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Abstract
Personal Protective Equipment (PPE) is used to reduce exposure when working with chemicals. For pesticides, exposure 
scenarios comprise mixing and loading (M&L) and application. The exposure prediction model recommended by European 
regulatory agencies for operator risk assessments—the Agricultural Operator Exposure Model (AOEM) – is based on 48 
operator exposure studies involving over 500 professional operators from 10 European countries in typical working situa-
tions to assess exposure under realistic field conditions. We used the AOEM data to assess the efficiency of exposure reduc-
tion resulting from wearing chemical-resistant nitrile gloves and non-certified working coveralls during M&L (tank and 
backpack sprayer), applications using groundboom and airblast spraying, and outdoor and indoor (greenhouse) applications 
using handheld sprayers. All studies indicated consistent and high exposure reduction > 90% for gloves and non-certified 
coveralls across all investigated scenarios. Exceptions were almost exclusively observed when an operator incorrectly used 
the PPE. The mean exposure reduction from all operators, including those that used PPE incorrectly, was 95.0% for gloves 
and 96.4% for polyester/cotton working coveralls during M&L, and 91.1% for gloves and 94.9% for non-certified coveralls 
during all application scenarios. This analysis confirms the essential role of PPE and non-certified working coveralls in 
reducing operator exposure to pesticides. Outliers indicate that operators need to be properly trained and adhere to label 
instructions to apply pesticides according to good agricultural practices.

Keywords Personal Protective Equipment (PPE) · Pesticide exposure · Operator exposure studies · Exposure reduction · 
Risk assessment · Risk mitigation

1 Introduction

As the world population continues to grow, the agriculture 
sector is faced with the critical challenge of ensuring food 
security (FAO 2022) and food diversity. One key aspect of 
this task involves protecting crops from pests and diseases, 
which can significantly reduce the quantity and quality of 
harvests. Plant protection products (PPPs), or often called 

pesticides, whether organic or synthetic, offer a valuable 
solution to this problem, effectively eliminating or control-
ling harmful organisms such as crawling or sucking insects 
and fungal infestations (Oerke 2006; de Ponti et al. 2012; 
Seufert et al. 2012; EC 2013; European Parliament 2019; 
Seufert 2019; Simoglou and Roditakis 2022). However, like 
all chemicals, PPPs may result in adverse effects in humans. 
Misuse of these products leads to higher exposure and can 
amplify the risk of adverse effects. Therefore, it is essential 
that PPP products are handled with care and strictly accord-
ing to label instructions which correspond to the investigated 
and accepted risks in the registration process and ensure a 
safe use of the product.

A key principle in exposure science is that any use of 
any substance or mixture results in exposure; thus, there is 
no use scenario of a pesticide in a specific crop to control a 
specific pest/disease that would result in zero exposure and 
therefore, zero risk. Hence, use scenarios result in varying 
levels of risk that may or may not be acceptable, depending 
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on definitions on acceptable risk. Therefore, a “safe use cor-
ridor” is determined, where the risk of adverse effects is con-
sidered to be acceptably low, so that the desired outcome of 
the application is achieved: the control of pests and diseases. 
The risk for operators (as well as for workers, bystanders 
and residents—which are not the focus of this paper) was 
evaluated by comparing the exposure when handling a PPP 
in a certain use scenario with a relevant toxicological refer-
ence value, e.g., in Europe the Acceptable Operator Expo-
sure Level (AOEL) and, if applicable, the Acute Acceptable 
Operator Exposure Level (AAOEL), derived from standard 
toxicological studies (EFSA et al. 2022). Risk evaluations 
prior to the authorization of a specific pesticide determine 
whether additional risk mitigation measures such as PPE are 
necessary to reduce exposure below the AOEL. Any neces-
sary exposure reduction measure identified during registra-
tion must be part of the registered label when a product is 
put on the market.

There are additional specific behavior and technical meth-
ods designed to reduce pesticide exposure. The primary pre-
vention avoids the hazard itself (using PPPs only if strictly 
necessary). When using these products, choose, if possible, 
those with the lowest hazard profile. Then, the 4 pillars of 
prevention: (i) prior information-training, (ii) hygiene (regu-
lar hand washing, shower at the end of work, etc.), (iii) work 
organization (choice and arrangement of equipment, good 
separation between work areas and "clean" areas homes, 
vehicles, etc.), (iv) the use of collective protective equipment 
[closed tractor cabin, the use of closed transfer systems to 
facilitate the filling and minimize operator exposure during 
mixing and loading (Sasturain et al. 2024), etc.] and, the 
ultimate level, PPE.

