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factors, in particular heat stress.

The main causes of chronic kidney disease (CKD) globally are diabetes and hypertension but epidemics of chronic
kidney disease of unknown etiology (CKDu) occur in Central America, Sri Lanka, India and beyond. Althoug also being
observed in women, CKDu concentrates among men in agricultural sectors. Therefore, suspicions fell initially on
pesticide exposure, but currently chronic heat stress and dehydration are considered key etiologic factors. Responding
to persistent community and scientific concerns about the role of pesticides, we performed a systematic review of
epidemiologic studies that addressed associations between any indicator of pesticide exposure and any outcome
measure of CKD. Of the 21 analytical studies we identified, seven were categorized as with low, ten with medium and
four with relatively high explanation value. Thirteen (62%) studies reported one or more positive associations, but four
had a low explanation value and three presented equivocal results. The main limitations of both positive and
negative studies were unspecific and unquantified exposure measurement (‘pesticides’), the cross-sectional
nature of most studies, confounding and selection bias. The four studies with stronger designs and better
exposure assessment (from Sri Lanka, India and USA) all showed exposure-responses or clear associations, but for
different pesticides in each study, and three of these studies were conducted in areas without CKDu epidemics. No
study investigated interactions between pesticides and other concommittant exposures in agricultural occupations, in
particular heat stress and dehydration. In conclusion, existing studies provide scarce evidence for an association
between pesticides and regional CKDu epidemics but, given the poor pesticide exposure assessment in the majority, a
role of nephrotoxic agrochemicals cannot be conclusively discarded. Future research should procure assessment of
lifetime exposures to relevant specific pesticides and enough power to look into interactions with other major risk
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Background

The global epidemics of chronic kidney disease of
unknown etiology (CKDu)

The primary causes of chronic kidney disease (CKD) are
diabetes and hypertension, especially in developed coun-
tries [1]. However, for more than two decades, various re-
gions of the world have experienced an excess of CKD
unrelated to these traditional causes, hereafter referred to
as “CKDu” (for CKD of unknown cause), in particular in
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Central America and Mexico (Mesoamerican nephropathy)
[2], the North-Central Province of Sri Lanka (Sri Lanka ne-
phropathy) [3] and in the state of Andhra Pradesh of India
(Uddanam endemic nephropathy) [4, 5], and possibly in
other countries like Egypt [6], Tunisia and Morocco [7],
and Saudi Arabia [8].

These regional nephropathies occur mostly in poor
adult workers in hot tropical agricultural areas, more
frequently among men than women [2, 9]. The most
heavily affected populations are sugarcane cutters in
Mesoamerica, rice paddy farmers in Sri Lanka, and
cashew nut, coconut and rice farmers in India [2, 9].
The nephropathy progresses silently to end-stage renal
disease (ESRD) leading to the premature death of

© Pan American Health Organization. 2017 Open Access This article is distributed under the terms of the Creative Commons
Attribution IGO License (http://creativecommons.org/licenses/by/3.0/igo/legalcode), which permits unrestricted, use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source,

provide a link to the Creative Commons license, and indicate if changes were made. In any reproduction of this article there
should not be any suggestion that PAHO or this article endorse any specific organization or products. The use of the PAHO
logo is not permitted. This notice should be preserved along with the article's original URL.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12940-017-0254-0&domain=pdf
http://orcid.org/0000-0001-5523-9981
mailto:inekewesseling@gmail.com
http://creativecommons.org/licenses/by/3.0/igo/legalcode

Valcke et al. Environmental Health (2017) 16:49

thousands of workers [10]. In Central America, national
CKD mortality rates in El Salvador and Nicaragua in
2009 were about 12 times higher among men and and
eight times higher among women as compared to the
USA [11]. In Costa Rica, CKD mortality in the CKDu af-
fected area of Guanacaste was almost five times higher than
in the rest of the country during 2008-2012 [12]. Excess
mortality is attributed to the CKDu epidemics [11-13]. In
Sri Lanka, no mortality statistics have been published spe-
cifically for CKD or CKDu. However, in the North and
North-Central Provinces of Sri Lanka diseases of the geni-
tourinary system are the leading cause of inhospital deaths
(as compared to the 9th cause for the entire country),
which is attributed to the CKDu epidemic [14]. Also in
India mortality due to the CKDu epidemics is known to be
high in the affected areas [15]. From a clinical viewpoint,
the regional nephropathies resemble an interstitial tubular
pathology, with patients typically being diagnosed in ad-
vanced stages of CKD, without diabetes or hypertension,
and with no or low-grade proteinuria [5, 16, 17]. The hist-
ology has been presented as predominantly interstitial fi-
brosis and tubular atrophy in studies from El Salvador [18],
Sri Lanka [19-21] and India [5]. However, biopsy studies in
El Salvador and Nicaragua show important glomerulo-
sclerosis and ischemia with mild to moderate tubulointer-
stitial damage [22, 23].

Despite clinical, pathological and epidemiologic simi-
larities, as of today it remains uncertain whether the epi-
demics in different regions of the world correspond to
the same disease and whether the causes are the same
[9, 24]. In any case, CKDu is now recognized as a serious
public health problem to be addressed with renewed ef-
forts in the coming years in Central America [2, 9, 25],
Sri Lanka [24] and India [5].

Pesticides and the search for the etiology of CKDu epidemics
Most researchers believe that the etiology of the unusual
CKDu occurrence is multi-factorial [26—29]. In Central
America, both occupational and environmental causes
have been suggested, including pesticides, heavy metals,
nonsteroidal anti-inflammatory drugs (NSAIDs), infec-
tions, alcohol, recurrent dehydration due to occupational
heat stress, intake of fructose-rich soft drinks, and hy-
peruricemia and hyperuricosuria [2, 9, 26, 29-33]. The
search for the cause of the epidemic was initially focused
on pesticides, because CKDu was observed mostly in
men in agricultural areas with important pesticide use
[30, 34], but the current leading hypothesis is chronic
occupational heat stress and dehydration [2, 9, 35]. In
Sri Lanka the focus has been almost exclusively on toxic
exposures, both heavy metals and pesticides [36—39].
CKDu researchers in Andhra Pradesh, India, have postu-
lated high silica levels in drinking water as a possible
cause, either as a consequence of leaching from bedrocks
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or from pesticides containing silica [15], and recently the
combination of silica, strontium and NSAIDs has been
proposed [40].

In Central America pesticides have been extensively
used for over half a century, yet compliance to regula-
tions is poor [41-43]. Also in Sri Lanka, pesticide use
has been high and largely uncontrolled since the green
revolution [44], and also in Andhra Pradesh farmers are
highly exposed to pesticides [15]. Nonetheless, in
Chichigalpa, Nicaragua, where the highest prevalence of
CKDu has been documented among men [45], there was
no evidence of high levels of any of 57 pesticides ana-
lyzed in groundwater, but the study consisted of only
one water sample from six locations [46]. A review of
toxicological and epidemiologic data for 36 pesticides
used historically by the sugarcane company in that
specific area did not find a likely agent to explain the
epidemic, but the authors indicated that for six pesti-
cides used currently or in the past (2,4-D, paraquat
dichloride, captan, cypermethrin, glyphosate and DBCP)
there existed strong or good evidence of associations
with acute kidney damage [47]. In cane cutters in El
Salvador, urinary residues of several relevant pesticides
or their metabolites (chlorpyrifos, 2,4-D, pyrethroids)
were unremarkable and residues of chlorpyrifos were
below the average levels encountered in the Swedish
general population for this pesticide (Kristina Jakobsson,
University of Gothenburg, personal communication). At
the conclusion of the 1st International Mesoamerican
Nephropathy (MeN) Workshop in November 2012, pes-
ticides were considered by the participants as an unlikely
cause of MeN [2, 48] and, during the last 5 years, recur-
rent heat stress and dehydration has emerged as a likely
key etiologic factor of CKD [2, 9, 29, 35, 48]. However,
community concerns about pesticides have persisted and
pesticides as a potential cause of MeN continue being sub-
ject of debate also among scientists [11, 13, 28, 29, 49-53].
In addition, exposures to toxic agrochemicals (pesticides
and fertilizers) remain a leading hypothesis in Sri Lanka
[24, 38], and pesticides are considered as a likely cause
of excess CKD in Egypt, where outbreaks of CKDu in
rural areas have been reported [6]. The first CKDu re-
view published from India recommends to investigate,
besides silica and heat stress, also pesticides as a poten-
tial etiology [5].

Based on experimental and sometimes clinical evi-
dence, a number of pesticides in common use in many
parts of the world are known human nephrotoxins, al-
beit causes of acute kidney injury (AKI) rather than
CKD, in particular glyphosate [54, 55], 2,4-D [56], para-
quat [57-59], carbofuran [60], deltamethrin [61], as well
as some organophosphates (OP) [62-65] and organo-
chlorine (OC) insecticides [66—68]. Glyphosate has also
been shown to trigger epigenetic effects and resulting
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kidney damage in rats following chronic exposure to
ultra-low water concentration of 0.1 ppb of RoundUp
[69]. In addition, contamination of commercial formula-
tions of pesticides and fertilizers with heavy metals has
been demonstrated in Sri Lanka [37, 44, 70]. Jayasinghe
[39] from Sri Lanka went as far as to claim that there is
mounting evidence pointing at chemical products used
in agriculture, suggesting that CKDu should be renamed
“chronic agrochemical nephropathy”.

Our aim was to review all available epidemiologic
studies that assessed chronic renal effects from agro-
chemicals to better understand the current evidence for
chronic nephrotoxic effects from pesticides in human
populations and how such nephrotoxic effects could or
could not underlie the regional epidemics of CKDu that
are appearing globally.

