8) <0.001
WBGTs (°C), mean (SD) 17.3 (2.9) 17.7 (3.4) 13.7 (1.1) <0.001
PSI. GM (GSD)? 2.4(13) 2.6 (1.9) 1.8(1.2) <0.001
TBW (mL/kg), mean (SD) 39.4 (4.5) 38.8(3.9) 41.0 (5.2) 0.002
S-Osmolality (mOsm/kg), mean (SD) 264.0 (17.4) 262.7 (19.5) 263.7 (11.2) 0.740
Urinary Specific Gravity, n (%)
Hydrated: SG < 1.010 39 (25.7) 25 (25.0) 13 (26.0)
Mildly Dehydrated: 1.010 <SG < 1.021 37 (24.6) 23 (23.0) 17 (34.0) 0.640
Dehydrated: SG >1.021 75 (49.7) 53 (53.0) 20 (40.0)
Kidney Function Biomarker
SCr (mg/dL), mean (SD) 0.7 (0.2) 0.7 (0.2) 0.8(0.2) 0.110
eGFR (mL/min/1.73m?2), mean (SD) 126 (14.2) 125 (13.0) 127 (16.6) 0.390

Page 27

Abbreviations: MSFWSs, migrant seasonal farm workers; BMI, body mass index; OW, overweight; MWR, metabolic work rate; WBGTeff, effictive

measure of wet and bulb global temperature (8 hour average); PSI, physiological strain index; TBW, total body water; S-OSM, serum osmolality;
eGFR, estimated globular filtration rate; SD, standard deviation; SCr, serum creatinin; n, sample size; GM, geometric mean; GSD, geometric

standard deviation. Statistical test performed: #test for continuous and chi-square for categorical variables. Bolded p-values are statistically

significant.

é]\/ariable was log-normally transformed, GM and GSD are presented.
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Table 3

Participants with kidney injury based on RIFLE classification during the late harvest.

MSFWsOrganic (n=37) MSFWsConventional (n =38) Office Workers(n = 20)

Risk (! >25% GFR), n(%) 4(11) 8 (21%) 0 (0%)
Injury (4 >50% GFR), n(%) 0 (0%) 2 (5%) 0 (0%)

Environ Res. Author manuscript; available in PMC 2021 November 10.
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Table 4

MSFWs working in conventional fieldwith eGFR below 90 mL/min/1.73 mZ2.

Participant  Pre-harvest (eGFR) Lateharvest (eGFR) eGFR % Change

MSFW 17 120.56 33.22 87.34
MSFW 2 146.44 81.23 65.22
MSFW 3 136.81 88.98 47.83
MSFW 4 115.01 81.23 33.79
MSFW 5 119.43 89.24 30.19
MSFW 6 101.35 71.58 29.77
MSFW 7 114.12 85.31 28.82
MSFW 8 111.74 83.53 28.21

Note: eGFR below 60 mL/min/1.73 m indicates signs of kidney disease, while eGFR <90 mL/min/1.73 m2 may indicate signs of kidney damage.

*
MSFWs with signs of kidney disease. All MSFWSs with values below 90 mL/min/1.73 m2 had less than 45 years of age and only worked in the

conventional field (no worker in organic field or office worker had eGFR values below 90 mL/min/1.73 m2).
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Linear mixed effect models evaluating change in eGFR among all participants.

Table 6

Models Estimate SE (95% CI)
()]
Z Modd 1
Time
Early Harvest Reference - -
Late Harvest -16.98 1.65 (=20.22, -13.69) HAA
Educational Level

Some high school and above Reference - -
Middle school or less -3.00 2.10 (-7.01, 1.16)
Age & Anthropometric Measurements

— *
Body Mass Index? 0.46 0.26 (-0.98,-0.28)
Participant Age -0.69 011 (—0.01,-0.47)"""
Systolic Blood Pressure” -010 005 (-020,001)
5 Model 2

