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Introduction: Agricultural workers laboring in thermally stressful environments are at increased risk for

kidney injury and chronic kidney disease of unknown origin (CKDu), and their environmental and occu-

pational exposures have been considered to be important risk factors. This study examined the effects of

repeated kidney stress from the simultaneous strain of work and other factors experienced by workers in

Guatemala during a typical workweek.

Methods: We collected data from 107 sugarcane workers across 7 consecutive work shifts. Data included

information on daily occupational, meteorological, environmental, and lifestyle factors. We used multi-

variable linear mixed models to evaluate associations of these factors with percent change in creatinine.

Results: We observed that increasing wet bulb globe temperature (b ¼ 2.5%, 95% confidence interval

[CI] ¼ 0.3%, 4.7%) and increasing diastolic blood pressure (b ¼ 6.2%, 95% CI ¼ 0.9%, 11.6%) were asso-

ciated with increases in creatinine across the shift, whereas consumption of water from chlorinated dor-

mitory tanks as compared to artesian well water (b ¼ �17.5%, 95% CI ¼ �29.6%, �5.4%) and increasing

number of rest breaks (b ¼ �5.8%, 95% CI ¼ �9.0%, �2.6%) were found to be protective against increases

in creatinine. Workers reporting drinking tank water had lower concentrations of urine

creatinine�corrected arsenic, lead, uranium, and glyphosate compared to workers reporting the use of

well water or municipal water.

Conclusion: These results reinforce the need to focus on preventive actions that reduce kidney injury

among this worker population, including strategies to reduce heat stress, managing blood pressure, and

examining water sources of workers for nephrotoxic contaminants.
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A
n epidemic of chronic kidney disease continues to
affect agricultural communities and workers,

mainly in hot regions around the globe, including Latin
America, Sri Lanka, India, and Egypt.1–16 The etiology
of the epidemic, coined “chronic kidney disease of
unknown origin” (CKDu), remains unidentified, as it is
not linked to traditional risk factors such as hyper-
tension and diabetes.1
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Recurrent episodes of kidney injury may cumula-
tively impair kidney function and contribute to
chronic renal decline and CKDu.1,17,18 A high burden of
acute kidney injury has been reported among agricul-
tural workers laboring in hot climates.1,19–22 Agricul-
tural workers, specifically sugarcane workers, are
exposed to conditions that precipitate kidney injury,
including inadequate fluid intake leading to volume
depletion, exercise- or heat-induced muscle damage,
and the use of medications such as nonsteroidal anti-
inflammatory drugs (NSAIDs).1,23,24 During intense la-
bor and exposure to heat stress, renal blood flow de-
creases, which can contribute to increased stress on the
kidneys.25 Although heat stress and dehydration most
Kidney International Reports (2021) 6, 2404–2414
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likely play a role, interventions that improve hydra-
tion, rest, and shade have provided only partial re-
lief.19,26,27 Sugarcane workers, as well as other
populations at risk for CKDu, might concurrently be
exposed to other nephrotoxins, including environ-
mental pollutants, in conjunction with heat stress and/
or dehydration.1,28 The combined effects of these
stressors and exposures may compromise kidney
function and increase risk of daily kidney injury
during an entire harvest season.

Prior work from our team demonstrated a high
incidence of acute kidney injury among sugarcane
workers in Guatemala, and higher urinary specific
gravity, lower electrolyte solution intake, and NSAID
use were observed risk factors for injury.19 In another
study on sugarcane workers in Guatemala (the same
worker population as in this current study), we iden-
tified a subgroup of workers who experienced severe
fluctuations in creatinine across repeated work shifts.18

This subgroup of workers experienced a greater
reduction in kidney function across the 6-month har-
vest season. These data provide evidence that cross-
shift changes in creatinine, an acute form of injury
that has traditionally been thought of as transient, may
contribute to observed cross-season declines in kidney
function.

