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Abstract
Objectives  The risk of diabetes mellitus may be 
elevated among persons exposed to some pesticides, 
including cholinesterase-inhibiting insecticides 
(organophosphates and carbamates). The objective of 
this study was to investigate how acetylcholinesterase 
activity was associated with mean blood glucose levels 
among smallholder farmers in Uganda.
Methods  We conducted a short-term follow-up 
study among 364 smallholder farmers in Uganda. 
Participants were examined three times from September 
2018 to February 2019. At each visit, we measured 
glycosylated haemoglobin A (HbA1c) as a measure of 
long-term average blood glucose levels. Exposure to 
organophosphate and carbamate insecticides was 
quantified using erythrocyte acetylcholinesterase 
normalised by haemoglobin (AChE/Hb). For a subgroup 
of participants, fasting plasma glucose (FPG) was also 
available. We analysed HbA1c and FPG versus AChE/Hb 
in linear mixed and fixed effect models adjusting for age, 
sex, physical activity level, and consumption of fruits and 
vegetables, alcohol and tobacco.
Results  Contrary to our hypothesis, our mixed effect 
models showed significant correlation between low 
AChE/Hb and low HbA1c. Adjusted mean HbA1c was 0.74 
(95% CI 0.17 to 1.31) mmol/mol lower for subjects 
with AChE/Hb=24.3 U/g (35th percentile) compared 
with subjects with AChE/Hb=25.8 U/g (50th percentile). 
Similar results were demonstrated for FPG. Fixed effect 
models showed less clear correlations for between-phase 
changes in AChE/Hb and HbA1c.
Conclusions  Our results do not clearly support a causal 
link between exposure to cholinesterase-inhibiting 
insecticides and elevated blood glucose levels (expressed 
as HbA1c and FPG), but results should be interpreted with 
caution due to the risk of reverse causality.

Introduction
Diabetes mellitus (DM) is a heterogeneous group of 
diseases characterised by insulin resistance and/or 
decreased insulin production,1 with a global preva-
lence of 8.5%.2 While some risk factors for DM are 
well known (eg, human leucocyte antigen genotype 
for type 1 DM, and physical inactivity and over-
weight for type 2 DM), possible novel risk factors 
for DM include pesticide exposure. A 2016 meta-
analysis found an overall OR of 1.58 (95% CI 1.32 

to 1.90) of DM for highest versus lowest tertile of 
exposure to any pesticide, but most studies consid-
ered only exposure to organochlorine insecticides 
such as dichloro-diphenyl-trichloroethane.3 Less is 
known for other insecticides that are more widely 
used in modern agriculture, and most earlier studies 
are cross-sectional and use crude exposure metrics, 
making them sensitive to bias. Given their diverse 
toxicodynamic modes of action,4 results from one 
class of pesticides cannot be extrapolated to other 
classes. Organophosphate insecticides have been 
suggested to increase the risk of DM by perturbing 
gluconeogenesis and glycogenolysis, and by leading 
to insulin resistance through oxidative stress and 
pro-inflammatory effects.5 Due to the burden of 
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Figure 1  Flow chart of participant recruitment.

morbidity and mortality from DM2 and the widespread use of 
pesticides,6 even modest risk increases could be relevant at popu-
lation level.

The absolute amounts of pesticide used in sub-Saharan Africa 
are relatively low compared with other regions,7 but farmers 
may be highly exposed due to unsafe pesticide handling prac-
tices. A 2014 study in the Wakiso District in Uganda showed that 
94% of smallholder farmers used pesticides, organophosphate 
insecticides were some of the most common and 70% of farmers 
applied pesticides while wearing their regular clothes.8 The 
overall prevalence of DM in Uganda is 2.7%.9 To the best of our 
knowledge, no previous study has focused on hyperglycaemic 
among Ugandan farmers. The purpose of this study was to inves-
tigate how objectively quantified exposure to cholinesterase 
inhibiting insecticides was related to average blood glucose levels 
in a cohort of smallholder farmers in the Wakiso District.

