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Background: Workers may be exposed to various types of occupational hazards at the same time,
potentially increasing the risk of adverse health outcomes. The aim of this review was to analyze the
effects of multiple occupational exposures and coexposures to chemical, biomechanical, and physical
hazards on adverse health outcomes among agricultural workers.
Methods: Articles published in English between 1990 and 2015 were identified using five popular da-
tabases and two complementary sources. The quality of the included publications was assessed using the
methodology developed by the Effective Public Health Practice Project assessment tool for quantitative
studies.
Results: Fifteen articles were included in the review. Multiple chemical exposures were significantly
associated with an increased risk of respiratory diseases, cancer, and DNA and cytogenetic damage.
Multiple physical exposures seemed to increase the risk of hearing loss, whereas coexposures to physical
and biomechanical hazards were associated with an increased risk of musculoskeletal disorders among
agricultural workers.
Conclusion: Few studies have explored the impact of multiple occupational exposures on the health of
agricultural workers. A very limited number of studies have investigated the effect of coexposures among
biomechanical, physical, and chemical hazards on occupational health, which indicates a need for further
research in this area.
� 2018 Occupational Safety and Health Research Institute, Published by Elsevier Korea LLC. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, more than 30% of the world’s population relies on
agriculture for its livelihood [1]. Many agricultural countries,
especially in Southeast Asia, are experiencing rapid intensification
of agricultural and livestock production, which could critically
affect ecosystems and human health [1,2]. In the context of occu-
pational safety and health, the term “agriculture” refers to a broad
range of activities, including cultivation, growth, harvest, and
primary processes relating to agricultural and animal products as
well as livestock breeding, including both aquaculture and agro-
forestry [3].
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Agriculture is one of the occupations most exposed to various
hazards. It is also associated with the highest rate of adverse health
outcomes each year worldwide [1]. Agricultural workers have been
shown to be exposed to a variety of chemical hazards, such as
pesticides and other chemical substances [4,5]. Farmworkmay also
expose workers to strenuous physical exercise and an extreme
environment (i.e., low temperatures) [6,7]. Furthermore, during
their daily activities, agricultural workers operate various types of
vehicles, machinery, and equipment [4], which can result in
excessive exposures to noise and vibration [4,8]. It has been sug-
gested that these occupational exposures increase the risk of
musculoskeletal disorders due to the harmful effects of
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biomechanical and physical factors [7,9] or cancer, Parkinson’s
disease, and respiratory diseases due to pesticides [10e12], which
may also cause other occupational diseases [13].

The relationship between a single occupational exposure and
several adverse health outcomes has been well documented
[14,15]. Yet, an agricultural worker is very likely to be exposed
simultaneously or sequentially tomultiple occupational hazards, by
various routes of exposure, from a variety of sources and over
varying periods of time [16,17]. Similarly, occupational disease or
health impairment may often be due to exposure to multiple risk
factors [18,19]. Therefore, there is a need in documenting real
working life situations of multiple and coexposures in line with the
rising attention given to “exposome” and its potential relevance for
reflecting workplace exposures [20]. This concept also raises other
concerns, including potential for confounding and identifying
synergistic or additive associations between multiple exposures
and occupational health. Although some approaches for assessing
combined exposure to multiple chemicals have been developed,
there is still a challenge in incorporating nonchemical stressors into
toxicity studies and cumulative risk assessments [20]. This is, of
course, of particular importance not only in terms of hazard iden-
tification and risk assessment but also when it comes to target
interventions to prevent occupational diseases in the agricultural
sector [21].

However, to the best of our knowledge, there has been no
prior systematic review of multiple occupational exposures or
coexposures in the agricultural sector. Moreover, based on the
report of the International Labor Office at a national level, the
cumulated incident rate of occupational diseases in the agricul-
tural sector due to chemical, biochemical, and physical hazards
was estimated to be 87.6 per 100,000 workers (vs. 3.6 per
100,000 workers for biological factors) [13]. Therefore, the aim of
this study was to review previously published studies that
examined associations between multiple occupational exposures
and coexposures to chemical, biomechanical, and physical haz-
ards on the one hand and adverse health outcomes on the other
hand, among agricultural workers.

