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Spatial Distribution of Unspecified Chronic Kidney Disease
in El Salvador by Crop Area Cultivated and Ambient Temperature

Darcy R. VanDervort, Dina L. Léopez PhD, Carlos M. Orantes MD, David S. Rodriguez MD MPH

ABSTRACT

INTRODUCTION Chronic kidney disease of unknown etiology is occur-
ring in various geographic areas worldwide. Cases lack typical risk
factors associated with chronic kidney disease, such as diabetes and
hypertension. It is epidemic in El Salvador, Central America, where it is
diagnosed with increasing frequency in young, otherwise-healthy male
farmworkers. Suspected causes include agrochemical use (especially
in sugarcane fields), physical heat stress, and heavy metal exposure.

OBJECTIVE To evaluate the geographic relationship between
unspecified chronic kidney disease (unCKD) and nondiabetic chronic
renal failure (hdESRD) hospital admissions in El Salvador with the
proximity to cultivated crops and ambient temperatures.

METHODS Data on unCKD and ndESRD were compared with environ-
mental variables, crop area cultivated (indicator of agrochemical use)
and high ambient temperatures. Using geographically weighted regres-
sion analysis, two model sets were created using reported municipal
hospital admission rates per ten thousand population for unCKD 2006—
2010 and rates of ndESRD 2005-2010. These were assessed against
local percent of land cultivated by crop (sugarcane, coffee, corn, cotton,
sorghum, and beans) and mean maximum ambient temperature, with
Moran’s indices determining data clustering. Two-dimensional geo-
graphic models illustrated parameter spatial distribution.

RESULTS Bivariate geographically weighted regressions showed statis-
tically significant correlations between percent area of sugarcane, corn,
cotton, coffee, and bean cultivation, as well as mean maximum ambient
temperature with both unCKD and ndESRD hospital admission rates.

INTRODUCTION

Chronic kidney disease (CKD) is the slow loss of kidney function
over time, leaving the body unable to properly filter wastes. In
2013, CKD was estimated to affect 8-16% of the world popula-
tion.[1] WHO classifies CKD in stages of increasing severity by
decreasing glomerular filtration rate (GFR).[2] CKD can originate
from damage of renal tubules, interstitium, glomeruli or blood
vessels.[3] The terminal stage of CKD is known as end-stage
renal disease (ESRD); it is irreversible and requires dialysis or
transplantation for survival.[3]

In recent decades, growing concern has arisen about CKD of
unknown etiology (CKDu) emerging in various geographic areas,
including Sri Lanka,[4] India,[5] and some Central American coun-
tries (El Salvador, Nicaragua, Costa Rica and Panama).[6-9]
CKD is typically associated with risk factors such as diabetes and
hypertension,[2,10] whereas CKDu occurs in young, otherwise-
healthy populations.[4,5,8,9,11-14] CKDu primarily originates in
the tubules and interstitium,[8,13—16] consistent with injury from
exogenous toxins.[3]

El Salvador’s Ministry of Health (MINSAL, the Spanish acronym)
has initiated studies to seek the cause of high CKDu admission
rates: In 2005-2010 more than 16,000 patients were admitted to
hospital with a diagnosis of unspecified CKD (unCKD), used here

Percent area of sugarcane cultivation had greatest statistical weight
(p =0.001; R ? = 0.77 for unCKD). The most statistically significant mul-
tivariate geographically weighted regression model for unCKD included
percent area of sugarcane, cotton and corn cultivation (p <0.001; sz
= 0.80), while, for ndESRD, it included the percent area of sugarcane,
corn, cotton and coffee cultivation (sz = 0.52). Univariate unCKD and
ndESRD Moran’s / (0.20 and 0.33, respectively) indicated some degree
of clustering. Ambient temperature did not improve multivariate geo-
graphically-weighted regression models for unCKD or ndESRD. Local
bivariate Moran’s indices with relatively high positive values and statisti-
cal significance (0.3-1.0, p <0.05) indicated positive clustering between
unCKD hospital admission rates and percent area of sugarcane as well
as cotton cultivation. The greatest positive response for clustering val-
ues did not consistently plot near the highest temperatures; there were
some positive clusters in regions of lower temperatures. Clusters of
ndESRD were also observed, some in areas of relatively low chronic
kidney disease incidence in western El Salvador.