Approach for evaluating evidence

Review process

We performed a preliminary inspection to define the
start of the review process. It appeared that before 2000
studies only referred to general (acute) nephrotoxicity of
pesticides and never to CKD or CKDu. Therefore, we
conducted a systematic literature review covering the
period of January 1st, 2000 to April 30th 2014 (the date
the review started) using PubMed, Lilacs, and, through
OvidSP, Embase, Medline, Total access collection, EBMR
and Global Health databases using a comprehensive list
of key terms such as “chronic renal disease”, “agrochem-

ical”, “kidney disease risk factor”, “pesticide”, “fertilizer”,
chronic kidney disorder”. The

» o«

“end-stage renal disease”,
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Additional file 1 contain the complete search strategy.
Epidemiological studies providing information on the as-
sociation between occupational or environmental expos-
ure to agrochemicals and the etiology of CKD or ESRD
were included, irrespective of what the primary objective
of the study was. A first screening identified potentially
relevant publications on the basis of their titles. Further
analysis of the publications’ abstracts allowed retaining
25 articles. During the review process we kept a scien-
tific watch for the appearance of new publications and,
in a second step, this list was manually complemented
with 11 other studies published during this time period,
nine peer reviewed articles, a thesis and a scientific uni-
versity report (see Fig. 1). Despite being unpublished,
the latter two studies from Nicaragua were included be-
cause they were being discussed as evidence among in-
vestigators and policy makers in the region. The 36
publications retrieved were organized per chronological
order of publication and country or region in which they
were conducted, and study characteristics were extracted
along with results for associations between pesticide ex-
posures and CKD or CKDu. We also annotated the au-
thors’ conclusions, and commented on the strengths and
limitations of the studies. Because the studies were
highly heterogeneous and many had important meth-
odological weaknesses, in particular related to exposure
assessment, we did not use a scoring system but, based
on design and potential bias (regarding pesticides only),
we qualitatively concluded on the relative value of the
study to contribute to elucidating the role of pesticides
in the etiology of CKD or CKDu, as none, low, medium

Selection process

Entries by
database
Potential papers in PubMed, Ovid “PubMed: n = 83
and Lilacs, Jan 2000 — April 2014 - Lilacs: n = 80
(n 5 939) -0VID: n=776

Excluded based on
titles and duplicates:
n =890

1) Screening by
title

Papers with relevant titles (n = 54)

2) Review of
abstracts

Excluded: n=29

Papers with relevant titles and
abstracts (n =25)

9 peer-

3) Manual inclusion e — Zl_lf?SEt f;f
of articles published : (i I
> articles, aspect of
after April 2014 + un- :
- 1 thesis, same study :
published documents 1sci.report n=3

TOTAL REVIEWED DOCUMENTS (n = 36:
32 peer-reviewed articles; 1 thesis, 1 report)

Review process Cohort: n=3

Prevalent case-
control: n=5

\
USA:n=2 Cross-sectional:
Other countries: n =13 (5 with
n=3 nested case-
Si Lanka: control analyses)
n=5

W_/
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n=11 21 contributing
studies

Did not

focus on Descriptive Results or

aﬁro-. B studies or methods not

chemicalsy. case series: interpretable :
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Fig. 1 Process of selection and preliminary analysis of relevant studies
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or high. Specific evaluation criteria were strength of
study design, adequacy of outcome or case definition,
quality of the exposure assessment, clearness and ad-
equacy of statistical analyses; and potential for selection
bias, recall bias and confounding. The details of all 36
reviewed documents are in Additional file 2: Table S1.

Results

Overview of the reviewed studies

Of the 36 documents, two pairs contained data referring
to different aspects of a same study, specifically Orantes-
Navarro et al. [71], Orantes et al. [72] and Laws et al.
[73, 74]. In addition, Siddharth et al. 2012 [75] was an
interim report concerning a subset of a larger population
included in an article from 2014 [76]. Of the 33 distinct
reviewed studies, three were excluded from further ana-
lysis since they did not specifically address agrochemi-
cals (Fig. 1) [77-79].

The remaining 30 studies were analyzed in view of
their potential to provide evidence regarding a potential
causal relationship between pesticide exposure and the
CKDu epidemics or just CKD. Nine were deemed inad-
equate in this regard and after assignation of an explan-
ation value ‘none, they were excluded from further
analysis. Of these, one was a case series from El Salvador
[17] and four were descriptive studies without hypoth-
esis testing, three from El Salvador [80-82] and one
from Sri Lanka [37]. In four studies, the results regarding
associations of pesticides with kidney disease were not in-
terpretable, either because the methodology underlying the
results was not described or because the factual results re-
lated to pesticides were not presented: one study each from
Mexico [83] and El Salvador [71, 72], and two from Sri
Lanka [38, 84] (for details on studies with explanation
value ‘none; see Additional file 2: Table S1). This left 21
studies (23 articles) that analyzed associations between
varying pesticide exposures and varying CKD outcomes
[6, 19, 36, 45, 73-76, 85-99], 11 from Mesoamerica
(Table 1) and 10 from other parts of the world (5 from
Sri Lanka, 2 from the USA, and 1 each from Egypt,
India and Thailand) (Table 2).

Methodological aspects of the reviewed studies

Tables 1 and 2 summarize basic epidemiologic charac-
teristics of the 21 studies. With regard to study design,
13 studies were cross-sectional in nature [19, 45, 86—94,
98, 99], including five studies, — four population-based
surveys [19, 45, 90, 92] and a screening program [89] -,
that also performed nested case-control analyses. Five
studies had a case-control design, all hospital-based and
with prevalent cases [6, 36, 75, 76, 85, 95]. Only three
studies had a longitudinal design, a prospective cohort
during one harvest season among Nicaraguan sugarcane
workers [73, 74] and two prospective cohorts of the

Page 4 of 20

USA Agricultural Health Study (AHS) among licensed
pesticide applicators in Iowa and North Carolina and
their wives, respectively, with a follow-up of more than
15 years [96, 97].

Depending on the design, the study populations com-
prised entire communities or a subset, volunteers, or
groups of farmers or agricultural workers, in Mesoamerica
especially sugarcane workers. Cases were often hospital
CKD or CKDu patients, and controls most often patients
with other diagnoses. The studies under scrutiny used
many different markers and definitions of CKD, most
often proteins in urine, serum creatinine (SCr) and CKD
stages based on estimated glomerular filtration rate
(eGFR), and a single study also early markers of tubular
injury. All studies in Sri Lanka, India and Egypt were re-
stricted to CKDu cases whereas in Mesoamerica and other
countries, all cases of CKD were included in the studies
independently of their cause.

With regard to exposure assessment, practically all
studies focused on pesticide exposures in occupational
settings and in the majority the exposure assessment
was extremely crude. Eleven studies only had a dichot-
omous yes/no exposure variable of pesticide use without
any specification of pesticidal agents or any quantifica-
tion of duration and/or intensity of exposure over the
lifetime [6, 19, 36, 85—-87, 89, 91-93, 98]. Several studies
used a proxy of high exposures, specifically the job title
of pesticide applicator [73, 74, 96, 97], a history of self-
reported pesticide poisoning [45, 88, 97], and an index
of life-time days of mixing-spraying pesticides without
specification of pesticidal agents [45, 96, 97], whereas
three studies assessed the effects of a number of specific
pesticidal agents but without quantification of their use
[94, 95, 99]. One of these latter studies, a case-control
from Sri Lanka, combined questionnaire data about
source of drinking water with levels of glyphosate resi-
dues and hardness of the water to evaluate a gradient of
exposure levels [95]. Only the two cohorts of the AHS in
the USA computed intensity weighted lifetime use for
specific pesticidal agents or groups of chemicals, defined
as the product of frequency and duration of use, modi-
fied by an intensity factor to account for differences in
application practices [96, 97]. A single study used bio-
markers, i.e. blood concentrations of OC pesticides or
their metabolites [75, 76], focusing on non-occupational
exposures in Delhi, India. Lebov et al. [96] also exam-
ined several indicators of non-occupational exposures
among wives of licensed applicators in the USA.

Many of the reviewed studies had no or inadequate con-
trol of potential confounding; selection bias related to vol-
unteer participation, high non-participation, or the use of
inadequate case or control groups; possible recall bias; and
deficient description of statistical analyses (see Additional
file 2: Table S1). We classified the explanation value of



Page 5 of 20

Valcke et al. Environmental Health (2017) 16:49

soppnsad buikdde

(L0 'v80l
SeL/LSY — L] VT =
aInsodxa apidnsad Aue Yo

ou/sak sapinsad

S|0JIU0D 17T
'S958D 86 |0IIU0I-350D)