Our goal with this study was to investigate the
factors that influence the severity of cross-shift creati-
nine changes during 7 consecutive work shifts among
sugarcane workers. An additional goal was to explore
workers’ environmental exposures during their work
shifts. It is the first known study to investigate how
occupational, environmental, and lifestyle risk factors
relate to day-to-day variation in markers of kidney
function in a population at-risk for CKDu. Through this
study, we hope to elucidate the role of multifactorial
risk factors contributing to recurrent kidney injury at a
time when the injury might be reversible, thus
potentially preventing the development of CKDu.
MATERIALS AND METHODS

Study Population

The study was conducted during the 2017 to 2018
sugarcane harvest. All eligible study participants were
male, $18 years of age, sugarcane cutters, and
employed by a large agribusiness in southwestern
Guatemala. Cutters harvest the sugarcane manually
with a machete. Participants provided informed
consent in November 2017, the start of the 6-month
harvest, at which time participants also completed
the pre-employment hiring eligibility process
including assessment of kidney function. The company
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enforces an early season acclimatization period, during
which workers labor fewer hours and cut less sugar-
cane, typically lasting the first 2 weeks of the harvest
in November. The participants comprised of male
sugarcane cutters from 2 work groups using stratified
random sampling stratified by residence (local residents
vs. highland residents). Workers in the local work
group lived in the communities adjacent to the sugar-
cane fields (i.e., Santa Barbara and Escuintla) and
commuted daily to work. Workers in the highland
group were from the mountainous regions of Guatemala
(i.e., San Miguel Uspantan and Cubulco) and lived in
dormitories at the sugarcane plantation for the entire 6-
month season. The work setting has previously been
described.19 The study was approved by the Colorado
Multiple Institutional Review Board (COMIRB) and the
Comité de Ética Independiente ZUGUEME in
Guatemala.

Data Collection

Clinical, biomarker, and survey data were collected
from study participants at the start of the season
(November) and the middle of the harvest (January)
(Figure 1). In November, venous blood samples were
collected for baseline measurements of hemoglobin A1c
(HbA1c) and serum creatinine. In January, the work
groups were followed for 16 consecutive days of data
collection: 8 consecutive days for the highland group
and the subsequent 8 days for the local group. Data
were collected before and after work shifts on 6 un-
interrupted days coinciding with the 6-day work week
(days 1�6) and the first day of next 6-day work week
(day 8) after 1 rest day. We also collected clinical data
in the morning of the rest day (day 7). For the study
workdays (days 1�6 and 8), upon arrival to the field
via bus, participants provided a urine sample and a
fingerprick blood sample, and were weighed prior to
the start of work shift. We measured urine specific
gravity (USG) immediately in the field using a digital
refractometer (ATAGO PAL-10S digital refractometer,
Tokyo, Japan). Bodyweight was measured using a
digital scale (Seca 874 DR, Seca Corporation, Chino, CA)
that was calibrated prior to each data collection session.
Workers were weighed in work clothing only (pants
and a long-sleeved shirt); shin guards and boots were
removed. Participants repeated the process immedi-
ately after finishing the work shift, along with an
interviewer-administered survey. The survey inquired
about the study participant’s behaviors in the past 24
hours, as previously described.19 On the workers’ rest
day (day 7), clinical data were collected in the morning,
including blood pressure and weight. Blood pressure
was collected after 3 minutes of sitting.
2405
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Figure 1. Summary of data collection over the 2017 to 2018 sugarcane harvest used in the present study. BP, blood pressure; eGFR, estimated
glomerular filtration rate; POC Creatinine, point-of-care capillary creatinine; USG, urinary specific gravity; WBGT, Wet Bulb Globe Temperature.
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Kidney Function

In November, serum creatinine was collected by
venipuncture and sent to an independent, licensed
clinical laboratory (Herrera Llerandi laboratory,
Guatemala City, Guatemala). Creatinine values were
performed in duplicate using the Creatinine Jaffe
Generation 2 method. Serum creatinine values were
used to calculate the estimated glomerular filtration rate
(eGFR) using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation for all participants,
setting race to “non-Black.”29

The primary outcome of this study was the daily
magnitude of change in creatinine, measured by
calculating the percent change in creatinine from pre-
shift to post-shift for each study workday (days 1�6
and 8) in January ([post-shift creatinine – pre-shift
creatinine]/pre-shift creatinine � 100). Capillary blood
was collected by finger prick, and creatinine was read
instantly in the field using a point-of-care (POC) meter
(Nova Statscan, Nova Biomedical Corporation, Wal-
tham, MA). We applied a correction factor of 0.7775 to
all the post-shift capillary POC creatinine values based
on previous comparisons between venous and capillary
samples.30 In other analyses, among similar cohorts, we
have observed good agreement between venous and
capillary samples of pre-shift creatinine measurements,
thus justifying an adjustment factor of 1 (i.e., no
adjustment) to relate pre-shift capillary creatinine
values to venous creatinine values.31