CONCLUSIONS

High temperatures do not appear to strongly influence occurrence of
unCKDu proxies. CKDu in El Salvador may arise from proximity to
agriculture to which agrochemicals are applied, especially in sugar-
cane cultivation. The findings of this preliminary ecological study sug-
gest that more research is needed to assess and quantify presence of
specific agrochemicals in high-CKDu areas.

KEYWORDS Chronic kidney disease, chronic renal failure, ESRD,
geographically weighted regression, sugarcane, agrochemicals, El
Salvador

as a proxy for CKDu (August, 2011, e-mail from DS Rodriguez,
Ministry of Health to Dina Lopez). These are extremely high num-
bers in a population of only 6.3 million (2012).[17]

Furthermore, the number of case reports is increasing at a
dramatic rate: by 50% from 2005 to 2012.[9] A kidney health
research team began with a pilot examining the region of Bajo
Lempa, Usulutan in 2009 and found that 18% of the local popu-
lation had CKD.[18] This research program has since expanded
to include populations in other regions of El Salvador. Reported
CKD patients lack characteristic risk factors;[12,18] however,
the causes remain unknown.

Although CKDu etiology is unidentified, there is evidence sug-
gesting that exposure to environmental conditions or substanc-
es could induce renal damage. Two primary suspects are heat
stress[16,19] and exposure to toxic agrochemicals.[12,13,18]

Heat stress resulting from strenuous manual labor coupled with
dehydration and lengthy exposure to high ambient temperatures
could lead to kidney damage.[16,19] Drinking less than the rec-
ommended minimum amount of water while working in the sun
can exacerbate this effect.[20] The Thai Cohort Study of >17,000
men found that chronic occupational heat exposure more than
doubled CKD risk.[21]
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CKDu is correlated with agricultural work,[22] especially sugar-
cane cultivation.[8,12] Pesticides and synthetic fertilizers are used
in agriculture to eliminate weeds and insects and to increase crop
yields. In 2005-2010, El Salvador imported almost 16 million kg
of pesticides, with an increase of 171% over the period (Ministry
of Economy database for imported pesticides). This results in an
extremely high ratio of 2.5 kg of pesticides per person over the
6-year period, considering that El Salvador’s population is con-
centrated in a relatively small land area (21,040 km?2).[17] The
leading three pesticides imported in 2010 were 2,4-D, 5.37 mil-
lion kg; glyphosate, 2.74 million kg; and paraquat, 0.81 million kg
(Ministry of Economy database for imported pesticides). Each of
these can produce renal damage.

Glyphosate is commonly applied to sugarcane preharvest as a
“ripener” to increase sucrose concentration.[23] Exposure to
glyphosate increases urea and uric acid in blood and produces
substantial oxidative stress due to presence of reduced oxygen
species.[24] Reactive oxygen species extract electrons from the
lipid membranes of renal tubular cells leading to loss of renal
function. They can collect electrons from proteins, too, which can
alter DNA bases; with repeated exposure, this cellular damage
can eventually lead to kidney failure.[25] Jayasumana suggests
that glyphosate is a potential cause of CKDu in Sri Lanka and
proposes further investigation of the effects of glyphosate and
glyphosate chelates on kidney tissue.[26]

Hedonal (2,4-D), is an herbicide that can affect renal function. A
study of Minnesota and South Carolina farming families regularly
using 2,4-D found that applicators had higher mean urine concen-
trations of the pesticide than did their spouses and children (71.9
Mg/l vs. 1.7 pyg/L and 4.9 pg/L, respectively);[27] 2,4-D concentra-
tion was proportional to direct contact with agrochemicals, corre-
lated with use of personal protective equipment, application land
area, loads applied and equipment repair. Tubular epithelial cell
damage along with a widened tubular lumen and vascular con-
gestion has been demonstrated in pregnant and nursing rats and
their litters after ingestion of 600 pg/L of 2,4-D in drinking water.
[28] After sufficient damage in acute or chronic cases of 2,4-D
intoxication, anion transport capacity is impaired.[29]