1O BUIXIW YIIM UOIIBDOSSE ON (LT T-¥70] 00°L/[SO+-80°L] BulAidde 1o Buxipy spjoyasnoy a|qiblis  sisAjeue |01U0D-35eD enbelediN
2Insodxa apionsad 607 = }om [einyndube Yo 0U/S3A 3INsodxa dPIdNSIY 00€ Wolj (4 €/% ‘W 867) pa1sau ‘AaAINs [06)
Aue 1M UOI1eID0SSe dANISOd Seap 'suolssa16a1 dnsIbo| paisnipe  (LWE/ L/ull/|w 09> Y499) OU/S3A SIoM [einyndlby 81< pabe sjenpialpul paseq-uole|ndod 110Z "le 19
SIOM [RININDLIBE Y1M UOIIRIDOSSE ON abe pue xas/paisnpeun ¢ abeis = Ay :2JIBUUONSIND |// JO 9|dwes wopuey |PUOIIDIS-5504D) [|]oUU0Qg,0
wnipaw an|pA uolbub|dxg
Selq uod3as
Aj¥] ‘s1opunojuod fenuaiod 4oy [$67-/610] /5L = sapnsad 4O
JUSUIISN(PE JUSIDIYNSUIL JUDUISSISSE [e6 €4 1]
2Insodxa apnud ‘AsAIns BuluaaIds 8z = Joge| plaly [einyndube Yo
00D~ BSBD  LWIE/ L/UIW/|W 08 Z A 09> Sased
ainsodxa appnsad  [|1'7-06°0] 8¢'| = sappnsad YO {|0U0D 35BD) ou/saA sapidnsad 01 ZLL ‘W PEE j0u0d-958)
UM UOIBDOSSE dAISOd Y [68€-651] LWEL L/UW/|UI 09 Z SA 09> 2INS0dX 10 YUM HIOAN sisAjeue |01UOD-95ED enbesediN
loge| pRY 8¢ = Joge| pjay [einynaube Yo ‘bulusas ou/sak Jode| plRI4 (4 6L ‘W 8¥8) A gL< pabe  paisau yum weiboid [68] 010C
[eIN3ND1B. J0) UOIIRIDOSSE SAISOd HeNVEETbIY 4499 DIBUUONSIND  SIAUNJOA /66 :DUIUIDIDG  BUIUSIDS 1931UNOA  “[e 19 JJoues
[6SP-1E0] 61°L pue
[£9%-¢€0] CC'L = uonedxoul
apnsad snonmaid s4O
MOJ 3NjpA uobuUD|dXg 686-c£7]
BulpuNOjUOD 10 3S1 YOIy JUaWISSIsse 08 pue [0S+-660] L1 =
2INs0dxe apnud {[euoidas-ssold) - sapdisad bulkidde/buixiw sYO
l6e9-cl'L] ou/sak uopedixoiu
uoneoixoul apnsad 89°C Pue [66¢-880] L8l = Spionsad snoinaid
snoiasid Yam UOJIeDOoSSe ON SOM [BANYNDLIOR JUD1IND SYO ou/saA sapinsad
2Insodxa :$I9PUNOJUOD [enuI0d BulAidde 1o Buxipy S9IUUNWIWOD [eINJ 7 enbeiediN
apPNIsad Yim UO[RRIDOSSE SAINSO 10} paisn(pe 1ou sasAjeue ou/sak woly (4 807 ‘W 621) AdnINs [88] 800T
som 'SOIHUNWWIOD OMY DU} 10} (LWUE/ L /Ull/|W 09> Y4D9) oM |einyndube Jusiind 09-0¢ pabe synpe paseg-uoieindod  “je 39 unodeT
[RININDLHBE Y1IM UOIIRIDOSSe SA1ISOd Aj21e1edas paniodal s3nsay 19yb1y Jo ¢ abeis ayD :2J[BUUONSIND /€€ Jo 3|dwes wopuey |PUOIIDIS-5504D) -S3110]
MOJ 2N|DA UODUD|AXT
aseyd puodas ul seiq sainsodxe spidisad
uod9I9s |qIssod ‘Buipunojuod 1O YIOM |ednyndoube yum
3)qissod Quawissasse ainsodxa SUO[IBID0SSe OU (G| Z JDS 104
opNRsad apnid |eUONDSS-5501D) ¥ s-zi0] s19(gns ou/sak lopeAes |3
6,0 = 2Insodxa appnsad YO  aAmsod eunuisioid buowe 2Ins0dxa 9pIdNsad (Isew) |93 [98]
ainsodxa l6v'€-5£°0] /bW §'12 108 ou/sak 3s 9A00e W 00S 18 79 S00C “le 1
apnsad Yim UoeDOoSSe ON 291 =>Jom [eanynoube Yo se paulsp ayd uopednad0 [einyndLby pue [e1Se0d 767 ‘N INpe AdMNs oulueqgel|
SUOM [RININDLIOE Y1IM UOIIRIDOSSe ON ‘eunua104d Jo4 7/bW G| < eunui0id :2J]BUUONSIND £G¢ Jo a|dwies Jaaun|op [PUOIIDIS-5S04D) -ejoeln)
MOJ :3njpA uopuD|dxg
Buipunojuod Jo ysu ybiy
‘UONEDIISSeISIW INSOdXD WO}
selq Jo ysu ybry ‘sased 1usjensld $|03U0D enbelediN
splodal  [eydsoy wopues gyD-uou |011U0D-958D (s8]
ainsodxa [0l - 82 [BDIUID WO PR1DRAIXD €€ 'SSeD 59| 0007 paseq-jexdsoy 100 “Ie 1@
apPNsad Yim UORRIDOSSE SAINSO GG = aInsodxa appnsad Yo  UoIsSIWpe e sisoubelp gy ‘ou/sak asn apdRsad  buunp suonezieudsoy gy 9A129d50119Y ewebny
Lonjea uoleue|dxs pue Alpijea
1UDUISSSSe AIunod

UOJIBIDOSSE 2PIDISS

sbuipuly ureyy

(S)2WODINO/UCHIULSP 35ED)

2INsodxa apIdNsad

uoneindod Apnig

ubisap Apnis

ERIEIEIEN

@D Ul sappnsad JO 9|01 2y} BUISSasSe SAIPNIS ULDLIDWEROSIN L djqel



Page 6 of 20

Valcke et al. Environmental Health (2017) 16:49

SOPIDIIIASUl D1eWeCIRD
JO 35N J9AS YIIM UO[IRIDOSSY

wnipaw an|pA uolbub|dxg
2Insodxa Juand 1oy 3pngol

UM JUSWISSISSe apnud ‘dn mo||oy
YIuow-9 1oys yum ubissp 1uoyod

uoseas bumnd auo JaA0

sbewep Jejngni Ajiea Jo sioledipul
Ul 3sea.dul Jo uonouny Asupny ul
9582109p Ym sappnsad buikerds
JO gof B U99MISQ UOIIEIDOSSE ON

wnipaw :anjpA UoRLUD|AX3
BuIpuNOJUOD 3|gIssod ‘si01edIpul
2INS0dxa Jeajpun {[euodSs-5S01D)

d|qeiaidiaiul

10U S| SUOEDIIDAAS JDYHN) INOYLM
uolneleyul appisad INg ‘Y4oa

MO| YHM Paledosse

sapipnsad Jo uoliejeyul [PIUSPIIY

Jdd Yum uoieIDosse ON

SJ01RDIPUl 2INSOAXD

appisad UleW YIM UOIRIDOSSe ON
siom

[eIN3NDLBEe YLM UOIIRIDOSSe Yedpn

winipaw :anjpA uoibupjdxy

eaJe NJYD-UOU Ul PIONPU0d
ApNis USWISSISSe

2Insodxa apNnId |PUONDS-5501D)

2Insodxa
apnsad Yim UOeDOoSSe ON

wnipaw an|pA uolbub|dxg
saskjeue

|eonsiyels 1oy Abarens a19|dwodul
BuUIPUNOJUOD 10) YSI JUSUISSISSE
2Insodxa apnud {|PUOIDISS-5501D)

sjedjwiaydbe

UM 1DBIUOD IO UOIBIDOSSE ON
uonednod0

|eJn}noube 10} UOIIeIDOSSE ON

winipaw :anjpA uoibupidxy

Selq uonoaas ARyl
‘Buipunojuod A2y USUWSSISSe
2INsodxa apNId {|RUONDS-5501D)

4453 MO| YLIM Pa1eID0SSe
10U 9ppNsad Aue Jo asn Jan3

(80 = d) 6/6w €0+ YOV
(90=a) 6/6u -8l

(90 = d) 6/6M z10- OYN

(60 = d) 6/6M |'0— TvON
:UOSeaS

159nley Buunp sioledldde
appnsad oy sisyiew

Ainfur Ajjea Jo sabueyd uesiy
(€7 '66—) 8'€— UOSe3S 159AIRY
Bunnp sioyedydde spiopsad
10} Y4993 abueyd ueapy

[8/8-cl'l]

1€ = soppnsad Jo
uofiejeyul [exuspIde 10j YO
G€0 = d3dd 40 2191
AjPADadsal zzo = d pue
€1°0 = d :sappnsad buikdde
pue BuIxIw JO SAep w3y
'SIayIom [einynoube 13sgng
[069-19°0]

507 Jiom [eanyndube Yo

[86'1-90] 60'L =
sappRsad Yum oM Yo

[1€C - 990]

€71 = s[ediwsydLbe

YUM 10e1U0D YO
[88C-€90] s€'L =
uoiedn20 [einynoube Yo

[F97-990] Z€' 1/[16C — 60°L]
8/l = s9apnsad
BulAidde 1o Buxiw YO

AU ELTL/UIW/UW 09> Y49

elnuiwng|e

'81-11 'OVN “TYON Anful
Aauppy Aliea jo sisyewolg
(;WEL L U/ ) 44D

A ELL/UIU/W 06 < SA 09>
|0u02-958)
A ELL/UIW/ W 09> Y499

eLNUIS0I

(e

YIUOWI-€ B YIM
SUOIRUIIIRISP 7)
G-1 sabeys gy

0U/saA asn apPNsad
:alleuuonsan)

Joyedydde
[ea1wisydLbe 3 qor

(3dd) uawdinbs anndsy0id
[euostad Jo asn jo 23169
sapisad

Buiieyur Ajjeyuspiooe

Jo Aoisiy panodal-yas
sappnsad buiAjdde-
sapnsad bulxiw-

JO sAep swinayi

SINIOM [eanyndbe

4O 195gNSs Buowy

OU/S9A JIOM [RINYNDLIOY
:24[PUUONSAND

ou/sak sapnsad Yum SIOA
:24[PUUONSAND

ou/sak

S[edIwBYdUbe Yim 10e1U0D)
ou/sak

uolednod0 |einynduUby
:2JIBUUONSAIND

(4 12 'W 89l)
S121IND auediebns g1

sio1edi|dde [esjuiaydube

6 'PUl ‘(4 €€ 'W LST)
SI}IOM duedIebns 87

(sased g/)
SisAjeue [0U0D-958D Ul 08T

(4 85T W 991) sunpe v

(4 Z¥L ‘W 0TL) Synpe /97

(4 2€¥ ‘W €¥€)
‘81 < 9be sjenpiaipul 67/

A3mnns [euonednaoo
[PUOID3S-5501D)

1oyod

sisAjeue |011UOD-95BD
pa1sau ‘AaAINs
paseg-uolendod
[PUOI1295-5501D)

ASAINS [LUOIIDS-5501D
paseq-Alunuwwo’

