Pesticide exposure and lung function: a systematic review and meta-analysis
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Abstract

Background: Epidemiological studies have reported associations between pesticide exposure and respiratory health effects, but the quantitative impact on lung function is unclear. To fill this gap, we undertook a systematic review of the available literature on the association between pesticide exposure and pulmonary function.

Aims: To examine all available literature regarding the relationship between occupational and environmental exposure to pesticides and lung function.
Methods: We searched MEDLINE, EMBASE and Web of Science databases to 1 October 2017 without any date or language restrictions using a combination of MeSH terms and free text for ‘pesticide exposure’ and ‘lung function’. We included studies that met the criteria of our research protocol registered in PROSPERO, and we assessed their quality using a modified Newcastle-Ottawa scale. 
Results: Of 2,356 articles retrieved, 56 articles were included in the systematic review and pooled in meta-analyses for FEV1/FVC, FVC and FEV1. There was tentative evidence that exposure to cholinesterase (ChE) inhibiting pesticides reduced FEV1/FVC and no evidence that paraquat exposure affected lung function in farmers. 

Conclusion: Respiratory surveillance should be enhanced in those exposed to ChE-inhibiting pesticides which reduced FEV1/FVC according to the meta-analysis. Our study is limited by heterogeneity between studies due to different types of exposure assessment to pesticides and potential confounders. Further studies with a more accurate exposure assessment are suggested.
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Introduction 
Two million tons per year of pesticides are used globally in agricultural and other sectors.(1) There is extensive evidence suggesting a link between occupational pesticide exposure and respiratory symptoms and illnesses including chronic bronchitis, chronic obstructive pulmonary disease (COPD) and asthma.(2, 3) It has been reported that pesticide exposures, even at low intensities, may trigger 

asthmatic exacerbations.(4) Some organophosphate insecticides have also been associated with restriction of growth in lung function.(S34) (References to papers included in the systematic review appear in the supplement and are number S1 - S56) Organophosphorus compounds have high acute toxicity and cause bronchoconstriction and increased bronchial secretion. Toxicological studies on paraquat herbicide show the selective toxicity to alveolar epithelial cells.(5) Nevertheless, the broader association between various pesticide exposures and lung function which reflects clinical lung disease remains unclear. 

Two previous systematic reviews assessed the effect of pesticide exposure on respiratory health.(2, 3) Both included articles published up to the end of 2013; they reported on nine articles with lung function as an outcome, but only one study(S8) was included in both reviews. A preliminary screen of relevant articles published since 2014 revealed several new epidemiological reports of associations between pesticide exposure and lung function.  Here we have reviewed all available literature on this topic and quantified, where appropriate, the effect of pesticide exposure on pulmonary function.

Methods 
This systematic review was registered with the international prospective register of systematic reviews (PROSPERO) (CRD42017078131) https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=78131. Our search processes and reporting follow the Preferred Reporting Items for Systematic review and Meta-analysis (PRISMA-P) protocols.(6)

We searched MEDLINE, EMBASE, and Web of Science electronic databases through to 1 October 2017. The search strategy (Table S1) included both free text and controlled vocabulary in MEDLINE and EMBASE, but only free text searching in Web of Science. We considered only papers with adequate abstract information; there were neither date nor language restrictions. We included all experimental and observational (cohort, case-control and cross-sectional) studies that had assessed the relation between lung function outcomes and pesticide exposure and had included at least one unexposed control group. We included studies where pesticide was one of several exposures studied; all pesticide exposure measures, including questionnaire, interview, job exposure-matrix, or biomarkers, were accepted. Pesticide exposure assessments comprised pesticide type, duration, frequency of exposure, and method of application. 