Paraquat is a toxic herbicide with an oral reference dose set
by USEPA at 4.5 pg/kg/day.[30] Paraquat-induced kidney dam-
age can cause high levels of creatinine and uric acid in the
blood, cause hyperuricemia or produce reactive oxygen spe-
cies.[31-33]

According to El Salvador’s 2007 agricultural census, corn cov-
ers the highest percent of land area, at 11.6% followed by coffee
(7%), sorghum (3.7%), beans (3.3%), sugarcane (3%) and cotton
(0.1%).[34] Therefore, 28.7% of the land is cultivated with major
crops, and is likely to be treated with agrochemicals.

We hypothesized that geographic variation in unspecified CKD
(unCKD) and nondiabetic ESRD (ndESRD) hospital admis-
sions might arise from differing percentages of land used for
sugarcane, corn, cotton, coffee, beans and sorghum crops (an
indicator of agrochemical use) as well as elevated ambient tem-
peratures. Proximity to agricultural land may increase exposure
to nephrotoxic agrochemicals. Locations of unCKD and ndESRD
clusters should reflect crop type, assuming the agrochemicals
and amount of agrochemicals applied to each crop varies. There

should also be greater concentrations of unCKD and ndESRD
hospital admissions in regions with higher temperatures, where
heat stress and dehydration may be more frequent. Conse-
quently, this study seeks to evaluate the geographic relationship
between unCKD and ndESRD hospital admissions in El Salva-
dor with proximity to cultivated crops and areas of varying ambi-
ent temperatures.

METHODS

Study type and population This is an exploratory ecological
study. The study universe consisted of all patients admitted to
hospital with unCKD in 2005-2010 (n = 16,384) and ndESRD
patients admitted in 2006—2010 (n = 8342).

Study variables Dependent variables were municipal resi-
dents’ admission to public hospitals with unCKD (2005-2010)
and ndESRD (2006-2010), as rates per ten thousand popula-
tion (ptp), both used as proxies for CKDu. ICD-10 definitions
were used to classify unCKD and ndESRD.[2] The unCKD data
set consisted of 95.5% ICD-10 N18.9 (unspecified CKD, n =
16,384); the remaining 4.5% included N17.9 (unspecified acute
renal insufficiency, n = 455), N19 (unspecified renal insufficien-
cy, n = 252), N18.8 (other chronic renal insufficiency, n = 48),
N17.0 (acute renal insufficiency with tubular necrosis, n = 9),
and N17.8 (other acute renal insufficiency, n = 4). The ndESRD
data (n = 8342) comprised N18.0 diagnoses of ESRD lacking
secondary diagnosis of diabetes mellitus. Municipal hospital
admissions were defined by patients’ permanent residence, not
hospital location. Ranges of rates were 0-77.4 ptp for unCKD
and 0-15.9 ptp for ndESRD.[35]

Independent variables were percent land area of each municipal-
ity cultivated with sugarcane (range: 0-49.3%), corn (1-64.6%),
beans (0-36.8%), coffee (0-93.3%), sorghum (0-36.7%), and
cotton (0-2%); as well as mean average ambient temperature
(17.6—28.1 °C) and mean maximum ambient temperature in each
municipality (23.3-36.7 °C). The number of manzanas (6989 m?)
of crops was used to calculate percent area cultivated with each
crop per municipality.

Data sources MINSAL provided admission records from public
hospitals and clinics for both unCKD and ndESRD for 259 and
242 municipalities, respectively, of the total 262 municipalities
in El Salvador. Municipal rates of unCKD and ndESRD hospital
admissions were calculated with population data from the El Sal-
vador Census of 2007.[35] El Salvador’s Ministry of Environment
and Natural Resources (MARN, the Spanish acronym) provided
ambient temperature data 1970-2000 from its monitoring of 25
weather stations nationwide (Apr 20, 2012 e-mail from I. Rodri-
guez, MARN, to Dina Lépez). Agricultural variables came from
the Ministry of the Economy 2007-2008 Agricultural Census of El
Salvador.[34] Data are available online in Supporting Information
(Table S1) at www.medicc.org/mediccreview/VanDervort_data

Data analysis The mean average and maximum ambient temper-
atures per municipality were interpolated with the contour model-
ing software SURFER. SURFER models were generated using
exponential variograms and the spatial analytical method kriging
to predict unknown values from the average of known adjacent
values, weighted according to proximity. Temperature maps at
0.2 °C contour intervals were overlaid with post maps of the aver-
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age Universal Transverse Mercator (UTM) surface coordinates
corresponding with all 262 municipalities to acquire respective
temperature values.