Fluid Intake

Hydration status was assessed using 3 indicators: pre-
and post-shift USG, percent change in body weight
from pre-shift to post-shift, and self-reported electro-
lyte packet use. The workers were distributed elec-
trolyte powder packets that contained 2.6 g NaCl, 2 g
KCl, 13.5 g carbohydrates (glucose), and 40 kcal per
liter. Workers were encouraged to mix packets with 3
liters of water. Self-reported free water intake and
mixed electrolyte solution intake during the work shift
2406
were also included in the questionnaire. Because
workers used the same 5-L container for both free
water and electrolyte solution, we found that these
amounts were difficult to differentiate using the ques-
tionnaire responses (Supplementary Table S1). Because
of this, we decided to include only the 3 hydration
indicators listed above.

We also assessed self-reported sugar-sweetened
beverage intake during the day and the number of
alcoholic beverages consumed the previous night. We
independently asked about the amount of juice, energy
drinks, soda, and “atol” consumed during the day.
Atol is a traditional drink that is served warm in
Central America and is often made with corn, plantain,
or another starch, and sugar. We combined these var-
iables to create a new variable, “number of sugar-
sweetened beverages.”

Work Intensity and Heat Exposure

We evaluated work intensity by collecting information
on the number of rest breaks taken during a shift,
working the day prior, and the standardized number of
tons of sugarcane that an individual cut during the
study day work shift relative to an individual’s daily
average tons cut during the entire season. We exam-
ined standardized productivity rather than raw
tonnage to account for individual variability in pro-
duction rates.

The average and maximum wet bulb globe temper-
ature (WBGT) measurements were collected for each
study workday from 2 local weather stations within 6
km of the fields, 1 weather station for the local work
group fields, and 1 station for the highland group fields
(see map, Supplementary Figure S1). We intended to
use field WBGT measures; however, measures during
the work shift were missing for 5 of the study days;
therefore, weather station measures were used for this
analysis. We examined correlations between study
days with complete field measures and station measures
(n ¼ 11 study days).
Kidney International Reports (2021) 6, 2404–2414
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Lifestyle Factors and Drinking Water Source

The survey included several questions on lifestyle
factors and was administered on each of the 7 work-
days (days 1�6 and 8). We asked about the number of
cigarettes smoked since waking up and use of oral and
parenteral medications, vitamins, and supplements in
the last 24 hours. Similar to a previous published
study,19 we showed participants pictures of locally
available medications, vitamins, and supplements as
visual prompts and identified NSAIDs. We also asked
participants their source of drinking water used to fill
up their 5-L container before coming to work. Re-
sponses included their residence, a dormitory tank, or a
mobile field tank. For workers reporting “residence,”
we further asked if the source was an artesian well in or
near their home or a public distribution system
(municipal water source). The artesian wells found in
the homes were observed to be generally of low depth
and not chlorinated. Municipal water is treated; how-
ever, the processes vary across systems and can range
from rainwater catchment to treated surface or ground
water. The water in the dormitory and mobile field
tanks was chlorinated and from a deep well. This
question was used to explore differences in drinking
water sources, as water used for consumption is
thought to be a major source of contaminants that are
known nephrotoxicants.32

Urinary Biomarkers of Exposure

To assess potential environmental exposures, we
measured several metals, glyphosate, and cotinine
concentrations with the urinary samples collected on
the second day of the 6-day work week (day 2 only).
Metals that were measured included cadmium, arsenic,
nickel, lead, and uranium. We compared levels in this
study with those measured in a representative national
sample of Mexican Americans participating in the U.S.
National Health and Nutrition Examination Survey
(NHANES).33

Spot morning urine samples were collected and
transported on ice to an on-site clinic, where the urine
was aliquoted into Fisherbrand sterile polypropylene
tubes without preservatives and was frozen at �20�C.
The urine aliquots for metal analyses were shipped to
the Columbia University (Trace Metals Core Labora-
tory), and the urine aliquot for glyphosate was sent to
Colorado State University (Center for Environmental
Medicine Analytical Laboratory). Urine samples were
analyzed for metals using a PerkinElmer NexION 350S
Inductively Coupled Plasma Mass Spectrometry. The
Inductively Coupled Plasma Mass Spectrometry with
dynamic reaction cell method for metals in urine was
developed according to published procedures,34,35 the
Centers for Disease Control and Prevention (CDC)
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method,36 and with modifications suggested by the
PerkinElmer application laboratory. Levels below the
limit of detection were entered as the limit of detection
divided by the square root of 2 for each biomarker.37