— HAk
Physiological Strain Index” 016 003 (015 -0.06)

d
Water Intake
Daily Water Intake (<4 L) Reference - -
Daily Water Intake (>4 L) -0.43 2.1 (-7.34,0.29)
Dehydration - Specific Gravity a
Hydrated: SG < 1.010 Reference - -
Mildly Dehydrated: 1.010 <SG < 1.021 -9.68 2.84 (-13.31, -3.26) i
Dehydrated: SG >1.021 -13.62 2.53 (-16.56, -7.71) el
Educational Level
Some High School and above Reference - -
Middle School or less -1.37 1.85 (-4.01, 4.20)
Age & Anthropometric Measurements
Participant Age -0.60 011  (-0.80,-0.37)
Body Mass Indexd -0.16 0.26 (-0.66, 0.36)
Systolic Blood Pressure? -008 006 (-0.19,0.03)
‘ Model 3
Job Categories
Office Worker Reference - -
MSFWs in organic field -19.02 4.16 (—27.29, —10.82) FAXE
MSFWs in conventional field -29.17 4.06 (-37.26, -21.17) AAA
Insecticide at home/dorm a

No recent application Reference - -

Environ Res. Author manuscript; available in PMC 2021 November 10.
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Models Estimate SE (95% CI)
®)
Recent application 0.92 1.87 (-2.78, 4.64)
Age & Anthropometric Measurements
Participant Age -0.04 010 (—0.86,-0.44)
Body Mass Index? 051 023 (-1.00,-0.02) "
-0.04 0.05 (-0.14, 0.10)

Systolic Blood Pressured

aModeI 1: The study timepoints adjusted by demographic and anthropometric measurements.

b

Model 2: Heat strain and hydration adjusted by anthropometric measurements;

As the PSI was log-transformed prior analysis, the estimate (B) of PSI represents a 1% increase in PSI is associated with an average unit decrease

in eGFR.

cModeI 3 (M3): Pesticide exposure based on individual job categories adjusted by other covariates; results presented in M3 are change in eGFR
during study timepoints are the beta coefficient of the time x job category (full model output results presented in Table S9). Abbreviations: eGFR,
estimated globular filtration rate, SG, specific gravity; SE, standard error; Cl, confidence interval.

*
p-value<0.05;

Ak
p-value<0.01;

*okoA

p-value<0.001.

Note: Water intake and recent pesticide application refers to within the last few days.

a, . — .
Variables measured at each sampling timepoint.
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Table 7

Final linear mixed effects model (Model 4) evaluating change in eGFR among all participants (Interaction
between PSI and job category).

Variables Estimate SE (95% CI)
®)
Final Model: Heat Stressand Pesticide Exposure
Job Category x PSI a
Office Worker x PSI Reference - -
MSFWs in organic field x PSI -0.23 0.10  (-0.44,-0.03) *
MSFWs in conventional field x PSI -0.37 0.11 (-0.57,-0.16) **
Water Intake b
Daily Water Intake (<4 L) Reference - -
Daily Water Intake (>4 L) -0.20 2.14 (-4.21, 3.35)

Dehydration - Specific Gravityb

Hydrated: SG < 1.010 Reference - -

Mildly Dehydrated: 1.010 <SG < 1.021 -8.51 277 (-13.98,-3.03) **

Dehydrated: SG >1.021 -11.99 248 (-16.88,-7.10) ***
Insecticide at home/dorm b

No recent application Reference - -

Recent application -2.00 2.01 (-4.62, 3.35)

Age & Anthropometric Measurements

Participant Age -0.55 0.10 (-0.75,-0.34)

BMIb -0.37 0.25 (-0.86, 0.13)

Systolic Blood Pressure” -008 006  (-0.18,003)

Note: The change in eGFR associated with hydration and heat strain x job category adjusted by other covariates including insecticide application at
home/dorm;

a . . . . . . .

As the PSI was log-transformed prior analysis, the estimate (B) of Job category x PSI represents a 1% increase in PSI in MSFWs in the
conventional field or organic field associated with an average unit decrease in eGFR (full model output results presented in Table S10).
Abbreviations: eGFR, estimated globular filtration rate, SG, specific gravity; SE, standard error; CI, confidence interval.

*
p-value<0.05;

*:

*
p-value<0.01;

Hok:

*
p-value<0.001.

Note: Water intake and recent pesticide application refers to within the last few days of surveying participants.

b, . N .
Variables measured at each sampling timepoint.
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