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Amendment sheet

Publication status updates

Paper Il is now published:

Hansen MRH, Gyawali B, Neupane D, J@rs E, Sandbaek A, Kallestrup P, Schliinssen V (2020).
Pesticide exposure and diabetes mellitus in a semi-urban Nepali population: a cross-sectional
study. International Archives of Occupational and Environmental Health, 93, 513-524.
https://doi.org/10.1007/s00420-019-01508-2

Paper VI is now published:

Hansen MRH, Schliinssen V (2020). Pyridostigmine Impairs Pulmonary Function in Asthmatic
Subjects: Reanalysis of Results From an Observational Study [published online ahead of print

March 24, 2020]. Military Medicine. https://doi.org/10.1093/milmed/usaa055

Corrections

On page iv, the affiliation of Ass. Prof. Helle Raun Andersen should be changed to:
Environmental Medicine, Department of Public Health, University of Southern Denmark

On page 7, Table 2-1 should be corrected in the following manner:

Table 2-1: Current diagnostic cut-offs for the diagnosis of diabetes mellitus and prediabetes

Parameter Unit Normal | Prediabetes Diabetes

mmol/L x<55 | 5.6<x<6.9 x=>7.0
Fasting plasma glucose

g/dL Xx<99 100<x<125 x=>126
mmol/L x<7.7 7.8<x<11.0 x211.1
2-hour plasma glucose during 75g OGTT
g/dl x<139 140<x<199 x=200
mmol/mol | x <38 39<x<47 X =48

HbA,
¢ %NGSP  Xx<5.6 57<x<6.4 X265

In paper IV, page 10, line 13-14, the phrase "(...) AChE/Hb seems lower for men than for
women {(...)" should be changed to "(...) AChE/Hb seems higher for men than for women {(...)".
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Preface

This thesis concludes the PhD project entitled "Exposure to pesticides in present-day use, diabetes
mellitus and lung function impairment" that was conducted at the research unit for Environment,
Work and Health at the Department of Public Health at Aarhus University, and at the National
Research Center for the Working Environment.

| became affiliated with the research unit for Environment, Work and Health while | was a medical
student. In 2012-2013, | was enrolled as a research year student and carried out a study on health
effects of long-term insecticide exposure among publically employed spraymen in Bolivia, mainly
under the supervision of Professor Vivi Schliinssen (then Assistant Professor).

After graduating as a medical doctor and two years of clinical work, | was enrolled as a PhD student
in 2017, again with Vivi Schliinssen as main supervisor. The original focus of the PhD project was the
possible link between pesticide exposure and diabetes mellitus; as my supervisors and | developed
the project further, we decided to also investigate respiratory effects of pesticide exposure. To
investigate these issues, we have conducted a cross-sectional study in the general population of a
semi-urban area of Nepal, and a follow-up study among smallholder farmers in Uganda. Both projects
were carried out in close collaboration with partners from other research units at Aarhus University,
as well as NGO and academic partners from Nepal and Uganda.

The thesis provides an overview of the existing evidence on diabetes-related and respiratory effects
of insecticide exposure, summarizes findings from the epidemiological studies conducted as part of
the PhD project, and discusses the methods applied. It is my hope that the findings will be useful for

the cost-benefit analyses that are necessary for the rational use of pesticides.

Martin Rune Hassan Hansen, January 2020
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Abstract

Background and aims

Epidemiological studies have associated exposure to pesticides with increased risk of diabetes
mellitus and decreased lung function, but many of the previous studies are cross-sectional and with
inadequate confounder control. We aimed to investigate the correlations between exposure to
cholinesterase inhibitor insecticides (organophosphates and carbamates), blood sugar levels and

lung function while accounting for important confounders.

Methods

From October 2016 to April 2017, we conducted a nested cross-sectional study as part of the
Community Based Intervention for Management of Diabetes in Nepal (COBIN-D) trial. We measured
fasting plasma glucose among 2,310 persons from the general population of a semi-urban area of
Nepal, and collected questionnaire-based subjective information on pesticide exposure and

confounders. Odds of diabetes mellitus were analyzed in logistic regression models.

Next, we conducted the "Pesticide Exposure, Asthma and Diabetes in Uganda" (PEXADU) study: a
short-term follow-up study among 364 smallholder farmers in Uganda. At baseline in September-
October 2018 and at follow-up in November-December 2018 and January-February 2019, we
measured each participant's glycated hemoglobin A (HbA1c), a measure of average blood sugar level
in the last 8-12 weeks. We quantified exposure to cholinesterase inhibitor insecticides using red
blood cell acetylcholinesterase activity normalized by hemoglobin concentration (AChE/Hb). Lung
function was quantified by spirometry, and spirometric indices converted to Z-scores using the Global
Lung Function Initiative equations. Information on confounders was collected by questionnaire. We
analyzed data in linear mixed effect models accounting for family relationships and repeated

measurements.

Results and discussion

In the COBIN-D population, the risk of diabetes mellitus was lower among subjects who reported that
they had ever used pesticides — adjusted OR 0.68 [0.52; 0.90], but exposure levels were relatively
low, and there were no clear exposure-response relationships. Large demographic differences

between the exposed and non-exposed groups mean that residual confounding is likely.

In the PEXADU study, low acetylcholinesterase activity (indicating exposure to organophosphate and
carbamate insecticides) was associated with decreased HbA;.. Compared to reference subjects with

Vv



AChE/Hb 25.8 U/g (50" percentile), subjects with AChE/Hb 24.3 U/g (35™ percentile) had HbA:. that
was 0.74 [0.17; 1.31] mmol/mol lower in the adjusted analysis, and subjects with ACHE/Hb 27.1 U/g
(65" percentile) had HbA:;c 0.63 [0.12; 1.14] mmol/mol higher than the reference. Low
acetylcholinesterase activity was also associated with decreased pulmonary function. In the adjusted
analysis, Z-score for FEV1 (forced expiratory volume in 1 second) was 0.045 [0.003; 0.087] lower for
subjects with AChE/Hb 24.5 U/g (35 percentile) than for reference subjects with AChE/Hb 25.9 U/g
(50t percentile), and subjects with AChE/Hb 27.3 U/g (65" percentile) had FEV; Z-score 0.043 [-.002;
0.087] higher than the reference. Demographic variables were similar between subjects with

AChE/Hb below and above the median, making residual confounding less likely.

Conclusion

Our results do not support a causal link between exposure to cholinesterase inhibitor insecticides
and diabetes mellitus. The association between low acetylcholinesterase activity and decreased
HbA1c in the PEXADU study may be due to reverse causality. We demonstrated an association
between low acetylcholinesterase activity and decreased lung function. Evidence from human
exposure studies with less toxic cholinesterase inhibitors indicate that the association between
acetylcholinesterase and pulmonary function may represent a causal effect of exposure to

cholinesterase inhibitor insecticides, and efforts to limit exposure should be strengthened.