In the EU, PPE must comply with regulation (EU) 
2016/425 (EU 2016). Besides engineering controls like the 
use of a closed tractor cabin and future use of closed transfer 
systems (Sasturain et al. 2024), currently, PPEs and basic 
workwear like non-certified working coveralls are the only 
means to reduce exposure for operators within the current 
registration process of a PPP. In areas not directly related to 
the operator, some spray nozzle types can notably reduce the 
exposure of bystanders by minimizing drift (Ferguson et al. 
2016; Kuster et al. 2021), which is also partly considered in 
the registration and on labels. Uncertified working cover-
alls may also reduce exposure. Although these are often not 
considered to be PPE, they have nevertheless been used to 
reduce exposure. Moreover, it has been shown that even light 
ordinary clothing is effective in significantly reducing expo-
sure for bystanders from spray drift (Felkers et al. 2023).

Operators, i.e., farmers, can be exposed to pesticides in 
multiple ways. For example, when mixing the concentrated 
product with water, when the filling of the tank or dur-
ing the application when, e.g., fixing a blocked nozzle. In 
Europe, the AOEM is widely used to estimate exposure in 

such scenarios (Großkopf et al. 2013). Developed through a 
collaborative effort led by the German regulatory body, the 
Federal Institute for Risk Assessment (BfR), this model is 
based on the evaluation of exposure studies that complied 
with pre-defined quality criteria, involving over 500 opera-
tors. The AOEM is a key tool recommended by European 
Food Safety Authority (EFSA) for determining exposures 
during M&L and application of pesticides and during clean-
ing after the application (EFSA et al. 2022). The studies used 
for the AOEM were conducted according to Good Labora-
tory Practice (GLP) (OECD 1997) and under realistic field 
conditions. In the first version of the AOEM, only outdoor 
studies were included (Großkopf et al. 2013). The revised 
version extended the AOEM for use in greenhouses (BfR 
2016). Forty-eight studies are now included in the AOEM. 
Farmers, who were equipped with regular working cover-
alls made of cotton or cotton-polyester fabric and chemical 
resistant nitrile gloves, were monitored for one working day 
in a defined scenario, e.g., tractor-mounted ground boom 
application using a wettable powder formulation. After that, 
the residues on clothing and skin, as well as potential inha-
lation exposure, were analyzed. Results from these studies 
were compiled in a large database. The model is available on 
the EFSA website1 and the studies are listed in the Reference 
section of the Operator Exposure guidance document, and 
are accessible on request from EFSA et al. (2022).

In exposure scenarios (i.e., the M&L or application with 
spraying equipment), the use of protective gloves and work-
ing coveralls can significantly reduce exposure for operators. 
Even though there are studies available where PPE is con-
sidered under realistic conditions, there is a lack of concrete 
exposure reduction values that could be used to determine 
the exposure reduction efficiency. Accordingly, this study 
seeks to explore the effectiveness of protective gloves and 
working coveralls in reducing operator exposure to pesti-
cides during M&L and application (including cleaning) of 
PPPs. It uses the same data from studies used to build the 
AOEM to illustrate the level of exposure reduction provided 
by these protection measures under realistic field conditions. 
The aim is to provide a comprehensive understanding of 
the exposure reduction efficiency of PPE (gloves) and also 
working coveralls under realistic field conditions.