Methods
Study design
In a short-term follow-up study among smallholder farmers 
from the Wakiso District in central Uganda, we collected 
information on both exposure and outcome at baseline in 
September–October 2018, and at two follow-up examinations 

in November–December 2018 and January–February 2019. 
Participants were recruited from an organisation of conventional 
farmers and an organisation of farmers working towards organic 
certification of some crops. The timing and method of recruit-
ment was intended to maximise exposure variation within and 
between persons, as we had been informed that the main insec-
ticide application season in the area was October–November 
(personal communication, Aggrey Atuhaire, Uganda National 
Association of Community and Occupational Health).

Participant recruitment
We attended the weekly meetings of farmers’ groups from the 
two organisations and invited all members, excluding pregnant 
women and farmers under 18 years. The list of eligible individ-
uals was randomised using a pseudo-random number generator. 
Potential participants were then invited to the examination 
centre in sequence. If potential participants could not be reached 
by phone, or were unable to come, the next person on the list 
was approached.

Figure  1 provides an overview of participant recruitment 
and exclusion. Out of 532 persons recruited at the meetings, 
380 came to the examination centre, and 364 participated at 
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baseline. There was only negligible loss to follow-up: 356 and 
354 persons participated in phase II and III, respectively.

Outcome assessment
Our main outcome was glycosylated haemoglobin A (HbA1c), a 
measure of the average blood glucose levels for the last 8–12 
weeks.10 Potassium EDTA venous blood was analysed for HbA1c 
at the examination centre using the HemoCue HbA1c 501 
system (HemoCue, Ängelholm, Sweden) according to the manu-
facturer’s instructions.11 More than 90% of samples were anal-
ysed for HbA1c within 2 hours.

As a secondary outcome, participants who came to the exam-
ination in the morning after a 12-hour fast were also tested for 
capillary blood fasting plasma glucose (FPG) using the HemoCue 
Glucose 201 RT (HemoCue). FPG was analysed immediately 
after sampling. Because of logistic constraints, participants were 
not randomised for FPG testing; we tested participants who 
were able and willing to come fasting in the morning.

The device used to measure HBA1c had a lower limit of 
quantitation (LOQ) of 4% NGSP=20 mmol/mol. All results 
<LOQ (n=35, 3.2%) were assigned the value of 3.71% 
NGSP=16.8 mmol/mol, based on the assumed distribution 
density of HbA1c (see online supplementary appendix 1).

Exposure assessment
Exposure to organophosphate and carbamate insecticides was 
quantified by analysis of capillary blood erythrocyte acetyl-
cholinesterase (AChE). The primary toxicodynamic target of 
organophosphate and carbamate insecticides is nervous system 
acetylcholinesterase.12 Measurements of the erythrocyte isoen-
zyme can be used to express exposure.13 Analysis was performed 
immediately after sampling, using the Test-Mate ChE Cholin-
esterase Test System Model 400 (EQM Research, Cincinnati, 
Ohio, USA) according to the manufacturer’s instructions.14 The 
device automatically normalised the AChE by the Hb, resulting 
in our primary exposure metric, AChE/Hb.

Biochemical results were manually recorded, and later double 
entered into the Open Data Kit (ODK) Collect app.15 Exten-
sive quality control of the biochemical analyses was performed; 
results have been reported elsewhere.16