2. Materials and methods

The three types of occupational hazards explored in this study
have been previously defined by CISME (Centre Interservices Santé et
Médecine Travail Entreprise) [22]. Chemical hazards include harmful
chemical compounds in the form of liquids, gasses, dust, fumes, and
vapors that have been shown to exert toxic effects through direct
application, product manufacture, or the industrial process. Phys-
ical hazards are environmental hazards (e.g., noise, vibration,
temperature, radiation, etc.) that can damage human health with or
without contact. Biomechanical hazards refer to manual tasks and
postures (e.g., repetitive movements, static postures, forceful ex-
ertions, etc.) that have been shown to increase the risk of injuries or
discomforts. In this review, we used the term “multiple exposures”
to define exposure to more than one occupational hazard from the
same hazard type group (i.e., exposures among two or more
chemical agents; or among two or more physical factors; or among
two or more biomechanical factors). Conversely, we used the term
“coexposures” to define exposure to more than one occupational
hazard from different hazard type groups (i.e., between biome-
chanical and chemical hazards; between biomechanical and
physical hazards; between physical and chemical hazards; or be-
tween chemical, biomechanical, and physical hazards).

Studies were included based on three methodological steps.
First, a systematic search based on selected keywords was applied
to five databases and two complementary sources. Subsequently, a
screening process was carried out on the retained articles. The
references from the selected articles were also hand-searched for
additional relevant studies. The final step involved full-text
screening, which allowed us to verify the quality of the selected
articles using the methodology developed by the Effective Public
Health Practice Project (EPHPP) [23].

2.1. Phase 1: Systematic search strategy

2.1.1. Data sources
A peer literature review of studies published in English from

January 1990 to August 2015 was performed using the databases
ScienceDirect, PubMed, Google Scholar, Web of Science, andWiley-
Blackwell. Additional publications from the National Institute for
Occupational Safety and Health (NIOSH, USA) or based on the
Agricultural Health Study (AHS) were also included. The AHS is a
prospective cohort of licensed pesticide applicators and their
spouses from Iowa and North Carolina (inclusion 1993e1997). The
following English terms for agricultural occupations were used in
our selection: farm, farmer(s), farming, farm worker(s), grower,
planter, cultivator, stockman, peasant, feeder, harvester, breeder,
tiller, granger, agriculture, agricultural worker(s), forestry
worker(s), fishing, fishery, fisheries, fishery worker(s), aquaculture.
The terms used to identify “exposure” were exposure(s) OR risk(s)
OR hazard(s) OR co-exposure(s) OR coexposure(s). Boolean opera-
tors “AND” and “OR” were applied to combine the “agricultural”
and “exposure” terms according to the structure for the search of
each database, specifically in Title/Abstract (PubMed), title only
(ScienceDirect, Google Scholar, Web of Science, NIOSH, and AHS)
and abstract only (Wiley-Blackwell).

2.1.2. Eligibility criteria
The reviewed publications had to comply with three criteria: It

should (i) be an observational study, (ii) have statistical associations
performed between multiple exposures/coexposures and adverse
health outcomes, (iii) be published in English between 1990 and
2015.

Articles were excluded if (i) the definition/classification for
occupational exposures were ambiguous; (ii) the health outcomes
studied were injuries/accidents; and (iii) they involved limited
study populations, such as pregnant agricultural workers.

2.2. Phase 2: Screening process

The screening process began with a selection based on titles.
Publications were retained if they referred to agricultural workers
or studied occupational exposures using the selected terms. After
removing duplicates, potential articles were evaluated based on
their abstracts. Studies were excluded if they did not mention
occupational exposures among adult workers in agriculture.
Additional articles were included by hand-searching the reference
lists of the selected studies. Finally, full-text screening was carried
out based on the items eligible, as detailed previously (Fig. 1).

2.3. Phase 3: Data collection and assessment of the quality of
studies

We followed the Preferred Reporting Items for Systematic Re-
views and Meta-analyses (PRISMA) statement for literature search
and data collection [23]. The following datawere then collected and
synthetized for each study: first author, year of publication, study
location, study population, study design, data collection, statistical
analysis, confounding factors, and health outcomes (Table 1).

Study quality was assessed using the protocol developed by the
EPHPP for quantitative studies [24]. For observational studies, this
quality criterion assessed the publications based on six items: (A)



Fig. 1. PRISMA flow chart for identifying studies for systematic literature search.
AHS, Agricultural Health Study; NIOSH, National Institute for Occupational Safety and Health.
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selection bias, (B) study design, (C) confounders, (D) blinding, (E)
data collection methods, (F) withdrawals and dropouts. Each of
these itemswas rated as strong, moderate, or weak according to the
EPHPP protocol (Table 2). Finally, a study was globally classified as
strong if no weak items were noted among the six, moderate if at
least one criterion was classified as weak, and weak if two or more
items were classified as weak [25,26].