2  Material and methods

2.1  Data source and collection

Data from the AOEM database, a resource developed 
through a collaborative effort led by the BfR (Großkopf 

1 EFSA Model. https:// r4eu. efsa. europa. eu/ app/ opex. Accessed 22 
Apr 2024.

https://r4eu.efsa.europa.eu/app/opex
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et al. 2013), were used in this study (Table 1). Additional 
studies from greenhouse applications conducted to update 
the AOEM model were also included in the current evalua-
tion (Großkopf et al. 2020). The AOEM database includes 
the evaluation of 48 operator exposure studies conducted 
under GLP in 10 European countries (Belgium, France, 
Germany, Greece, Italy, the Netherlands, Portugal, Spain, 
Switzerland, and the United Kingdom) from 1994 to 2009, 
involving 368 operators conducting M&L and 452 opera-
tors applying PPPs. It provides a comprehensive resource 
for determining exposures during M&L and application of 
pesticides. For chemical resistant nitrile gloves, data were 
available for exposure during M&L from 31 studies and dur-
ing application from 30 studies; for woven cotton or polyes-
ter/cotton coveralls, data were available for exposure during 
M&L from 15 studies, and during application from 23 stud-
ies. The hand exposure was measured by hand washing or 
using cotton gloves as a surrogate for skin, both of which are 
recommended in the OECD Test Guidelines (OECD 1997).

2.2  Exposure scenarios

The exposure scenarios considered in the data analysis 
include mixing the concentrated product with water, load-
ing of a vehicle-mounted spray tank or a knapsack sprayer, 
equipment cleaning, application with ground boom sprayer, 
airblast application, handheld outdoor application, and 
handheld indoor application (greenhouse application). The 
sprayer equipment was not new and had been used in the 
normal working activities of the operators.

As reported by Großkopf et al. (2013), the treated area 
and total amount of active substance (a.s.) varied depend-
ing on the type of application and equipment used. Opera-
tors used vehicle-mounted/vehicle-trailed spray equipment 
in low crops (LCTM) and high crops (HCTM). Hand-held 

applications in low crops (LCHH) were performed with 
knapsack sprayers, while spray lances (connected to a tank) 
were used for hand-held application in high crops (HCHH). 
The formulation types used in M&L included emulsifiable 
concentrate (EC), suspension concentrate (SC), water dis-
persible granule (WG), and wettable powder (WP).

The gloves used by operators were typical chemical 
resistant nitrile gloves, from a diversity of providers. The 
gloves were certified according to ISO 374-1 (ISO 2016), 
which specifies requirements for protective gloves used to 
protect the user against hazardous chemicals. The gloves 
were either reusable or disposable.

The coveralls worn by operators were typical reusable 
uncertified working coveralls (with no finish), made from 
cotton or polyester/cotton woven mixtures of various weav-
ings or weights, and from different providers. The most 
used garment was a twill weave polyester/cotton 65%/35%, 
weight: 245 g/m2, generally referred to as the “Mauser 
coverall”, as Mauser is the name of the manufacturer. The 
coveralls were previously unused, which helped reduce vari-
ability in the amount of residues measured. It was consid-
ered that used coveralls could be contaminated with residues 
from previous tasks and would impact the results. Some of 
the coveralls were prewashed once. Garments which were 
uncertified, could, however, be related to ISO 27065 stand-
ard level C1. This standard was published at ISO level after 
the studies we refer to in this publication were completed. 
The ISO 27065 standard was based (in part) on a study by 
Shaw and Schiffelbein (2016) which compared the proper-
ties of 101 fabrics, which included those used in the AOEM 
studies. The reference fabric used and found in their study 
is the “Mauser coverall”. This garment covered a diversity 
of fabrics with similar protective behavior and its proper-
ties were used to define one of the ISO 27065 performance 
levels (C1).

Table 1  Summary of the exposure scenarios and the number of studies and operators from which residues were measured

LCTM vehicle-mounted/vehicle-trailed spray equipment in low crops, HCTM vehicle-mounted/vehicle-trailed spray equipment in high crops, EC 
emulsifiable concentrate, SC suspension concentrate, WG water dispersible granule, WP wettable powder

Low crop tractor/
vehicle mounted 
(LCTM)

High crop tractor/
vehicle mounted 
(HCTM)

Low crop 
hand-held 
(LCHH)

High crop 
hand-held 
(HCHH)

Low crop hand-
held Greenhouse 
(LCHH-GH)

High crop hand-held 
Greenhouse (HCHH-
GH)

No. Studies 11 8 18 4 3 4
M&L Type Tank Tank Knapsack Tank Tank Tank
Total No. operators 

for M&L
108 91 50 43 36 40

Formulation types 
used in M&L (No. 
operators/type)