ASAINS [BUOIDSS-5501D
pue bujuaaids
Aunwwod

[v6] SLOT P
19 ouluegel|
-eDJeD)

enbeiediN
s '€/]
910 “le 19
SMET R GL0C
“le 19 smeT

enbeiedN

[sv] v10C
“le 19 sauley

enbeiediN

[ee] ¢L0T
“le 12 xne7

lopenjes |3
[L6] L1oT
“le 19 saqueIQ

(panuiu0d) gy Ul sapidnsad Jo 9]0l 2y BUISSaSse $31pNis UBDLISWROSIN L dqeL



Page 7 of 20

Valcke et al. Environmental Health (2017) 16:49

O34 SPPO YO ‘DleW [y ‘Oewdy 4 ‘9seasip |euds abels-pua gys3 ‘d1el uolnely|ly Jejnidawolb pajewilss Y40 ‘(s1010e4 ySli [eUONIPEI} 0) PIe[dJ J0U :

1X3} Ulew DY} pue |S d|qe] 7 3|lj [BUOIHPPY 335 S|1RI3P 104 'SHNSa1 3y} Jo AupleA ayi pue ubisap
Jo uonenjeas aaneyjenb e uo paseq (Apnls syl Jo aAD3(CO Y3 01 Buipiodde) NYD 40 YD Pue sapidisad UsaMIa] suoneosse [enualod Inoge aBpaMouy 01 MNgLIUOd 01 Alljige sApnls 3y :anjea uoneue|dx3,
olje) duUEID-0)-UIWNG|e Aleuln YDy ‘@L-UN3|ISIUI 8-/ ‘Ssepiulwesodn|B-q-|K193e-N DN ‘uljedodi| pajerosse-aseunie|db (1ydonau JyON ‘DUIUIIeaId WNISS 4DS ‘[[eAIS)Ul SDUSPIUOD 9%S6]

U ‘ABoJo1d uMmouuN JO :n) 3seasip ASUpPIY dIUOCIYD @YD SUOIDIA2IQQY

wnipal :an{pA uonpub|dxy
payiuenbun

1nq ‘sdnoub [ediwsyd 1oy dynads
JUSWISSISSE 9INSOAXD {[UOND35-S501D)

sappnsad oypads

3U1 JO AUB U3IM UO[IRIDOSSe ON
sappnsad

JO 35N J9A UM UO[IRIDOSSe ON

wnipawl :anjoA uonpupjdx3
suosiedwod adinw ‘payiuenbun
1nq ‘sdnoJb [ed1wayd 10y dynads
JUBUISSISSE 2INSOAXS {[PUONDS-5501D)

sapnsad jo
sdnoib JaYio Yum Uonedosse oN

ENb)
2Ued 0} PaIdIISal SIsAleUR
Ul pUB PauIquIOD SISYIOM
|[B 10} "44DHD padnpal Yum
pa1e120sse Jou sapippsad
o>ads JO SN JaAS pue
appnsad Aue Jo asn 1oA3

[9POW S1BLRAINNW
ul Joipaid uedyiubis

B pue SIaIoM bujulewss
puowe 962 SA Y4959
padnpal Yim Sisyiom
Buowe 9t/ :sapId1IdasUl
31eweqied JO SN J9AT

unyIawLadA>

‘sojlAdioys ‘g-t'c ‘yenbelsed
‘91es0ydA|b :ou/sak
soppnsad oynads Jo asn
0U/S9A JaA 3SN 2pPIdINSad

A €L L/UIW/|W 08> YD :2JIBUUONSIND

sploJy1alAd ‘sareweqied
‘s;yeydsoydouebio
1D SIPIDNDASY|
saulzely ‘g-#'z 1enbesed
‘9esoydA|b sepIqIaH
:0U/s9K

sappnsad oyads Jo asn

sajew e
'sIawley 92UR1SISANS 7§
'SISHIOM UONDNIISUOD 95
'$1911ND auedIebNS 98

enbeiediN

[66]

Apnis [UOID3S-S50.1D 910T “le 1
[euonednoo0 Buijassom
Jopenjes |3

(panuiu0D) gy Ul sapidnsad Jo 2|01 2y BUISSasse $31pNis UBDLISWROSIN L djqeL



Page 8 of 20

Valcke et al. Environmental Health (2017) 16:49

winipaw :anjpA uoipup|dx3
95L35IP JO UORLDYISSeISIW
“JUBWISSSSEe 2Insodxa

Spiisad apnid |eUOIIIDS-SSOID)

'SUOIB3I NYD-UOU OMI 3Y)

JO 3UO U] $35NED UMOUY JO (3D
01 Pa1eIDOSSe Sem 11 INg ‘UoiBal

nasD Yy ul gy dunuoid 03

P31LIDOSSe 10U SeM 2SN 3PIdISA

MOJ aNnjDA uoNDLUD|dXT

SynsaJ appnsad pue saskjeue
[eonsiiels Jo buiiodas srenbspeul
‘UONeDIYISSE|DSIW 2INSOdX WOy
seig Jo su ybiy ‘sased Jusjeid

J21eM-[[9M pUR 35N
sppnsad ‘Buiwie) yum sashjeue
91BLIPAINW Ul SUONBIDOSSE ON

MOJ :aN|DA UOIDUD|AXT

Buipunojuod

4O sl Yb1y ‘uoiediyIsse|dsiu
2Insodxa Woy Selq Jo 3su

ybiy ‘syuedpiued Apnis Jo Uo|RS
S1enbapeu ‘UbISIp [PUOND5-SS0.D
[EUOIIUSAUODUN YUM Wie Ajojeloldx]

(cel-€20) 96

ainsodxa [ea1uaydoibe Yo py
(LT-0'1) 9'L JaWlie) Yo lpv
(uoibas ngyD-uou)
PJOJUBqWIEH

(Ce-80) 91

ainsodxa [ed1uaydoibe Yo py
(6€-5°0) §'L 13Wiiey yO [py
(UoiBas NYD-UOU) eJeMNUNEA

(6'L=£0) L'l

aInsodxa |[edjwaydoibe YO py
(1) L'C ;awey 4o lpy
(uo1bal NAyD) eAIYdYIEMEPIIN
(6€—'1) £ aInsodxs
[eojwaydoibe YO py

(Fe=6'1) 9C )owey Yo lpy
:uoneindod Apnis a1pu3

191eM-|[9M BupuLp pue

asn spdnsad ‘buluiey 104
SUOIIRIDOSSEe ON (SUOISSIH31
o1s160| a1eLeAN
[C€Tl-1S1] oy = swoy
191eM-|]om Buuup YO
sased ( :sapidnsad YO
(66'C-55°0] 8C'L = JaWlie) YO
‘So[ewa

[czete0l ¢/ L = pieY
J121eM-|]oM BuBULp YO
[106-€£1]

¥6'7 = sapinsad YO

(¢88 -05°7] 89 = Jawie) Yo
S9lepy

:s95Ajeue S1elieAlg

(9z€) 44>-uou
pasodxa-uou > (|'67)

44D-uUou pasodxs > (9°97)

ouy/sak sjesiuaydolbe
Buipuey 1o buikeids-
ou/s9A Jaule-
2J[eUUONSAND

95easIp Aaupiy
2IUOJYD dLNUIRI0I]

(ulog odid

‘D3l J21EM-|[PM
‘SWOY J31eM-||aM)
22Inos Jatem bupuug
ou/sak

2Insodxa apPNsSad
0OU/SaA IaUlie4

Ip/BW ¢ < DS 211PUUONSAND

saInsodxo
a1eydsoydouebio jo

{4 €7 "W 99)
eAlydyoemepaly Ul syuaned

NaM> 601

187 e10IURqUIRH
80/elemnuiles

Seale edlWopUa-UoU OM |
009¢ eAiypyRMEPIIN
eaJe DIwspua NAYD

61< abe
‘(4 #9T€ "W 68870) €519

£9-9¢ be
‘4 19 'W 6€1) sauaned W@
pue |H buowe sj01u0d> 00T

' L¥ W 9€L) S95eD NOXD €81

44D INOYUM USWIBYSlY
pasodxaun g SA 44D
INOYIM SIdwiiey pasodxs-dO
6£T SA 44D yum syuaned

sasAjeue [011U0d—
958D Y1IM AdAINS
paseq-uopendod

[PUOID3S-550.D)

(sased 1uajeAald)
|0J3UOD — 35ED
paseq -|endsoH

eyue us
611 1107
“le 19 eAljeanyly

exue us
[9€] £00T "e 12
eAunsebiuepn

dMD pue S|aA3| asela1saul|oyd 44D pasodxaun > (6/0 9'81) Axoid se (B/n) sjpAs]  pasodxaun g SA (44D) ain|iey eyue] ug
's2IN50dX3-dO [9AS]-MO] Wiia1-Buo] 44D pasodxa :s|an9) (payads (3YDv) oselaasauljoyd [BUSJ DIUOIYD YUM SISWLIRY [£8] 9007 “Ie 19
U99M13Q UOI1BDOSSE 9|qISSOd JYDV Ul S9URISHIP JuedIUBIS 13yuny 10U) 44D [A192e ||92> poo|q pPay pasodxa-dO € :sdnoib [PUOIID35-5501D) uyor-suiad
BquUeT S

2oN[eA uoneue|dxe pue AupijeA
(S)awodno uoniuyap Anunod

UOI1RID0SSE SPIDISSd

sbuipuly urey

END) Jusuissasse whjmoaxw

uonendod

ubisap Apnis

ERIEIEIEN

@D Ul sapipnsad Jo 9|04 3yl BUISSasSe $a1IIUN0D URDUSLIROSI|A-UOU JSUI0 pUB BYURT LIS WO SAIPNIS T dqeL



Page 9 of 20

Valcke et al. Environmental Health (2017) 16:49

MOJ :2N|PA UolDLUD|AXT

PaQLISIP [[oM 10U SPoYIU
[PD13S11RIS JUBLISSASSe INSOdXd
apNJd ‘seiq Uond3|Rs [enualod
91eN|eAS O} B1ep OU !S35BD JUD[eAdld

sainsodxa
opPNsad Yim UORRDOSSE 3|qISSOd

ybiy :anjpa uonpupidx3
SI9PUNOJUOD

[enuaiod Jo [013U0D Ia1eM Ul
21es0ydA|b 10} asuodsal ainsodx3
JUSWISSSSe

ainsodxa apidnsad payiuenbun
14123ds ‘JusUUleladSe 35eD
pPoob AJ9AIIR|1 $958D JUS|PASIY