3. Results

3.1. Literature search

A total of 36,404 studies were initially considered based on our
search of the five databases and two other complementary sources
(NIOSH and AHS). After removing duplicate articles (n ¼ 357) and
articles not matching our inclusion criteria based on titles
(n ¼ 34,941) and abstract screening (n ¼ 726), 380 full texts were
submitted to the reviewing process. Ultimately, 15 articles
(including 1 additional article from the relevant references)
matching all the screening conditions were included in the sys-
tematic review (Fig. 1).

Table 3 shows the main characteristics of the articles selected.
Most studies were carried out in the United States or Canada,
mainly because of our inclusion process (publications based on AHS
or coordinated by NIOSH). Studies exploring the combination of
occupational exposures among agricultural workers were shown to
increase over the years, with 66.7% of the selected articles pub-
lished between 2000 and 2015. Among the 15 publications
retained, four were cross-sectional studies, four were caseecontrol
studies, and seven were cohort studies. Interviews or question-
naires accounted for approximately two-thirds of the data collec-
tion techniques. Logistic regressionmodels weremainly used in the
reviewed articles (66.7%). Most studies assessed the impact of
multiple chemical exposures on diverse health outcomes (80%).
Coexposures and multiple physical exposures were investigated in
13.3% and 6.7% of the selected studies, respectively, whereas none
explored the impact of multiple occupational biomechanical ex-
posures on the health of agricultural workers. Cancer was the main
health outcome examined among the selected studies, followed by
DNA and cytogenetic damage (26.7%), respiratory diseases (20%),
musculoskeletal disorders (13.3%), and hearing loss (6.7%).

3.2. Methodological quality

Table 4 shows the results relating to the quality of the studies
retained based on the six EPHPP items. Overall, six studies ([27e32])
were classified as strong, and six ([33e38]) were ranked as mod-
erate. The remaining three articles ([39e41]) were considered as
weak. None of the 15 studieswere classified as strong based on their
study design. However, from 20% to 26.7% of the selected studies
were classified as strong based on their assessment of selection bias,
blinding, data collection method, and withdrawal and dropout
items. Confounding factors were almost always included in the
selected studies (13 studies examined this quality item).

3.3. Multiple occupational exposures and coexposures to chemical,
biomechanical, and physical hazards

3.3.1. Multiple chemical exposures
Among the 12 studies exploring multiple chemical exposures

(Table 4), five publications were based on the AHS [27,30,31,36,37].
Multiple occupational exposures to different types of chemicals
were associated with an increased risk of adverse health effects,
including cancer [27,28,34,37,38], diseases related to the respiratory
system [30,31,36], and DNA and cytogenetic damage [33,39e41].

Few studies have examined the combined effect of different
types of pesticides on agricultural workers’ health. Exposures to the
combination of two pesticides (acetochlor and atrazine) have been
significantly associated with an increased risk of lung cancer [odds
ratio (OR) 2.01, 95% confidence interval (CI) 1.17e3.46] among male
farmers; this risk been higher for farmers using the two pesticides
simultaneously in a mixture (OR 2.33, 95% CI 1.30e4.17) than for
those using successively across time (OR 1.29, 95% CI 0.45e3.68)
[27]. The combination of dicofol and tetradifon insecticides has also
been associated with an increased risk of prostate cancer, the risk
linearly growing with exposure duration [38]. Sharma et al (2015)



Table 1
Description and characteristics of the studies included in the systematic review (N ¼ 15).

Hazards Population Study design Statistical method Confounders Health outcomes Reference

Multiple chemical exposures

Herbicides
(acetochlor þ atrazine)

Acetochlor applicators
USA

n ¼ 4,026 (M)

PC
TI

Poisson regression
RR (95% CI)

Age, race, state, applicator type, smoking status,
family history of cancer, alcohol consumption,
body mass index, use of an enclosed cab, and
education correlated/associated pesticide use

Colorectal cancer: 1.03 (0.66e1.61)
Lung cancer: 2.01 (1.17e3.46)
Applied separately: 1.29 (0.45e3.68)
Applied as a combination: 2.33 (1.30e4.17)
Melanoma: 1.75 (0.97e3.14)
Pancreatic cancer: 1.84 (0.67e5.08)

Lerro et al
(2015) [27]

Insecticides
(organophosphate
mixtures)

Paddy farmer
Malaysia

Cases: n ¼ 160 (M)
Controls: n ¼ 160 (M)

CS
I & Cl

Independent t test
p < 0.05

Age, sex, and tobacco use DNA damage:
Farmers versus controls (comet tail length):