EC = 66
SC = 25
WG = 17

EC = 0
SC = 53
WG = 38

EC = 30
SC = 10
WG = 10

EC = 0
SC = 23
WG = 20

EC = 6
SC = 0
WG = 10
WP = 20

EC = 0
SC = 0
WG = 40

Total No. operators 
for application

98 109 50 90 43 62

Location Field Field Field Field Indoor (greenhouse) Indoor (greenhouse)
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2.3  Exposure reduction calculation

For all scenarios, the reduction of exposure of hand and 
body was estimated separately (Fig. 1). To estimate the effi-
ciency of the protective gloves and working coveralls, sepa-
rate protection factors were calculated for M&L and for the 
application of pesticides. The hand exposure reduction was 
calculated in Excel using Eq. 1.

Similarly, the exposure reduction for the body was cal-
culated using Eq. 2:

This approach allowed for the distinction between expo-
sure reduction for hand and body in various scenarios. The 
results are presented in beeswarm boxplots, generated using 
open access software.2 Bar charts were generated using 
Python with code analysis facilitated by the GPT-4 based 
AI assistant from OpenAI. A boxplot displays the distribu-
tion of data based on a summary of 5 key statistics (mini-
mum + maximum without outliers, 25th and 75th percentile 
and the median) while a beeswarm plot shows individual 

(1)Exposure reduction for the hand = 1 −

(

exposure of protected hand

exposure of total hand (potential hand exposure)

)

(2)
Exposure reduction for the body

= 1 −
(

exposure of protected body
exposure of total body ((potential body exposure))

)

data points, spread out in a way to represent distribution but 
without overlapping, providing a more detailed view of data 
distribution at the individual level.

We purposely did not use the term “protection factor” as 
this typically refers to the penetration through the material, 
as for instance tested in relevant ISO test guideline [ISO 
reference gloves and coverall (ISO 2017)]. In our scenarios 
exposure on inner dosimeter is mainly occurring during the 

doffing of coveralls and gloves. Therefore, we used the term 
“exposure reduction factor”.

To ensure the accuracy and relevance of the results, only 
values above a certain exposure threshold were included in 
our analysis, i.e., when both the total hand (i.e. potential 
hand exposure) and the total body exposure (i.e. potential 
body exposure) exceeded 100 μg/operator. This approach 
does not include ultra-low exposure values that could lead 
to artificial exposure reduction factors, in particular if val-
ues for outer and inner dosimeters were below the limit of 
quantification, which would result in an artificial exposure 
reduction factor of only 50%. This was the case for 3 out of 
346 and 6 out of 169 values for hands and body, respectively, 
excluded from all M&L activity measurements, and 19 out 
of 285 and 6 out of 316 values for hands and body, respec-
tively, excluded from all application activity measurements. 
Accordingly, the exposure reduction from the different miti-
gation procedures is slightly underestimated with the current 

Fig. 1  Methods for calculat-
ing the exposure reduction 
factor for working coveralls 
and chemical resistant gloves. 
Potential exposure = Total 
Body/Hand exposure, Actual 
exposure = Protected Hand/
Body exposure, Potential 
exposure = Total Body/Hand 
exposure

Outer dosimeter Inner dosimeter
Actual Exposure

Potential Exposure

+

1a 
Coverall

1b
Inner
Body

2a Chemical 
resistant gloves

2b Hand washes
 or cotton gloves

2 http:// shiny. chemg rid. org/ boxpl otr/. Accessed 22 Apr 2024.

http://shiny.chemgrid.org/boxplotr/
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method, which is considered suitably conservative for risk 
assessment purposes by European regulators.

3  Results

3.1  Exposure reduction factor achieved by wearing 
chemical resistant gloves

The exposure reduction factor provided by chemical 
resistant gloves was in most cases high (> 90%) across 
all scenarios. Individual operator data are provided in 
Fig. S1 (Supplementary Material). Figure 2a shows indi-
vidual operator replicates (left-hand side) and the percent-
age of replicate values falling within different ranges of 
exposure reduction (right-hand side) by wearing gloves 
during M&L. For 234 operators (74%) using a vehicle-
mounted spray tank, the exposure reduction by gloves was 
within a range of 97–100%. A total of 88.4% of all repli-
cate reduction values were > 90%. There were 18 (5.7%) 
operators with exposure reduction values between 80 and 
90%, and 19 operators (6%) with values < 80%. In contrast 
to operators using tanks, all operators using knapsacks 

achieved exposure reductions > 90% with PPE, with the 
majority > 97%.

