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Evidence on the adverse effects of agricultural pesticide use by farmers under the actual field conditions
on their peripheral nerve conduction in China is limited. This study was to investigate the association
of agricultural pesticide use with the abnormalities of farmers’ peripheral nerve conduction based on
two rounds of conventional nerve conduction studies. The level of pesticide exposure was assessed

by measuring total amount of pesticides used by farmers in 2012. The logistic and negative binomial
regression analyses were performed on a cohort study of 218 farmers. Results show that agricultural
use of neither glyphosate nor non-glyphosate herbicides was not found to induce the abnormalities

of farmers’ peripheral nerve conduction. However, agricultural use of organophosphorus compounds
was significantly associated with increased risk of demylination disease of peripheral nerve conduction
described by the reduced velocity. Moreover, the use of organonitrogen compounds by farmers

would not only increase risk of demylination disease but axonal damages described by the reduced
amplitude. By contrast, agricultural uses of organosulfur and pyrethroid compounds would not induce
the abnormalities of farmers’ peripheral nerve conduction. The findings demonstrated the importance
of developing health-friendly pesticides to replace organophosphorus and organonitrogen insecticides
and fungicides in China.

Many studies agree that agricultural pesticide use contributes to the reduction of crop loss due to pest infestation'2.
However, it also generates some major negative effects, including the spread of resistance, environmental pol-
lution and health problems®*. The growing epidemiological literature has paid much attention to the adverse
human health effects of pesticide exposure®*. In sum, pesticide exposure has been repeatedly associated with the
pathological changes of reproductive organs, abnormal fetal development and reproductive dysfunction®. In addi-
tion, pesticide exposure would also induce the impairment effect on human’s digestive, respiratory, endocrine,
urinary and cardiovascular systems®*. Moreover, pesticide exposure has even been reported as carcinogenicity®.
Since most widely used pesticides are nerve agents®, a large number of epidemiological studies argued that
pesticide exposure would induce peripheral nerve conduction dysfunction, cognitive disorder, intelligence
impairment and Parkinson’s diseases>*”. However, most studies merely made a comparison of the neurological
outcomes between the exposed and unexposed groups’. In addition, little is known about whether and how mul-
tiple types of pesticides used by farmers under actual field conditions induces adverse effects on their peripheral
nerve conduction. Since most farmers in China apply multiple pesticides (including herbicides, insecticides and
fungicides), it is crucial to identify the specific association of agricultural use of each type of pesticides with
peripheral nerve conduction function. A previously published study estimated the marginal changes in param-
eters of farmers’ peripheral nerve conduction induced by one-year exposure to different types of pesticides®.
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However, there is still no clear-cut evidence that how each type of pesticides used by farmers under the actual field
conditions associates with the abnormalities of peripheral nerve conduction.

To address this gap, this study aims to investigate the association of each type of pesticides used by farmers
with the abnormalities of peripheral nerve conduction in China. Both multiple logistic and negative binomial
regression analyses are utilized. Results show that neither glyphosate nor non-glyphosate herbicides was asso-
ciated with the abnormalities of farmers’ peripheral nerve conduction. However, agricultural uses of organo-
phosphorus and organonitrogen insecticides and fungicides were found to increase risk of demylination disease
described by the reduced nerve conduction velocity and axonal damages described by the reduced amplitude.

Materials and Methods
Study sample. The sampling procedure in the cohort study has been previously described®®. In sum, we
selected Guangdong, Jiangxi and Hebei as the study areas due to their different levels of agriculture pesticide use
intensity. In 2011, pesticide use intensity in Guangdong, Jiangxi and Hebei was 25.0, 18.2 and 9.5kilograms per
hectare (kg/ha), respectively’.

All the sampled farmers were selected according to the principle of random sampling. In brief, two counties
were chosen within each province, and two villages within each county were then selected. In each sampled
village, the sampling frame was constructed from the full farm household list provided by the village leaders.
In each village, 20-25 households were chosen. In principle, the family member mainly engaged in pesticide
use was enrolled to construct the sample. As a result, 246 farmers were initially chosen. All the sampled farmers
were informed of the study objective. However, 28 out of them were excluded since they were absent from the
conventional nerve conduction studies, or failed to provide detailed information of pesticide use. As a result, 218
farmers finally remained.