Vi



Resumé

Baggrund og formal

Epidemiologiske studier har vist en sammenhang mellem eksponering for pesticider og gget risiko
for diabetes mellitus og nedsat lungefunktion, men mange af studierne var tveersnitsstudier og tog
ikke tilstraekkelig hgjde for andre faktorer, der kan pavirke risikoen for diabetes og
lungefunktionsnedsaettelse. Formalet med dette projekt var at undersgge sammenhangene mellem
eksponering for insektgifte, der virker ved at heemme enzymet acetylkolinesterase (organofosfater
og carbamater), blodsukkerniveau og lungefunktion, i et steerkt studiedesign og under hensyntagen

til andre risikofaktorer.

Metoder

Fra oktober 2016 til april 2017 gennemfgrte vi et tveersnitsstudium som en del af et klinisk forsgg
med titlen "Community-Based Intervention for Management of Diabetes in Nepal" (COBIN-D). Vi
malte fasteblodsukker blandt 2.310 personer fra baggrundsbefolkningen i et semi-urbaniseret
omrade i det centrale Nepal, og indsamlede subjektive informationer omkring brug af pesticider og
andre risikofaktorer ved hjxlp af spgrgeskemaer. Odds for diabetes mellitus blev analyseret i

logistiske regressionsmodeller.

Herefter gennemfgrte vi studiet "Pesticide Exposure, Asthma and Diabetes in Uganda" (PEXADU): Et
korttids-opfglgningsstudium blandt 364 smabgnder i Uganda. Vi malte deltagernes HbA:.
(glykosyleret hamoglobin A, et mal for gennemsnits-blodsukkeret i de sidste 8-12 uger) ved hvert af
tre besgg i september-oktober 2018, november-december 2018 og januar-februar 2019, og vi malte
den haemoglobin-justerede enzymaktivitet af acetylkolinesterase (AChE/Hb) i deltagernes blod som
udtryk for eksponering for acetylkolinesterase-heemmende insektgifte. Lungefunktion blev testet ved
hjeelp af spirometri, og spirometriske mal konverteret til Z-veerdier ved hjzelp af reference-ligninger
fra Global Lung Function Initiative. Information omkring kendte risikofaktorer blev indsamlet ved
hjeelp af spgrgeskemaer. Vi analyserede data i lineaere mixed effect modeller, der tog hensyn til

slaegtskab mellem deltagere samt de gentagne malinger af bade eksponering og helbredsudfald.

Resultater og diskussion
| COBIN-D population fandt vi en lavere forekomst af diabetes mellitus blandt personer, der havde
brugt pesticider, end blandt personer der aldrig havde brugt pesticider: Justeret Odds Ratio 0,68

[0,52; 0,90], men eksponeringsniveauerne var relativt lave, og der var ingen klare eksponerings-

Vi



responssammenhange. Vi fandt store demografiske forskelle mellem de eksponerede og ikke-

eksponerede personer, og vi finder derfor residual-confounding sandsynlig.

| PEXADU-studiet fandt vi en statistisk sammenhang mellem lav AChE/Hb (tydende pa eksponering
for organofosfater og carbamater) og nedsat HbAj;.. Sammenlignet med reference-personer med
AChE/Hb pa 25,8 U/g (50-percentil) havde personer med AChE/Hb pa 24,3 U/g (35-percentil) 0,74
[0,17; 1,31] mmol/mol lavere HbA;. efter justering for kendte risikofaktorer, og personer med
AChE/Hb pa 27,1 U/g (65-percentil) havde 0,63 [0,12; 1,14] mmol/mol hgjere HbA;. end reference-
personerne. Samtidig var lav AChE/Hb associeret med nedsat lungefunktion. Efter justering for
kendte risikofaktorer var Z-vaerdien for FEV; (forceret udandingsvolumen i fgrste sekund) 0,045
[0,003; 0,087] lavere for personer med AChE/Hb 24,5 U/g (35-percentil) end for reference-personer
med AChE/Hb 25,9 U/g (50-percentil), mens personer med AChE/Hb 27,3 U/g (65-percentil) havde
en FEV; Z-vaerdi der var 0,043 [-0,002; 0,087] over reference-personernes. Personer med AChE/Hb
over og under medianen havde stort set ens demografiske karakteristika, hvorfor residual-

confounding naeppe forklarer vores resultater.

Konklusion

Vores resultater understgtter ikke hypotesen om en arsagssammenhang mellem eksponering for
kolinesterase-heemmende insektgifte og diabetes mellitus. Den statistiske sammenhang mellem lavt
niveau af acetylkolinesterase og nedsat HbA1. i PEXADU-studiet kan muligvis skyldes, at blodsukkeret
pavirker acetylkolinesterase, i stedet for omvendt. Vi fandt en statistisk sammenhaeng mellem lav
acetylkolinesterase-aktivitet (foreneligt med eksponering) og nedsat lungefunktion. Tidligere
eksponeringsforsgg pa mennesker, udfgrt med det mindre giftige kolinesterase-heemmende stof
pyridostigmin, understgtter at den statistiske association mellem acetylkolinesterase og
lungefunktion kan skyldes en arsagssammenhang. For at beskytte helbredet hos bgnder og

sprgjtearbejdere bgr eksponering begraenses mest muligt.
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1 Introduction

The term “pesticide” is defined in the following manner by the European Commission:!

“A 'pesticide’ is something that prevents, destroys, or controls a harmful organism ('pest’) or

disease, or protects plants or plant products during production, storage and transport.””

By definition, pesticides are therefore bioactive compounds with detrimental effects on their target
organism (e.g., weeds, insects, rodents). Depending on dose and route of exposure, some pesticidal

compounds may also adversely affect the health of humans.

As the global population continues to grow,? so does the need for food and intensification of
agriculture, and the use of pesticides is steadily increasing. From 1990 to 2017, the global
consumption of agricultural pesticides grew ~80% from 2.3 million tons to 4.1 million tons of active
compounds?® — excluding residential use of pesticides and use in public health programs targeting

insects that spread diseases such as malaria, dengue and Chagas’ disease.

Rational use of pesticides in agriculture and public health programs requires careful consideration of
the balance between possible costs (acute intoxications, chronic health effects of exposure,
monetary costs) and benefits (increased agricultural production, better food security, and lower risk
of insect-borne diseases). One of the prerequisites of such cost-benefit analyses is detailed
knowledge of adverse health effects of exposure to specific pesticide compounds, and of exposure-

response relationships.

As detailed below, there are indications that exposure to some currently used classes of pesticides
may increase the risk of diabetes mellitus* and airway obstruction.®> Due to the considerable
morbidity and mortality associated with these diseases,® and the widespread use of pesticides in
modern agriculture,? such effects could be of substantial importance for public health. The overall
aim of this PhD project was therefore to investigate the possible link between exposure to currently
used agricultural pesticides and the risk of diabetes mellitus and obstructive airway diseases, and to

examine exposure-response relationships. Specific aims of individual studies are listed on page 20.