Urinary metal and glyphosate concentrations were
adjusted for urinary creatinine to take into consider-
ation urine concentration.38

Statistical Analysis

To assess the association between daily percent change
in POC creatinine and daily characteristics, we used
linear mixed models with random intercept for indi-
vidual to account for the repeated measurements in our
data. We ran univariate models for each of the char-
acteristics described above. We then ran a multivari-
able model that included each of the covariates from
the univariate analysis that had a P value of <0.05.
Given the high correlation between water source and
home of residence, we ran the final model with the
inclusion of water source and not home of residence.
This decision was made because of previous findings
observing kidney function differences between local
workers and highland workers, with highland workers
having better kidney function,22,39,40 and because of
the hypothesis that water source may play a role in the
observed differences between home of residence.

We did not include urinary biomarkers of exposure in
the regression models, as they were measured only on day
2 of the study. With the urinary biomarkers of exposure,
first the Spearman correlation coefficients were calculated
to compare correlations between the exposure concen-
trations. Second, the relationships between water source
and urine biomarkers of exposure were examined using
analysis of variance. Third, the relationships between
urinary metal concentrations and mild hypertension were
examined using analysis of variance based on the litera-
ture reporting that toxic metals such as cadmium, arsenic,
and lead can have cardiovascular effects.41–43 Mild hy-
pertension was defined as systolic blood pressure be-
tween 130 and 139 mm Hg and/or diastolic blood pressure
between 80 and 89 mm Hg.44 All analyses were done in R
version 3.4.345 using the “lme4” package.46

RESULTS

Characteristics of the Study Population

There were 107 male sugarcane cutters who were pre-
sent at least 1 of the 7 study workdays in January. An
overview of baseline characteristics is presented in
Table 1. As shown in Figure 2 and Supplementary
Table S1, we observed daily increases in creatinine
on all 7 workdays, ranging from an average of 11% to
38% increase from pre- to post-shift. Supplementary
Table S1 presents the participant characteristics
across the 7 workdays (days 1�6 and 8). Workers
2407



Table 1. Baseline characteristics for study participants, collected in
November 2017

Characteristics

Overall
(N [ 107, 100%)

Local
(n [ 52, 49%)

Highland
(n [ 55, 51%)

Median (IQR) Median (IQR) Median (IQR)

Age, yr 28 (9) 29 (10) 26 (8)

HbA1c, % 5.4 (0.3) 5.4 (0.3) 5.4 (0.3)

Systolic blood pressure,
mm Hga

114 (18) 120 (15) 108 (15)

Diastolic blood pressure,
mm Hga

68 (11) 69 (10) 63 (11)

BMI, kg/m2 a 22.2 (2.2) 21.9 (2.1) 22.4 (2.3)

Pre-harvest eGFR, ml/min
per 1.73 m2

118 (21) 115 (19) 118 (18)

Number of previous
harvests worked

7 (6) 8 (8) 6 (7)

N (%) N (%) N (%)

Self-reported current
smoker

26 (28%) 19 (42%) 7 (14%)

BMI, body mass index; eGFR, estimated glomerular filtration rate.
aCollected on workers’ rest day (day 7) in January.

Table 2. Univariate regression analysis of factors with percent
change in creatinine from pre- to post-shift over 7 workdays
Characteristic Estimate (95% CI), %a P value

Demographics

Age (per yr) 0.45 (0.04, 0.85) 0.03b

Local home of residence (ref: Highland) 21.61 (17.39, 25.84) <0.01b

Systolic blood pressure (per 10 mm Hg)c 4.03 (1.5, 6.55) <0.01b

Diastolic blood pressure (per 10 mm Hg)c 5.79 (2.61, 8.96) <0.01b

Body mass index (per kg/m2)c –0.55 (–2.1, 1.0) 0.49

Pre-shift creatinine (per 0.1 mg/dl) –11.46 (–12.64, –10.22) <0.01b

Hydration and fluid intake

Weight change across shift (per 1%) 0.11 (–0.91, 1.12) 0.84

Pre-shift urine specific gravity (per 0.01) –2.99 (–7.05, 1.03) 0.13

Post-shift urine specific gravity (per 0.01) 5.54 (1.84, 9.25) <0.01b

Number of electrolyte packets (per 1 packet) 11.87 (7.90, 15.78) <0.01b

Number of sugar-sweetened beverages (per 1
beverage)