(s]ona] 23esoydA|b 1saybiy pue
191eM 159pJeY LYlIM) pauopuUeqge
wloj Jarem bupulp jo Aioisiy
yum ‘Ajje1dadss ‘pue 1a1em-||om
BuBULIP Y3IM UO[IRIDOSSE 9A[}ISOd
91es0ydA|b

JO 9SN YUM UONRIDOSSE 9AISOd
suonedljdde

apIdNsad YiMm UOIBIDOSSE AINSOd

WiNJpaW aNjeA uopeue|dxy
9SB3SIP JO UOIIBDHISSeISIW
‘JUSWISSasse aInsodxa

apIPSad IPNID ‘[eUOIIIDS-SSOID)

Huikeids sppnsad

UM UONBDOSSE dA1leDaN

P21 BYI Ul IIBM-||9M WOy
BuBULIP Y3IM UO[IRIDOSSE SAISOd

[90°€ - ¢r'll

80'¢ aInsodxa appnsad YO
‘(paydads

10U [9pOW) $95Ajeue S1eLARINIA
(1000 > d) Q¥S3 Yum pajeiosse
aInsodxa apidisad pue Jswie)

e bulaq ‘191em ajesun bupuup
‘BUIAI| [eanJ :s3sAjeUR 21elieAlg

‘(K@Andadsal 1/6M g0 pue
7/61 7°¢ ueipawl) sjjom bBuiaIas
ul ueyl Jaybry Apuedyiubis

oM pauUOpuUBge WO} Ja1em

Ul UoeNUSDUOD 31esoydA|D
1os auljadid

puUe JI0AISS34 ‘piey 0} Sieidpoul
S||OM BUIAISS 1YBIY AIDA S|[am
PaUOPUEQE :SSaUP.RY JS1BAN

[OrLl-€€7

71’ = a1esoydA|b Jo asn Yo
[£5G-£60]

€' = uoned|dde sappnsad YO
[9z01-887]

EV'S = ||]oM pauopueqe

woJj Jarem bupunp A1oisiy 4o
[0£6-ClL'L]

7G'T = Ja1em [jam Bupulp Yo
:uoIssalbal d1sIbo| a1eLrARINIA

gozodueW pue dequUAdsIq
‘91esoydA|b ‘VdDW “renbeled
‘sa1eydsoydoueblo jo asn

pUE ‘SI9Z1|1134 JO 3sn ‘BululIe)
104 SYO pasealdul Apuediubis
Yum uolssaibas d11sibo| a1ellenlg

[€gevoLl 261

= P|ol} @Y1 Ul J21eM-[|]oM YO
[060-120] €70 = sepPnsad YO
:U0Issa1631 D13SI60] d1eLRAINA

[loe-Lotl el

= P|al} 3Y1 Ul Ja1em-|lam HO
[2£1-090] L0'L = sapnsad YO
(04T -1£0] 8€'L = JaWie) YO
:S9sAjeue a1elieAlg

ouy/sak ueawl Aue Aq
sainsodxa apIdnsad
ou/sak

uopednod0 bujulie
ou/sak

J91em (2did-uou)
3jesun bupuug

(swexa [eaqup) ou/sak
a5ned umouun Aouspisal [einy
40 a¥s3 :2J]eUUoNSaIND

S||om pauopuege
pue buinies

JO 191eM U paINseaul

ssaupley pue

sjeraul ‘a3esoydA|n

(sopnsad

UOWIWOD JaY1o pue

g3z0duPW ‘UeINjOged

“JequAdsiq ‘a1esoydA|b

‘YdDW “venbesed
‘sayeydsoydouehlo)

ou/sak

SI1eak Q| 15e| J9n0

soppnsad oypads

pue 1321|1143} JO 3N

ou/s9k

Bululle) ‘sieak 0|

15e| uolledn>d0 [ensn

nayD :2JIPUUONSIND

32In0s 1a1em Bupulq
ou/sak

Buifeids apnsad
0OU/SaA Isulie4

euNUIR10Id-0IN :2JIPUUOISAND

sjuaned
13U10 Wolf (4 89 ‘W ¢S1) 10463
S|0J1UOD WOopUeI 07 (sased juajenald) [91 010
9SNeD UMOUNUN WO |011U0D-35eD ‘AMeYSUIN-|3
(4 SZ'W LL) S9sed gys3 9L paseq-|edsoH B [Wey

S9lIUNOD IsYlO

VTS

(sa5ed JUajRPARId) [s6]

(4 78 'W 86) S|o1U0d 08l [01U02-3582 10T ‘12

'(4 9€ ‘W 68) 5958 G7 | paseq-|endsoH euewnseAer
sasAjeue [0J1U0D—

g1z pabe  ased yum Asains eyue IS

slaquisWw pjoyasnoy  paseg-uopeindod  [z6) 1107 “|e 1@
(4 STv "W 19%) 988 [EUOID3S-5501) eAunsebiue

(panuu0d) gy Ul sapIdsad Jo 3|01 2y BUISSISSe S3LIUNOD URDIISWROSIN-UOU J3YIO pue BYURT LS WOI) SAIPNIS T ajqeL



Page 10 of 20

Valcke et al. Environmental Health (2017) 16:49

ybiy :anjpa uonpupidx3

Buipunojuod 10} sl MO|
‘suostedwod adinuw QuaWSsasse
2Insodxa aAieluenb pue dypads
'suolbal DIWapUL N@YD-Uou Ul Apnis
‘dn-mojjo4 Buol yum 1oyod abie

453 pue uonezjjeydsoy Jo

SMSIA [EDIPAW Ul BUNSaI $aINsOdxa
pue JYS3 USIMISQ UORIDOSSY
Qys3 pue sapinsad

Jy12ads JO 3SN UIMIS] UORID0SSY

9000 puai 4oy d '[8/°€-07'L]
€1°C = YH ulleyiswipusd
9100 pusan Joy d

TSLP-L1L'L] S1'C = YH 1enbeieq
8000 puai 4oy d '[€1'Z-80°L]
€G°L = YH Jo|yde|0IeN

8000 puain Joy d

607C-L1°L] TS'L = YH duizeny
GLO0 puai oy d

TELT-80°L] LS'L = YH Jojydely
:Spuail dsuodsal-ainsodxa
JUeDIIUBIS pUR SI3SN-UoU

SA 9sn Jo A10631ed 159yb1y
10} YH paseanul Apuediiubis

‘sapdisad

2Wos J0j sadA1ousb ||nu yioq
UM 135gNSs 3yl Ul AJUO S|0JIU0D
Ayyjeay ul seasaym ‘sapidnsad
40O Alliofew a1e|NWINDDE 0}

pus1 sadAloush |inu omy Jo ||nu
3UO0 Jayy buiaey suaned nagyd

(6=9%'1)] €47 = YO 9|11a1 35| 0}

pag ssppnsad [L10] (90°E = HO)
uejnsopua-g pue ‘(667 = YO)
uejNsopus-d ‘(/0°¢ = YO)
ulple (8L = YO) HOH-e10)
(042 = YO) HOH-A (25T = 4O)

1UA9 aINsodxa
appnsad [9As| YbIH
pujuosiod

sppnsad pesoubeiq
uolez||eydsoy 4o 1sIA
[eDIpaW Ul Bbupnsal
2Insodxs 3
soppnsad

6€ 10} SAep QWY
pa1ybram-Alsuaiul

JO sauobaied [eulpIQ
:sareuuonsanb

adsd paJa3sIuIWIpPe-|9S

HDH-D 10 9|1131 15| SNSIDA PIE 10}
NAYD YUM suopedosse 1uedyiubis

ybiy :anjpa uonpup|dx3
Buipunojuod 10} sl MO

‘uonesned 3siaAul Joy [enusiod
2Wos ‘bumas ngyD-uou e ul Apnis
'O 01 saInsodxa [euoliedns20-uou
10} JUSWISSISSE 2ANRIIUEND

pue d1123ds ‘s3sed JU3|eAdid

adAlousb

ybnoiyy Ajjened pareipaw ‘ngyD
YHM (S2INSOAXS [eIUSWUOIIAUS WOJ)
SO0 JO S|9Ad] POO|d JO UONRDOSSY

sopidnsad [e101 pue

'3gQ-,d‘d ‘uupie ‘uejnsopus-g
'UBJINSOPUS-D ‘HDH [e103 ‘HDH-A
'HDOH-D JO SUONIBIIUSDUOD POOI]
19yb1y Apuediiubis pey sased

(9C0— =14 1dL

pUE Y4DS US3MISC UONE|SLI0D
1uedIUBIS ‘UONIPPE Ul "Ulp|e Jo)
AJUO 1UedIUBIS paulewal Y459
YUM UOIBIDOSSE 9y) ‘sa1Ajeur
13410 JO S|oA3)| 10} Ajjeuonippe
Bupsnpe usypp ‘(Uuple pue

HDH (301 ‘HDH-A 10§ Juediubis)
€7:0— PUB /0'0— U99M13( PaleA
sa1jeue appnsad 1uassyIp

pUE Y499 U99MISC SUONE|S1I0D
ueulleads paisnipe ‘sased buowy
7dL pue 3gg-d'd ‘uupje
‘UejiNsopua-g ‘UejNSOpuUS-d ‘HOH
[P101 ‘HDOH-A ‘HDH-D 10j sased ul
S|9A3] PoOJq Jaybiy Ajpuediubis

SLIUoW €
104 "eunuizioid
INOYIM JO YIM
JAMEL LW/ W 06>
KERERIEOY)

Sloxlewl

SS9I1S 9ANBPIXO
SYUoOW ¢< 1o
JEL LU/ W 09>
1499 NAYD

puidAiousb |5
poo|q ul sapisad
aulojydouebio
JO SUOIBIUSDUOD

poojq
ur ssppnsad (O0)

2ULIo]yd0ouURbIO JO S|9AIT

(@Ys3 ote) sioxedidde

opisad pasuadl| 085'Ss  dn-mojjoy) oyod

[eudsoy sy ul

syuaned gD bulkuedwodde
SuosIad 10 JJe1s :$|0Jjuod
payd1ew xas pue abe g/z
syuswedap Abojoiydau
Bulpusne siusned