Conventional nerve conduction studies. In order to obtain the parameters of peripheral nerve con-
duction, two rounds of conventional nerve conduction studies were conducted for the sampled farmers in 2012.
The first round of conventional nerve conduction studies was conducted at the beginning of the planting season
in March in three provinces, while the second round was conducted prior but close to the end of crop harvest in
August in Jiangxi and Hebei but in December in Guangdong. Note that the parameters from the second round of
conventional nerve conduction studies were of interest, while those of the first round were used to describe the
baseline status.

In this study, 22 parameters of peripheral nerve conduction were examined using the surface electrodes with
standard placement. It should be noted that the majority of farmers in China undertake an immense amount of
manual work that might induce peripheral nerve injury in their fields, and such peripheral nerve injury induced
by manual work is difficult to control. In the context, the examination was performed on the non-dominant side
of the sampled farmers to avoid the potential interference in the identification of the effects of pesticide use on
peripheral nerve conduction. Since the accuracy of the conventional nerve conduction studies might be affected
by limb temperature, both upper and lower limbs of the sampled farmers were warmed so that the temperatures
of upper and lower limbs could maintain in the range of 32-34°C and 30-33 °C, respectively.

In the study, two upper limb nerves (namely median and ulnar nerves) and three lower limb nerves (namely
tibial, common peroneal and sural nerves) were examined. In detail, the motor conduction velocity, distal motor
latency and amplitude of the proximal and distal compound muscle action potential of the median, ulnar, tibial
and common peroneal nerves, as well as the sensory conduction velocity and amplitude of the sensory nerve
action potential of the median, ulnar and sural nerves, were examined in both rounds of conventional nerve con-
duction studies. It should be noted that the metric unit of the nerve conduction velocity, distal motor latency and
amplitude is meter per second (m/s), millisecond (ms) and millivolt (mV), respectively.

To obtain the dependent variables, we generated seven dummy variables for the abnormalities of the nerve
conduction velocity, motor conduction velocity, sensory conduction velocity, distal motor latency, amplitude
of the action potential, amplitude of the compound muscle action potential and amplitude of the sensory nerve
action potential (see Table S1 for the normal range of each parameter). In the case of the motor conduction veloc-
ity, for example, we defined a dummy variable equaling one if one and more parameters of the motor conduction
velocity fell out of the normal range, and zero otherwise. Afterwards, we also generated seven count variables
for the abnormalities of the nerve conduction velocity, motor conduction velocity, sensory conduction velocity,
distal motor latency, amplitude of the action potential, amplitude of the compound muscle action potential and
amplitude of the sensory nerve action potential by aggregating the number of the abnormal parameters with each
group.

The Ethics Committee of Chinese PLA General Hospital approved the study, and Beijing Institute of
Technology organized the sample selection. The methods in the study were carried out in accordance with the
ethical standards and guidelines of the Ethics Committee of Chinese PLA General Hospital. All the sampled
farmers provided ex ante informed and written consents.

Estimation of agricultural pesticide use.  Agricultural pesticide use was measured by the actual amount
of pesticides used by the sampled farmers between two rounds of conventional nerve conduction studies in 2012.
Hence, the duration for measuring agricultural pesticide use by the sampled farmers was confined to 2012 (one
year). All the sampled farmers were requested to record each pesticide use in detail. Briefly, once a sampled
farmer sprayed pesticides, they should record the chemical name, active ingredient percentage and amount of
each pesticide product, as well as the date and duration of each spray. In order to guarantee the correctness and
completeness of records, a number of training sessions on making proper records were organized during the
study period in 2012. In addition, the enumerators were arranged to check the sampled farmers’ records every
other week, and all containers of pesticides were kept for the semimonthly check.
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In this study, all pesticides used by the sampled farmers were firstly divided into two parts: (1) herbicides, and
(2) insecticides and fungicides. Then, herbicides were categorized as glyphosate, and non-glyphosate herbicides.
Insecticides and fungicides were divided into five classes, including organophosphorus, organonitrogen, orga-
nosulfur, pyrethroid and other compounds. Thus, we were able to investigate the association of agricultural uses
of those different classes of pesticides with the abnormalities of farmers’ peripheral nerve conduction. The level
of agricultural use of each class of pesticides was the product of the amount of pesticide product and the corre-
sponding active ingredient percentage. In this study, the basic metric of agricultural pesticide use is kilogram (kg).