2 Background

2.1 Classification of pesticides
Due to the broadness of the term “pesticide”,’ a high number of chemical compounds can be
classified as pesticides. On January 4, 2020, the European Union database of pesticides contained

1,417 separate active compounds.’

Pesticides may be classified based on their target organisms. E.g., herbicides target unwanted plants,
insecticides target insects, fungicides target fungi, and rodenticides target rodents such as rats and
mice. Due to inherent biological differences between the target organisms, different classes of
pesticides have very different toxicodynamic modes of action; a few examples will be provided here.
The herbicide glyphosate inhibits a plant enzyme involved in the synthesis of the amino acids
tryptophan, tyrosine, and phenylalanine.® Pyrethroid insecticides such as permethrin, and the
organochlorine DDT (dichloro-diphenyl-trichloroethane) are nerve toxins, slowing the closure of
voltage-gated sodium channels in excitable cells.® Organophosphate and carbamate insecticides

inhibit the enzyme acetylcholinesterase in the nervous system as further detailed on page 4.°

The sheer number of chemical compounds classified as pesticides, and their various modes of action,
makes it meaningless to discuss health effects of “pesticides” as a group. Mechanistically, there is no
reason to believe that e.g. glyphosate and organophosphate insecticides have similar effects in the
human organism. In my PhD. project, | primarily focused on organophosphate and carbamate
insecticides, because they share a well-known mode of action,® are widely used in agriculture® and
public health programs targeting malaria,'® and have well-established biomarkers.!! Previous reports
have suggested that exposure to these pesticides have detrimental health effects in humans, as

described in sections 2.3, 2.5 and 2.7.

2.2 Global pattern of pesticide use

Pesticide use measured in kg of active compound per hectare of cropland varies between countries
by orders of magnitude, as shown in Figure 2-1. E.g., the Maldives 52.6, mainland China 13.1, Brazil
5.9, Denmark 1.1, Nepal 0.2 and Uganda 0.01 kg/hectare in 2017.2 It should be noted that farmers in
low- and middle-income countries might have higher exposure levels than immediately expected
based on such statistics, due to a lack of training on safe pesticide handling and limited use of

personal protective equipment. This has been shown by previous studies in e.g. Nepal*? and
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Uganda, and is illustrated in Figure 2-2. Such exposure may put farmers at high risk of adverse

health effects.

Figure 2-1: Consumption of agricultural pesticides in 2017
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Countries color-coded by quintile of pesticide use, in kg active compound per hectare of cropland per year. Data
unavailable for gray areas. Map created using Esri ArcGIS Pro (Esri, Redlands, California, USA). Credits: © EuroGeographics
for the administrative boundaries. Data on pesticide use and cropland provided by the Food and Agriculture Organization
of the United Nations.? Basemap provided by Esri, HERE, Garmin, © OpenStreetMap contributors, and the GIS user
community.

Figure 2-2: Ugandan smallholder farmer applying pesticides while wearing minimal personal
protective equipment

Photo by Martin Rune Hassan Hansen. Eastern Region, Uganda, December 2018.
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2.3 Toxicology of cholinesterase inhibiting insecticides

The main toxicodynamic target of both organophosphate and carbamate insecticides is the nervous
system enzyme acetylcholinesterase.’ To aid the understanding of the possible health effects of
exposure to these insecticides, the following section provides a brief description of normal
cholinergic neurotransmission and the role played by acetylcholinesterase under physiological

conditions.

Acetylcholine (ACh) is a neurotransmitter found in the central and peripheral nervous systems, as
well as at the neuromuscular endplate (i.e., the place of contact between motor neurons and skeletal
muscle fibers).'> 16 Figure 2-3 shows a schematic presentation of neurotransmission at a cholinergic
synapse. Upon arrival of an electrical impulse, vesicles containing ACh are released from the axon of
the presynaptic nervous cell into the synaptic cleft. ACh diffuses across the synaptic cleft and binds
to ACh receptors on the surface of the postsynaptic cell to trigger a response.’® The enzyme
acetylcholinesterase (AChE) is located in the postsynaptic membrane and breaks down ACh into
acetate and choline to terminate the signal. Choline can then be re-absorbed by the presynaptic cell

for synthesis of new acetylcholine.*

Figure 2-3: Schematic presentation of cholinergic neuronal transmission at a synapse
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Organophosphate insecticides are chemical derivatives of phosphoric acid.!” Structural formulas of
some example organophosphate insecticides are shown in Figure 2-4. The compounds bind
covalently to the active site of the AChE enzyme, inactivating the enzyme. This leads to a build-up of
ACh in the synaptic cleft and over-stimulation of ACh receptors on the postsynaptic cell.!” The AChE
may undergo spontaneous reactivation, or it may undergo a chemical process known as “aging” that
leads to permanent inactivation of the enzyme, after which enzyme activity can only be reestablished

by the synthesis of new enzyme molecules.’

Figure 2-4: Structural formulas of some organophosphate insecticides
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While inhibition of the AChE enzyme in the nervous system is responsible for the desired effect of
organophosphate insecticides on target pests,® the same inhibition happens in humans who are
exposed to the compounds. Acute high-dose exposure to organophosphate insecticides in humans
leads to over-activity in the part of the nervous system that uses AChE as neurotransmitter. Signs of
acute intoxication include increased secretions (salivation, bronchorrhea, diarrhea, etc.),
bronchoconstriction, incontinence, bradycardia, muscle weakness, fasciculations, convulsions and
coma. Respiratory failure may develop due to a combination of bronchoconstriction, bronchorrhea,
pulmonary edema, muscle weakness and central respiratory depression.!’ The severity of symptoms

and the risk of death depends on the compound, the dose and the route of exposure.!’

Carbamate insecticides are esters of N-methyl carbamic acid; example structures are shown in Figure
2-5. Carbamates also inhibit acetylcholinesterase, but the mechanism involved is different from the
one of organophosphates. Carbamates are hydrolyzed by acetylcholinesterase, but in the process,
they temporarily inactivate the enzyme. It spontaneously reactivates within minutes to a few hours,
and “aging” of the enzyme does not occur. Because of this reactivation, and because many
carbamates have short half-lives in the body and do not readily cross the blood-brain-barrier, acute

carbamate intoxication in humans is seldom as severe as organophosphate poisoning.!’



Figure 2-5: Structural formulas of some carbamate insecticides
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2.4 Diabetes mellitus

“Diabetes mellitus” is an umbrella term covering a heterogeneous group of diseases with
considerable overlap in pathophysiology, the common denominator being hyperglycemia. In this
thesis, the terms “diabetes mellitus” and “diabetes” will be used interchangeably; diabetes insipidus

is an entirely different disease and will not be discussed.