‘(4 0EL "W Ovl) s9se3 0/¢

05-0¢ 96y

|exdsoy ayy u syusied gD
puiAueduwodde suosiad 1o
4B1S (4 S¥ ‘W LG) S|01u0d 96
syuswedap Abojoiydau
Buipuaiie syusned

€L W ££) 9583 QD 061

VSN

(£661-€661 =dUls [z6] 910C
“|e 39 A0GRT

(s9sed 1uDjeAaid) elpu|
[011uoD-358d (941 ¥10C

paseg-leudsoH  “|e 13 yueppis

[9/]

¥10T "o 3o

YHEPPIS

40 podal

w9l Ue s|

Apnis siy) :210N

(soseD 1us|eAa.d) elpu|
|0UOG3-95€D [S/1zioc
paseqg-ledsoH  “|e 19 yueyppis

(panuu0d) gy Ul sapIdsad Jo 3|01 2y BUISSISSe S3LIUNOD URDIISWROSIN-UOU J3YIO pue BYURT LS WOI) SAIPNIS T ajqeL



Page 11 of 20

Valcke et al. Environmental Health (2017) 16:49

1X31 Ulew 8yl pue |S 3|ge] :Z 3|1} [eUONIPPY 935 S|1e1ap 104 'NdYD 10 @YD pue sapansad usamiaq suoneposse [enualod ssaippe 01 Aljige sApnis 3yl :anjea uoneuejdx3,
auluieald wnids 4s ‘sapnsad ayeydsoydouebio 4o ‘uoissaibal 213s160] deeAINW YIAW ‘Djew | ‘UoisuauadAy
1H ‘duexayo]dAd010|ydexay HIH ‘9selajsuel)-s-auolyieIn|b ;so ‘djewa) 4 ‘9seasip |eual abeis-pus gys37 ‘S1es uonesl|y Jejnidawolb y4oa ‘susjAyioio|ydip|Ausydipoiolydip 3gg “4a1em bupjuup Mg ‘s1eqelp gg ‘ainjies
|eual d1uoIYd YD ‘usbouiu eain poojq NNg ‘(ABojona umouun Jo ‘n) aseasip ASUpD] JIUOIYD YD ‘@DUeLIBA JO SISAjeue AONY ‘Olie) SUlUlIeaId 01 UlWNg|e YD ‘95ela1sauljoyd|A1ade |92 poo|q pal JYDV SUOHDIA2IGQY

MO ‘aN|bA uoLUD|dXT
Juswisn(pe buipunojuod

ou paqudsSsp ||om 1ou uoieindod
Apnis JO UONDII3S JUSUISSISSE
2INs0dxa 9pNId {[PUOIIDIS-SSOID)

uondUNY ASUPI Pasesidap pue
Burwey pasodxa appnsad Aybiy ui
U011_ANDI0 U39MISG UOIIRIDOSSE ON

ybiy :anjpoa uonpup)dx3
Bulpunojuod

104 3S1 MO ‘suosLeduod
S|dnnw uswissasse ainsodxe
aAle1IIUEND pue dyPads ‘suoibal
JIWSpUS N@YD-Uou Ul Apnis
‘dn-mo|jo4 buo| yum uoyod abie

saInsodxo

|BIIUSPISDI YIIM SUOIIRIDOSSE ON
USWOM Ul QYS3 pue lenbeled

JO 9sn s,pueqgsny pue asn appnsad
[RJSUDD 1DUIP USIMIDG UONRIDOSSY

S60=d

(lewioude 90) 0L'0 F 60'L S9jeW
pasodxaun SA (jeullouge 940)

L1'0 F 601 Sojew pasodxa 1DS
LL'0 = d ‘(jewouqe %67)

L1'0 F 780 S9|eway pasodxaun

SA (lewiouge 9%/°€) 11'0 F 980
Solewls) meoaxm AI:U\OEV DS
9/0=d

‘(lewioude %/'L) 6C F €7CL
pasodxaun NNg SA (Jeuoude 9/°€)
L€ F¥97L pasodxe (1p/bu) NNg

saInsodxe [enuspisai

JO SI01BDIPUI JOJ ¥SI SS30X ON
[S6C-00'L] LL'L gH

21e1AINg pue [/yev1'1] 66'L
YH 1enbeled jo asn s puegsny
10} spual} asuodsal-ainsodx3y
[cy1-9C 1] CTy 9H

95N [euosiad JI9ASU SA |elsusb
Ul asn apdnsad Jo sAep-swinay|
aA1B|INWIND Jo A10631ed 15aybiH

[8G°G 01 £91] GO'E = YH 3N
ap1disad 01 anp uonez|eydsoH
Y00 SHSIA

10100p Jo Jaquinu buiseanul

Joj puan Jojd e8¢ - /1'L]

€1°C = YH 3sn appnsad 01

9NP MSIA [EDIPAW UO UBY) IO
LE00 puah Jojd

[89°€-80°L] 00T = YH ULYIaWiI=d

Syuow 331y1
15e3| 1€ JOJ PIRYDIO 1P
yiom bunnp ssppnisad

Buikeids pue Bulxipy

1S pue
NNg Ul 92ua1g

aInsodxa

appnsad [enuspisal
Jo sio1ed|pul-

(L1L€L =u)sn
|euosIad INOYUM SSAIM
puowe (asn appnsad
s,pueqgsny) sainsodxs
apnsad allpul-
SISSeD [BDILIDYD

9 pue sapnsad
oiads O ‘appnsad
AUe JO 35N awnay||
pa1ybram Alsuaiul

40 sauobared

[eulpIO STt/ L = U)
saunsodxe 10311p-
M3IAIRIUI duoydaal
10 saireuuonssanb
asy3 paI91sIulWIpE-}|oS

(4 £T'W €€) s|oluod
09 pue (4 € W 0€)
SPIYDIO JO SINIOM 19

(Q4¥s3 86)
sio1edldde apidnsad
PasUSI| JO SIAIM ZHL'LE

|PUONO9S-SSOID)

(£661-€661 @2UlS
dn-moj|04) LoyoD

[86] S10C "B 19
1e1[e|IAUOOIY

vsn
[96] Sl0T
“le 12 A0g]

(panuu0D) gy Ul sapIdsad Jo 3|01 2y BUISSISSe S2LIUNOD URDIISWROSIA-UOU J3YIO Pue BYURT LS WOI) SAIPNIS T ajqeL



Valcke et al. Environmental Health (2017) 16:49

seven of the studies as relatively low, ten as medium, and
four as relatively high (Table 3).

Findings and validity of the reviewed studies

Thirteen studies (62%) reported one or more positive as-
sociations between a pesticide exposure indicator and an
indicator of CKD: four studies with a relatively low, five
with a medium, and all four with a relatively high ex-
planation value. Of the eight negative studies, three had
a low explanation value and five were considered to have
a medium explanation value (Table 3).

Studies considered with relatively low explanation value
Regarding the four studies with lower explanation value
that reported a positive association between pesticides
and CKD [6, 85, 87, 88], control of potential confound-
ing was absent in three and inadequate in one study (no
adjustment for age despite controls being 10 years
older), and in three of these studies the exposure assess-
ment was based on one single dichotomous ‘pesticide’
exposure variable. One could argue that the studies with
‘pesticide’ as the exposure variable could have given rise
to a bias of non-differential exposure misclassification
and that the true risk was higher than the observed.
However, without control of potential confounding, an
alternative explanation could also be that ‘pesticides’ cor-
relate with other agricultural exposures, in particular
heat stress. The fourth study [87] compared red blood
cell acetylcholinesterase (AChE) levels among four
groups, with and without OP exposure and with and
without chronic renal failure (CRF). An important limi-
tation of this study was that the unexposed groups were
participants of other studies in other regions. The three
negative studies with low explanation value had, besides
non-specific and non-quantified exposure assessment,
multiple other sources of potential bias (see Additional
file 2: Table S1). The negative study from Thailand com-
pared a group of farm workers highly exposed to pesti-
cides on a daily basis (not all, 88%) with an undefined
group of non-farmers from the same region without
consideration of potential confounding [98]. The nega-
tive studies from El Salvador and Sri Lanka used pro-
teinuria as a marker for CKDu, although CKDu is
basically a non-proteinuric disease, leading to incom-
plete case detection and possible selection bias [86, 92].

Studies considered with medium explanation value

Of the 10 studies with a medium explanation value, five
did not observe any association and five reported some
positive association, albeit with equivocal or ambiguous
results in three studies. All studies in this category had
a cross-sectional design, except one negative cohort in
Nicaragua.
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Of the studies with a positive finding, three were
community-based surveys conducted in the municipal-
ities of Ledn and Chinandega in Nicaragua [45, 89, 90],
the region with the highest CKDu occurrence of Meso-
america, especially among men [45]; one was an occupa-
tional cross-sectional survey among cane cutters in a
CKDu epidemic area in El Salvador [94] and one a
population-based survey in CKDu endemic and non-
CKDu regions in Sri Lanka [19]. One of the studies in
the Nicaraguan hotspot observed a weak association be-
tween ‘pesticide’ exposure both in data obtained through
screening of volunteers (odds ratio (OR) =1.4, 95% con-
fidence interval (CI) 0.9-2.1) and in a nested case-
control analysis restricted to male participants (OR 1.6,
95% CI 1.0-2.6) [89]. This study controlled for con-
founding factors, and besides its crude exposure assess-
ment, its main limitation was that study participants
were volunteers and the authors did not address how a
possible selection bias could have affected their results.
The study in the hotspot in El Salvador found that ‘ever
use of carbamate insecticides’ was more common among
cane cutters with reduced eGFR than among cutters
with normal eGFR (74% vs 29%) and carbamate use was
a significant predictor for reduced eGFR in multivariate
analyses [94]. This study was negative for all other spe-
cific pesticides or groups of pesticides that were exam-
ined qualitatively, including the herbicides glyphosate
and paraquat. With regard to the three studies with
equivocal or ambiguous results [19, 45, 90], in Nicaragua
a non-significant increased risk of CKD stage =3 (OR
1.9, 95% CI 0.8-4.1) was found for ‘any pesticide expos-
ure, whereas no association was found for ‘applying and
mixing pesticides, the latter indicator likely reflecting
higher exposures than the former [90]. In the hotspot of
Chinandega, Raines et al. [45] reported a significant as-
sociation of reduced kidney function with a vague expos-
ure indicator ‘ever accidentally inhaling pesticides’ (OR
3.3, 95% 1.3-8.3) among agricultural workers, but did
not find a relationship of CKD with a semi-quantitative
exposure measure of life-time days of pesticide applica-
tions. The fifth study with a positive result, from Sri
Lanka, reported an association between non specific and
unquantified pesticide use and proteinuric CKD after
adjusting for confounding (OR 2.3, 95% CI 1.4 - 3.9)
but when stratifying by region the association was re-
stricted to Hambantota, an area with low prevalence of
CKDu (OR 5.6, 95% CI 2.3 — 13.2), whereas no associ-
ation was observed in Medawachchiya, an area in the
North Central province with high prevalence of CKDu
(OR 1.1, 95% CI 0.7-1.9) [19].