Selection of confounding factors. In this study, a number of confounding factors were also included o
obtain the net association between agricultural pesticide use and the abnormalities of peripheral nerve conduc-
tion. A questionnaire was designed to obtain information about farmers’ demographic and lifestyle characteris-
tics, agricultural production, and history of pesticide use and poisoning. Specifically, age, gender, smoking habit,
alcohol consumption, whether adopting protective measures (including wearing masks, gloves, and clothes with
long sleeves), and whether suffering from diabetes mellitus (a major factor causing polyneuropathy) were selected
as the confounding factors. Body mass index (BMI) was also calculated for each sampled farmer using the height
and weight.

Statistical analyses. Descriptive analyses were firstly used to summarize farmers’ demographic and lifestyle
characteristics as well as agricultural pesticide use. Continuous variables (such as age and BMI) were described by
the mean with standard deviation, while dummy variables (such as gender, smoking habit, alcohol consumption,
adoption of protective measures, and diabetes mellitus) were described by the number with percentage.

Since most farmers using herbicides also use insecticides and fungicides, a crucial technical issue is to sort
out the effect of agricultural use of each class of pesticides on the abnormalities of peripheral nerve conduction.
Multiple regression analysis could control for the effects of not only the confounding factors but also different
classes of pesticides, which empowered us to sort out the specific effect of agricultural use of each class of pesti-
cides on the abnormalities of peripheral nerve conduction. The model was constructed as:

NP = f(Pesticide, Characteristics, BaselineNP, Regions) (1)

where the dependent variable NP denotes the dummy or count variables for the abnormalities of peripheral nerve
conduction from the second round of conventional nerve conduction studies. In terms of the independent vari-
ables, Pesticide is a vector of agricultural uses of seven classes of pesticides, including herbicides (glyphosate and
non-glyphosate herbicides), and insecticides and fungicides (organophosphorus, organonitrogen, organosulfur,
pyrethroid and other compounds). Characteristics is a vector of farmers’ demographic and lifestyle characteris-
tics, such as age, gender, BMI, smoking habit, alcohol consumption, whether adopting protective measures and
whether suffering from diabetes mellitus. BaselineNP, a variable corresponding to NP, describes the baseline
status of peripheral nerve conduction. In addition, a vector of province dummies, Regions, are also included to
control for regional effect.

Logistic and negative binomial regression analyses were used to estimate the odds ratios (ORs) and incidence
rate ratios (IRRs) for the dummy and count dependent variables, respectively. Note that a 95% confidence interval
(CI) was estimated for each independent variable.

All statistical tests were two-sided, and p-value < 0.05 was considered as statistically significant. It should be
noted that values of ORs or IRRs > 1.0 suggests positive associations between agricultural pesticide use and the
abnormalities of peripheral nerve conduction. Stata version 13.1 was used (StataCorp LP, College Station, Texas)
for all statistical analyses.

Results

Demographic and lifestyle characteristics. Table 1 presents farmers’ demographic and lifestyle char-
acteristics. Of 218 sampled farmers, the mean age was 51.6 years with a nearly ten-year standard deviation. 90 of
these farmers were under 50 years old, while 17 of them were above 65 years old. The number of male farmers was
161, accounting for about three-fourths. The mean value of BMI for the sampled farmers was about 23.4 kg/m?.
Almost half of the sampled farmers consumed cigarette (47.7%) and alcohol (43.1%) in their daily life. Only 27
out of the sampled farmers reported that they adopted some crude protective measures, such as wearing masks,
gloves and clothes with long sleeves, when using pesticides in crop field. There were 14 (6.4%) out of the sampled
farmers suffering from diabetes mellitus.

Summary of agricultural pesticide use. Agricultural pesticide use of the sampled farmers is reported in
Fig. 1. In sum, about 4.58 kg of pesticides were used per farmer in 2012. Among these pesticides were 1.19kg of
herbicides and the other 3.39 kg of insecticides and fungicides.

On average, the amount of glyphosate used by each farmer was about 0.62kg that accounted for more than
half of the total herbicide use. By contrast, the amount of non-glyphosate herbicides used was 0.57kg per farmer.
Note that roughly 0.44 kg (or 77%) of non-glyphosate herbicides used by the sampled farmers were organonitro-
gen compounds, such as paraquat, atrazine and acetochlor.