Geographically Weighted Regression (GWR) The data variables
are distributed over the surface of El Salvador and depend on the
geographic coordinates of the different municipalities. To deter-
mine influence of independent variables on dependent variables
considering their relative arrangement in space, we used GWR
models via the computer program GWRA4.[36] The dependent
variable (z) is described as:

:.l = Zfﬁi { ]’.'J 2 .] 'lr h;i; i + {-:J

k=1

where v, , is the k" independent variable, e, is the Gaussian error
at Iocatlon i, m is the number of regressed mdependent variables,
and (x, y) are the coordinates of i location. The coefficient 8,
does not necessarily remain constant for the entire domain; it can
vary depending on geographic location.[37] When B, is constant
for the entire domain, the variable is considered global.[36] When
B, varies throughout the domain, the variable is local.[37] When
considering both global and local trends, the equation for the
dependent variable is:

F 49
:r = Z.‘[f)‘.—(l-r' J:‘J' }1.)'.' i + z /::’."”1' i + "::r
=l =1

where u,, is the /" independent variable, is the constant coef-
ficient for that variable, and p and q are the number of local and
global independent variables, respectively. A Gaussian distribu-
tion model was used for all simulations with GWR4. These models
allow a better interpretation of correlations and effects of indepen-
dent variables on dependent variables since they are geographi-
cally distributed.

Independent variables were increased one by one in each subse-
quent model. For models with p <0.05, the F test evaluated the
significance of the additional variables for improving the regres-
sion model. The F statistic between two sequential models was
calculated using the following equation:

' 58D, - SSD, |

PR )

|' 88D, |
n—np,

The subscripts 7 and 2 denote values from the baseline model
and the model with an added variable, respectively. Model 2 has
a larger number of regression parameters (np, > np,). SSD is
the sum of squares of the residual or deviation from expected
values, and n is the number of data points. The F statistic’s p
values were calculated, and the lowest p value selected as the
best regression model.[38] If the calculated F statistic was lower
than the critical F value, the variable did not significantly improve
the regression. In addition, models with the greatest adjusted
coefficient of determination (R, ?) were considered to be the best
fits (F test p<0.05).

Moran Indices Spatial autocorrelation analysis was applied to
understand the degree to which unCKD and ndESRD hospital
admission municipal rates ptp were related to percent area of crop
cultivation and mean maximum ambient temperature at global and
local scales. The computer program GeoDa was used to calculate
global and local Moran’s / values,[39—41] which evaluate spatial
patterns for clustering. Using the k-neighbor approach, a binary
weight matrix assigned weights to the six nearest neighbors and
zero for non-neighbors. For global univariate spatial autocorrela-
tion, the calculated Moran’s / determined if clusters of unCKD and
ndESRD existed in El Salvador. The Moran’s [ statistic for spatial
autocorrelation is defined as follows:

‘,T'er
=24 - I

=)z =z}

where n is the number of samples. The row standardized spatial
weights matrix term, WJ is one if i,j are neighbors and zero if they
are not. z is the average value of the variable, and:

Moran’s | values were then compared with the value expected if
the variable were randomly distributed in the area:

Expected([)=—

=1

Moran’s [/ values range from -1 to +1 for disperse and clustered
data, respectively. Moran’s | of zero corresponds to spatially ran-
dom data. Values between zero and one were of interest because
they indicated varying degrees of clustering. Local spatial auto-
correlation identifies the location of clusters of univariate and
bivariate data sets. The local Moran’s / can be calculated using
Anselin local Moran’s | with the equation:

ZH (d)z,-2)
—Z{- —z)

1id)=

where W(d) is the row-standardized weight matrix generated
with a local neighborhood search for a radius d.[42] For a ran-
dom distribution without clusters of the variable, the expected
value is given by:

E(I,) _—Z

n—1

The expected values vary by location; the probability of clustering
at each location can be different.