Figure 3 represents the individual operator replicates 
(left-hand side) and the percentage of replicate values  
falling within different ranges of exposure reduction (right-
hand side) by wearing gloves during different application 
scenarios. The exposure reduction by using gloves during 
the application of pesticides with groundboom and airblast 
sprayers was similar, both achieving an exposure reduc-
tion > 90% for ~ 55% of the operators (Fig. 3a). Unlike all 
the other studies, there were relatively more operators with 
lower exposure reduction values reported for gloves, which 
were sporadic across operators in all related studies.

The exposure reduction by using gloves during the appli-
cation to low (Fig. 3b) or high crops (Fig. 3c) using hand-
held sprayers was similar, with a reduction of more than 
90% by 95–100% of the operators. The exposure reduction 
was not impacted by the location. Gloves provided similarly 
high exposure reduction for operators working in fields and 
in greenhouses.

Tank Knapsack

n=318 n=50

97-100%
93-97%
90-93%
<90%

90-93%

97-100%
93-97%

<90%

Gloves: Tank vs knapsack

(a)

Tank Knapsack

n=151 n=34

Coveralls: Tank vs knapsack

(b)

Fig. 2  Exposure reduction by wearing a chemical resistant gloves and 
b coveralls during M&L using a tank or knapsack. Individual opera-
tor replicates for exposure reduction are shown on the left-hand side 
in a beeswarm plot, together with the mean (denoted by +), median, 
highest and lowest values (error bars, without outliers (remark: these 

are only highlighted in these figures as outliers since it is an auto-
mated function of the software, but they are included in the evalua-
tion of exposure reduction), 25th and 75th centiles. The percentage of 
replicate values falling within different ranges of exposure reduction 
by wearing gloves during M&L are shown on the right-hand side



 C. J. Kuster et al.

3.2  Exposure reduction achieved by wearing 
working coveralls

Figure 2b represents exposure reduction values by coveralls 
for operators during M&L. 96.7% of the 151 operators using 
vehicle-mounted spray tanks achieved an exposure reduction 
of > 90% by using coveralls. Very few operators had expo-
sure reduction values < 80%. There were 7 of the 34 opera-
tors who used knapsacks with exposure reduction < 90%; 
however, the majority (82.4%) achieved an exposure reduc-
tion of > 90% by wearing coveralls.

Figure 4 represents the individual operator replicates 
(left-hand side) and the percentage of replicate values  
falling within different ranges of exposure reduction (right-
hand side) by wearing coveralls during different application 
scenarios. The exposure reduction by using coveralls during 
the application of pesticides using groundboom and airblast 

sprayers was similar and > 90% for more than 85% of the 
operators (Fig. 4a).

During the application using handheld sprayers to low 
crops there was a reduction of 65% (field) and 75% (indoor) 
(Fig. 4b) for more than 90% of the operators. For high crops 
(Fig. 4c), coveralls provided an exposure reduction of > 90% 
for 95.6% of operators applying pesticides in fields and for 
78.6% of operators applying pesticides in greenhouses. The 
exposure reduction by using coveralls for some of the opera-
tors in the greenhouse application studies were < 90% but 
were not linked to a specific study (i.e., the occurrence of 
lower values was similar across studies, suggesting a random 
variation in exposure measurements rather than study-spe-
cific procedural habits). These same operators were shown 
to achieve good exposure reduction by using gloves (see 
Fig. 3b).

LCTM HCTMGloves: LCTM vs HCTM

(a) LCTM vs HCTM

LCHH-Field LCHH-Indoor

n=21 n=43

HCHH-Field HCHH-Indoor

n=86 n=48

Gloves: LCHH field vs LCHH-GH

Gloves: HCHH field vs HCHH-GH

(b) LCHH – field vs GH

(c) HCHH – field vs GH

n=59 n=86

Fig. 3  Exposure reduction by wearing chemical resistant gloves dur-
ing application to a LCTM vs HCTM, b LCHH field vs greenhouse 
(GH) and c HCHH field vs GH. Individual operator replicates for 
exposure reduction are shown on the left-hand side in a beeswarm 
plot, together with the mean (denoted by +), median, highest and low-

est values (error bars, without outliers), 25th and 75th centiles. The 
percentage of replicate values falling within different ranges of expo-
sure reduction by wearing gloves during application are shown on the 
right-hand side
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4  Discussion