In terms of insecticides and fungicides, as shown in Fig. 1, the amount of organophosphorus compounds used
by each farmer was about 1.56 kg. It was obvious that organophosphorus compounds accounted for the largest
proportion of pesticides used by the sampled farmers. By contrast, agricultural uses of other classes of insecticides
and fungicides were much less. The amount of organonitrogen compounds, for example, was roughly 0.76 kg per
farmer. Moreover, only 0.52 kg of organosulfur compounds were used by each farmer on average. Agricultural use
of pyrethroid insecticides was the least, even less than 0.1 kg per farmer.
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Age (year) 51.6 10.1
<50 41.7 59 90 41.3
50-65 57.1 4.1 111 50.9
>65 68.6 1.7 17 7.8
Gender
Male 161 73.9
Female 57 26.1

Body mass index

(BMD) (kgm-yy | 234 34
<18 17.5 0.3 8 3.7
18-25 21.9 1.7 146 67.0
>25 27.7 2.2 64 29.4

Smoking habit
Yes 104 47.7
No 114 52.3

Alcohol consumption
Yes 94 43.1
No 124 56.9

Adoption of protective measures

Yes 27 12.4

No 191 87.6
Diabetes mellitus

Yes 14 6.4

No 204 93.6

Table 1. Description of farmers’ demographic and lifestyle characteristics. The number of the sampled farmers
is 218.

Pyrethroid

0.08 kg; 2% Other
| 0.48 kg; 10%

Organosulfur
0.52kg; 11%

Non-glyphosate
herbicides

Organonitrogen ides
0.76 kg; 17% 0.57 kg; 48%
Herbicides
1.19 kg; 26%
Glyphosate
0.62 kg; 52%
Organophosphorus

1.56 kg; 34%

Figure 1. Summary of agricultural use of each class of pesticides by the sampled farmers. Figures before and
after the semicolon are the average amount and percentage of each class of pesticides in the total used pesticides,
respectively. The number of the sampled farmers is 218.

Summary of the abnormalities of peripheral nerve conduction. Figure 2 presents the abnormalities
of peripheral nerve conduction. As shown, 41 out of the total 218 sampled farmers had one or more parameters of
the nerve conduction velocity falling out of the abnormal range. Among those 41 farmers, 25 and 28 out of them
had one or more abnormal parameters of the motor and sensory conduction velocity, respectively. In addition,
we found that 68 farmers had one or more abnormal parameters of the distal motor latency. By contrast, only
20 farmers had one or more abnormal parameters of the amplitude. In detail, 12 and 10 out of them had abnor-
mal parameter(s) of the amplitude of compound muscle action potential and sensory nerve action potential,
respectively.

Effect of pesticide use on the abnormalities of peripheral nerve conduction. Tables 2 and 3 pro-
vide the adjusted ORs and IRRs with 95% ClIs for the occurrence risks of the abnormalities of peripheral nerve
conduction. After adjusting for the confounding factors, neither glyphosate nor non-glyphosate herbicides was
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Figure 2. Number of the abnormal parameters of farmers’ peripheral nerve conduction by group. CV, MCV,
SCV, DML, AP, CMAP, and SNAP denote the nerve conduction velocity, motor conduction velocity, sensory
conduction velocity, distal motor latency, amplitude of the action potential, amplitude of the compound muscle
action potential and amplitude of the sensory nerve action potential, respectively.

Herbicides
0.70 1.34 0.64 1.05 1.21
Glyphosate
(0.38,1.30) (0.30, 6.03) (0.35,1.18) (0.81,1.37) (0.75,1.97)
0.84 1.46 0.84 1.08 1.21
Non-glyphosate
(0.62,1.12) (0.69, 3.09) (0.62,1.14) (0.90, 1.30) (0.81,1.82)
Insecticides & fungicides
1.51%* 1.76%* 1.43%%* 1.00 0.95
Organophosphorus
(1.21, 1.88) (1.24,2.50) (1.14, 1.79) (0.89,1.11) (0.70, 1.28)
2.03%* 1.20 2.21%* 1.15 1.48*
Organonitrogen
(1.29,3.19) (0.49,2.92) (1.41, 3.48) (0.92,1.42) (1.03,2.12)
0.49 1.69 0.48 0.92 0.96
Organosulfur
(0.16, 1.51) (0.64, 4.47) (0.17, 1.38) (0.66, 1.28) (0.25,3.61)
0.14 0.02 3.57 1.47 2.66
Pyrethroid
(0.00, 29.43) (0.00, 448.25) | (0.06,205.04) | (0.28,7.77) (0.02,309.15)
1.74 1.68 1.53 0.80 0.80
Other
(1.00, 3.03) (0.72, 3.90) (0.99, 2.35) (0.54,1.19) (0.28,2.30)
Pseudo R? 0.67 0.83 0.57 0.11 0.64
Log Likelihood —105.38 —77.65 —83.58 —135.30 —66.83
Number of 218 218 218 218 218
observations