According to the American Diabetes Association,® diabetes mellitus may be broadly categorized in

the following manner:

Type 1 diabetes mellitus
Type 2 diabetes mellitus

Gestational diabetes mellitus

S e

Other specific types of diabetes mellitus

Type 1 diabetes makes up 5-10% of all cases of diabetes mellitus. It is characterized by an absolute
lack of insulin from the endocrine pancreas. Most, but not all cases are mediated by autoimmunity.*®
Type 2 diabetes mellitus makes up > 90% of all cases of diabetes mellitus, and is caused by a relative
insulin deficiency, due to a combination of insulin resistance and decreased insulin production.®®
Gestational diabetes mellitus is any diabetes diagnosed in the second or third trimester of pregnancy
in a woman who did not have overt diabetes before pregnancy.!® In addition to these three main

categories, lower numbers of diabetes mellitus are caused by the specific factors such as diseases of

19 20

the exocrine pancreas,’® monogenic diseases,’® other endocrine diseases,?®° and some chemical

exposures.t®

Some risk factors for diabetes mellitus are well known. The risk of type 1 diabetes is elevated among

individuals with specific Human Leukocyte Antigen (HLA) genotypes.'® Type 2 diabetes mellitus is
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often termed a “lifestyle disease”, as the risk of the disease increases with overweight/obesity and
physical inactivity. In addition, genetic background plays a large role for type 2 diabetes.!® Gestational
diabetes shares many of its risk factors with type 2 diabetes, and a woman diagnosed with gestational

diabetes has an elevated risk of developing type 2 diabetes later in life.?®

As the common denominator of all forms of diabetes is hyperglycemia, quantification of blood
glucose levels is central to diagnosis. Fasting plasma glucose (FPG), oral glucose tolerance test (OGTT)
and glycated hemoglobin A (HbAj.) are all considered acceptable examinations for the diagnosis of
diabetes mellitus,'® even though the different tests may not classify the same persons as diabetic or
non-diabetic.’® Current diagnostic cut-offs are listed in Table 2-1. Clinical diagnosis of diabetes
mellitus normally requires that an abnormal test be repeated at least once, unless there are clear
clinical signs and symptoms compatible with hyperglycemia.'® However, in epidemiological studies

participants are often classified as diabetic or healthy based on a single test.?!

Table 2-1: Current diagnostic cut-offs for the diagnosis of diabetes mellitus and prediabetes

Parameter Unit Normal Prediabetes Diabetes

mmol/L X<6.9 | 5.62x<6.9 x=7.0
Fasting plasma glucose

g/dL Xx<99 1 1002x<125 x=2126
mmol/L x<7.7 | 7.82x<119 x=>11.1
2-hour plasma glucose during 75g OGTT
g/dl x<139 1402x<199 x=200
mmol/mol | x<38 39>x<47 X =48

HbA,
‘ %NGSP  x<5.6 572x<64 x265



2.5 Cholinesterase inhibitor insecticides as risk factors for diabetes mellitus

A previous systematic review has shown a statistically significant correlation between exposure to
pesticides and the risk of diabetes mellitus: OR 1.58 [1.32; 1.90] for the top vs. the bottom tertile of
exposure to any pesticides.* However, almost all studies included in the meta-analysis investigated
only organochlorine insecticides* that have a very small share of the pesticide market.?* Important
evidence might have been missed due to a search strategy that was too narrow (e.g., lacking search
terms for individual pesticidal compounds), and because the review focused only on outright
diabetes mellitus and did not include studies on blood glucose levels as a continuous metric.
Therefore, we planned a new systematic review on the association between exposure to neuroactive
non-organochlorine insecticides, diabetes mellitus and related metabolic disturbances
(hyperglycemia, insulin resistance and decreased insulin production). To ensure transparency, the
protocol for the systematic review was peer-reviewed and published (Paper |) before the review
started. At the time of writing, the systematic review is still ongoing. In the following sections, | will
briefly describe the methods employed in the systematic review, followed by a presentation of

preliminary findings.

2.5.1 Scoping review of epidemiological evidence

2.5.1.1 Methods

As described above, the term “pesticides” covers a huge amount of different compounds, often with
very different modes of action. Therefore, it does not make sense to review them as one group. We
decided to focus on non-organochlorine neuroactive insecticides because they have an 85% share of

the insecticide market and target the same organ system.?3

Studies eligible for the systematic review were any human epidemiological or exposure studies
(except ecological studies) presenting a measure of association between exposure to any neuroactive
non-organochlorine insecticide and the risk of diabetes mellitus, or continuous measures of glycemic
regulation. Studies on unspecified “insecticides” or “pesticides” were not included. In the protocol
(Paper 1), we specified that we would exclude studies in populations with co-exposure to irrelevant
classes of pesticides; during the review process we decided to discard this exclusion criterion, as it

would have excluded practically all studies.

A comprehensive search strategy was developed. Search terms for insecticide exposure included

generic terms such as “insecticide” and “pesticide”, names of classes of compounds such as



“organophosphate” and names of specific compounds such as “malathion”. Search terms for
outcome included “diabetes”, “blood glucose”, “hbalc” and numerous synonyms. A complete list of
search terms is provided in the online appendix of Paper |I. We searched several scientific databases
without any language restriction: PubMed, Embase, Scopus, Web of Knowledge, and LILACS (a Latin

American database), and hand-searched the reference lists of included papers.

Two separate reviewers (post.doc. Jorg Schullehner and myself) screened articles at the title/abstract
level and then at the full-text level. As the justification for the systematic review was to summarize
evidence that had been missed by previous reviews on the subject, the search strategy was optimized
for maximum sensitivity, at the cost of specificity. After de-duplication, we screened 19,665 entries
at the title-abstract level and 560 entries at the full-text level. In total, 55 relevant full-text papers
were identified. Study characteristics for these 55 papers have been extracted, and the papers are

currently undergoing assessment of risk of bias according to standardized criteria.

As a systematic presentation of all 55 papers is outside the scope of this thesis, | will limit my
presentation to the 27 papers that specifically investigated effects of cholinesterase inhibitor
insecticides and provided an objective measure of exposure. These studies are most relevant for
Paper IV that focuses on the association between red blood cell acetylcholinesterase activity and

blood glucose levels among smallholder farmers in Uganda.

Characteristics and results of each of the 27 studies are presented in the appendix on page 89. Risk
of bias due to confounding has been estimated for each study, and rated as “low”, “probably low”,
“probably high”, or “high”. For studies on type 1 diabetes, studies were rated as “low” risk of bias if
they adjusted or otherwise accounted for ethnicity, HLA genotype or family history of DM. For studies
on unspecified, gestational or type 2 diabetes, and for studies on blood glucose levels as a continuous
variable, important confounders were ethnicity, age , sex, family history of diabetes, weight status
and physical activity level. Such studies were rated as “high” risk of bias if they did not account for
any of the important confounders, or if they only accounted for age and/or sex. “Low” risk studies
were defined as studies accounting for all the important confounders. Studies rated as “probably
low” risk accounted for age, sex and some of the other important confounders, and | deemed it

unlikely that considerable residual confounding existed. “Probably high” risk studies also adjusted for

age, sex and some other confounders, but | suspected considerable residual confounding.