24.35 mm versus 12.8 mm
p ¼ 0.001

How et al
(2015) [33]

Insecticides (carbamate,
organophosphate,
pyrethroid, and
organochlorine
mixtures)

Farmers
Pakistan

Cases: n ¼ 47 (M)
Controls: n ¼ 50 (M)

CS
Q & Cl

Linear regression model
Means ratio (95% CI)

Age, sex, history of smoking, and
socioeconomic status

DNA damage: 2.28 (2.07e2.50) Bhalli et al
(2009) [39]

Insecticides (carbamate,
organophosphate, and
pyrethroid mixtures)

Cotton pickers
Pakistan

Exposed: n ¼ 69 (F)
Unexposed: n ¼ 69 (F)

CS
Q & Cl

Negative binomial regression
Means ratio (95% CI)

Age Cytogenetic damage: binucleated cells/total
micronuclei:

Exposed 1e5 years: 2.627 (2.226e3.101)/
2.620 (2.271e3.023)

Exposed 6e10 years: 2.828 (2.383e3.355)/
2.649 (2.279e3.078)

Exposed 11e15 years: 3.110 (2.604e3.715)/
2.897 (2.478e3.388)

Exposed � 15 years: 3.434 (2.853e4.134)/
3.380 (2.879e3.969)

Ali et al
(2008) [40]

Insecticides
(dicofol þ tetradifon)

Farmers
Italy

Cases: n ¼ 124 (M)
Controls: n ¼ 659 (M)

CC
Q & I

Logistic model
OR (95% CI)

Age, family history of prostate cancer,
and interview type

Prostate cancer:
Exposed: 2.8 (1.5e5.0)
Exposed no more than 15 years: 2.4 (1.2e5.3)
Exposed more than 15 years: 3.0 (1.3e7.0)

Settimi et al
(2003) [38]

Insecticides
(organophosphate,
organochlorine, and
carbamate mixtures)

Pesticide sprayer
Greece

Green house: n ¼ 29
Outdoor fields: n ¼ 27
Controls: n ¼ 30

CS
Cl

Chi-square test
p < 0.05

Age and sex Chromosome aberrations:
Sprayer in plastic greenhouse versus sprayer

in outdoor fields (Chromosome aberrations
levels in average): 3.37 versus 1.88
p < 0.01

Kourakis et al
(1996) [41]

Fungicides and insecticides Farm residents
Canada

n ¼ 2,938 (M)

PC
MQ

Logistic regression
OR (95% CI)

Age, marital status, comorbidity including
diabetes and history of cardiovascular disease

Prostate cancer: 2.23 (1.15e4.33) Sharma et al
(2015) [28]

Insecticide (chlorpyrifos) þ
other chemical agents

(asbestos, engine exhaust,
and silica/sand dust)

Chlorpyrifos applicators
USA

n ¼ 21,859 (M)
n ¼ 322 (F)

PC
Q

Poisson regression
RR (95% CI)

Age, sex, alcohol consumption, history of smoking,
education level, family history of cancer, year of
enrollment, state of residence, and use of the
four pesticides which is most highly correlated
with use of chlorpyrifos

Lung cancer:
Chlorpyrifos þ engine exhaust: 2.10 (1.01e4.37)
Chlorpyrifos þ asbestos: 3.54 (1.47e8.51)
Chlorpyrifos þ silica/sand dust: 5.11 (1.98e13.22)

Lee et al
(2004) [37]

Herbicides
Bentazon þ atrazine
Bromoxynil þ MCPA
Butylate þ crop protectant
EPTC þ crop protectant
Fungicides
Captan þ lindane
Carbathiin þ thiram
Carbathiin þ thiram þ lindane
Insecticides
Carbaryl þ NAA
Fumigant
1,2-Dichloropropane þ 1,

3-dichloropropene

Farmers
Canada

Cases: n ¼ 1,516 (M)
Controls: n ¼ 4,994 (M)

CC
Q

Logistic regression
OR (95% CI)

Alcohol consumption, history of smoking status,
education level, history of smoking a pipe,
and respondent

Prostate cancer:
Bentazon þ atrazine: 1.51 (0.62e3.72)
Bromoxynil þ MCPA: 1.82 (0.93e3.57)
Butylate þ crop protectant: 1.70 (0.61e4.77)
EPTC þ crop protectant: 1.61 (0.79e3.27)
Captan þ lindane: 5.03 (1.65e15.35)
Carbathiin þ thiram: 1.90 (0.81e4.45)
Carbathiin þ thiram þ lindane: 3.28 (0.90e11.99)
Carbaryl þ NAA: 1.44 (0.75e2.79)
1,2-Dichloropropane þ 1,3-dichloropropene:

1.72 (0.76e3.92)

Band et al
(2011) [34]

Pesticides (multiple
pesticides)

Farm women
USA

n ¼ 25,814 (F)

PC
Q & TI

Logistic regression
OR (95% CI)

Age, state, smoking status, body mass index,
and “grew up on farm”

Asthma atopic
�3 pesticides: 1.63 (1.09e2.45)

Hoppin et al
(2008) [30]
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Pesticides (multiple
pesticides)

Nonsmoking farm women
USA

n ¼ 21,541 (F)

PC
Q

Logistic regression
OR (95% CI)

Age and state Chronic bronchitis
�3 pesticides: 1.58 (1.19e2.09)

Valcin et al
(2007) [31]

Agricultural chemicals
(Gasoline þ solvent
to clean)

Wheezing farmers
USA

n ¼ 3,832 (M)
n ¼ 90 (F)

PC
Q

Logistic regression
OR (95% CI)

Age, state, smoking status, asthma, atopy,
asthma with atopy, and current smoking
with asthma

Wheezing
Low frequency use: 1.26 (1.16e1.36)
Medium frequency use: 1.37 (1.19e1.57)
High frequency use: 1.71 (1.33e2.20)

Hoppin et al
(2004) [36]

Multiple physical exposures

Noise þ hand-arm vibration Forestry workers
Canada

n ¼ 8,526 (M)

C
MR

Log-binomial regression
PR

Age-related hearing loss and exposure dose Hearing loss
Noise � 90 dBA, hand-arm vibration,

and duration of exposure � 25 years:
PR ¼ 2.96

Turcot et al
(2015) [29]

Coexposure

Combined biomechanical
hazard (biomechanical
load) þ physical hazard
(vibration)

Farmers
The Netherlands

Cases
SL-BP: n ¼ 733
SL-EXT: n ¼ 276
Controls: n ¼ 3,596

CC
Q

Logistic regression
OR (95% CI)

Age and smoking status Sick leave due to back disorder (SL-BP)
Medium exposure: 3.28 (2.04e9.13)
High exposure: 4.32 (1.46e7.39)
Sick leave due to neck, shoulder, or

upper extremity disorders (SL-EXT)
Medium exposure: 2.38 (0.93e6.13)
High exposure: 3.30 (1.28e8.51)

Hartman et al
(2005) [35]

Biomechanical hazard
(postural stress)
þ physical hazard
(vibration)

Agricultural tractor drivers
Italy

Cases: n ¼ 1155 (M)
Controls: n ¼ 220 (M)

CC
MQ & I

Logistic regression
OR (95% CI)

Age, body mass index, education, sport activity,
car driving, marital status, mental stress,
climatic conditions, and back trauma

Low back pain:
Vibration dose (5 level: 5; 10; 20; 30;

40 years m2/s4) with postural load
(4 grades: 1emild/2emoderate/
3ehard/4every hard)

5 years m2/s4 (vibration) in combination
with 4 levels of postural load (mild;
moderate; hard; very hard, respectively):
1.29; 1.79; 2.50; 3.48

10 years m2/s4 (vibration) in combination
with 4 levels of postural load (mild,
moderate, hard, very hard, respectively):
1.41; 1.96; 2.73; 3.79

20 years m2/s4 (vibration) in combination
with 4 levels of postural load (mild,
moderate, hard, very hard, respectively):
1.55; 2.15; 2.99; 4.16

30 years m2/s4 (vibration) in combination
with 4 levels of postural load (mild,
moderate, hard, very hard, respectively):
1.63; 2.27; 3.16; 4.39

40 years m2/s4 (vibration) in combination
with 4 levels of postural load (mild,
moderate, hard, very hard, respectively):
1.70; 2.36; 3.29; 4.58

Bovenzi & Betta
(1994) [32]

C, cohort study; CC, caseecontrol study; Cl, clinical; CS, cross-sectional study; F, female; I, interview; M, male; MQ, mailed questionnaire; MR, medical record; PC, prospective cohort
study; Q, questionnaire; TI, telephone interview.
OR: Odds ratio; PR: Prevalence ratio; RR: Relative risk; 95% CI: 95% Confidence interval.
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Table 2
Items and rating of the quality assessment tool for quantitative studies according to the Effective Public Health Practice Project (EPHPP).

Component Rate this section

Strong Moderate Weak

A) Selection bias

Are the individuals selected to participate in the
study likely to be representative of the
target population?