Confounder selection and assessment
Potential confounders were selected a priori based on Directed 
Acyclic Graphs.17 The basic set of confounders comprised sex, 
age, physical activity level (metabolic equivalent task minutes 
in the last week) and current consumption of alcohol (g/week), 
tobacco (g/day) and fruits and vegetables (servings per day in the 
last week). An extended set of confounders also included years of 
full-time education (proxy for socioeconomic status) and Body 
Mass Index (BMI). Subjective information on confounders was 
collected using the WHO STEPS18 and Global Physical Activity 
Questionnaire (GPAQ).19 Subjective pesticide exposure informa-
tion was provided from a modified version of a questionnaire 
designed to capture exposure among smallholder farmers in low-
income and middle-income countries.20 21 Subjects were inter-
viewed in Luganda or English, depending on their own language 
preferences. Answers were digitised immediately using ODK 
Collect.15

Weight was measured in a standardised manner22 with the 
participant wearing only light clothes, using a medical scale (seca 
robusta 813, seca, Hamburg, Germany). Height was measured 
in a standardised manner22 using a stadiometer (SM-SZ-300, 

Sumbow Medical Instruments, Ningbo, China). Anthropometric 
data were digitised immediately using ODK Collect.15

Statistical analyses
Since DM can be considered the extreme end of a spectrum of 
hyperglycaemic,1 we analysed HbA1c and FPG as continuous 
variables. To account for family relationships and repeated 
measurements, data were analysed in a linear mixed effect model 
with fixed effects for the exposure and confounder variables and 
random effects for family and participant. The regression coef-
ficient for the exposure variable was allowed to vary randomly 
between participants. The model can be written as:

	﻿‍
y = β0 + βb × b+

(∑
i
βc,i × ci

)
+ α+ τ + ϵ

‍�
where y is the outcome, and ‍β0‍ is the intercept; ‍βb‍ is the 

regression coefficient for the effect of the exposure b on y; ‍βb‍ 
is normally distributed, and each person has their own value 
of ‍βb‍; ‍βc,i‍ is the regression coefficient for the effect of the ith 
confounder ‍ci‍ on y. All participants have the same value of ‍βc,i

‍. The random effects for families and persons are α and τ, and ε 
is an error term. All three measurements for each participant are 
included in the same regression model.

In secondary analyses, we analysed our results in a fixed effect 
model focusing on changes within persons from one phase to 
another, in order to remove the effect of unmeasured time-
invariant confounders. The model can be written as

	﻿‍
y = β0 +

(∑
i
βx,i × xi

)
+ α+ ϵ

‍�
where ‍y‍ is the change in the outcome between two phases, and 

‍xi‍ is the change in the ith independent variable ‍xi‍ between the 
phases. All participants have the same regression coefficient ‍βx,i‍ . 
The random effect for family is α, and ε is an error term.

Python 3 (Python Software Foundation, https://www.​python.​
org/) and Stata 15 (StataCorp, College Station, Texas, USA) were 
used for data management, while data were analysed in Stata 
15. Sex was entered as a categorical variable; all other indepen-
dent variables were continuous and were generally modelled 
using restricted cubic splines with four knots to allow non-linear 
exposure-response relationships. However, effects of alcohol and 
tobacco consumption were assumed linear, as the low numbers 
of persons smoking or drinking alcohol did not allow the use of 
splines (table 1). Spline analysis results were plotted using xblc.23 
We included participants who had at least one study visit with 
no missing values for any of the included variables. As the loss 
to follow-up was very low, we did not adjust for it statistically. 
Sensitivity analyses were conducted to test the robustness of our 
findings; online supplementary appendix 2 describes all analyses 
and results. Analyses were prespecified in a published analysis 
protocol,17 and deviations from protocol are also listed in online 
supplementary appendix 2.

To aid in the interpretation of the findings, we conducted 
analyses of variance for all biochemical metrics. For each metric 
(eg, HbA1c), we fitted a linear mixed effect model that had no 
fixed effect terms, but included random effect terms for family 
and participant. Results are shown in online supplementary 
appendix 5.