The results show that using chemical-resistant gloves and 
certified coveralls significantly lowers exposure across 
diverse realistic operational settings. They confirm that 
proper use of protective gloves and coveralls minimizes 
pesticide exposure for operators and thereby, mitigates the 
related health risks of PPPs. A diverse set of PPE and cov-
eralls that are commonly used and which reflect realistic 
conditions were included. The present study focused on 
general reduction by using usually available coveralls and 
gloves, but did not investigate the performance of different 
types of coverall or gloves with respect to exposure reduc-
tion. Different certifications or qualities may have different 
exposure reduction efficiencies However, while this repre-
sents the largest collection of data with respect to realistic 
exposure reduction by gloves and coveralls, the variety of 

products, conditions and scenarios covered has to be con-
sidered. Therefore, we did not increase the granularity of 
mitigation factors further, since we thought that this would 
reduce the power of the analysis. Moreover, we did not see 
more variability and many reduction values < 90% linked to 
a particular study, that would have justified further investi-
gation as to why these values fell < 90% and whether they 
could be correlated to the type of coveralls or nitrile gloves 
used.

The consistency of the high exposure reduction factors 
provided by chemical-resistant gloves across all scenarios 
attests to the reliability of the equipment used. Despite indi-
vidual operators in 3 of the 15 studies for groundboom and 
airblast scenarios showing slightly lower exposure reduction 
values, the majority of studies reported average exposure 
reduction values at least > 90%. This highlights the over-
all effectiveness of nitrile gloves in reducing exposure for 

LCTM HCTMCoveralls: LCTM field vs HCTM

(a) LCTM vs HCTM

n=40 n=32

HCHH-Field HCHH-Indoor

Coveralls: LCHH field vs LCHH-GH

Coveralls: HCHH field vs HCHH-GH

(b) LCHH – field vs GH

(c) HCHH – field vs GH

n=90 n=56

n=41 n=71

LCHH-Field LCHH-Indoor

Fig. 4  Exposure reduction by wearing working coveralls during 
application to a LCTM vs HCTM, b LCHH field vs greenhouse (GH) 
and c HCHH field vs GH. Individual operator replicates for expo-
sure reduction are shown on the left-hand side in a beeswarm plot, 
together with the mean (denoted by +), median, highest and lowest 

values (error bars, without outliers), 25th and 75th centiles. The per-
centage of replicate values falling within different ranges of exposure 
reduction by wearing coveralls during application are shown on the 
right-hand side
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operators during both the M&L phase and application phase 
of pesticides. The residues detected on hands in the studies 
are unlikely to be due to relevant and actual permeation of 
the pesticide through the gloves. The used chemical resis-
tant nitrile gloves were generally certified according to ISO 
347–1 standard, and should minimize penetration of chemi-
cals and exposure to the hands. Rather, exposure presumably 
occurs during donning and doffing of the gloves, which is 
why proper handling and training would presumably reduce 
exposure even further.

As found for gloves, the exposure reduction provided by 
coveralls analyzed in this study was on average > 90%. It 
was previously observed that light clothing for bystanders 
in spray drift relevant scenarios also reduces exposure in the 
range of 93.61%, based on mean overall penetration (Felkers 
et al. 2023). Additionally, for re-entry workers when con-
ducting work in grapevines, work clothing provides a con-
sistent protection of 92.6% based on mean overall penetra-
tion [Blaschke et al., “Proposals for new transfer coefficient 
(TC) values for worker re-entry activities in vineyards”, 
unpublished]. Both examples, although relevant to different 
exposure-specific scenarios, are in line with operator data 
presented. While some variability was observed in hand-
held scenarios, the overall trend of exposure reduction effi-
cacy remained high, further emphasizing the value of PPE 
in minimizing pesticide exposure risks. The studies were 
performed with new coveralls to avoid cross contamination 
from previous sprayings. However, under real conditions of 
use, most farmers usually use coveralls that have been worn 
previously and may not always have been maintained accord-
ing to the manufacturer's instruction (i.e., the repeated use 
of single use equipment, multi-use equipment not washed 
regularly or not discarded if defective). These real condi-
tions of use reflect cumulative use not directly linked to the 
use scenario investigated in the specific study and therefore 
do not accurately reflect exposure reduction by coverall use.