0.83 (–0.17, 1.83) 0.09

Work intensity and heat exposure

Number of rest breaks (per 1 break) –8.67 (–12.54, –4.8) <0.01b

Worked the prior day (ref: no) –8.98 (–13.58, –4.38) <0.01b

Standardized amount of sugarcane harvested on
study day

–0.28 (–2.64, 2.09) 0.81

Average Wet Bulb Globe Temperature (per 1�C) 4.45 (3.38, 5.50) <0.01b

Maximum wet bulb globe temperature (per 1�C) 3.30 (2.34, 4.23) <0.01b

Lifestyle factors

Current smoker (ref: former/never smoker)d 5.23 (–1.75, 12.21) 0.15

Number of cigarettes smoked (per 1 cigarette) 21.3 (–3.86, 46.57) 0.10

NSAID usee (ref: no) 3.23 (–6.5, 13.05) 0.51

Drinking water source for first 5-L water container
fill-up

Municipal (ref: well water) 5.76 (–1.45, 12.99) 0.12

Dormitory tank (ref: well water) –16.95 (–23.79, –10.08) <0.01b

NSAID, nonsteroidal anti-inflammatory drug; ref, reference.
aCoefficient is expressed as a percentage (100 � b estimate). Interpreted as a percent
change in creatinine from pre- to post-shift.
bIndicates significance at a P value of <0.05.
cCollected only on the worker’s rest day (day 7).
dCollected at baseline.
eTypes of NSAIDs included ibuprofen, aspirin, diclofenac, naproxen, or local brands that
were identified as NSAIDs.
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reported taking an average of 3 rest breaks during the
work shift. A low percentage of workers (<1%) re-
ported smoking cigarettes and taking NSAIDs (2%�
13%), with 13% on day 5. Slightly more than one-half
of the workers (52%�57%) reported using dormitory
tanks to fill their 5-L container before heading to the
field (96% were highland workers), whereas one-third
reported using a municipal drinking water source
(30%�35%) and the rest reported using well water
(10%�13%).

Daily average WBGT measures ranged from 19�C to
25�C, and maximum WBGT measures ranged from 21�C
to 28�C. We observed a significant correlation (r ¼
0.62) between weather station measures (n ¼ 2 stations)
and field measures (n ¼ 14 fields) on the days with
complete measures for both (n ¼ 11 days).
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Figure 2. Distribution of percent change in creatinine across study
workdays. A positive percent change indicates a decline in kidney
function from pre- to post-shift (N ¼ 107 sugarcane cutters).
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Factors Associated With Daily Percent Change

in Creatinine

Table 2 and Table 3 present the factors associated with
daily percent change in creatinine in the univariate and
multivariable models. In the multivariable models,
while controlling for age and pre-shift creatinine, we
observed that increasing average WBGT (b ¼ 2.5%,
95% confidence interval [CI] ¼ 0.3%, 4.7%) and
increasing diastolic blood pressure (b ¼ 6.2%, 95%
CI ¼ 0.9%, 11.6%) were associated with increases in
creatinine across the shift. The association between
increasing post-shift USG and increases in creatinine
approached significance (b ¼ 2.8%, 95% CI ¼ �0.3%,
6.0%). Consumption of dormitory tank water as
compared to well water (b ¼ �17.5%, 95%
CI ¼ �29.6%, �5.4%) and increasing the number of
rest breaks (b ¼ �5.8%, 95% CI ¼ �9.0%, �2.6%)
were found to be protective against cross-shift in-
creases in creatinine.
Kidney International Reports (2021) 6, 2404–2414



Table 3. Multivariable associations between factors and percent
change in creatinine from pre- to post-shift over 7 workdays
Characteristic Estimate (95% CI), %a P value