Spatial distribution maps Spatial distribution maps of trends were
created in SURFER using kriging methods to illustrate the study
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variables. Exponential variograms were used to generate maps.
Municipalities were assessed as single points, rather than areas
of land. So to identify spatial trends, we focused on groups of
municipalities, such as departments. Post maps of significant
Moran’s | values were overlaid on the maps.

RESULTS

GWR All independent variables produced significantly correlated
models with both unCKD and ndESRD hospital admission rates
separately (p < 0.001, Table 1), except for unCKD admission and
percent area of sorghum cultivation. Mean maximum ambient
temperature was used to represent temperature variation in mul-

tivariate regression models because it correlated more strongly
with unCKD and ndESRD hospital admission rates than did mean
average ambient temperature

Percent area of sugarcane cultivation produced the greatest bivari-
ate regressions (Rp2 = 0.77 and 0.48 for unCKD and ndESRD,
respectively). Therefore, these models were used as restricted bas-
es in the F tests to verify significance of adding other parameters. In
the unCKD model set, the most significantly predictive regression
model included percent area of sugarcane, cotton and corn cultiva-
tion (sz =0.80, Table 1). Thus, 80% of the variation in unCKD hos-
pital admission distribution is reflected by proportional variation of

Table 1: unCKD hospital admissions ptp and environmental parameters (n = 259 municipalities); and ndESRD and environmental
parameters (n = 242 municipalities), multiple stepwise geographically-weighted regression analysis

Environmental Adj. F test p c .
2 omparison model
parameters Rp Value

Sugarcane 0.77 0.70 7331.7 2660.2 4 18329 104 1771 <0.001 - - -
Sorghum 0.13 0.06 505.7 10124.0 4 1264 394 3.2 0.014 - - -
Corn 0.32 0.16 1393.2 7860.7 4 3483 306 114 <0.001 - - -
Temperature 0.41 0.23 21779 6792.3 4 5445 264 206 <0.001 - - -
Beans 0.26 0.16 1416.9 8545.9 4 3542 333 10.7 <0.001 - - -
Cotton 0.36 0.30 3267.5 7374.0 4 8169 287 285 <0.001 - - -
Coffee 0.27 0.17 14559 84124 4 3640 327 111 <0.001 - - -
Sugarcane, cotton 0.78 0.71 7637.3 2545.8 9| 18205 9.9 153.6 <0.001 11.55 <0.001 Sugarcane

Sugarcane, temperature  0.77 0.69 7278.9 2710.6 5 14558 10.6 137.5 <0.001 -4.78 1.0 Sugarcane

SUEETEEE, ER 078 0.70 77282 25616 6 1288.0 10.0 1282 <0.001 -1.58 1.0 Sugarcane, cotton
temperature

Sugarcane, corn, cotton  0.80 0.72 7740.5 22824 6 1290.1 9.0 1441 <0.001 29.54 <0.001 Sugarcane, cotton
S:f?:;ca”e' com, cotton, 78 070 7646.6 24934 7 10924 9.8 1113 <0.001  -21.58 1.0 Sugarcane, corn, cotton
S:g:;ca”e' com, cotton, 476 067 7409.8 2840.8 7 10585 112 946 <0.001  -50.12 1.0 Sugarcane, com, cotton
S:%if:q”e' com, cotton, 79 070 74951 24330 7 10707 9.6 1118 <0.001  -15.78 1.0 Sugarcane, corn, cotton
Sugarcane 0.48 0.40 338.7 473.6 4 84.7 1.8 459 <0.001 - -

Sorghum 0.35 0.23 173.6 1591.8 4 43.4 6.2 7.0 <0.001 - -

Corn 0.32 0.21 1476 626.4 4 36.9 24 151 <0.001 - -

Temperature 0.42 0.28 2233 534.3 4 55.8 21 269 <0.001 - -

Beans 0.38 0.28 207.3 568.1 4 51.8 22 234 <0.001 - -

Cotton 0.51 040 311.3 447.2 4 77.8 1.7 447 <0.001 - -

Coffee 0.42 0.30 218.5 535.2 4 54.6 21 26.2 <0.001 - -

Sugarcane, cotton 0.51 044 377.9 453.4 5) 75.6 1.8 427 <0.001 11.45 <0.001 sugarcane