Results
Demographic data at baseline are presented in table 1, both overall 
and stratified by AChE/Hb below/above the median (26.3 U/g). 
The purpose of the stratification is to check for imbalances in 
demographic variables that might introduce confounding. The 
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https://www.python.org/
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Table 1  Demographic and anthropometric data at baseline

All participants AChE/Hb <26.3 U/g AChE/Hb ≥26.3 U/g

Total n 364 181 183

Sex

 � Female, n (%) 250 (68.7) 132 (72.9) 118 (64.5)

 � Male, n (%) 114 (31.3) 49 (27.1) 65 (35.5)

Age (years) 46.6 (36.7; 56.5) 46.8 (37.0; 56.5) 46.5 (36.6; 56.5)

Years of full-time education 7.0 (5.0; 11.0) 7.0 (5.0; 10.0) 7.0 (5.0; 11.0)

Ethnicity collapsed into categories of at least 10 persons

 � Baganda, n (%) 283 (77.7) 137 (75.7) 146 (79.8)

 � Banyarwanda, n (%) 20 (5.5) 15 (8.3) 5 (2.7)

 � Banyankore, n (%) 11 (3.0) 5 (2.8) 6 (3.3)

 � Other, n (%) 50 (13.7) 24 (13.3) 26 (14.2)

Ever tobacco smoker

 � Yes, n (%) 42 (11.5) 17 (9.4) 25 (13.7)

 � No, n (%) 322 (88.5) 164 (90.6) 158 (86.3)

Current tobacco smoker

 � Yes, n (%) 15 (4.1) 4 (2.2) 11 (6.0)

 � No, n (%) 349 (95.9) 177 (97.8) 172 (94.0)

Grams of tobacco per day for current smokers 1.1 (0.0; 4.0) 1.9 (0.4; 6.0) 1.1 (0.0; 4.0)

Pack-years for ever-smokers 2.1 (0.9; 6.8) 4.0 (1.2; 8.4) 1.8 (0.8; 6.2)

Any alcohol consumed in the last week?

 � No, n (%) 303 (83.2) 153 (84.5) 150 (82.0)

 � Yes, n (%) 61 (16.8) 28 (15.5) 33 (18.0)

Grams of alcohol in the last week (if any alcohol consumed) 35.2 (18.9; 87.9) 35.2 (12.2; 105.7) 35.2 (23.4; 70.3)

Servings of fruit per day in the last week 0.6 (0.1; 1.7) 0.6 (0.1; 1.3) 0.6 (0.1; 1.7)

Servings of vegetables per day in the last week 0.4 (0.1; 1.0) 0.4 (0.2; 1.0) 0.6 (0.1; 1.1)

MET-minutes of physical activity in the last week 11 240 (5520; 17 060) 10 380 (5040; 17 040) 11 760 (5760; 17 280)

BMI (kg/m2) 23.3 (21.1; 26.8) 23.2 (21.1; 26.9) 23.3 (21.5; 26.5)

Ever mixed or applied pesticides?

 � Yes, n (%) 283 (77.8) 140 (77.3) 143 (78.1)

 � No, n (%) 81 (22.3) 41 (22.7) 40 (21.9)

Cholinesterase inhibitor insecticides among three most used 
pesticides, or used in the last week?*

 � Yes, n (%) 133 (47.0) 64 (45.7) 69 (48.3)

 � No, n (%) 114 (40.3) 53 (37.9) 61 (42.7)

 � Unknown, n (%) 36 (12.7) 23 (16.4) 13 (9.1)

Cholinesterase inhibitor insecticides used in the last week?*

 � Yes, n (%) 22 (7.8) 9 (6.4) 13 (9.1)

 � No, n (%) 246 (86.9) 120 (85.7) 126 (88.1)

 � Unknown, n (%) 15 (5.3) 11 (7.9) 4 (2.8)

Continuous variables presented as median (IQR). AChE/Hb dichotomised by 26.3 U/g, as this was the median AChE/Hb at baseline.
*Data only presented for subjects who have ever mixed or applied pesticides
AChE, erythrocyte acetylcholinesterase; Hb, haemoglobin; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; MET, metabolic equivalent task; PEXADU, "Pesticide 
Exposure, Asthma and Diabetes in Uganda" (project title).