Table 2. Adjusted odds ratios (ORs) for the abnormalities of peripheral nerve conduction associated with
agricultural pesticide use. Logistic regression analyses were used to estimate the adjusted ORs. Figures in the
parentheses are 95% confidence interval (CI). **p < 0.01, and *p < 0.05. Please see Table S2 for details.

significantly associated with increase in the odds and incidence rates of the abnormalities of peripheral nerve
conduction.

In terms of insecticides and fungicides, agricultural use of organophosphorus compounds was found to be
significantly associated with increased risk of abnormality of nerve conduction velocity. After the confound-
ing factors were adjusted, each kg increase in agricultural use of organophosphorus compounds was likely to
inducea 51% (ORs=1.51;95% CI: 1.21, 1.88) and 15% (IRRs =1.15; 95% CI: 1.07, 1.23) increase in the odds and
incidence rates of the abnormalities of the nerve conduction velocity, respectively (Tables 2 and 3). In contrast,
agricultural use of organophosphorus insecticides and fungicides increased greater risk of the abnormalities of
the motor conduction velocity than the sensory conduction velocity. The odd ratios for the abnormalities of the
motor and sensory conduction velocity associated with agricultural use of organophosphorus insecticides and
fungicides were 1.76 (95% CI: 1.24, 2.50) and 1.43 (95% CI: 1.14, 1.79), respectively (Tables 2 and 3). Moreover,
a 22% increase in the incidence rates (IRRs = 1.22; 95% CI: 1.09, 1.38) for the abnormalities of the motor con-
duction velocity was observed for each kg increase in agricultural use of organophosphorus insecticides and
fungicides (Tables 2 and 3). However, there was not significant association of organophosphorus compounds with
increased incidence rates for the abnormalities of the sensory conduction velocity.

There was also significant association between increased risk of the abnormalities of peripheral nerve con-
duction and agricultural use of organonitrogen insecticides and fungicides. As shown in Tables 2 and 3, each
kg increase in agricultural use of organonitrogen insecticides and fungicides was significantly associated with
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Nerve conduction velocity Distal motor Amplitude
Overall Motor Sensory latency Overall Motor Sensory
Herbicides
0.86 111 0.74 1.02 0.96 1.25 1.04
Glyphosate
(0.67,1.10) | (0.81,1.53) | (0.52, 1.06) (0.85,1.22) | (0.65,1.43) (0.67,2.34) | (0.49,2.19)
0.96 0.91 1.01 1.04 1.13 0.32 1.26
Non-glyphosate
(0.85,1.08) (0.76,1.11) | (0.86,1.18) (0.92,1.17) (0.86,1.49) (0.02,4.51) (0.94, 1.69)
Insecticides & fungicides
1.15%% 1.22%% 1.11 0.99 1.05 1.08 0.92
Organophosphorus
(1.07,1.23) | (1.09,1.38) | (1.00,1.23) (0.92,1.08) | (0.91,1.20) (0.85,1.38) | (0.65,1.30)
1.17* 0.83 1.26* 1.03 1.36%* 1.00 1.38
Organonitrogen
(1.01,1.36) | (0.58,1.18) | (1.05,1.52) 0.92,1.16) | (1.05,1.75) (0.53,1.86) | (0.93,2.06)
0.99 1.28 1.04 0.98 0.67 0.95 1.12
Organosulfur
0.71,1.37) | (0.92,1.80) | (0.67, 1.60) (0.78,1.23) | (0.35,1.25) (0.34,2.66) | (0.26,4.75)
0.91 0.16 1.93 1.28 2.75 0.68 3.32
Pyrethroid
(0.13, 6.30) (0.00, 8.38) | (0.16,22.75) (0.37,4.37) (0.09, 82.63) (0.00, 450.89) | (0.01, 811.65)
oth 1.16 1.12 1.22 0.97 0.96 0.85 0.94
ther
(0.95,1.42) (0.85,1.50) | (0.89,1.69) (0.76, 1.24) (0.45, 2.06) (0.14,5.17) (0.22,3.98)
Pseudo R* 0.40 0.57 0.35 —165.50 0.51 0.63 0.58
Log Likelihood —144.37 —92.93 —90.89 218 —89.52 —62.74 —43.95
Number of observations | 218 218 218 218 218 218