Sugarcane, temperature  0.44 0.36 318.0 515.2 5 63.6 20 31.6 <0.001 -20.75 1.0 sugarcane

ST, EReL 048 042 3706 4781 6 618 19 329 <0001 -13.23 1.0 sugarcane + cotton
temperature

Sugarcane, corn, cotton  0.51 0.43 373.9 448.2 6 62.3 1.8 35,5 <0.001 2.97 0.086 sugarcane + cotton
f:f?:;‘;a”e' com,cotton, 55 044 3791 4395 7 542 1.7 313 <0.001 5.05  0.026 sugarcane + cotton + corn
Sugarcane, corn, cotton, 052 044 3782 443.3 8 473 18 270 <0.001 218 10 sugarcane + cotton + corn
beans + coffee

Sugarcane, com, cotton, 55 43 3675 4429 8 459 18 262 <0001  -1.95 ) | ELEELCEI 2 @il < (i
sorghum + coffee

Adj. Rp?: adjusted Rp?(if no change or lower, adding variable does not improve model)
ndESRD: nondiabetic end-stage renal disease
Rp?: coefficient of multiple determination, higher number means better model

MSR: mean square of the regression
ptp: per ten thousand population

SS,: sum of squares of the residual SS,: sum of squares of the regression

MSD: mean square of the deviation
np: number of environmental parameters in model

unCKD: unspecified chronic kidney disease
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these three crops. Multivariate models for ndESRD admission rates
had much lower coefficients of determination, with the most sig-
nificant model producing R ? = 0.52 for percent area of sugarcane,
corn, cotton and coffee cultivation (Table 1). Percent areas of bean
and sorghum cultivation did not significantly improve fit for either
model, according to relatively high F test p values. For unCKD and
ndESRD, adding the average maximum temperature as a regres-
sor variable did not significantly improve the model.

Distribution Maps and Moran’s | The areas of highest unCKD
admission rates were located in the southwestern municipalities
of La Paz Department (up to 77.4 ptp), southern San Salvador
Department (up to 14.4 ptp), and southeastern La Libertad Depart-
ment (up to 11.4 ptp) (Figure 1a). Dots in the Figures represent
clusters determined with the local Moran’s /. Regions with greatest
percent areas of sugarcane cultivation were in northern San Salva-
dor (up to 49.3%), southwestern and central La Paz (up to 38.1%),
northeastern San Vicente (37.4%), and central Sonsonate (37.1%)
(Figure 1b). Percent area of cotton cultivation was greatest in west-
central La Paz (up to 1.96%), central San Miguel (up to 1.7%) and
southern Usulutan (up to 1.65%) (Figure 1c). Highest temperatures
were in the southeastern municipalities of San Miguel (up to 35.3
°C) and La Union (up to 35.2 °C) (Figure 1d). The map for ndESRD
admissions is similar to that for unCKD hospital admissions and
is available online in Supporting Information, as well as maps of
percent area corn, coffee, bean and sorghum cultivation; and mean

Figure 1: Clustering® of unCKD by municipality®, sugarcane and cotton cultivation®,
and temperature®

Sl lometors rans

Scale: kilometers

average ambient temperature (Figures S1-6, available online at
www.medicc.org/mediccreview/VanDervort_Fig)

Areas with largest percent area of sugarcane and cotton cultiva-
tion were similar to areas with highest unCKD admission rates.
However, there was an area of relatively high unCKD hospital
admission rates in southeastern El Salvador that was not reflect-
ed in percent area of sugarcane cultivation. This area was in the
region of highest ambient temperatures (33-36 °C), correspond-
ing to La Unién and San Miguel states (Figure 1d).