2.5.1.2 Results

Most of the 27 identified studies had “high” or “probably high” risk of bias due to confounding. Table
2-2 and Table 2-3 provide an overview of characteristics and results from 11 identified studies with
“probably high”, two studies with “probably low”, and one study with “low” risk of bias. The
remaining 13 studies all had “high” risk of bias due to confounding; they are summarized in the
appendix on page 89 and will not be further discussed. Most identified studies investigated
continuous measures of glycemic regulation. A few investigated unspecified diabetes mellitus or
gestational diabetes as dichotomous outcomes. Only one study on type 1 diabetes was identified. As
shown in Table 2-2 and Table 2-3, study findings were heterogeneous. Selected studies are presented

in more detail below.

Velmurugan et al’? conducted a cross-sectional study among 802 farmers and non-farming villagers
in southern India. Exposure to organophosphate and carbamate insecticides was quantified using
BChE (plasma cholinesterase) and plasma levels of organophosphates, while objective glycemic
regulation was assessed using HbAi.. Authors found no statistically significant difference in BChE
between diabetic and non-diabetic subjects, but they demonstrated significant positive correlations
between plasma levels of organophosphates and odds of diabetes: E.g., OR 1.70 [0.86; 1.37] for
fourth quintile vs. first quartile of monocrotophos (p for trend 0.032) after adjustment for sex, age,

family history of diabetes, and weight status.

Ranjbar et al?* used data from 2227 persons in a cross-sectional sample of the general non-
institutionalized US population (National Health and Nutrition Examination Survey) and compared
levels of FPG, HOMA-IR and HbAi. between groups, defined by urine concentrations of
organophosphate metabolites below or above the limit of detection. After adjustment for
confounders (age, sex, smoking, weight status, ethnicity, socioeconomic status, fasting duration and
urinary creatinine), there were no statistical or clear numerical associations between any of the

glycemic outcomes and any of the metabolites.

In a hospital-based follow-up study among 1195 pregnant Canadian women, Shapiro et al 2°
demonstrated inverse associations between first-trimester urinary metabolites of organophosphates
and the risk of being diagnosed with gestational diabetes mellitus (GDM) or gestational impaired
glucose tolerance (G-IGT) later in pregnancy: OR 0.5 [0.3; 0.9] for 4% vs. 1%t quartile of the sum of
dimethyl-phosphate and diethyl-thiophosphate (p < 0.01 for trend). Results were adjusted for age,
weight status, ethnicity, education and urine-specific gravity. Shapiro et al 2° themselves suggested

10



that the inverse correlation might be due to confounding from health benefits of intake of fruit and
vegetables, as diet was assumed the main source of insecticide exposure in the study population.
Shapiro et al had excluded % of otherwise eligible women due to missing outcome data, as these
women were followed at hospitals that only tested high-risk individuals for GDM/G-IGT. While
authors thought that differences between included and excluded women was of “small
magnitude”,?® | find that there is a high risk of bias due to selection problems: Excluded women were
considerably less likely to be obese than included women were (10% vs. 15%, p = 0.005), and

exposure profiles might also have differed.

Garcia-Garcia et al’? described a cross-sectional study among greenhouse workers exposed to
different pesticides (of which some were carbamate insecticides) and unexposed controls,
supplemented with follow-up limited to the greenhouse workers. Workers were examined in both
low- and high-exposure seasons, while controls were examined in the low-exposure season only.
Trends in FPG across phases and groups were analyzed in a mixed effect model, and results were
conflicting. On one hand, during the low-exposure season greenhouse workers had lower FPG than
controls (AFPG =-0.91 [-1.21; -0.62] mmol/L), but greenhouse workers’ FPG increased from the low-
exposure to the high-exposure season (AFPG = 0.16 [0.01; 0.31] mmol/L). Analyses accounted for
age, sex, smoking, and weight status. While many different agrochemicals were used in the
greenhouses, biomarkers showed that a substantial portion was carbamates: AChE/Hb was 10.4 [9.1;
11.7] umol/min/g lower for greenhouse workers than controls in the low-exposure period and
decreased by a further 1.1 [0.4; 2.7] umol/min/g in the high-exposure season. In a similar follow-up
study among pesticide mixers and pesticide applicator pilots in Venezuela,?’ Rojas et al demonstrated
a concomitant increase in FPG and decrease in AChE in the spraying season, compared to the pre-

season examination.

Nascimento?® et al conducted a study among 54 children aged 5-16 years from an agricultural area
of Brazil; the children were examined in both a low-exposure and a high-exposure period.
Environmental exposure to cholinesterase inhibitor insecticides was quantified using AChE and BChE,
and glycemic regulation was assessed by FPG. There was no change in AChE between the exposure
periods, but BChE was 34% lower in the high-exposure than in the low-exposure period. At the same
time, a paired t-test showed that FPG was significantly higher in the high-exposure period (5.33 vs.

4.85 mmol/L, p < 0.001). A cross-sectional analysis limited to the high-exposure period showed a
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negative correlation between BChE and FPG after adjustment for sex, age, BMI and pubertal stage (r

=-0.509, p < 0.001).

In addition to the studies just described, several cross-sectional studies have demonstrated
significantly higher FPG and lower ChE activity among highly exposed persons, compared to less- or
non-exposed controls.?%3! However, the studies were small and all had “probably high” risk of
confounding. Furthermore, a number of other cross-sectional studies with similar risk of bias showed

non-significant or no effects on glycemic regulation.3>3°

El-Morsi et al*® conducted the only identified study on type 1 diabetes mellitus, which was also the
only study rated as “low risk” of confounding. In a hospital-based case-control design, they compared
serum levels of organophosphate insecticides between 75 diabetic children and 35 healthy controls.
Results were conflicting. Odds of having malathion > the limit of detection were significantly higher
in cases than controls (OR 4.11 [1.74; 9.69]), but odds of having detectable levels of profenofos and
chlorpyrifos-methyl were lower (OR 0.13 [0.02; 0.69] and 0.16 [0.05; 0.49], respectively). The study
accounted for genetic risk factors for diabetes by excluding any children with a positive family history

of diabetes.

In conclusion, existing evidence regarding the association between cholinesterase inhibitor
insecticides and diabetes is only suggestive. Half of the 27 identified studies had high risk of
confounding, as they failed to account for the most basic confounders (age and sex). Out of the other
half, most had “probably high” risk of confounding. Furthermore, results are conflicting, with both

significant positive, significant negative and null associations reported.
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2.5.2 Biological plausibility

In this PhD thesis, | have focused on reviewing and generating epidemiological evidence on the
possible associations between cholinesterase inhibitor insecticides and perturbed glycemic
regulation. While biological plausibility is a classic criterion for a statistical association to be deemed
causal,?” elucidating possible biological mechanisms responsible for an association has not been a
focus of the project. However, a causal effect of cholinesterase inhibitor insecticides on glycemic
regulation is biologically plausible. Other authors have proposed numerous mechanisms by which
the effect could be mediated. These include changes in gluconeogenesis and glycogenolysis,3®
impaired glucose sensitivity in pancreatic B-cells due to over-stimulation of ACh receptors,38 insulin
resistance due to pro-inflammatory disturbances3® and oxidative stress,® and changes in the gut

microbiome.?*
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Table 2-2: Previous studies on cholinesterase inhibitor insecticides and diabetes mellitus (occupational exposure)

Reference

Rojas?’
1996

Patil®®
2009

Tsatsakis®?