Table 3. Adjusted incidence rate ratios (IRRs) for the abnormalities of peripheral nerve conduction associated
with agricultural pesticide use. Negative binomial regression analyses were used to estimate the adjusted IRRs.
Figures in the parentheses are 95% confidence interval (CI). **p < 0.01, and *p < 0.05. Please see Table S3 for
details.

a 103% (ORs =2.03; 95% CI: 1.29, 3.19) increase in the odds of the abnormalities of the nerve conduction
velocity. Moreover, the incidence rates of the abnormalities of the nerve conduction velocity also increased by
17% (IRRs =1.17; 95% CI: 1.01, 1.36) for each kg increase in agricultural use of organonitrogen compounds.
Furthermore, each kg increase in agricultural use of organonitrogen compounds significantly induced a 121%
(ORs=2.21; 95% CI: 1.41, 3.48) and 26% (IRRs =1.26; 95% CI: 1.05, 1.52) increase in the odds and incidence
rates of the abnormalities of the sensory conduction velocity, respectively (Tables 2 and 3). In addition, agricul-
tural use of organonitrogen insecticides and fungicides also increased the odds (ORs = 1.48; 95% CI: 1.03, 2.12)
and incidence rates (IRRs =1.36; 95% CI: 1.05, 1.75) of the abnormalities of the compound muscle and sensory
nerve action potential amplitudes.

In terms of the other classes of insecticides and fungicides, we found that agricultural uses of organosulfur and
pyrethroid compounds were not significantly associated with the abnormalities of peripheral nerve conduction.

Discussion

Using logistic and negative binomial regression analyses, this study demonstrated that one-year agricultural
uses of different classes of pesticides induced different effects on the abnormalities of farmers’ peripheral nerve
conduction in China under the actual field conditions. We found that neither glyphosate nor non-glyphosate
herbicides used by the sampled farmers was significantly associated with increased risk of the abnormalities
of peripheral nerve conduction. In sharp contrast, agricultural uses of organophosphorus and organonitrogen
insecticides and fungicides would significantly induce the abnormalities of farmers’ peripheral nerve conduction.

In terms of herbicides, we found that neither glyphosate nor non-glyphosate herbicides used by the sampled
farmers was significantly associated with increased risk of the abnormalities of farmers’ peripheral nerve conduc-
tion. The results was consistent with our previous study in which neither glyphosate nor non-glyphosate herbi-
cides was found to induce the marginal changes in parameters of peripheral nerve conduction®. In the existing
literature, glyphosate has often been considered as one of the least toxic pesticides widely used worldwide!®!!.
However, a report released by the International Agency for Research on Cancer (IARC) in 2015 classified glypho-
sate as probably human carcinogens, which gave birth to an immediate debate'?!%. Moreover, there is little evi-
dence on the adverse effects of glyphosate use under the actual field conditions on farmers’ peripheral nerve
conduction. However, the results in this study were insufficient to tell a perfect story about the effects of the use of
glyphosate on peripheral nerve conduction. The key reason is that the amount of glyphosate used by the sampled
farmers might be relatively too low to induce the observable abnormalities.

In terms of insecticides and fungicides, agricultural uses of organophosphorus and organonitrogen com-
pounds would significantly increase the risk of abnormalities of peripheral nerve conduction, while organosulfur
and pyrethroid compounds used by the sampled farmers were not associated with increased risk of the abnormal-
ities of peripheral nerve conduction. The significant association between the abnormalities of nerve conduction
velocity and agricultural use of organophosphorus insecticides and fungicides demonstrated that organophos-
phorus insecticides and fungicides would induce the nerve conduction velocity to fall below the normal range,
which is an observable signal of increased risk of demyelination disease. The results in this study were consistent
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with most previous studies®!*-1”. By contrast, agricultural use of organonitrogen insecticides and fungicides was
significantly associated with not only increased risk of demyelination disease but axonal damages of farmers’
peripheral nerves. The increased risk of demyelination disease induced by agricultural use of organonitrogen
insecticides and fungicides was mainly associated with the sensory nerve conduction. Moreover, we also found
that agricultural use of organonitrogen insecticides and fungicides would induce the amplitude to fall below the
normal range, which was a signal of axonal damage to peripheral nerves. In the existing literature, many widely
used organonitrogen insecticides and fungicides, such as carbamate and neonicotinoid compounds, were consid-
ered to induce severe neurotoxicity'®. In contrast, agricultural uses of organosulfur and pyrethroid insecticides
and fungicides were not associated with the abnormalities of farmers’ peripheral nerve conduction.