potential confounders were almost equally distributed between 
the two AChE/Hb strata apart from sex, where AChE/Hb seems 
higher for men than for women (table  1). Physical activity 
levels were very high; the median number of MET-minutes 
per week was 11 240, corresponding to 23.4 hours of vigorous 
or 46.8 hours of moderate activity per week,19 reflecting the 
degree of manual labour in Ugandan smallholder agriculture. 
Somewhat surprisingly, the use of pesticides, including cholin-
esterase inhibitor insecticides, was similar in the two AChE/Hb 
strata. Self-reported pesticide exposure information is available 
in online supplementary appendix 3, while online supplemen-
tary appendix 4 lists the use of personal protective equipment 
(PPE) during handling of pesticides. Almost all the cholinesterase 
inhibitor insecticide used by study participants were organo-
phosphates—carbamates were seldom used. The use of PPE was 

very low, and gumboots was the only type of PPE used by >50% 
of directly exposed persons.

A significant negative trend in AChE/Hb across project phases 
was seen, with a mean change per phase −0.74 (95% CI −0.85 
to −0.63) U/g (table 2). A positive trend in HbA1c was evident, 
with a mean change per phase 0.41 (95% CI −0.03 to 0.85). For 
FPG, no evident trend was seen.

Exposure and outcome variables showed considerable within-
person variance (online supplementary appendix 5): for log-
transformed HbA1c, the ratio between within-person variance 
and the sum of between-family and between-person variance 
was 0.74, while the ratio was 1.28 and 0.22 for log-transformed 
FPG and for AChE/Hb, respectively.

In both unadjusted and adjusted analyses, a significant asso-
ciation was demonstrated between low AChE/Hb and low 
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Table 2  Descriptive statistics for glycaemic regulation and AChE/Hb across project phases

Phase I
(Sept.–Oct. 2018)

Phase II
(Nov.–Dec. 2018)

Phase III
(Jan.–Feb. 2019) Δ/phase

HbA1c (mmol/mol),
<LOQ excluded

34.11±8.86 33.57±7.99 35.19±8.80 0.56 (0.12 to 1.00)

n 354 343 339  �

HbA1c (mmol/mol),
<LOQ imputed

33.64±9.19 33.10±8.36 34.41±9.37 0.41 (−0.03 to 0.85)

n 364 353 354  �

HbA1c (% NGSP),
<LOQ excluded

5.27±0.81 5.22±0.73 5.37±0.80 0.05 (0.01 to 0.09)

n 354 343 339  �

HbA1c (% NGSP),
<LOQ imputed

5.23±0.84 5.18±0.76 5.30±0.85 0.04 (−0.00 to 0.08)

n 364 353 354  �

FPG (mmol/mol) 5.08±0.85 5.25±0.74 5.09±1.12 −0.03 (−0.11 to 0.04)

n 128 210 253  �

AChE (U/mL) 3.12±0.57 3.00±0.55 2.89±0.53 −0.12 (−0.14 to −0.10)

n 364 353 354  �

Hb (g/L) 118.8±13.6 114.7±14.4 116.6±13.0 −1.3 (−1.8 to −0.7)

n 364 353 354  �

AChE/Hb (U/g) 26.31±3.96 26.23±4.13 24.84±3.70 −0.74 (−0.85 to −0.63)

n 364 353 354  �

Data from each phase presented as mean±SD. Δ/phase denotes the mean change (95% CI) when project phase changes increases by one, based on a mixed effect model with 
fixed effect for phase, random effects for family and person.
AChE, erythrocyte acetylcholinesterase; FPG, fasting plasma glucose; HbA1c, glycated haemoglobin; LOQ, limit of quantitation; NGSP, National Glycohemoglobin Standardization 
Program.