Drinking water source

Municipal (ref: well water) 0.16 (–8.42, 8.66) 0.97

Dormitory tanks (ref: well water) –17.47(–29.6, –5.39) <0.01b

Average WBGT (per 1�C) 2.54 (0.28, 4.70) 0.02b

Number of rest breaks –5.84 (–9.04, –2.57) <0.01b

Diastolic blood pressure (per 10 mmHg)c 6.23 (0.87, 11.58) 0.03b

Systolic blood pressure (per 10 mmHg)c –3.31 (–7.55, 0.95) 0.14

Post-shift specific gravity (per 0.01) 2.78 (–0.34, 5.97) 0.09

Worked the prior day (ref: no) –3.47 (–7.53, 0.47) 0.09

Number of electrolyte packets 1.61 (–2.62, 5.89) 0.46

ref, reference; WBGT, wet bulb globe temperature.
Model controled for pre-shift creatinine and age.
aCoefficient is expressed as a percentage (100 � b estimate). Interpreted as a percent
change in creatinine from pre- to post-shift.
bIndicates significance at a P value of <0.05.
cCollected only on the worker’s rest day (Day 7).
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Biomarkers of Exposure

The urinary biomarkers of exposure are shown in
Table 4.47–52 Cadmium, arsenic, and nickel were
detected in more than 90% of the urine samples and
lead was detected in 78% of the samples. In this study
population, 23% of the urine samples were above the
90th percentile level for total arsenic among the
Mexican Americans participating in NHANES, 30% of
the samples were above the 90th percentile level for
lead, and 27% of the samples for uranium. We
observed weak to strong positive correlations between
the metals and glyphosate (Supplementary Table S2),
with the strongest correlations between uranium and
glyphosate (r ¼ 0.73) and lead and glyphosate (r ¼
0.52). Urinary cotinine was weakly correlated with lead
(r ¼ 0.22, P ¼ 0.04) and was not correlated with uri-
nary cadmium or arsenic (r ¼ 0.12, P ¼ 0.29 and r ¼
0.14, P ¼ 0.21, respectively).

We examined whether urinary concentrations of
metals and glyphosate were different between water
sources (Supplementary Table S3). As shown in
Figure 3, workers reporting using dormitory tanks had
Table 4. Urine biomarkers of exposure, measured on day 2 only, with NH

Urine exposures n LODa % Detected

Cadmium (mg/g creatinine) 82 0.01 77 (94%)

Arsenic (mg/g creatinine) 82 0.07 82 (100%) 1

Nickel (mg/g creatinine) 82 0.04 82 (100%)

Lead (mg/g creatinine) 82 0.10 64 (78%)

Uranium (mg/g creatinine) 82 0.01 11 (34%)

Glyphosate (ng/g creatinine) 82 0.075 38 (48%)

Cotinine (ng/ml) 96 5.0 34 (42%)

Urine creatinine (mg/dl) 97 — 100% 8

CI, confidence interval; LOD, limit of detection; N/A, not available; NHANES, National Health a
aPercentage of frequency of detection (%) for each compound measured above the LOD. Lev
bNHANES biomonitoring data on nickel, glyphosate, cotinine, and creatinine are not available
cA quantity of 50 ng/ml is the cutoff to define an active smoker based on the recommendatio
published research.47–52
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lower concentrations of urine creatinine�corrected
arsenic, lead, uranium, and glyphosate compared to
workers reporting the use of well or municipal water.
Participants with mild hypertension had higher but
nonsignificant urinary metal concentrations of arsenic,
cadmium, uranium, and lead compared to participants
with no mild hypertension. In a post hoc analysis, we
examined the relationship between baseline eGFR and
water source, and found that workers who used well
water as their drinking water source had significantly
lower eGFR (106 ml/min per 1.73 m2) compared to those
who used municipal water (eGFR: 112 ml/min per 1.73
m2) and dormitory water (119 ml/min per 1.73 m2)
(Supplementary Table S4).

DISCUSSION

We examined the impact of occupational, meteorolog-
ical, environmental, and lifestyle factors on daily,
recurrent cross-shift changes in creatinine. We
observed 3 important findings. First, we found that
heat exposure contributes to increases in creatinine
across the work shift as well as protective factors in
which individual workers can protect themselves un-
der hot conditions. Second, we observed that workers
under these conditions who consumed artesian well
water experienced more severe increases in creatinine
across the work shift. Third, this study supports earlier
reports that workers who have even mild hyperten-
sion, when exposed to these work conditions, are at
greater risk for greater increases in creatinine.22