Our results in this study have important implications for reducing pesticide use in China. To mitigate the adverse
effects of substantial pesticide use, some highly toxic pesticides have been prohibited in crop production in China®.
However, many organophosphorus and organonitrogen insecticides and fungicides with relative high toxicity, such
as turbufos, omethoate, phorate, isocarbophos, acetamiprid and imidacloprid, remain frequently and widely used. In
the context, this study could emphasize the importance of substituting the low-toxic and health-friendly pesticides
for those relative-high-toxic organophosphorus and organonitrogen insecticides and fungicides.

The strengths and weaknesses coexist in this study. The literature on the effects of agricultural pesticide use on
farmers’ peripheral nerve conduction under the actual field conditions is still rare. This study sorted out the asso-
ciation of agricultural uses of different classes of pesticides with the abnormalities of peripheral nerve conduction.
In the context, the results of this study may contribute to the existing literature by providing the evidence of neu-
rological effects of pesticide exposure under the conditions of agricultural production. However, the duration for
assessing pesticide use was confined to one year, which may limit the interpretation since such neurological effect
may be chronic. In the context, the association of agricultural pesticide use with the abnormalities of peripheral
nerve conduction should be investigated in a prolonged duration. In addition, the association between F waves in
peripheral nerve conduction and agricultural pesticide use deserves further investigation.

In conclusion, agricultural uses of different classes of pesticides may induce different effects on farmers’
peripheral nerve conduction. Specifically, the results showed that neither glyphosate and non-glyphosate herbi-
cides used by the sampled farmers would not increase risk of the abnormalities of peripheral nerve conduction
under the actual field conditions. In sharp contrast, agricultural use of organophosphorus insecticides and fun-
gicides was associated with increased risk of the abnormalities of the nerve conduction velocity. In other words,
organophosphorus compounds would increase the risk of demyelination disease and further reduce the nerve
conduction velocity. Similarly, agricultural use of organonitrogen insecticides and fungicides was also associated
with increased risk of demyelination disease and reduction of the nerve conduction velocity (mainly the sensory
nerve conduction). Moreover, we also found that organonitrogen insecticides and fungicides used by the sam-
pled farmers would also induce the abnormalities of amplitude of compound muscle and sensory nerve action
potential, which is a signal of axonal damages of peripheral nerves. However, there was not significant association
of organosulfur or pyrethroid insecticides and fungicides with the abnormalities of peripheral nerve conduction.

References

1. Cooper, J. & Dobson, H. The benefits of pesticides to mankind and the environment. Crop Prot. 26, 1337-1348 (2007).

2. Popp, J., Pet6, K. & Nagy, J. Pesticide productivity and food security. A review. Agron. Sustain. Dev. 33, 243-255 (2013).

3. Alavanja, M. C. R., Hoppin, J. A. & Kamel, F. Health effects of chronic pesticide exposure: cancer and neurotoxicity. Annu. Rev.
Public Health 25, 155-197 (2004).

4. Zhang, C,, Sun, Y., Li, Z., Hu, R. & Cai, J. Bibliometric analysis on human health impairment induced by pesticide exposure. Chin. J.
Pestic. Sci. 18, 1-11 (2016).

5. Snijder, C. A, te Velde, E., Roeleveld, N. & Burdorf, A. Occupational exposure to chemical substances and time to pregnancy: a
systematic review. Hum. Reprod. Update 18, 284-300 (2012).

6. Huang, X. et al. Association between occupational exposure to pesticides with heterogeneous chemical structures and farmer health
in China. Sci. Rep. 6, 25190 (2016).

7. Priyadarshi, A., Khuder, S. A, Schaub, E. A. & Oriyadarshi, S. S. Environmental risk factors and Parkinson’s disease: a meta-analysis.
Environ. Res. 86, 122-127 (2001).