Global univariate Moran’s | was 0.20 for unCKD and 0.33 for
ndESRD, which indicates some degree of clustering. Global bivari-
ate Moran’s / for unCKD association with percent area of sugar-
cane, cotton and corn cultivation; and mean maximum temperature
were 0.11,0.22, 0.11, and 0.12, respectively. For ndESRD, Moran’s
/' was 0.12, 0.21, 0.09, and 0.24, respectively for the same vari-
ables. Figures 1a—d also show post maps of local univariate and
bivariate Moran’s / values of 0.3—-1.0 (p 0.05). Moran’s / values in
Figure 1a identify clustering of unCKD admissions; those in Figures
1b—d show positive clustering for unCKD hospital admission rates
with percent area of sugarcane and cotton cultivation, and mean
maximum ambient temperature, respectively. Focusing on Moran’s
I values with the greatest positive response for clustering (/ = 0.3—
1.0), the clusters of unCKD hospital admission rates were located
near the regions of highest values of the unCKD hospital admission
rate variable. Moran’s / values of greatest
positive response for clustering were near
areas of largest percent area of sugar-
cane and cotton cultivation. The clustering
pattern was different, however, in Figure
1d, where the greatest positive response
for clustering values did not consistently
plot near the highest temperatures; there
were some positive clusters in regions of
lower temperatures. Clusters of ndESRD
were also observed (Figure S1 in Sup-
porting Information), with some occurring
in areas of relatively low CKD incidence
in western El Salvador. Note that some

50 0 50 100
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clusters are a little offset with respect
to the maximum in the graph. From the
definition of Moran’s /, the index depends
not only on the value at the point but
also on the values of neighboring points.
For bivariate local Moran’s /, the value
depends on two variables (e.g., unCKD
and percent area of sugarcane) which
can also produce some offset.

DISCUSSION

Bivariate GWR found the principal
parameter predicting municipal unCKD
hospital admission rates was percent
area of sugarcane cultivation, followed
by mean maximum ambient tempera-
ture, percent cotton cultivation and per-
cent corn cultivation. This suggests that
proximity to agriculture (especially sugar-
cane) along with high ambient tempera-
tures may influence the rate of unCKD in
El Salvador.

Moran's | for unCKD
and temperature

* 03101

100
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Stepwise GWR showed that unCKD hospital admission rates
are best predicted by percent area of sugarcane, cotton and
corn cultivation; percent area of sorghum, beans, or coffee, and
mean maximum ambient temperature did not improve the mod-
el. These differences could be explained by the distributions
of the specific crops cultivated. Coffee is usually cultivated in
high regions of El Salvador’s volcanic chain. Beans and sor-
ghum are cultivated usually in small plots of land, while sug-
arcane and cotton are cultivated on large tracts. Corn is the
most commonly cultivated crop in El Salvador. The amount and
variety of agrochemicals applied to specific crops could also
explain the GWR results, if more harmful chemicals or greater
amounts of them are applied to sugarcane, cotton and corn
fields. This needs to be assessed and quantified. Many pes-
ticides with paraquat, glyphosate, and 2,4-D as active ingre-
dients have been restricted in some developed countries,[43]
but are still in use in El Salvador and other countries, without
adequate understanding of exposure consequences. Assuming
that agrochemicals are applied to agricultural fields in El Sal-
vador (a plausible assumption, given the amount of pesticides
imported), the associated toxins could be compromising kidney
health, especially if there is substantial physical contact.

In 2011, Bajo Lempa farmers with CKDu were interviewed about
their agrochemical use.[44] Results showed potential CKDu
causes in this population were unsafe and prolonged use of
agrochemicals and underuse of personal protective equipment.
Accumulation of persistent contaminants in soil, water, or atmo-
sphere may also increase threat to health. Occupational expo-
sure may explain the sex difference in CKDu prevalence in Bajo
Lempa in 2009 (25.7% in men and 11.8% in women).[18] How-
ever, without knowing the specific toxin and exposure route, it is
difficult to characterize the male:female imbalance.

In another study in El Salvador, a high prevalence of CKD was
found in men living near the hotter coast (18%) than in the
cooler highlands (1%).[15] Statistical analysis did not reveal
significant differences between sugarcane work and other
occupations, which is not consistent with our results. How-
ever, in that study the districts located at higher altitudes did
not have a high density of sugarcane cultivation, and thus
may not have had the same degree of exposure to agricultural
toxins.