2011

Bayrami*?
2012

Abbassy3°
2014
Garcia-

Garcia®
2016

Marrero3!
2017
Velmurugan®*
2017

Arevalo-
Jaramillo®*
2019

Country

Venezuela

India

Greece

Iran

Egypt

Spain

Venezuela

India

Ecuador

Please see legend on page 15.

Study design

Combination of
cross-sectional
and follow-up

Cross-sectional
Cross-sectional
Cross-sectional
Cross-sectional
Combination of

cross-sectional
and follow-up

Cross-sectional

Cross-sectional

Cross-sectional

Study population

Pesticide mixers,
pesticide applicator
pilots, unexposed pilots
Healthy pesticide
applicators and healthy
unexposed controls
Farmers, farmworkers
and rural residents
Farmers and
unexposed workers
from same village

Farmers

Greenhouse workers
and healthy unexposed
controls
Organophosphate
applicators and
unexposed controls (lab
technicians)
Farmers and non-
farming villagers
Exposed rural women
(from high- and low-
exposure areas) and
unexposed controls
(women from city)

Exposure
biomarker(s)

AChE (not Hb-
adjusted)

BChE

Hair OP
metabolites

BChE

BChE

AChE/Hb and
BChE

BChE

Plasma OPs

BChE

14

Outcome

FPG

FPG

DM

FPG

FPG

FPG

FPG

DM

FPG

73

90

220

80

NR

280

30

802

115

Exposure
metric

Group-based

Group-based

Metabolites
(continuous)

Group-based

Group-based

Group-based

Group-based

Metabolites
(continuous)

Group-based

Effect on
glucose

(+)

()

()

Effect on
biomarker

N/A

N/A

(+)/-

Risk of
confounding

Probably
high
Probably
high
Probably
high
Probably
high
Probably
high

Probably
high

Probably
high

Probably
high

Probably
high



Table 2-3: Previous studies on cholinesterase inhibitor insecticides and diabetes mellitus (environmental or unclear mode of exposure)

First Countr Study Studv pobulation Exposure Outcome n Exposure Effect on Effect on Risk of
author ¥ design Yy pop biomarker(s) metric glucose biomarker = confounding
Pregnant women
Cecchi® , Cross- from area with AChE/Hb ,
2012 Argentina sectional intensive BChE FPG 97 Group-based 0 - Probably high
agriculture
Children with DM
type 1 and
El-Morsi®® Case- healthy controls DM Cases vs. controls:
+/-
2012 Egypt control (= siblings of Serum OPs type 1 110 Metabolite levels / N/A Low
other pediatric
patients)
General PG
Ranjbar?® Cross- non- Urine OP Metabolites
A HbA 2227 N/A P ly |
2015 US sectional institutionalized metabolites bAsc (<vs.>LOD) 0 / robably low
. HOMA-IR
US population
Shapiro?® Follow- Urine OP GDM or Metabolites .
P 11 - N/A P ly high
2016 Canada up regnant women metabolites G-IGT 9 (continuous) / robably hig
Comparison of
L high-exposure and
Combination
Nascimento®® of cross- Children from AChE (not Hb- low-exposure
Brazil . . adjusted) FPG 54 period. BChE as + - Probably low
2018 sectional and = agricultural area .
follow-u BChE continuous
P variable in high-

exposure period.

Legend for Table 2-2 and Table 2-3:
+ = statistically significant positive relationship, (+) = statistically non-significant positive relationship, 0 = no clear association, (-) = statistically non-significant negative

relationship, - = statistically significant negative relationship. Note that when the biomarker is cholinesterase, we expect to find a negative relationship between

exposure and biomarker.
e Exposure metric: Studies with “group-based” modelling strategies compare the outcome in different groups, e.g. farmers and unexposed controls.

e Abbreviations: GDM = gestational DM, G-IGT = gestational impaired glucose tolerance, N/A = not applicable, NR = not reported, OP = organophosphate insecticide.
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2.6 Obstructive airway diseases and spirometry

2.6.1 Asthma and chronic obstructive pulmonary disease

Asthma and chronic obstructive pulmonary disease (COPD) are two related, but distinct diseases
affecting a total of 533 million individuals in the world,*® and causing a total of 3.6 million deaths per
year.*® The common denominator between the two diseases is airway obstruction, i.e. a narrowing

of the lower airways, leading to an increased resistance to airflow out of the lungs.** 42

Asthma is a chronic inflammatory disease with intermittent attacks of airway obstruction caused by
bronchoconstriction, edema of mucous membranes and mucus hypersecretion in response to irritant
(e.g., cold air, physical exertion, air pollution, chemical compounds), or allergenic stimuli (e.g., animal
dander, pollen).** Known risk factors for asthma include family history of the disease,*

allergy/atopy,*! passive smoking** and preterm birth.%

In COPD, airway obstruction is caused by varying combinations of chronic inflammation with edema
of mucous membranes, hypersecretion of mucus, and destruction of septa between alveoli
(emphysema) that leads to loss of elastic recoil of the lungs.*> While COPD is often colloquially
referred to as “smoker’s lung”, not all patients with COPD are current or former smokers. Globally, it
is estimated that 27% of the Disability-Adjusted Life Years lost to COPD are caused by tobacco
smoking, 2% by second-hand smoke, 17% by ambient air pollution, 14% by household air pollution,
9% by occupational exposures, and 4% by ozone exposure.*® However, the relative importance of the
causes varies considerably between highly developed and less developed countries (defined by the
Social Development Index, a composite metric that takes into account education, income and fertility
rate). In highly developed countries, smoking and second-hand smoke exposure are the most
important causes of COPD, while air pollution and occupational exposures cause more of the COPD
burden in less developed countries.?° Individuals with a-1-antitrypsin deficiency (a rare genetic

condition) have increased risk of developing COPD.#2

2.6.2 Spirometry

Spirometry is central to the diagnosis of airway obstruction. Simply put, spirometry is a measure of
the amount of air that a person can exhale, and how fast.*® Spirometry does not measure the lungs’
ability to exchange gases. While a number of different indices can be calculated from a spirometric
examination, the two central metric are the forced expiratory volume in 1 second (FEV:1) and the

forced vital capacity (FVC). The FEV; is the amount of air that can be forcefully exhaled from the lungs
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in the first second after a maximal inhalation, and the FVC is the total amount of air that can be
exhaled forcefully.*® Pulmonary function is strongly influenced by age, sex, height and ethnicity.*’
Correct interpretation of spirometry results presupposed that these factors are accounted for. All
other things equal, men generally have higher lung function than women, young persons have higher
lung function than older individuals, and tall persons have higher values than persons of short stature

have. African Americans generally have lower lung function than persons of European descent.*’