After removal of duplicate records, one reviewer (JR) screened all the remaining extracted titles and abstracts for eligibility. Two other reviewers (SDM and PC) independently checked, on two occasions, a random sample of 200 articles. Inter-rater agreement showed kappa values between 0.66 to 1.00 indicating good to excellent agreement. In cases of disagreement, consensus was reached by discussion between reviewers.
Inclusion and exclusion criteria were set for full-text screening. We chose only titles and abstracts including pesticide exposure, studies in humans, primary data with control groups and lung function test outcomes; we excluded studies of pesticide exposure by ingestion and those of agents not being used as pesticides. For each rejected article, we noted a reason. 
We separated studies into those of long-term (lifetime) and short-term pesticide use, the latter undertaken pre- and post-exposure, between seasons or under experimental conditions. We undertook pre-specified subgroup analyses by national income using the World Bank Classification(7), by population of study (farmers, pesticide manufacturers, general populations, children and others), age and sex.

One reviewer (JR) assessed the quality of reporting in each study by applying a modified Newcastle – Ottawa Quality Assessment Scale (NOS).(8) 


Meta-analyses included only studies of long-term pesticide exposure, there being too few studies of short-term exposures. To limit inconsistencies between studies, we used only binary (yes/no) exposure data. We performed pre-specified subgroup analyses by the main categories of pesticides. 

We included FEV1/FVC ratio (%) and FVC (either in litres or as a percentage of predicted value) as outcome measures. We also included studies showing binary outcome results of FEV1/FVC ratio and FVC. We undertook further analyses of FEV1 and peak expiratory flow (PEF) and other measures of Forced Expiratory Flow (FEF) and gas transfer. Where adjusted and unadjusted results were reported for an outcome, we selected the most completely adjusted estimate. We converted differences in lung function, odd ratios and regression coefficients (β) into standardized mean differences (SMD) with their standard errors (SE).(9)
We tested between-study heterogeneity using the Q test and estimated its magnitude using the I2 statistic. As recommended, a random effect model was used in case of high heterogeneity (I2 > 50%)(10), We used Egger’s test to check for publication bias. A p-value (P) with a threshold of < 0.05 was defined as statistically significant. We used the metan command in Stata 15 (StataCorp LP, College Station, TX) to perform the meta-analyses.

Results 
A total of 2,356 articles were identified from the initial search, 2,266 were excluded. Of 90 articles reviewed in full, 71 studies were published in English and 19 in other languages. Of these, 50 articles in English and six in other languages met our criteria and their details were extracted. (Figure 1) 

Fifty studies presented findings of long-term exposure to pesticides, and eight of short-term exposures.  Two studies presented findings from both long- and short-term exposures. Most studies were conducted in farmers in low- to middle-income countries. Studies of pesticide manufacturing workers and in general populations tended to be from high-income countries. (Table S4) Table 1 also shows lung function measures used in these studies. Most presented the results of FEV1/FVC ratio, FVC and FEV1 as their outcomes.

Twenty-eight of the 56 papers included did not specify the type of pesticide. Of the remainder, 14 specified a cholinesterase (ChE)-inhibiting pesticide, four pyrethroids, one dichlorodiphenyltrichloroethan (DDT), and one an unspecified household insecticide. Studies of herbicide exposures included eight with paraquat and four others. Overall, 25 articles defined the study and control groups by job title (e.g. pesticide sprayers and non-sprayers); 17 articles relied on self-reported pesticide exposure; four inferred exposure from a job exposure matrix (JEM), and four used biological markers of exposure. A geographic information system (GIS) was used in one article to evaluate exposure from distribution of a Sulphur pesticide. The five remaining articles provided information on only short-term exposure studies. Of these, two articles presented pre- and post-exposure measurements, two stratified the analysis comparing exposed and unexposed areas, and the last used an experimental chamber. (Table S4) We grouped pesticide exposures into four: 1) paraquat, 2) ChE-inhibiting pesticides, 3) other specific pesticides and 4) unspecified pesticides. We undertook meta-analyses for three outcome measures: FEV1/FVC ratio, FVC and FEV1.

Nineteen studies were pooled in meta-analyses of the FEV1/FVC ratio. Figure 2 illustrates a forest plot of the relationships between the FEV1/FVC ratio and pesticide exposures classified by sampled populations. 

In Figure 2, four studies investigating the effects of paraquat exposure were included. All were conducted in farmers, and none reported a significant relationship between paraquat exposure and the FEV1/FVC ratio.(S5, S7, S40, S41) There was no significant overall relationship between paraquat exposure and the FEV1/FVC ratio (SMD = 0.05, 95%CI -0.04, 0.15), with no evidence of between study heterogeneity (I2 = 0%, P = 0.85).