Very likely to be representative of the target
population; more than 80% participation

Somewhat likely to be representative of the
target population; a 60e79% participation
rate

Not likely to be representative of
the target population; less
than 60% participation rate

What percentage of selected individuals
agreed to participate?

B) Study design

Indicate the study design: . Randomized controlled trials or
controlled clinical trials

Cohort analytical study, caseecontrol study,
cohort design, or interrupted time series

Other method or study design
not statedWas the study described as randomized?

Was the method of randomization described?
Was the method appropriate?

C) Confounders

Were there important differences between
groups before the intervention?

Controlled for at least 80% of relevant
confounders

Controlled for 60e79% of relevant
confounders

Less than 60% of relevant confounders
were controlled

Indicate the percentage of relevant confounders
that were controlled: .

D) Blinding

Was (were) the outcome assessor(s) aware of the
intervention or exposure status of participants?

Not aware of the intervention status of participants
for the outcome assessor; not aware of the
research question for the participants

Not aware of the intervention status
of participants for the outcome assessor;
not aware of the research question for
the participants

Aware of the intervention status of
participants for the outcome assessor;
aware of the research question
for the participants

Were the study participants aware of the
research question?

E) Data collection methods

Are data collection tools shown to be valid? Shown to be valid and reliable Shown to be valid; not reliable or
reliability not described

Not shown to be valid; both reliability
and validity not describedAre data collection tools shown to be reliable?

F) Withdrawals and dropouts

Were withdrawals and dropouts reported
in terms of
numbers and/or reasons per group?

Indicate the percentage of participants
who completed the study: .

80% or higher follow-up rate 60e79% follow-up rate Less than 60% follow-up rate or
withdrawals
and dropouts not described
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Table 3
Characteristics of the studies included (n ¼ 15).

Characteristics of included studies n %

Study location

Africa/America 0 0.0

Asia 3 20.0

Europe 4 26.7

United States/Canada 8 53.3

Study design

Caseecontrol study 4 26.7

Cohort study 7 46.7

Cross-sectional study 4 26.7

Data collection

Interview/Questionnaire 10 66.7

Medical records/Clinical examination 2 13.3

Mixed � 2 types 3 20.0

Occupational exposures explored

Multiple biomechanical exposures 0 0.0

Multiple chemical exposures 12 80.0

Multiple physical exposures 1 6.7

Coexposures 2 13.3

Year of publication

1990e1994 1 6.7

1995e1999 1 6.7

2000e2004 3 20.0

2005e2009 5 33.3

2010e2015 5 33.3

Statistical test/model

Chi-square 1 6.6

t test 1 6.7

Logistic regression 10 66.7

Poisson regression 2 13.3

Regression model 1 6.7

Health outcome

Cancer 5 33.3

DNA and cytogenetic damage 4 26.7

Respiratory diseases 3 20.0

Musculoskeletal disorders 2 13.3

Hearing loss 1 6.7
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have suggested a significant association between occupational ex-
posures to both insecticides and fungicides and prostate cancer (OR
2.23, 95% CI 1.15e4.33), whereas no significant association with
prostate cancer was observed when farmers used either only in-
secticides (OR 1.31, 95% CI 0.55e3.15) or fungicides (OR 0.98, 95% CI
0.26e3.63) [28]. In another study, exposure to chlorpyrifos com-
bined with engine exhaust, asbestos, or silica/sand dust was
significantly associated with an increased risk of lung cancer (OR
2.10, 95% CI 1.01e4.37; OR 3.54, 95% CI 1.47e8.51; and OR 5.11, 95%
CI 1.98e13.22, respectively), whereas these associations were not
significant for the farmers only exposed to engine exhaust,
asbestos, or silica/sand dust (OR 1.35, 95% CI 0.79e2.30; OR 1.42,
95% CI 0.86e2.36; and OR 1.37, 95% CI 0.84e2.24, respectively) [37].
Occupational exposure to a fungicidemixture of captan and lindane
was also associatedwith an increased risk of prostate cancer among
farmers (OR ¼ 5.03, 95% CI 1.65e15.35) [34].

Three studies have also suggested an effect of multiple
chemical exposures on respiratory diseases. Female farmers had a
higher risk of atopic asthma if they used three or more pesticides
in their lifetime (OR 1.63, 95% CI 1.09e2.45), and the associated
risk was lower if only one pesticide was used (OR 1.38, 95% CI
1.04e1.85) [30]. Multiple chemical exposures (�3 pesticides) have
also been significantly associated with chronic bronchitis among
nonsmoking females (OR 1.58, 95% CI 1.19e2.09), converse to the
use of only one pesticide (OR 1.11, 95% CI 0.90e1.38) [31]. Farmers’
exposures to both gasoline and cleaning solvents were associated
with an increased risk of wheezing (OR 1.71, 95% CI 1.33e2.20),
and the risk increased with the frequency of use [36].