8. Zhang, C. et al. Health effect of agricultural pesticide use in China: implications for the development of GM crops. Sci. Rep. 6, 34918
(2016).

9. National Bureau of Statistics of China. In China Rural Statistical Yearbook (China Statistics Press, 2012).

10. De Roos, A. J. et al. Cancer incidence among glyphosate-exposed pesticide applicators in the Agricultural Health Study. Environ.
Health Perspect. 113, 49-54 (2005).

11. Sorahan, T. Multiple myeloma and glyphosate use: a re-analysis of US Agricultural Health Study (AHS) data. Int. J. Environ. Res.
Public Health 12, 1548-1559 (2015).

12. International Agency for Research on Cancer. Some Organophosphate Insecticides and Herbicides: Diazinon, Glyphosate,
Malathion, Parathion, and Tetrachlorvinphos. Monographs on the evaluation of carcinogenic risks to humans. 112, Available at,
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-09.pdf (Accessed: 28th May 2016) (2015).

13. Portier, C.J. et al. Differences in the carcinogenic evaluation of glyphosate between the International Agency for Research on Cancer
(IARC) and the European Food Safety Authority (EFSA). J. Epidemiol. Community Health 70, 741-745 (2016).

14. Tarazona, J. V. et al. Glyphosate toxicity and carcinogenicity: a review of the scientific basis of the European Union assessment and
its differences with IARC. Arch. Toxicol. 91, 2723-2743 (2017).

15. Jayasinghe, S. S., Pathirana, K. D. & Buckley, N. A. Effects of acute organophosphorus poisoning on function of peripheral nerves: a
cohort study. Plos One 7, 49405 (2012).

16. Starks, S. E. et al. Peripheral nervous system function and organophosphate pesticide use among licensed pesticide applicators in the
agricultural health study. Environ. Health Perspect. 120, 515-520 (2012).

17. Karami-Mohajeri, S., Nikfar, S. & Abdollahi, M. A systematic review on the nerve-muscle electrophysiology in human
organophosphorus pesticide exposure. Human. Exp. Toxicol. 33,92-102 (2014).

18. Pathak, M. K. et al. Nerve conduction studies in sprayers occupationally exposed to mixture of pesticides in a Mango Plantation at
Lucknow, North India. Toxicol. Environ. Chem. 93, 188-196 (2011).

19. Bai, Y., Zhou, L. & Wang, J. Organophosphorus pesticide residues in market foods in Shaanxi area, China. Food Chem. 98, 240-242
(2006).

SCIENTIFICREPORTS| (2018) 8:9621 | DOI:10.1038/s41598-018-27713-6 7


http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-09.pdf

www.nature.com/scientificreports/

Acknowledgements
We acknowledge the financial supports from the National Natural Science Foundation of China (71210004,
71173014 and 71333013).

Author Contributions

C.Z.and R.H. had the idea and designed the research. C.Z., Y.S., R H., . H. and X.H. analyzed data and wrote the
manuscript. X.H. led the health checks and interpreted the results. C.Z., Y.S., Y.L., Y.Y. and Z.C. participated in
the survey and health checks.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27713-6.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:9621 | DOI:10.1038/s41598-018-27713-6 8


http://dx.doi.org/10.1038/s41598-018-27713-6
http://creativecommons.org/licenses/by/4.0/

	A comparison of the effects of agricultural pesticide uses on peripheral nerve conduction in China

	Materials and Methods

	Study sample. 
	Conventional nerve conduction studies. 
	Estimation of agricultural pesticide use. 
	Selection of confounding factors. 
	Statistical analyses. 

	Results

	Demographic and lifestyle characteristics. 
	Summary of agricultural pesticide use. 
	Summary of the abnormalities of peripheral nerve conduction. 
	Effect of pesticide use on the abnormalities of peripheral nerve conduction. 

	Discussion

	Acknowledgements

	Figure 1 Summary of agricultural use of each class of pesticides by the sampled farmers.
	Figure 2 Number of the abnormal parameters of farmers’ peripheral nerve conduction by group.
	Table 1 Description of farmers’ demographic and lifestyle characteristics.
	Table 2 Adjusted odds ratios (ORs) for the abnormalities of peripheral nerve conduction associated with agricultural pesticide use.
	Table 3 Adjusted incidence rate ratios (IRRs) for the abnormalities of peripheral nerve conduction associated with agricultural pesticide use.