Obstruction is defined by the ratio between FEV; and FVC (FEV1/FVC), and often a fixed cut-off of
FEV1/FVC < 0.7 is used.*! 4248 However, FEV1/FVC decreases physiologically with age, meaning that
using a fixed cutoff for FEV1/FVC can lead to over-diagnosis of obstruction in elderly and under-
diagnosis in young individuals.*® Alternatively, obstruction can be defined as FEV1/FVC below the
Lower Limit of Normal, defined as the 5% percentile of values for non-smoking individuals with the

same age, sex, height and ethnicity.*

An important difference between asthma and COPD is that asthmatics can have normal or near-
normal lung function in-between attacks, while patients with COPD typically have fixed airway
obstruction.?! %2 In clinical medicine, patient whose spirometry shows obstruction are therefore re-
tested after administration of bronchodilator medication. Considerable reversibility of obstruction
indicates that the condition is asthma, though patients with COPD might also show some

improvement. 4142

2.7 Cholinesterase inhibitor insecticides as risk factors for pulmonary disease

Respiratory failure is a well-known complication of acute intoxication with organophosphate
insecticides, and is caused by a combination of bronchoconstriction, increased mucus production in
the airways, pulmonary edema and central respiratory depression.”® As early as 1963, an
epidemiological study suggested that longer-term, lower-dose exposure to organophosphates might
also lead to lung function impairment due to bronchoconstriction.” In the following section, | will
provide a brief overview of the current evidence for a causal link between pulmonary impairment

and exposure to cholinesterase inhibitor insecticides at levels too low to cause acute intoxication.

2.7.1 Epidemiological evidence
In a recently published systematic review and meta-analysis, Ratanachina et al summarized the
evidence for a link between exposure to cholinesterase inhibitor insecticides and objective decrease

in lung function.®> They found “tentative evidence” for an effect on FEV1/FVC, with a pooled difference
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in FEV1/FVC of -0.22 [-0.46; 0.01] in FEV1/FVC when comparing exposed farmers to non-exposed
controls. Most studies investigating effects on FEV1 also showed a decrease, but Ratanachina et al
found that the estimates were too heterogeneous to calculate a pooled effect estimate. Many of the
studies were cross-sectional and failed to adequately adjust for potential confounders.” Two of the

highest-quality studies are described in more detail below.

Raanan et al’? conducted a follow-up study among 279 children born to mothers in an agricultural
community. Exposure was assessed by levels of organophosphate metabolites in maternal urine
during pregnancy, and in the children’s urine from age 0 to 6 years. The children underwent
spirometry at age 7. Analyses showed no clear association between metabolites in maternal urine,
and the children’s pulmonary function. However, each 10-fold increase in post-natal, creatinine-
adjusted level of dialkylphosphate metabolites was associated with a -0.16 [-0.30; -0.02] L change in
FEV1, -0.17 [-0.34; 0.01] L change in FVC and 0.01 [-0.02; 0.03] change in FEV1/FVC, after confounder

adjustment.

Ye et al’? examined 4,446 adolescents and adults from the general Canadian population in a cross-
sectional design. Creatinine-adjusted urinary levels of organophosphate metabolites were measured,
and participants underwent spirometry. No clear association was seen between metabolite levels
and pulmonary function for adolescents: Adjusted difference in FEV1—2.4 [-35.7, 31.0] mL, FVC 13.9
[-24.4, 52.2] mL, and FEV1/FVC -0.3 [-0.9, 0.2] %, respectively, when the sum of dialkylphosphate
metabolites increased by 171%. For adults, statistically significant decreases in both FEV; and FVC
were demonstrated when metabolite levels increased: FEV1-32.7 [-59.0, —6.3] mL, FVC-32.6 [-57.2,
—-8.1] mL, FEV1/FVC -0.2 [-0.6; 0.2] %.

2.7.2 Biological plausibility

A link between exposure to cholinesterase inhibitor insecticides and lung function impairment is
biologically plausible. Due to the high acute toxicity of the compounds, it would be unethical to
investigate their pulmonary effects in human exposure studies. However, some researchers have
carried out human experimental studies with the carbamate pyridostigmine that can be used as a
prophylactic drug against poisoning with some chemical warfare agents.>* As pyridostigmine has the
same mode of action (inhibition of cholinesterase) as carbamate and organophosphate insecticides,>*

effects of pyridostigmine may provide clues for possible effects of these insecticides.
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Two randomized, double-blinded, placebo-controlled, crossover trials on pulmonary effects of
pyridostigmine have been conducted. Roach et al examined 20 healthy individuals and 10 subjects
with mild asthma. Participants performed spirometry after one day of taking either pyridostigmine
30 mg or placebo orally three times per day. During pyridostigmine treatment, red blood cell
acetylcholinesterase decreased by an average of 21.4%, but according to Roach et al, there was no
effect on FEV; and FVC (numeric results not reported).>> Ram et al examined 12 healthy and 13
asthmatic subjects. Healthy subjects received either a single dose of pyridostigmine 60 mg or
placebo, while asthmatics received a dose of 30 mg or placebo. Spirometry was performed before
drug/placebo administration and two hours after. Pyridostigmine 60 mg caused a mean decrease of
0.13 liters in FEV1 in the healthy subjects (p = 0.015), and the degree of whole blood cholinesterase
inhibition and FEV; decrease was strongly correlated (r?> = 0.88, p = 0.0001). On the other hand, Ram

et al found no effect of pyridostigmine 30 mg on asthmatics.>®

Gouge et al conducted a non-randomized, non-blinded, non-placebo-controlled clinical trial among
10 asthmatics and 6 healthy subjects who all received 30 mg of pyridostigmine orally. FVC was
measured before and after drug administration. The original study authors concluded there were “no
changes in forced vital capacity”.>* However, | disagreed with their methods of statistical analysis,
and when | re-analyzed the study data as described in Paper VI, | found that FVC of asthmatics
decreased by 6.8 [2.8, 10.9] percentage-points of the predicted value, while the FVC of healthy

subjects was unaffected.

Caution is of course warranted before extrapolating effects of acute and relatively high-dose
exposure to long-term effects of exposure to lower doses of the same or similar compounds.
Nevertheless, the preceding section shows that it is biologically plausible for cholinesterase inhibitor

compounds to cause lung function impairment.
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3 Aims and overview of papers

As outlined in the previous chapter, epidemiological studies have suggested that the risk of diabetes
mellitus and obstructive airway disease is increased among persons exposed to cholinesterase
inhibitor insecticides. We hypothesized that these associations might represent causal effects, and
aimed to investigate the associations in two new epidemiological studies with objective outcome

metrics that accounted for important confounders.
The specific aims of the PhD study were:

1. Summarize existing evidence on neuroactive non-organochlorine insecticides as risk factors
for diabetes in a systematic review and meta-analysis, using a comprehensive search strategy
and standardized quality assessment criteria.