In some studies, there are some occurrences where expo-
sure reductions were significantly < 90%, particularly for 
gloves (LCTM2, 8, 9 and HCTM 3, 5, 6, and 8). The expo-
sure reduction by gloves was < 90% for 37 out of 368 opera-
tors (10%) conducting M&L, and 69 out of 343 operators 
(20%) during application. In most of those cases, the value 
for the coveralls worn by the same operator is still > 90% 
[Fig. S1a, c (Supplementary Material), shows exposure 
reduction values for operators with measurements for both 
gloves and hands]. There are also cases in which the expo-
sure reductions by coveralls were < 90%, which occurred 
less often than for gloves (Fig.  S1b, d, Supplementary 
Material). The exposure reduction by coveralls was < 90% 
for 11 out of 185 operators (6%) conducting M&L and 75 
out of 389 operators (19%) during application. During M&L, 
there were 22 operators with exposure reductions of < 90% 
for gloves but all these operators, except one (operator 13 

in study HCTM8), have exposure reductions of > 90% for 
coveralls (Fig. S1a, Supplementary Material). During appli-
cation, there were 51 operators with exposure reductions 
of < 90% for gloves and only 6 with exposure reductions 
of < 90% for coveralls (Fig. S1c, Supplementary Material). 
This suggests that the lower exposure reduction is due to 
the way in which the protective gloves and coveralls were 
individually used and not from a generally different working 
behavior with respect to the use scenario. For example, there 
may be more contamination when gloves are repeatedly han-
dled, donned and doffed, which increases the chance of the 
pesticide coming into contact with the hands. By contrast, 
coveralls are kept on during the handling and application 
processes, leading to less contamination through donning 
and doffing operations and/or variability in the calculation 
of the exposure reduction. Proper training in the use, main-
tenance, and limitations of protective gloves and coveralls is 
imperative to ensure its optimal functionality. Furthermore, 
adherence to label instructions, good agricultural practices, 
and correct application techniques contribute significantly 
to reducing exposure and adverse health effects.

The reasons for the lower values for exposure reduc-
tion were investigated by reviewing the notes captured in 
the reports of each study. LCTM studies -2, -6, -8, and -9 
show lower exposure reduction for nitrile gloves during 
application (values for gloves and coveralls are shown in 
Figure S1c, Supplementary Material, except for LCTM2, 
in which values were only measured for gloves). Interest-
ingly, in studies LCTM2, -8, -9 (and -11), cotton gloves were 
used as hand dosimeters, which could be a factor impacting 
the calculation of the reduction factors. When the means of 
the exposure reduction values for the hand wash and cot-
ton glove studies were calculated separately, the exposure 
reduction values were 99% and 86%, respectively. This is in 
accordance with the finding that hand exposure determined 
using cotton gloves results in markedly higher exposure val-
ues for all exposure scenarios compared to those determined 
by hand washes (Kuster et al. 2022). This was attributed 
to the higher retention capacity of cotton gloves vs. human 
skin. Therefore, values for exposure measured using cot-
ton gloves are more conservative than values derived from 
studies using the hand wash method. Despite this difference 
between the methods both are recommended in the OECD 
Test Guidelines; therefore, there was no reason to exclude 
data from studies using either method from our analysis.