3.3.2. Multiple physical exposures
Multiple physical exposures such as noise and vibration have

previously been associated with health impairment [29]. Forestry
workers exposed to both noise �90 dBA and hand-arm vibration
(vibration was assessed using vibration white finger as a proxy) for
a minimum duration of 25 years have been associated with an
increased risk of hearing loss (prevalence ratio 2.96, p< 0.001) [29].

3.3.3. Coexposures to two different types of hazards
Only two observational studies included in this review have

assessed the effects of coexposures on adverse health outcomes
among agricultural workers. Hartman et al (2005) have observed
an increased risk of sick leave due to low back disorders associated
with an exposure to combined physical loads (Ref: Low, Medium:
OR 3.28, 95% CI 2.04e9.13, High: OR 4.32, 95% CI 1.46e7.39) among
farmers. The associated risk was lower among farmers only
exposed to one physical or biomechanical exposure [35]. A signif-
icant association have been observed between high combined ex-
posures to physical loads and sick leave due to neck, shoulder, and
upper extremities disorders (Ref: Low, Medium: OR 2.38, 95% CI
0.93e6.13, High: OR 3.30, 95% CI 1.28e8.51). However, similar as-
sociations have also been suggested for each physical load taken
independently [35]. Bovenzi and Betta (1994) have explored the
effect of occupational coexposures to both physical (i.e., vibration)
and biomechanical (i.e., postural stress) factors among agricultural
tractor drivers. A positive linear trend of chronic low back pain was
noticed among workers exposed to 5 years m2/s4 vibrations and
postural stress. An increased duration of exposure to vibrations was
also shown to be linearly and positively associatedwith chronic low
back pain [32].

4. Discussion

Each year, 170,000 agricultural workers die because of their
occupational activity, and millions suffer from occupational health
problems [42]. To date, many studies have explored the association
between a single exposure and health outcomes, whereas very few
have explored the combined effects of occupational exposures [43].
We accounted for 15 publications that investigated the effects of
multiple occupational exposures and coexposures on adverse
health effects among agricultural workers. More than a third of
these were publications from NIOSH and/or based on the AHS,
which explains the high rate of studies from the USA and Canada.

4.1. Methodological quality in observational studies

To assess the methodological quality of the selected studies
[44], we used the protocol developed through the EPHPP project
that has previously demonstrated properties, including reliability
and viability, to assess systematic reviews [45]. To the best of our
knowledge, no consensus for a valid quality assessment tool for
observational studies has been adopted to date [46]. The use of the
EPHPP protocol was therefore adapted in our review; however,
some limitations are inherent at this scale. Indeed, the impact of
the items could differ between studies. Owing to the frame of the
observational studies, the study design and confounding items
weighted more than blinding or withdrawal items. Marking equal
weight to all the items resulted in a comprehensive assessment in
this case. Moreover, only randomized controlled trial studies could
be ranked as strong using the EPHPP protocol. In contrast, all the



Table 4
Results of quality assessment of the studies included following EPHPP six-item protocol.

Author Rating for each item Global rating
for the article

A) Selection
bias

B) Study
design

C) Confounders D) Blinding E) Data collection
methods

F) Withdrawals
and dropouts

Lerro et al (2015) M M S M M M S

How et al (2015) S W S S S M M

Bhalli et al (2009) M W S S S W W

Ali et al (2008) W W W M M S W

Settimi et al (2003) S M W M M S M

Kourakis et al (1996) M W S S M W W

Sharma et al (2015) M M S M M M S

Lee et al (2004) W M S M M M M

Band et al (2011) M M S M M W M

Hoppin et al (2008) M M S M M M S

Valcin et al (2007) M M S M M M S

Hoppin et al (2004) W M S M M M M

Turcot et al (2015) S M S S S M S

Hartman et al (2005) M M S M M W M

Bovenzi & Betta (1994) S M S M M S S

Strong n (%) 4 (26.7) 0 (0.0) 13 (86.7) 4 (26.7) 3 (20.0) 3 (20.0) 6 (40.0)

Moderate n (%) 8 (53.3) 11 (73.3) 0 (0.0) 11 (73.3) 12 (80.0) 8 (53.3) 6 (40.0)