Importantly we have demonstrated in a separate anal-
ysis that among these same workers, those who expe-
rience the greatest cross-shift changes in creatinine are
at greater risk for cross-season declines in kidney
function.18 These cross-shift and cross-season declines
in markers of kidney function may indicate early
damage that will lead to the development of CKDu.
These findings reinforce the need to focus on preven-
tive actions that reduce acute kidney injury.
ANES 90th percentile levels presented for comparison

Mean (SD)
NHANES, 90th percentile

(95% CI)
Number (%) above

NHANES 90th percentile

0.16 (0.07) 0.39 (0.33, 0.42) 0

4.83 (13.19) 16.9 (13.8, 20.2) 19 (23%)

3.04 (1.29) N/Ab —

0.74 (0.74) 0.87 (0.74, 1.02) 25 (30%)

0.02 (0.02) 0.018 (0.013, 0.028) 22 (27%)

2.32 (3.35) N/Ab —

343 (1057.5) 50c 25 (26%)

4.27 (55.40) N/Ab —

nd Nutrition Examination Survey.
els <LOD are imputed with LOD/sqrt (2).
.
n of a subcommittee of the Society for Research on Nicotine and Tobacco and other
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Figure 3. Day 2 urinary metals and glyphosate concentrations (corrected for urine creatinine) by morning drinking water source. *Significance
at p < 0.05 based on analysis of variance.
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Preventive strategies should include not only promot-
ing hydration and rest among these workers but also
addressing personal risk factors such as hypertension
and examining potential nephrotoxic contaminants of
workers’ drinking water sources.

Our study provides evidence that increases in
creatinine, a marker of kidney injury, are occurring
repetitively over 7 consecutive work shifts. We have
every reason to believe that this recurrent injury is
commonly occurring throughout the rest of the 6-
month harvest. Although kidney stress induced dur-
ing the work shift may seem transient considering that
the average pre-shift creatinine remained stable, Dally
et al. (2020) used data from this same study population
and found that participants who experienced repeated
severe fluctuations in creatinine across the work shift
(n ¼ 30) had higher daily pre-shift creatinine values
and experienced a greater reduction in eGFR across the
season compared to workers with moderate fluctuations
(n ¼ 73).18 Other previous findings show that leuko-
cyturia is commonly detected in sugarcane workers’
urine, along with evidence of reduced blood flow,
suggesting that such workers experience a degree of
acute interstitial nephritis that is not solely transient
kidney stress.28 The reduction of renal blood flow can
cause a transient kidney injury, which may resolve;
however, when linked with heat stress, it may lead to
more severe kidney damage and manifest as acute
fluctuations in creatinine. We did not observe associ-
ations with work intensity (i.e., productivity), and in
the past we have not observed a relationship between
2410
creatine kinase, a marker of muscle damage, and in-
creases in creatinine.28 Thus, we do not believe the
observed cross-shift increases in creatinine are solely
due to muscle damage.

As temperatures rise, it is necessary to understand
the roles of heat stress, rest, and adequate fluid intake
in the mitigation of renal stress. We observed that heat
exposure plays a role in the daily increase in creatinine.
Studies have shown biochemical evidence of heat-
induced kidney injury.23,24,27,59 which can be
induced with increases in serum and urine uric acid
and extracellular volume depletion.53 In addition, rest
breaks were found to be protective against severe in-
creases in creatinine and a nonsignificant trend that
increasing USG was associated with increases in creat-
inine. These findings are consistent with our previous
research as well as others’ and reinforce the protective
value of rest and hydration.19,26,54 We have previously
reported that supplemental electrolytes had a protec-
tive effect.19 In the interval between the previous
study and present study, the employer changed its
electrolyte practices right before the start of the present
study, which seems to have resulted in higher elec-
trolyte consumption by workers in this study. In the
current study, we found no association between elec-
trolyte consumption and cross-shift increase in creati-
nine, possibly because the higher level of use has
already maximized the benefit provided by
supplementation.