Concerning the five negative studies with medium ex-
planation value, their main limitation was the crude ex-
posure assessment, three with a dichotomous pesticide
exposure variable [91-93], one with jobtitle of pesticide
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Table 3 Reviewed studies ranked by their explanatory potential on the etiological role of pesticide for CKD/CKDu
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Study

CKD marker

Potential to explain pesticide role in CKD/CKDu

Low

Medium

Pesticide exposure indicator

High

Associations

Rugama, 2001
[85]

Gracia-Trabanino
et al,, 2005 [86]

Peiris-John et al.,
2006 [87]

Wanigasuriya
et al, 2007
(36]

Torres-Lacourt
et al. 2008 [88]

Kamel &
El Minshawy,
2010 [6]

Aroonvilairat
et al, 2015 [98]

Orantes et al.,
2011 [91]

Wanigasuriya
et al, 2011 [92]

Laux et al,
2012 [93]

Laws et al,
2015 & 2016
[73, 74]

Wesseling et al.,
2016 [99]

Sanoff et al,
2010 [89]

O'Donnell et al,
2011 [90]

Athuraliya et al,,
2011 [19]
Sri Lanka

CKD diagnosis at
hospital admission

Proteinuria >15 mg/L
SCr>1.5 mg/dL

Chronic renal
failure diagnosis
at hospital

CKDu hospital
diagnosis

eGFR
<60 ml/min1.73/m?

ESRDu

BUN and SCr

Persistent CKD
stages 1-5
determined twice
with 3-months
interval

Micro-proteinuria

Proteinuria

Change in eGFR
(ml/min/1.73 m2)

Change in early
kidney injury
markers

eGFR
<80 ml/min/1.73m?

eGFR
<60 ml/min/1.73m?

eGFR
<60 ml/min/1.73m?

Proteinuric CKD

Pesticide use

Pesticide use
Pesticide use

Acetyl cholinesterase
levels in four groups
(exposed CRF,
unexposed CRF,

exposed non-CRF and

unexposed non-CRF)

Pesticides

Pesticide use
Pesticide intoxication

Pesticide exposure

Pesticide mixing and
spraying in orchid for
at least three months

Contact with
agrichemicals

Pesticides

Work with
pesticides

Job as pesticide
applicator over
6-month period

Any pesticide use

Specific pesticides:
glyphosate, paraquat,
24-D, chlorpyrifos,
cypermethrin

Pesticides

Any pesticide
exposure

Mixing/applying
pesticides

Pesticides

Positive

No
No

Positive

No

Positive
No

Positive

No

No

No

No

No

No

No
No

Weak positive

Weak positive

No

Negative in

CKDu endemic area
Positive in
non-endemic area
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Table 3 Reviewed studies ranked by their explanatory potential on the etiological role of pesticide for CKD/CKDu (Continued)

Raines et al,,
2014 [45]

Garcia-Trabanino
et al, 2015
[94]

Jayasumana
et al, 2015 [95]

Siddharth et al,
2012 and Siddharth
etal, 2014

[75, 76]

Lebov et al,
2016 [97]

Lebov et al,
2015 [96]

eGFR
<60 ml/min/1.73m?

eGFR
<60 ml/min/1.73m?

CKDu with eGFR
<60 ml/min/1.73m?
for >3 months

ESRD among male
applicators

ESRD among wives
of licensed
applicators

Lifetime days
mixing/applying

History of
accidentally inhaling
pesticides

Any pesticide use

Carbamate
insecticides

Glyphosate, paraquat,
2,4-D, triazines,
organo-phosphates,
pyrethroids

Use of fertilizers,
organo-phosphates,
paraquat, MCPA,
bispyribac, mancozeb

Use of glyphosate

Drinking water from
serving wells and from
abandoned wells
(hardest water and
highest glyphosate levels)

Urinary organochlorine
pesticides and metabolites
and interaction with GST
polymorphism

Intensity weighted lifetime
days for 39 pesticides:
Alachlor, atrazine, metalochlor,
paraquat, pendimethalin,
permethrin

Petroleum oil, imazethapyr,
coumaphos, parathion,
phorate, aldicarb, chlordane,
and metalaxyl

Glyphosate and 24 other
pesticides

Pesticide exposure resulting in
medical visit or hospitalization

Diagnosed pesticide poisoning

High level pesticide exposure
event

Intensity weighted lifetime
days for applying
-Pesticides in general

-Specific pesticides
Husband's use of paraquat

Residential exposure

No

Reported
positive, but not
interpretable

No

Positive

No

Positive only in
unadjusted analyses

Positive also in
multivariate analyses

Positive with dose
response

Positive

Positive with
dose-response

Weak positive
without dose
responses

No

Positive

No
No

Positive

No

Positive
No

applicator indicative only of current exposure [73, 74],
and one with unquantified exposure of specific pesticides
[99]. One negative study from Sri Lanka used protein-
uria as a marker for CKD although CKDu is basically
a non-proteinuric disease, possibly causing selection

bias [86, 92]. One Nicaraguan study was conducted in a
high-altitude non-CKDu area, not finding CKDu cases
[93]. Another negative Nicaraguan study, a cohort of sug-
arcane workers, was conducted in the same hotspot of
MeN as studies mentioned above [73, 74]. It compared
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change in SCr or eGFR and in markers of early tubular in-
jury over the course of a 6-month harvest season beween
workers performing different tasks. Pesticide applicators
did not present any changes, in contrast with cutters and
seeders exposed to extreme heat, whose eGFR did signifi-
cantly decrease together with an increase of markers of
early kidney damage. However, the limitation of using job
title for current exposure without further specifications of
exposure and its modifying factors was not addressed.

Studies considered with relatively high explanation value
The four studies (five articles) with a relatively high explan-
ation value all reported a positive association between one
or more pesticide exposure indicators and different markers
of CKD [75, 76, 95-97]. One case-control study in a CKDu
endemic area in Sri Lanka found a significant association
with overall pesticide application (OR 2.3, 95% CI 1.0-5.6)
and use of glyphosate (OR 5.1, 95% CI 2.3-11.3), adjusted
for age, sex, education, family CKD and exposure modifiers
[95]. Although this study did not quantify the use of specific
pesticides, it was the only one among all those conducted
in CKDu endemic areas that investigated a potential
exposure-response relationship by combining questions on
water intake from different sources in relation to water
hardness and levels of the herbicide glyphosate detected in
water. With drinking pipe water or reservoir water with
soft water and with traces or no detection of glyphosate
as the reference, drinking from serving wells with hard
water and intermediate concentrations of glyphosate
(median 0.6 pg/L) yielded an adjusted OR of 2.5 (95%
CI 1.1-5.7), and drinking from abandoned wells with
very hard water and highest concentrations of glypho-
sate (median 3.2 pg/L) yielded an adjusted OR of 5.5
(95% CI 2.9-10.3).

The three remaining studies with a higher explanation
value were conducted in non-CKDu regions. The study in
Delhi, India, found an association between blood concen-
trations of OCs and their metabolites with CKDu, in
particular for alpha- and gamma-hexachlorocyclohexane,
aldrin, and alpha- and beta-endosulfan [75, 76]. This study
was conducted in an urban setting and, in addition, all sub-
jects occupationally exposed to pesticides were excluded.
Therefore, the observed relationships between OCs and
CKDu can only derive from dietary and environmental ex-
posures. The cohort of the AHS among licensed applicators
in the USA observed significant exposure-response rela-
tionships of ESRD with all pesticides combined and specific
pesticides (alachlor, atrazine, metalochlor, paraquat, pendi-
methalin, and permethrin) as well as increased risks in
relation to more than one medical visit and hospitalization
due to any pesticide use [97]. The cohort among the wives
of licensed applicators showed an exposure-response
relationship between ESRD and all pesticides com-
bined among the subset of women who ever sprayed
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pesticides, and a significant exposure-response association
between ESRD and the husband’s cumulative uses of para-
quat and butylate among the women who had never
worked with pesticides [96].

Discussion

The epidemiologic evidence for pesticides as a causal
factor in CKDu

In this review we included to the best of our knowledge
all epidemiologic studies conducted this century that ex-
amined an association between pesticide exposures and
any of a variety of outcomes indicating CKD. However,
few of the 21 analytical studies had a robust design and,
although 13 (62%) of the studies reported one or more
positive associations, 4 of these studies were of low qual-
ity [6, 85, 87, 88], 3 had equivocal results [19, 45, 90]
and 3 were not conducted in a CKDu-endemic region
[75, 76, 96, 97]. In general, the heterogeneity in study
designs, exposure assessment and outcomes or case defi-
nitions, together with important bias in most studies, se-
verely limit the interpretation of both positive and
negative results and the comparisons between these
studies. In particular the unquantified and/or unspecific
pesticide exposure assessment contributed to low quality
of the studies. ‘Pesticides’ is a questionable exposure
measure, because pesticides are a group composed of
hundreds of toxins with distinct toxicological actions. In
addition, the use of pesticidal agents varies enormously
between crops, regions and over time, as well as exposure
determinants such as mixing and application methods,
use of personal protective equipment, and storage and dis-
posal practices. None of the studies conducted in CKDu
endemic or epidemic areas examined all such factors in
depth and most of these studies, either positive or nega-
tive, add only marginally to the evidence in pro or con of
a causal association between pesticides and CKD or
CKDu, due to their methodological limitations. Even if
toxicological data demonstrate the nephrotoxicity of spe-
cific pesticides, deficient exposure assessment may result
in false negative studies [100].