HbA1c (figure 2). The reference is the median (50th percentile) 
of AChE/Hb values in each model. In the basic adjusted model, 
mean HbA1c was 0.74 (95% CI 0.17 to 1.31) mmol/mol lower 
for subjects with AChE/Hb=24.3 U/g (35th percentile) than 
for reference subjects with AChE=25.8 U/g (50th percentile). 
Furthermore, subjects with AChE/Hb=27.1 (65th percentile) had 
mean HbA1c 0.63 (95% CI 0.12 to 1.14) mmol/mol higher than 
the reference. FPG was also lower for subjects with low AChE/
Hb in both unadjusted and adjusted analysis (figure 2). In the 
basic adjusted model, mean FPG was 0.06 (0.01; 0.12) mmol/L 
lower for subjects with AChE/Hb=24.3 U/g (35th percentile) 
than for reference subjects with AChE/Hb=25.4 mmol/L (50th 
percentile), and 0.11 (95% CI 0.01 to 0.20) mmol/L higher for 
subjects with AChE/Hb=27.1 U/g (65th percentile). To put these 
numbers in context, the same models showed that mean HbA1c 
was 5.98 mmol/mol higher for subjects aged 68.7 years(95th 
percentile) compared with subjects aged 23.2 years (5th percen-
tile), and mean FPG was 0.47 mmol/L higher.

Results from sensitivity analyses are provided in online supple-
mentary appendix 2, and they showed that our findings were 
robust to different modelling strategies. The most important 
sensitivity analyses are described in the following paragraphs.

Due to incomplete data for family relationships, in one sensi-
tivity analysis we derived CIs using a bootstrap procedure, in 
addition to the random effect for family. Results from this anal-
ysis were similar to the main analysis, and remained statistically 
significant.

Further adjusting for Hb concentration did not change our 
results, nor did adjusting for project phase. We also dichotomised 
HbA1c into normal (≤38 mmol/mol) or elevated (≥39 mmol/
mol),1 and analysed the dichotomous variable in a mixed effect 
logistic regression model. Lower AChE/Hb was significantly 
associated with lower odds of having HbA1c ≥ 39 mmol/mol, 
supporting the main findings.

Finally, in the fixed effect model of change in AChE/Hb versus 
change in HbA1c within individuals from phase I to III, decreased 
AChE/Hb seemed associated with increased HbA1c in both the 
unadjusted and adjusted analysis (figure 2). The association was 
less clear in sensitivity analyses comparing phase I/II or II/III 
(online supplementary appendix 2).

Discussion
We expected low activity (as a marker of exposure to organophos-
phate and carbamate insecticides) to be associated with increased 
blood glucose levels. However, our main analyses showed signif-
icant associations between low AChE/Hb and low HbA1c, as well 
as low FPG. Sensitivity analyses gave similar results, strength-
ening confidence in the findings. On the other hand, results from 
fixed effect models focusing on changes within individuals were 
inconsistent and showed no clear correlations between changes 
in AChE/Hb and changes in HbA1c.

Previous studies on the association between cholinesterase 
inhibiting insecticides and DM are inconsistent. Shapiro et al 
conducted a follow-up study among pregnant Canadian women 
environmentally exposed to organophosphates, finding that high 
urinary levels of organophosphate metabolites were correlated 
with decreased odds of being diagnosed with either gestational 
diabetes or gestational impaired glucose tolerance.24 On the 
other hand, a cross-sectional study in the general US population 
showed no associations between FPG, HOMA-IR (Homeostatic 
Model Assessment for Insulin Resistance) or HbA1c versus urinary 
organophosphate metabolites.25 Among Indian farmers and 
villagers, there was no significant difference in butyryl cholin-
esterase (BChE) between subjects with diabetes and without 
diabetes, but odds of DM was significantly positively correlated 
with plasma levels of some organophosphates.26 Finally, in a 
follow-up study among greenhouse workers in Spain, workers 