Weak n (%) 3 (20.0) 4 (26.7) 2 (13.3) 0 (0.0) 0 (0.0) 4 (26.7) 3 (20.0)

EPHPP, Effective Public Health Practice Project; M, moderate; S, strong; W, weak.
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remaining types of observational studies could only be classified
as moderate or weak. Consequently, there is a need for a scientific
consensus on the key elements to assess susceptibility to bias and
develop unified quality tools for observational epidemiology.
4.2. Multiple occupational exposures and coexposures to chemical,
biomechanical, and physical hazards

Farmers’ frequent use of chemical agents in performing their
occupational activities means that they are at risk of potentially
high exposure to such products. Consequently, several articles have
assessed the influence of chemical compounds on occupational
health in the agricultural sector. About 80% of the articles included
in this systematic review explored the association of multiple
chemical exposures, exclusively pesticides, with adverse health
outcomes among agricultural workers. Most of these have shown a
significant increased risk of adverse health outcomes, primarily
various cancers (prostate and lung) [27,28,34,37,38], cytogenetic/
DNA damage [33,39e41], or respiratory disease [30,31,36] among
farmers multiexposed as compared with farmers not exposed or
farmers exposed to a single pesticide.

Multiple physical exposures (i.e., vibration and noise) have been
associated with a threefold increased risk of hearing loss [29].
Although agricultural workers are very likely to be exposed to
various biomechanical and physical activities, assessment of
biomechanical and physical coexposures has rarely been investi-
gated. Two studies have shown an increasing risk of musculoskel-
etal disorders (i.e., low back pain and upper extremity disorders)
among agricultural workers coexposed to biomechanical and
physical factors as compared with their counterparts exposed only
to physical hazards [32,35].

Furthermore, there is no study on physical and chemical
coexposures or on biomechanical and chemical coexposures
among agricultural workers, probably due to the multidisciplinary
approach requirement to explore such coexposures (from the
genesis of biological pathways hypothesis to the development of
relevant studies).
4.3. Implications for future research and practice

According to the International Labor Office, agriculture is one of
the most exposed business sectors [1]. Our findings suggest that
epidemiological studies exploring multiple occupational exposures
among agricultural workers are required, especially taking into
account occupational exposures beyond chemical ones, such as
physical and biomechanical exposures. These results also suggest a
need to further assess potential confounding, synergism, or addi-
tive effects of multiple occupational exposures and coexposures on
adverse health outcomes in designed experiments or observational
occupational studies.

No studies included in this review explored either coexposures
to both physical and chemical agents or coexposures to biome-
chanical and chemical agents. Yet, physical work causes increased
heart rate, respiratory function, and sweating, which facilitates the
inhalation or dermal absorption of chemicals [47]. Physical con-
straints (e.g., repetitive gestures and vibration) are well established
as the potential hazards for carpal tunnel syndrome [48], which
raises concerns about a potential synergy between a physical and a
chemical factor, especially if the chemical is neurotoxic and has an
effect on the peripheral nervous system. Further studies investi-
gating the effects of such coexposures are therefore required to
identify their prevalence and their potential impact on farmers’
health. It would also be worthwhile to improve the effectiveness of
prevention strategies and programs in occupational health and for
work-related musculoskeletal disorders [49].

The studies analyzed did not allow us to highlight gender dif-
ferences. On the one hand, physical and biomechanical co-
exposures were explored only among male agricultural workers.
On the other hand, multiple pesticide exposures were explored
among both genders; however, the outcomes of interest differed:
studies on females focused on the respiratory system (atopic
asthma [30] and chronic bronchitis [31]), whereas studies on males
were more likely to assess impact on the risk of cancer, musculo-
skeletal disorders, and hearing loss [29]. However, previous studies
have observed gender differences in the respiratory health of
workers exposed to organic and inorganic dusts, particularly work-
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related asthma [50,51]. These differences strongly contributed to
the fact that adverse health outcomes due to multiple occupational
exposures may differ between genders [52]. Consequently, further
studies are required to also assess the effect modification of gender
on multiple occupational exposures impact on adverse health
outcomes.

5. Conclusion

Agricultural workers face multiple exposures and coexposures
at the workplace. To date, however, few studies have focused on
this issue. Among the studies that have assessed the effect of
multiple exposures on agricultural workers’ health, they focused
their investigation on multiple chemical exposures. Consequently,
further research assessing occupational coexposures to chemical,
biomechanical, and physical hazards and their impact on health is
required to contribute to the development of effective occupational
health prevention strategies.
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