Four of seven studies of ChE-inhibiting pesticides were included in meta-analyses of the FEV1/FVC ratio; results from Raanan et al. and Ye et al. were excluded because they used continuous units of exposure derived from urinary dialkylphosphate (DAP) concentrations.(S34, S48) The estimated effect of ChE pesticides was highly heterogeneous (I2 = 99%, P < 0.001). (Figure S2) On excluding the outlying result from Fareed et al.(S13), heterogeneity diminished (I2 = 46.3%, P = 0.13) but the effect of ChE-inhibiting pesticides on the FEV1/FVC ratio was not significant (SMD = -0.22, 95% CI -0.46, 0.01) using the random effects model but was significant using a fixed effects model (SMD = -0.27; 95% CI -0.39, -0.14).(S4, S8, S33, S43) (Figure 2)
Of the studies excluded from the meta-analysis, that by Ye et al. showed no significant relationships between FEV1/FVC ratio and urinary metabolite concentrations at any age in a general population aged 12 to 79.(S48) Raanan et al. measured urinary DAPs in children aged seven years, indicating organophosphate exposure, and reported no associated decrease in FEV1/FVC with diethyl-, dimethyl- and total dialkyl-phosphate (DAP) concentrations.(S34)
Two studies related the FEV1/FVC ratio to pyrethroid exposure. Ye et al. reported that a unit increase in log transformed urinary concentration of total pyrethroid metabolites was associated with a 0.3% increase in the FEV1/FVC ratio (SE = 0.1, P = 0.01) among those aged 20 to 79 in a community population after adjustment for age, sex, race, height and weight.(S47) Kilburn et al. studied flight attendants applying pyrethroid and found a significant increase of the FEV1/FVC ratio in the exposed compared to the unexposed group (P = 0.013).(S24) 

Suskind et al. studied 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) manufacturing workers and reported that the FEV1/FVC ratio was significantly lowered in an exposed group (p = 0.0002)(S42) Ye et al. reported no significant relationships between plasma DDT and dichlorodiphenyldichloroethylene (DDE) and the FEV1/FVC ratio.(S46) In Californian children, Raanan et al. showed no significant differences in FEV1/FVC in relation to the distance of their home from areas where sulphur had been applied as an agricultural pesticide.(S35)

Eleven of 13 studies were included in a meta-analysis of FEV1/FVC ratio and exposure to unspecified pesticides. There was high between-study heterogeneity in the studies in farmers(S14, S17, S30, S36) (I2 = 81.9%, P < 0.001) and in general populations(S3, S10, S16, S20, S49) (I2 = 92.6%, P < 0.001). Two studies in pesticide manufacturing workers reported significantly reduced FEV1/FVC ratios among exposed groups compared to controls(S37, S51) with no significant heterogeneity. (I2 = 25.6%, P = 0.25) (Figure 2) We do not report summary statistics for the groups with high levels of heterogeneity.

Two studies were not included in the meta-analysis, one because it presented the outcome as excess changes (percent per year),(S10) the other because it presented non-parametric statistics(S21) . The latter reported no significant relationship with FEV1/FVC.(S21) Two cohort studies in the Netherlands studied general populations. The Vlagtwedde-Vlaardingen Study reported that pesticide exposure was associated with an accelerated decline in the FEV1/FVC ratio of -0.09 mL/year (95%CI -0.15, -0.03),(S10) but this finding was not replicated in the LifeLines cohort, which was included in the meta-analysis, where high exposure to pesticides was not significantly related to FEV1/FVC ratio.(S11) 

Figure 3 illustrates the meta-analysis of associations of pesticide exposures with FVC. Twenty-two studies were included. Abu Sham’a et al. presented associations with exposure to both ChE-inhibiting pesticide (organophosphate) and other unspecified pesticide.(S1) Fieten et al. showed results for all three main pesticide classes (paraquat, ChE-inhibiting (terbufos and chlorpyrifos) and other unspecified pesticides).(S14) 