The present study showed a possible connection
between drinking water source and daily change in
Kidney International Reports (2021) 6, 2404–2414
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creatinine as well as baseline kidney function. Workers
who reported using artesian well water for their first 5-
L container fill-up had greater increases in creatinine
across the work shift compared to workers who re-
ported using water from the dormitories. Workers who
reported using artesian well water or municipal water
most likely have the same drinking water source year-
around, since almost all of them were local residents.
Workers reporting using dormitory tank water used
this water source only for 6 months during the harvest,
as almost all of these workers were highland migrant
workers. In addition, we determined that workers who
reported using well water had higher urinary levels of
all metals and glyphosate compared to workers who
reported using chlorinated water from the dormitory
tank. The metals could be coming from natural occur-
rence (soil and volcanic) and anthropogenic activities
(industry and agricultural),55 and glyphosate is one of
the most widely used herbicides in the endemic areas of
CKDu. Exposures may also be coming from contami-
nants in the air, soil, and ash due to sugarcane burning
practices.56 Interestingly, a previous study conducted
within a population of first-year sugarcane workers in
the same region observed that workers who reported
using a well water source at home had 6.1 times the
odds of being in the subgroup that had lower kidney
function at the start of their first year and had greater
declines in kidney function over the harvest compared
to all other sources of home water.22 A few other
studies have observed renal impairment among agri-
cultural workers who are chronically exposed to
glyphosate and paraquat.57,58 Daily reductions in blood
flow during intense labor in the heat could cause
ischemic damage and nephrotoxicity in the renal tu-
bules and may leave the tubules vulnerable to other
nephrotoxicants. It has also been suggested that
glyphosate-metal complexes could form in the water
and could lead to oxidative stress and necrosis of the
renal tissue.57

Higher diastolic blood pressure was also associated
with daily increases in creatinine. Although stage 2
hypertension has not been linked with CKDu,
compared to traditional CKD, mildly elevated blood
pressure has been shown to be a clinical predictor of
declines in kidney function.22 In addition, several
studies have reported significant associations between
chronic arsenic exposure and increased systolic and
diastolic blood pressure60; however, this relationship
and the mechanism of arsenic on blood pressure re-
mains unclear. It is important to recognize that even
mild hypertension may be an added risk factor or
contributor to kidney decline in this setting.

Despite important prevention and research implica-
tions, this study has some limitations. First, this is a
Kidney International Reports (2021) 6, 2404–2414
repeated cross-sectional study, and causality cannot be
ensured. Second, there may be intra-individual vari-
ability with creatinine due to factors such as protein
intake, fluid intake, and exercise.61 However, we used
serial measurements of the outcome across 7 workdays
to help address this issue. Third, reductions in renal
blood flow with exercise could lead to elevations in
creatinine, which may be solely transient increases. In
addition, all of the temperature data were acquired
from meteorological stations. Although these stations
were within 6 km of the study fields and WBGT
measures were correlated with field measures, it would
have been more accurate to measure field WBGT or
core temperature at an individual level. Some of the
risk factors were self-reported, including smoking
status, rest break, NSAID use, and electrolyte intake. In
a preliminary analysis, smoking status has been shown
to be underreported based on urinary cotinine con-
centrations (data not shown). Use of NSAIDs may be
underreported, as the agribusiness has discouraged
their use. It is possible that that kidney function for
our study population is better than that in individuals
not included in our study based on the healthy worker
effect; the most ill workers may have dropped out of
the workforce or were not hired due to poor kidney
function. In addition, there is a possibility that the
difference in POC correction factors between pre- and
post-shift creatinine measurements may be due to
random variation; however, correction factors have
been validated in multiple cohorts across several years.
We do not know exactly why we are observing a dif-
ference in POC correction factors, although a likely
mechanism of discrepancy is due to hemoconcentration
following physical exertion, as the pre-shift POC
capillary values would presumably not be affected. Of
note, if the same correction factors were used across
both shifts, the observed pre-to-post shift differences
would have been even larger. Finally, information on
water source rather than actual drinking water metal
and glyphosate concentrations was used. Water source
was highly correlated with residence, and the findings
surrounding water source could be due to other un-
measured factors related to residence. Ideally, exposure
data would have been measured multiple times, and we
would have speciated arsenic. However, we believe
that the total arsenic measurement is not a reflection of
arsenic ingestion from consumption of seafood based
on previous nutrition surveys in these communities.62

It has been observed that sugarcane cutters may be
susceptible to daily, recurrent kidney injury during
the harvest season. Based on these findings, preventive
strategies designed to reduce the risk of kidney injury
should be implemented among this worker population,
as well as blood pressure monitoring and management.
2411



CLINICAL RESEARCH J Butler-Dawson et al.: Risk Factors for Acute Changes in Creatinine
The results have important implications for worker
protection and risk mitigation for agricultural pop-
ulations who are laboring in hot climates.
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