https://dx.doi.org/10.1136/oemed-2020-106439
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Figure 2  Results from analyses of glycaemic regulation versus AChE/Hb, modelled using splines. *Basic set of confounders=age, sex, alcohol consumption 
in last week, tobacco consumption in the last week, MET-minutes of physical activity in the last week, servings of fruits and vegetables consumed per day 
in the last week. Extended set=basic set+Body Mass Index and years of full-time education. **Basic set of confounders=Δ(age), Δ(alcohol consumption), 
Δ(physical activity), Δ(consumption of fruits and vegetables) and Δ(tobacco consumption). Extended set=basic set+Δ(body mass index). Y-axis=difference 
in outcome, relative to the predicted value at the median value of the independent variable. Solid black line=estimate, modelled using restricted cubic 
splines with four knots. Dashed black lines=95% CI. Black dots on trend line show the location of the spline knots. Histogram shows the distribution of the 
independent variable for observations in the model.

had significantly higher FPG in a high-exposure than in a low-
exposure period, and both AChE/Hb and BChE decreased in the 
high-exposure period. While our results are in line with those of 
Shapiro et al,24 both of the last two studies seem to contradict 
them. Shapiro et al suggested that the negative correlation in 
their study might be due to confounding from intake of fruit and 
vegetables with pesticide residues.27 In our population this is an 
unlikely explanation, as the consumption of fruit and vegetables 
was generally very low (table 1), and was included as an indepen-
dent variable in our models. Differences in exposure metrics and 
study populations might explain the conflicting results, but it is 
difficult to draw any clear conclusions regarding the relationship 
between exposure to organophosphate and carbamate insecti-
cides and the risk of DM.

The main strength of this study is the repeated measure-
ment design with negligible loss to follow-up and three phases 
of objective measurements of both exposure and outcome for 
all participants. Confounders were selected a priori based on 
Directed Acyclic Graphs, and information on confounders was 
collected using the standardised WHO STEPS18 and GPAQ19 
instruments. A previous version of GPAQ had moderate validity 
in Ethiopia, with Spearman’s rho=0.31 for self-reported 

versus pedometer-measured physical activity time.28 The mean 
consumption of fruits and vegetables in our study are in line with 
a previous study in Uganda, which showed that only 12.2% of 
subjects consumed five or more servings of fruit and vegetables 
per day in a ‘typical’ week.29

Demographic variables were similar between individuals 
with low and high AChE/Hb, making it less plausible that other 
variables co-vary enough with AChE/Hb to be responsible for 
the demonstrated associations. Theoretically, the relationship 
between AChE/Hb and HbA1c could be biassed if both HbA1c 
and AChE/Hb were affected by Hb levels. The direction of such 
bias is difficult to predict, as different types of anaemia affect 
erythrocyte lifespan differently.30 However, the relationship 
between AChE/Hb and HbA1c was unchanged in a sensitivity 
analysis including Hb level as a covariate, so confounding from 
anaemia does not explain our findings. We considered whether 
the associations between AChE/Hb, HbA1c and FPG could be due 
to changed toxicokinetics in overweight individuals. Between-
person differences and within-person changes in body fat might 
influence the excretion of organophosphates, since most are 
lipophilic.31 However, that does not explain our results, as asso-
ciations persisted after adjustment for BMI.
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Our study also has some important limitations. Our sampling 
strategy was convenience-based rather than random, which 
could lead to selection bias. However, to explain our find-
ings, the selection should have made participants most likely to 
participate if they were highly exposed and had low HbA1c, or 
if they had low exposure and high HbA1c. We find such selec-
tion unlikely. For logistic reasons, HbA1c was assessed using a 
point-of-care device, which might not have the same level of 
precision and accuracy as what could be provided by a clinical 
biochemical lab. According to the manufacturer, the HemoCue 
HbA1c 501 system is ‘interference-free, which means it is unaf-
fected by Hb variants’,32 but a recent study found that results 
were somewhat negatively biassed for blood samples with sickle 
cell trait (ie, heterozygous for haemoglobin S (HbS)).33 We did 
not measure variant Hb, but the proportion of participants with 
HbS is likely considerable, as a recent study among children 
of HIV-positive mothers in the same region found that 12.8% 
of infants had HbS.34 Interference from variant Hb could bias 
our dose-response relationships away from the null if it also 
affected AChE/Hb activity. However, while patients with sickle 
cell anaemia have considerably higher AChE/Hb than healthy 
controls, healthy persons with sickle cell trait only have normal 
AChE/Hb.35 Hence, interference from variant Hb is unlikely to 
explain our results, and it cannot explain why we see the same 
association between AChE/Hb and FPG. In a study in South 
Africa, the HemoCue HbA1c 501 had an area under the curve of 
0.81 for diagnosis of DM,36 indicating that results are imprecise. 
However, imprecision leads to bias towards the null and cannot 
explain the associations either.