All studies on paraquat were conducted in farmers; five were included in the meta-analysis.(S5, S7, S14, S40, S41) The forest plot demonstrates high heterogeneity in the group (I2 = 59.7%, P = 0.04). (Figure 3) Only Cha et al. showed that paraquat exposure significantly worsened FVC. Howard et al.’s study was not included in the meta-analysis as standard errors were not reported; they found no significant difference in FVC in Malaysian paraquat sprayers.(S18) 

Nine of 12 studies presenting associations of ChE-inhibiting pesticide exposure with FVC including one in manufacturing workers were included in the meta-analysis.(S1, S4, S6, S8, S13, S14, S33, S43, S54) (Figure 3) Two studies showed a significantly lower FVC in the exposed group and a further four showed an estimated reduction in lung function but there was high between-study heterogeneity (I2 = 80%, P < 0.001) and we are unable to provide an estimated effect overall. In excluded studies, Koilpakov et al. reported that 18.9% of a group exposed to ChE-inhibiting pesticide and 8.1% of an unexposed group had reductions in FVC ≤ 85% of predicted values. This is in agreement with the overall results of the meta-analysis, but as the paper did not provide numerators it could be not included in the meta-analysis.(S53) Raanan et al. and Ye et al. were not included due to use of urinary biomarkers as continuous measures of exposure. In a general adult population an increase in creatinine-corrected urinary concentration of DAP was significantly related to a lower FVC.(S48) In a study of 7-year old children Raanan et al.  found a lower FVC with increase in DAP although the difference was not statistically significant.(S34)

Ye et al. reported a significant relationship between a unit increase in log transformed urinary concentrations of total pyrethroid metabolites and a 37.1 mL reduction in FVC in 12-19 year olds after adjustment for age, sex, race, height and weight (P = 0.05).(S47) Kilburn et al. in their study of flight attendants showed no significant relationship between pyrethroid exposure and FVC.(S24)
Suskind et al. showed significantly lower FVC in 2,4,5-T manufacturing workers (P = 0.005).(S42) Huang et al. showed no significant relationship between tetrachloroisophthalonitrile (TCPN) pesticide exposure and FVC in manufacturing workers.(45) Ye et al. measured plasma DDT and DDE in a general population and found significant relationships between both p,p’-DDT and p,p’-DDE concentrations and a lower mean FVC (-311 mL, p = 0.003 and -18.8 mL, P = 0.002, respectively).(S46) Raanan et al.’s study of children found a decrease in FVC (β = -0.127, 95%CI = -0.230, -0.024, P = 0.003) in those living close to areas where sulphur pesticide sprays had been used.(S35) 

Eleven of 15 studies of the relationship between FVC and exposure to unspecified pesticide were included in a meta-analysis. We selected only one of the two papers by Mekonnen et al. reporting research in the same area and period of time.(S28, S29) In the meta-analysis, six studies in farmers showed no overall effect on FVC with only moderate heterogeneity between studies which was not significant (I2 = 36.4%, P = 0.12).(S1, S14, S17, S28, S30, S36, S52) Two studies in pesticide manufacturing workers showed a decrease in FVC compared to the controls with no evidence of between study heterogeneity (I2 = 0%, P = 0.77).(S37, S55) Kesavachandran et al. reported no change of FVC in Indian pesticide shopkeepers.(S22) Janzen et al. showed an increase of FVC in a female general population in Canada exposed to unspecified pesticides.(S20) (Figure 3)

Of the papers not included in the meta-analysis, Jones et al. analysed data using non-parametric statistics and showed a significantly higher FVC in crop sprayers using unspecified pesticides.(S21) Zuskin et al. reported a significant reduction in FVC among the pesticide exposed group in both males and females; however, they performed lung function tests only in the study group and compared these with the results from a different study.(S50) Thiele et al. presented percent of predicted FVC but no estimate of the variability of mean values and found no significant difference in FVC between a group exposed to unspecified pesticides and controls.(S56) 

The results for FEV1 are very similar to those for FVC, which might be expected in two measures that are highly correlated, although the meta-analysis of FEV1 with paraquat exposure indicated only moderate between-study heterogeneity which was not significant (I2 = 37.9%, P = 0.19). In the studies of unspecified pesticide included in the meta-analysis, the studies in farmers showed high heterogeneity (I2 = 68.2%, P = 0.001). (Figure 4) We do not comment further on these studies as the FEV1 is difficult to interpret when unadjusted for a measure of lung size such as the FVC. 