For HCTM studies, the mean exposure reduction during 
application for hand wash and cotton glove measurements 
are similar (89% and 86%, respectively). Therefore, study 
reports for HCTM3, -6 and -8a were more closely inspected. 
In study HCTM3, there was a very low exposure reduction 
value of 6% for gloves for Operator 5 during application, 
which could not be explained by the notes captured in the 
report. However, in study HCTM6, there were low exposure 
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reduction values for nitrile gloves of Operators 4, 6, 11, and 
13 (59%, 33%, 64% and 37%, respectively) during applica-
tion, which could be explained by the accompanying infor-
mation in the report. Operator 6 was described as a “dirty 
worker” since during M&L phases, the tank overflowed 
regularly, and the operator regularly splashed his work suit. 
Additionally, the nitrile gloves were not always worn dur-
ing M&L and application. Interestingly, in the same study, 
Operator 17 did not wear gloves at all, which correlated with 
the finding that hand exposure during M&L for this operator 
was the highest measured in this study (10 mg), compared 
to 8.2 mg for Operator 6 and < 1 mg for all other operators 
with measured hand exposure values. Results for Operator 
17 were not included in our analysis (or in the analysis of the 
BfR for the AOEM) because it was not possible to derive an 
exposure reduction factor for this operator due to the failure 
to wear protective gloves. Likewise, it is likely that Opera-
tors 4, 11, and 13 also were not diligent in wearing gloves 
at all times. They also had relatively low general exposure 
during the application procedure (a total of ~ 9 mg/operator 
for hands and 12–63 mg/operator for the body compared to 
a mean of ~ 1,700 µg/operator and 65,000 µg/operator for 
hands and body, respectively), which could have impacted 
the calculation of the exposure reduction value. In study 
HCTM8, there was a low exposure reduction of 52%, 27%, 
41%, and 55% by the use of nitrile gloves by Operators 3, 
5, 8, and 13, respectively. However, none of these operators 
wore gloves during the cleaning process, with a comment 
from one operator that he “never wears gloves for equip-
ment cleaning”. Operator 3 lost his nitrile gloves during the 
morning and received another pair in the afternoon, which 
resulted in a lower potential exposure and thus a lower % 
exposure reduction. These findings indicate that operators 
who did not wear gloves during cleaning had higher expo-
sure and therefore lower exposure reduction. Interestingly, 
the mean exposure on the gloves for operators who per-
formed cleaning and wore gloves (Operators 1, 2, 10, 14, 15) 
was 2.33 mg but their hands were still protected by > 90%. 
In comparison, the mean hand exposure was 0.83 mg for 
operators who did not perform a cleaning, indicating that the 
cleaning process results in higher hand exposure.

Some limitations of this study should also be acknowl-
edged. The analysis was conducted using a threshold limit 
for total hand and body exposure of > 100 μg/operator each 
to avoid the influence of ultra-low exposure values. While 
this was necessary to prevent artificially high exposure 
reduction values, it may have resulted in the exclusion of 
some relevant data points. In addition, residues on nitrile 
gloves cannot be measured accurately; therefore, outer 
dosimeter values measured may be lower than actual values. 
Together, the potential exposure reduction values presented 
in this manuscript may be underestimated.

A further limitation is that the operator exposure studies 
were based on conventional use scenarios and good agri-
cultural practices, and thus, may not fully account for all 
potential exposure scenarios, including accidents or misuse 
of pesticides. However, it must be highlighted that the lat-
ter less-defined scenarios cannot be part of risk assessment 
within the framework of a PPP registration, especially with 
a focus on professional long-term or seasonal use.

It is obvious that the efficiency of coveralls is limited in 
dense crop situations or during application without closed 
cabins. Under these conditions, the operator’s clothing may 
become soaked, so that working woven polyester/cotton cov-
eralls could no longer properly reduce exposure.

5  Conclusions

To ensure the safe and effective use of PPPs, a balance must 
be struck between the need to control pests and diseases, 
the need to protect and reduce exposure to operators and 
the environment, and the ability to wear protective equip-
ment that is sufficiently comfortable and suitable for use. 
This study used a robust dataset, with a good representa-
tion of different European locations, and rigorous analytical 
methods, to assess the efficiency of protective gloves and 
non-certified coveralls in reducing operator exposure during 
the handling and application of PPPs. By focusing on real-
life scenarios in realistic field conditions and accounting for 
variability in operator behavior and application methods, 
the study provides valuable insights into the effectiveness 
of such measures in reducing exposure for operators. The 
results demonstrate that chemical-resistant gloves and work-
ing coveralls offer substantial reduction in exposure, indicat-
ing that they efficiently reduce pesticide exposure and miti-
gate potentially associated health risks for operators, when 
used properly. Outliers in values for exposure reduction of 
gloves can be explained by inadequate handling habits, espe-
cially during cleaning—gloves cannot be protective if they 
are not worn. This highlights the need for comprehensive 
training and education programs for operators to ensure the 
correct use of PPP and protective gloves and coveralls.
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