AChE/Hb is a well-established biomarker of exposure to 
organophosphate and carbamate insecticides,13 and all analyses 
presented in this paper used AChE/Hb as an objective exposure 
metric. Due to poor correlation between self-reported spraying 
activities and AChE/Hb (table 1), we did not perform analyses 
based on subjective exposure information. Hence, effect esti-
mates for AChE/Hb might be biased by the use of other classes of 
pesticides. The lack of a correlation between subjective spraying 
information and AChE/Hb might be due to substantial exposure 
through other routes than spraying (eg, re-entry work in sprayed 
fields and pest control operations in subjects’ homes), recall bias 
or recovery of AChE activity in the time between exposure and 
interview. Alternatively, it could be an indication that AChE/Hb 
is a suboptimal exposure metric in the study population. AChE 
can be influenced by many physiological and pathological condi-
tions,37 including blood sugar levels. For example, patients with 
dysregulated type 1 diabetes have been shown to have lower 
AChE activity than both healthy controls and well-controlled 
type 1 diabetics.38 It is therefore possible that the exposure-
response relationships are affected by unknown factors influ-
encing both glucose levels and AChE, or due to reverse causality.

Due to interindividual variability in AChE/Hb, it is recom-
mended that when using AChE/Hb to monitor insecticide 
exposure, each person’s results should be compared with their 
own pre-exposure levels, instead of using population reference 
values.39 However, we could not clearly define a ‘pre-exposure’ 
period for the study population, as subjectively reported pesti-
cide use was similar in the three project phases (online supple-
mentary appendix 3). We do not think that this is a problem for 
our analyses, as our models explicitly account for both within-
individual and between-individual variability in AChE/Hb.

The possibility of bidirectional links between AChE/Hb and 
glycaemic regulation challenges the use of AChE/Hb as exposure 
metric for this particular outcome. Alternative objective expo-
sure metrics such as hair or urine levels of organophosphate 

metabolites, or measurements of subjects’ exposures using 
personal samplers, might be better suited due to a smaller risk of 
bias. During the data collection phase of the PEXADU project, 
participants wore passive pesticide samplers in the form of sili-
cone wristbands, and a random subsample gave urine samples. 
The future analysis of these samples should be able to shed more 
light on the causal relationships between blood glucose levels 
and exposure to cholinesterase-inhibiting pesticides, which 
has potential important implications for both workers and the 
general population.

Conclusion
Contrary to our hypothesis, we found a correlation between low 
Hb-adjusted acetylcholinesterase activity (AChE/Hb), low HbA1c 
and low FPG. The relationship between change in AChE/Hb 
and change in HbA1c between project phases was less clear. Our 
study does not clearly support a causal link between exposure to 
organophosphate and carbamate insecticides and elevated blood 
glucose levels (expressed as HbA1c and FPG).
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