Seneneyake et al. examined the effect of paraquat on PEF and showed no effect.(S41) Four studies of the effects of ChE-inhibiting pesticides on PEF in farmers showed very high variability in effects between studies (I2 = 98%, P < 0.001).(S1, S8, S13, S43) Seven other studies examined the effect of unspecified pesticides on PEF; one study showed a decrease in PEF in shopkeepers exposed to pesticides compared to controls(S22) while six other studies in farmers showed either no or negative effects on PEF with high levels of heterogeneity between studies (I2 = 53.7%, P = 0.03).(S1, S12, S15, S23, S27, S28) The other study showed no significant effect of unspecified pesticides on PEF in farmers.(S26) 
Two studies reported no effect of paraquat on FEF25%-75%.(S40, S41) Similarly, four of six studies of ChE-inhibiting pesticides reported no differences in FEF25%-75%(S1, S8, S34, S48), whereas, two showed a significant decrease(S33, S43). Three studies of unspecified pesticides reported significant associations with reduced FEF25%-75%(S1, S17, S30) while two others revealed no effect.(S21, S37) Other studies of specified pesticides including pyrethroid(S24), 2,4,5-T(S42) and DDT/DDE(S46) showed no significant relationship to FEF25%-75%. In other FEF outcomes such as FEF25%(S50, S54), FEF50%(S21, S50, S54), FEF75%-85%(S24) and maximum mid-expiratory flow (MMF)(S19), we could not conclude much due to the small number of studies included and variation in study designs.


In farmers spraying paraquat, Dalvie et al. reported a significant relationship between long-term exposure and arterial oxygen desaturation (β = 0.194, SE = 0.008, P = 0.019) despite there being no differences in spirometry.(S9) Three studies found no association of paraquat exposure with the transfer factor for carbon monoxide (TLCO).(S18, S40, S41) Examining unspecified pesticide exposure in farmers, Hernandez et al. showed no significant association with TLCO.(S17) Barthel et al. showed no significant association with residual volume or total lung capacity.(S52)
Kossmann et al. showed significant relationships between exposure to unspecified pesticides and both maximal inspiratory pressures (MIP) and maximal expiratory pressures (MEP) in both male and female production workers.(S25) In other production workers, Lehnigk et al. showed a significant relationship between unspecified pesticide exposure and a decline in partial pressure of oxygen (PaO2) but not that of carbon dioxide (PaCO2).(S55)

Eight studies were of short-term pesticide exposures; five reported differences between pre- and post-exposure lung function while three reported seasonal changes. Of three studies of unspecified pesticide exposures in farmers, two showed a reduced FEV1 during the spraying period.(S2, S31) Jones et al. however reported an improvement in FEV1 and PEF and a decline in the mean daily variation in peak expiratory flow.(S21) Two studies of ChE-inhibiting pesticides reported no change in lung function during exposure to chlorpyrofos(S6) or fenthion.(S44) Salome et al. showed a significant fall in FEV1 when exposing patients with asthma to alletrin (P = 0.04), but not pyrethrin (P = 0.08).(S38) Satpathy et al. showed no evidence of either obstructive or restrictive patterns of respiratory impairment in five mosquito net impregnators using cyfluthrin.(S39) Pearce et al. found no significant changes between pre- and post-exposure PEF in children during spraying with B.thuringiensis.(S32)
Discussion 

Our systematic review shows wide variations between published findings; the main exceptions are the relations reported between FEV1/FVC and paraquat exposure, FEV1/FVC and ChE-inhibiting pesticides and FEV1 and paraquat. 
Paraquat exposure had no significant association with FEV1/FVC with little heterogeneity and a very narrow confidence interval. This may be explained by the fact that paraquat has a low volatility; although it has high toxicity to lungs, the routes of paraquat exposure which injure lung tissues are mainly via oral ingestion, minimally via dermal absorption but not by inhalation.(11) 