Cadmium is one of the most nephrotoxic heavy metals. It can
produce tubular damage,[45,46] through oxidative stress from
unbalanced production of reactive oxygen species, possibly
due to cadmium-induced abnormalities in cell mitochondria.[47]
In Sri Lanka, CKD of unknown etiology is thought to be caused
by cadmium ingestion which is accelerated by in situ fluoride in
drinking water.[48] The cadmium source was triple superphos-
phate fertilizer with 23.5-71.7 mg Cd/kg, which accumulated in
river sediment.[48,49] Cadmium concentrations in soil increase
with fertilizer application rate and the metal can accumulate in
crops grown in soils in which the fertilizer is applied.[50]

In another Sri Lankan study, a relationship was suggested
between epidemic kidney disease and consumption of aqueous
fluoride and arsenic in hard, alkaline water.[51] In that research,
68% of CKDu patients and only 28% of controls had urine arse-
nic levels higher than 21 pg/g creatinine (the putative thresh-
old for early changes in the kidney). In addition, 48% of CKDu

patients versus only 17.4% of controls were above the threshold
level for chronic arsenic toxicity. Other nephrotoxins, such as
NSAIDs[7] and consumption of unregulated alcohol[22] have
also been proposed as causal factors for CKDu.

The addition of mean maximum ambient temperature did not
improve the regression, suggesting that it is not a main factor.
This is also confirmed in the spatial distribution maps, showing
that areas with higher ndCKD hospital admission rates (Figure
1a) do not correspond with areas of higher mean maximum ambi-
ent temperature (Figure 1d). Laborers in Central America have
been working in high ambient temperature conditions for hun-
dreds of years. Ambient temperatures on the Pacific coast of
western Costa Rica, Nicaragua and southern Honduras are as
high or higher than maximum temperatures in El Salvador,[52] but
CKDu was not observed in previous generations. High tempera-
tures may be an indirect or potentiating factor, as people need to
consume larger quantities of water in hotter climates to account
for loss of fluids from perspiration. If available drinking water con-
tains nephrotoxins (i.e., naturally occurring heavy metals or other
nephrotoxic compounds), then larger doses may be consumed
in hotter regions, influencing kidney health.[4] If they do not con-
sume enough water to compensate for volume depletion, then the
concentration of any nephrotoxic compounds would increase in
their bodies.

The unCKD and ndESRD data we used were only from public
hospitals and clinics. In El Salvador, the majority of the popula-
tion (~80%) depends on the public health system for medical
attention, because of high poverty levels.[53] Only one fifth of
the population has access to social security hospitals (affili-
ated to the national system of health and pension). However,
as unCKD is associated with low socioeconomic status,[6] pub-
lic hospitals may account for an even greater share of unCKD
hospital admissions.

A limitation of the study is that data originally tagged “unidenti-
fied CKD” might have included some cases with diabetes iden-
tified later, which could generate some bias toward the null.
This was not true for ndESRD data. The study was also limited
by using environmental variables that may be indirectly related
to unCKD in El Salvador, and nephrotoxin exposure route is not
addressed. This preliminary assessment of the relationships
between the disease and broad variables was meant to help
determine the most efficient investigative plan. CKDu is a prob-
lem seen not only in Central America, but in other countries
around the world. It is imperative to continue researching CKDu
causes by analyzing water, soil, and produce from sugarcane,
cotton, and corn fields, as well as human blood samples to
detect toxins. It is also important to analyze the various fertil-
izers and pesticides sold in El Salvador and other regions with
high CKDu occurrence, to determine the composition of heavy
metals or other impurities. The route of exposure will then need
to be identified to prevent further kidney damage. Meanwhile,
our research suggests that regulatory agencies address control
of import, sale and application of pesticides and fertilizers, to
protect the environment and population.

CONCLUSIONS

High temperatures do not appear to strongly influence occur-
rence of unCKDu proxies. CKDu in EI Salvador may arise from
proximity to agriculture to which agrochemicals are applied,
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especially in sugarcane cultivation. The findings of this prelimi-
nary ecological study suggest that more research is needed to
assess and quantify presence of specific agrochemicals in high-
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