Positive associations between pesticides and CKD or
CKDu became more apparent with stronger designs and
better exposure assessments but, of the four studies classi-
fied as with higher explanation value, three were con-
ducted in non-CKDu regions limiting the generalization
of these results to areas with high prevalence of CKDu. Of
the three remaining positive studies, one reported in
Nicaragua a weak relationship between eGFR <60 and any
nonspecific and unquantified pesticide exposure [90], one
reported in El Salvador an association of reduced eGFR
with carbamate insecticides [94], and the strongest study
by Jayasumana et al. [95] implicated glyphosate as a causal
agent in the CKDu epidemic in Sri Lanka.
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Conversely, none of the negative studies was classified
as with a higher explanation value. The strongest evidence
against a pesticide association with CKDu epidemics has
been provided by the cohort of Nicaraguan sugarcane
workers, which did not show kidney effects during the
6-month follow-up of pesticide applicators [73, 74].
Whether or not such a short period of exposure could
have triggered kidney damage was not discussed, and the
study did not include individual exposure measures. Two
cross-sectional studies, conducted in the same area, did
not observe associations between reduced eGFR and days
of pesticide use over a lifetime [45] and use of several
specific pesticides including glyphosate and paraquat [99],
respectively. However, not one of the negative studies had
a comprehensive exposure assessment.

When taking a closer look at the four studies classified
as with higher explanation value, all four reported posi-
tive findings for specific pesticides. In Sri Lanka, glypho-
sate applications associated with a highly increased risk
for CKDu among male farmworkers, and an exposure-
response for water intake from glyphosate polluted wells
was observed in the only high explanation value study
conducted in a CKDu epidemic area [95]. The herbicide
glyphosate is a ubiquitously used nephrotoxic pesticide,
including on rice in Sri Lanka and on sugarcane in Me-
soamerica. The findings of this study are in accordance
with a previously launched hypothesis that glyphosate, a
metal-chelating agent, forms glyphosate-metal com-
plexes in the presence of hard water and that the intake
of such water could produce kidney damage [44, 101]. A
very small study also examined urinary levels of many
different metals and glyphosate in endemic CKDu cases
(m = 10) and endemic (# = 10) and non-endemic
(n = 10) healthy controls [101]. Levels were higher in
both cases and controls in the CKDu area as compared
to the area without CKDu, but the higher levels in cases
in the endemic area were compatible with leakage into
urine due to renal damage (Gerd Séllsten, University of
Gothenburg, personal communication). In addition, gly-
phosate was not identified as a risk factor in studies in
the USA [97], El Salvador [94] and Nicaragua [99]. Ac-
cording to Jayasumana et al. [101], the time of appear-
ance of the epidemic in Sri Lanka coincides with the
introduction and subsequent widespread use of this
herbicide in Sri Lanka. However, in Central America
there are differences in timing between the use of gly-
phosate and the surge of the CKDu epidemic. Precisely,
although glyphosate is aerially sprayed since the 1990s
as a maturation agent in sugarcane fields situated in
areas where most CKDu cases occur, increased CKD
mortality in the MeN-endemic area of Guanacaste in
Costa Rica was observed as early as in the 1970s, at least
a decade before the introduction of glyphosate on the
market [12]. Thus, as of today, glyphosate can be
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considered as a potential risk factor for CKDu in Sri
Lanka, but not in Mesoamerica.

Although the findings of the other three studies with
high explanation value contribute to evidence of associa-
tions between various types of pesticides and CKD, they
cannot be generalized to explain the CKDu epidemics in
other regions [75, 76, 96, 97]. Regarding the study in
urban Delhi, the associations between CKDu stage >3
and dietary or environmental exposures to OC insecti-
cides [75, 76] do not exhibit differences in CKDu occur-
rence beween men and women. Exposure to OC alone
would neither explain the CKDu epidemics in Central
America and Sri Lanka, mainly because the clear male
predominance is not in line with overall environmental
OC pesticide exposures. OCs have been widely used
worldwide against vector born diseases and, in Central
America, also intensively in cotton cultivation during the
1970s [102], including in several of the regions of El
Salvador and Nicaragua with current CKDu epidemics.
OCs were banned or severely restricted since the 1980s
[103], but there are stockpiles of obsolete pesticides in
controlled and uncontrolled sites that may contaminate
water and soil and eventually lead to human exposures.
However, the only Central American location with co-
occurrence of identified environmental pesticide con-
tamination and excess CKDu cases in both male and
female inhabitants is Las Brisas in El Salvador [71, 72].

The US cohort study of licensed applicators observed
causal associations between ESRD and a considerable
number of specific pesticidal agents as well as to repeated
medical visits and hospitalization due to unspecified pesti-
cide use [97]. Most interesting is the association with
paraquat, also implicated in ESRD among the wives of the
applicators [96]. Paraquat is a widely used herbicide, in-
cluding in the CKDu epidemic regions around the world,
and its acute nephrotoxicy is well-known. The positive re-
sults from the USA cohorts [96, 97] raise questions about
much overlooked nephrotoxic effects of different pesti-
cides, not surprisingly since the kidney is an excretory
organ of toxins, and this should be further explored in
other settings. It seems feasible that the increased risk of
ESRD related to paraquat use and medical conditions
from pesticide exposures is a consequence of episodes of
clinical or subclinical AKI caused by nephrotoxic pesti-
cides. Noteworthy, clinical AKI is associated with develop-
ment of CKD later in life [104].

Of note is that only six studies (7 articles), in five coun-
tries, specified pesticidal agents [75, 76, 94-97, 99]. Each
study reported different associations or no-associations,
except for paraquat which was associated with ESRD
both among the licensed applicators and their wives.
One possible interpretation of the incongruent pattern
in different regions could be that different sets of con-
tributing causes, including different pesticides, trigger
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the occurrence of the same disease in different regions.
However, currently there is no reasonable evidence to
sustain this hypothesis.

The clear predominance of CKDu among males in
agricultural sectors of both Mesoamerica, Sri Lanka and
India allows commenting about the occupational versus
environmental nature of the epidemics. Male predomin-
ance may be a consequence of occupational exposures
that are related to gender differences, such as pesticide
mixing and spraying or strenuous work done mostly by
men, or there may be a biological difference between
sexes responding to a toxic or physical insult, or both.
Relatively few studies have explored occupational differ-
ences more in depth through stratified analyses by sex.
In El Salvador, CKD was much more prevalent among
males on the community level, but women who had
worked in sugarcane and cotton plantations were also at
increased risk for CKD just as their male colleagues,
which suggests that the gender differences are in fact at-
tributable to occupational exposures and not to sex dif-
ferences [78].

Data examined at the time of the First and Second
International Workshops on Mesoamerican Nephropa-
thy in 2012 and 2015, respectively, led to insights that
MeN is an occupational disease [2, 9]. The Consortium
on the Epidemic of Nephropathy in Central America
and Mexico (CENCAM) issued a statement that occupa-
tional heat stress is a likely key factor in the MeN epi-
demic and that pesticides is one of the risk factors that
need to be investigated further, both a potential etiologic
role and a possible role in disease progression [105]. It
has been pointed out that heat exposure alone likely
does not explain the disease pattern, and a ‘heat-plus’
hypothesis has been proposed [106]. On the other hand,
Jayasumana et al. [28] questioned why in other regions
with similar climatic conditions, there are no CKDu
epidemics or, conversely, why CKDu occurs among
people assumedly not exposed to extreme working con-
ditions. Occupational pesticide and heat exposures co-
occur in agricultural settings but no studies have looked
yet into potential interactions between pesticides and
heat stress, although a combined impact of these two
separate factors seems plausible, as primary causal fac-
tors as well as in disease progression. Additional to its
own adverse effects on the kidney, heavy physical work-
load in intense heat may result in increased exposure to
putative nephrotoxic agrochemicals, because of greater
pulmonary ventilation leading to greater inhaled intake, as
well as of increased doses absorbed through the skin due
to dilatation of skin’s capillaries and pores. Further in-
depth exploration of the various identified or hypothesized
risk factors and their interactions could improve the
understanding of a possible multi-causality in CKDu
epidemics.
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Concluding remarks

This review found some evidence of associations between
pesticides exposure and CKD or CKDu, more clearly in
studies with stronger design and better exposure assess-
ment. Although these findings add to the recognition that
certain pesticides produce acute and chronic kidney dam-
age in humans, there is no strong epidemiologic evidence
that pesticides are the culprit of the CKDu epidemics in
Mesoamerica, Sri Lanka and beyond. Glyphosate in Sri
Lanka could be an exception, but no associations have been
seen for this herbicide in other CKDu regions. For a specific
pesticide to be a key cause of an epidemic of the magnitude
seen in Mesoamerica, Sri Lanka and India, it must be
present during prolonged time periods in a diversity of
agricultural settings in multiple countries, while generating
elevated and widespread occupational or environmental
exposures. Such a pesticide has not been identified.

Yet, up to today, no research has been conducted in
CKDu endemic areas with a strong design and examining
the role of lifetime exposures to specific pesticides or
chemical groups with similar toxicological actions, espe-
cially not in combination with heat exposure or other
major risk factors. Therefore, a role of nephrotoxic agro-
chemicals in the etiology of CKDu and the extent of their
contribution to the CKDu epidemic, if any, cannot be ad-
equately evaluated based on currently available data.
Given the diversity of pesticide use, such research is diffi-
cult and costly, but necessary to elucidate the role, if any,
of agrochemicals in this epidemic. We recommend that
any future pesticide research should be conducted with
the best possible assessment of lifetime exposures to rele-
vant specific pesticides and enough power to look at inter-
actions with other risk factors, in particular heat stress.
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