The meta-analysis showed a negative association between exposure to ChE-inhibiting pesticides and FEV1/FVC; this was not statistically significant using a random effects model (SMD = -0.22, 95%CI = -0.46, 0.01, I2 = 46%, P = 0.134). Our protocol stated that we would explore a fixed effects model if the I2 statistic was less than 50% which has been suggested as a level of acceptable heterogeneity(10), and the effect was significant using a fixed effects model (SMD = -0.27, 95% CI -0.39, -0.14). (Figure 2) ChE-inhibiting pesticides such as organophosphate have cholinergic effects when ingested resulting in increased bronchial secretion and bronchoconstriction,(12) suggesting that they might also have effects via inhalation. Nevertheless we suggest interpreting the findings with caution because of the heterogeneity implied by different study designs.

In our review, exposure to ChE-inhibiting pesticides, particularly organophosphate was associated with significant reductions in FEV1 and FVC. However, in each case there was a high degree of variability between studies, making the pooled value difficult to interpret. (Figures 3-4) The possible causes of heterogeneity are variabilities of types of ChE-inhibiting pesticide exposures, durations of exposure and length of time since the last exposure. This suggests that more specific and better standardized exposure metrics ought to be collected in future.

In studies of lung function and exposure to unspecified pesticides (shown in Figures 2-4) most of our analyses of outcomes also showed excessive heterogeneity except only three studies in manufacturing workers which showed negative effects on lung function.(S37, S51, S55) The most likely explanation is that there are significant differences in effects between the different pesticides, but other possible reasons include differences in populations and in study design.

This is the first systematic review with meta-analysis of the effects of pesticides on lung function. The search terms are given in Table S1 and the extraction form in Table S2. We used a standard method to evaluate the quality of publications (Table S3), and we have been able to provide quantitative estimates of the effects of different classes of pesticides.

Our review examines magnitudes and directions of relationships by the standardised mean difference (SMD) which can combine effect estimates from different studies but does not give absolute estimates of effect size. However assuming, for instance, the standard deviation in the FEV1/FVC expressed as a percentage to be 15%, the effects in figure 2 would represent for paraquat a difference of 0.75% (95%CI -0.60%, 2.25%) and for ChE-inhibiting pesticides -4.1% (95%CI -5.9%, -2.1%). This compares with a difference of -0.65 in ex-smokers and -3.82 in smokers compared with non-smoking men with mild symptoms in one study.(13)
We also presented reporting quality and publication bias. Table S3 shows the modified NoS scores. As the studies included were not longitudinal, the length of follow-up was not included in the score from the modified NoS scale used by Saad et al.(8) More recent publications tended to have higher modified NoS scores. There was no evidence of publication bias, conclusions confirmed by Egger’s test. (Figure S1)

We acknowledge a number of limitations. The studies included are heterogeneous in terms of study designs, pesticide exposure metrics, lung function outcome measures and sampled populations. Most of our findings were from cross-sectional studies, these give only weak evidence for causal relationships and selective survival or recruitment into an exposed force or a healthy worker effect could explain some lack of association between exposure and effect.(14) Regarding pesticide exposure metrics, twenty-five of the 56 articles included job titles, 17 used self-reported exposure and only four articles inferred exposure to pesticides from a job exposure matrix (JEM) (Table S4). Most long-term studies did not show specific ranges of exposure durations and failed to report routes of exposure. Only a few studies presented dose-effect relationships. Moreover, Table S3 presenting the modified NoS scores based on the American Thoracic Society and European Respiratory Society (ATS/ERS) acceptability and reproducibility criteria reveals that a number of included papers show poor quality reporting of spirometry. Such inconsistencies in the measurement of exposure and lung function outcomes makes summarizing results across studies difficult and these summaries need to be interpreted cautiously.
The study populations included in this review were also variable, including farmers, pesticide manufacturers, shopkeepers, flight attendants and general populations of both children and adults.  The majority of studies reported associations without adjustments for potential confounders such as smoking, height and age. The percentage of males recruited to the different studies varied from 0% to 100% (Table S4) but most of the studies did not adjust for gender. As Negatu et al. and Janzen et al. stratified men and women in their analyses (Figures 2-4) and showed that associations appeared to differ by sex,(S20, S30) this is a potentially important weakness in the current literature. When we considered only the studies that controlled for the main confounding factors, there were too few to perform meta-analyses (only seven for FEV1/FVC, seven for FVC and nine for FEV1). (Table S4) As a result, we suggest further studies with better and more comprehensive adjustments for potential confounders and co-exposures, particularly the effects of other occupational factors in each working environment. The majority of the papers included in our review were studies among farmers. Our study may partly explain previous reports of the relationship between agricultural exposure and respiratory disease.(15) 

Although there was a significant reduction in FEV1/FVC among those exposed to ChE-inhibiting pesticides, there was a high degree of variability between studies which limits the interpretation in terms of causal association. Evidence on exposure to unspecified pesticides also showed high heterogeneity. The findings of our systematic review suggest that further and better standardised evidence is required. Meanwhile respiratory surveillance should be enhanced in farmers exposed to ChE-inhibiting pesticides and in those manufacturing pesticides.

Key learning points

What is already known about this subject: 

· There is limited evidence on the association between pesticide exposure and respiratory health effects, especially on lung function.
What this study adds: 

· We systematically reviewed the literature on the topic, and selected 56 papers. We found high heterogeneity between studies in terms of exposure assessment and adjustment for potential confounders

· Our meta-analysis presents tentative evidence that occupational exposure to ChE-inhibiting pesticides reduces FEV1/FVC among farmers. 

· We have not found evidence that occupational exposure to paraquat affects lung function among farmers.

What impact this may have on practice or policy: 

· Further, larger studies with more accurate exposure assessment and including prospective studies are warranted to inform preventive strategies. 

· Meanwhile respiratory surveillance should be enhanced in workers exposed to ChE-inhibiting pesticides.
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Table 1

Numbers of studies included in the review according to sampled population and length of exposure with numbers included in meta-analyses in parentheses
	
	Long-term exposure studies
	Short-term

exposure studies

	Sample
	FEV1/FVC
	FVC (L) or %predicted
	FEV1 (L) or %predicted
	Other measures
	

	Farmers
	14 (13)
	21 (17)
	20 (15)
	21
	4

	Manufacturing workers
	3 (2)
	7 (3)
	8 (4)
	8
	0

	General populations
	10 (5)
	4 (1)
	7 (2)
	3
	1

	Children
	2
	2
	2
	2
	1

	Others
	1
	2 (1)
	2 (1)
	2
	2


Figure 1
Search Results

 










Figure 2 
Forest plot for FEV1/FVC outcome

a) Paraquat and ChE-inhibiting pesticides
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b) Unspecified pesticides 
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ES:
standardised mean differences (SMD)
D+L:
random effects model

I-V:
fixed effects model

Figure 3 
Forest plot for FVC outcome

a) Paraquat and ChE-inhibiting pesticides
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b) Unspecified pesticides
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ES:
standardised mean differences (SMD)
D+L:
random effects model

I-V:
fixed effects model

Figure 4 
Forest plot for FEV1 outcome

a) Paraquat and ChE-inhibiting pesticides
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b) Unspecified pesticides
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ES:
standardised mean differences (SMD)
D+L:
random effects model

I-V:
fixed effects model
2,356 articles screened on title and abstract





2,266 articles excluded


141	duplications (by manual screening)


1,751	not pesticide exposure


149	not in humans


102 	not lung function


56 	letter/review/editorial/conference abstract


50 	case report/case series


17 	pesticides ingestion/acute intoxication





90 full-text articles assessed for eligibility





34 articles excluded


15	not pesticide exposure


3	acute intoxication/poisoning


4	not lung function


12	having no control group





56 studies included in systematic review





3 Meta-analyses


19	studies reporting FEV1/FVC as an outcome included


22	studies reporting FVC as an outcome included


22	studies reporting FEV1 as an outcome included