2. Investigate the link between self-reported pesticide use and diabetes mellitus in a cross-
sectional sample of the general adult population of a semi-urban area in Nepal.

3. Investigate the association between objectively quantified exposure to cholinesterase
inhibitor insecticides and objective measures of glycemic regulation and pulmonary function
in a short-term cohort study among smallholder farmers in Uganda. As part of this analysis,

we also evaluated exposure-response relationships.

Table 3-1 provides an overview of the papers included in this dissertation. Paper | is a protocol for
the systematic review that is still ongoing. Preliminary findings were presented in the scoping review
on page 8. To answer aim number 2, Paper Il presents results for data collected as part of the cross-
sectional “Community-based Intervention for Management of Diabetes in Nepal” (COBIN-D) project.
Answers to aim number 3 are presented in Paper IV and Paper V, based on data collected in the study
entitled “Pesticide Exposure, Asthma and Diabetes in Uganda” (PEXADU). Paper Il describes a piece
of open-source software that | developed to support data collection for Paper IV. Paper VI presents
results from a reanalysis of published data from a previously conducted clinical trial on pulmonary
effects of the cholinesterase inhibitor medicine pyridostigmine. The re-analysis was conducted as an
effort to assess the biological plausibility of the statistical associations demonstrated in Paper V.
Paper Il, Paper IV and Paper V are the main studies in this thesis and will therefore be described in

greater detail than Paper |, Paper Il and Paper VI.
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Table 3-1: Schematic overview of papers included in the dissertation

Paper

VI

Study type

Systematic
review
protocol

Cross-
sectional
study

Open-source

software

Follow-up
study

Clinical trial

Country

N/A

Nepal

N/A

Uganda

Saudi
Arabia

Subjects

N/A

General
population
(COBIN-D)

N/A

Smallholder
farmers
(PEXADU)

American
soldiers

Number of

21

subjects

N/A

2,310

N/A

364

16

Exposure

Neuroactive non-
organochlorine
insecticides

Self-reported
pesticide use

N/A

Cholinesterase
inhibitor
insecticides
(objectively
guantified)

Pyridostigmine

Outcome

Diabetes mellitus
and blood
glucose levels

Diabetes mellitus
and blood
glucose levels

N/A

Blood glucose
levels

Lung function

Lung function



4 Methodology

4.1 Methods used in Paper |

Paper | is a protocol for a systematic literature review on exposure to neuroactive non-
organochlorine insecticides, diabetes mellitus and related metabolic disturbances such as
hyperglycemia. The review is still ongoing. A brief description of the methods and a summary of

preliminary findings have been provided on page 8.

4.2 Methods used in Paper Il
The subject of this paper is the possible link between self-reported use of any pesticides and risk of

diabetes in a sample of the general population from a semi-urban area in Nepal.

4.2.1 Design and study population

Paper Il is based on a cross-sectional study nested in the COBIN-D project, which was an intervention
study on the effect of education on glycemic controls among diabetes patients in the former
Lekhnath Municipality, a semi-urban area in Western Nepal. The primary investigator of the COBIN-D
study was Bishal Gyawali, then a PhD student at the Department of Public Health at Aarhus
University. My supervisors and | entered a collaboration with the primary COBIN-D investigators, and
guestions on pesticide exposure were added to the COBIN-D questionnaire before baseline data

collection started.

Data were collected from October 2016 to April 2017. A random sample of 2,815 persons from the
general adult population of the former Lekhnath Municipality had participated in a previous phase
of the COBIN project that focused on hypertension.>” > 87.4% of these individuals could be reached
and were willing to participate in a new study, giving a study population of 2,310 persons for Paper

4.2.2 Exposure assessment

Participants underwent a structured interview, based on the “World Health Organization STEPwise
approach to surveillance (STEPS)” questionnaire for assessment of classic risk factors for con-
communicable disease,”® supplemented with questions on pesticide use. The latter included
information on ever-use of any pesticide (dichotomous), number of years of pesticide use
(continuous), number of weeks of use per year (continuous), number of hours per week (continuous),

names of pesticides used, and which months spraying took place.
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4.2.3 Outcome assessment
Fasting plasma glucose was measured in capillary blood for all participants. If a participant was not

fasting, a new appointment was made.

4.2.4 Ethics
The study was approved by the Nepal Health Research Council, Kathmandu, Nepal (reg. no.
263/2016, see page 111) and conducted in accordance with the Declaration of Helsinki. Subjects gave

informed consent before inclusion.

4.2.5 Statistical analyses

FPG was classified as non-diabetic (<6.9 mmol/L) or diabetic (> 7.0 mmol/L) as defined by the
American Diabetes Association (ADA)*° and the WHO?! (see page 7). Each of the continuous exposure
metrics (years, weeks/year and hours/week of pesticide use) was categorized as low, medium or high
to a priori defined cut-points to yield three approximately equal-sized groups. The possible
association between pesticide exposure and diabetes mellitus was investigated in logistic regression
models that adjusted for age, sex, BMI, waist-to-hip-ratio, physical activity level, family history of
diabetes mellitus, and previous diagnosis of cardiovascular disease. Possible confounders were

selected a priori, because they were known risk factors.

4.3 Methods used in Paper i

This paper describes a piece of open-source software (HemoDownloader) that | developed to aid in
data management during the operative phase of the study described in Paper IV. As described in
details below (page 25), the main outcome metric in that study was glycated hemoglobin A (HbA1),
and this was determined using the point-of-care device “HemoCue HbAlc 501" (HemoCue AB,
Angelholm, Sweden). While the device had an internal memory where results were saved, they could
not be exported in digital format. | developed the HemoDownloader software to allow my PC to
interface with the HemoCue HbA1c 501 device over a serial (RS232) connection and save the data on
the hard drive. The software has a graphical user interface and made it possible to create a structured
database of HbA1. results immediately at the end of each working day. The HbA1. results could thus

be backed up daily to avoid data loss while | was in the field in Uganda.

While the HemoCue HbA1c 501 normally cannot export results in digital format, it does support
printing all results in memory using a special printer. To develop the HemoDownloader software, |

connected my PC to the printer port of the HemoCue HbA1c 501 and recorded the raw binary data
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that was transmitted from the device when its printer function was activated. The data format was
deciphered by opening the raw binary data in a text editor and manually inspecting its structure.
Once the data format had been determined, | developed code to parse the binary data into a
structured format, and implemented existing open-source libraries for exporting the structured data

in the desired format, e.g. Microsoft Office Excel or Comma-Separated Values.

To enable the use of the HemoDownloader software by other researchers, | decided to publish the
program as open source. Paper Ill describes the software, and the source code is also available as an

appendix.

4.4 Methods used in Paper IV and Paper V

Paper IV and Paper V describe studies on the associations between exposure to cholinesterase-
inhibiting insecticides, pulmonary function and glycemic regulation. The studies were conducted as
part of the PEXADU project in collaboration with partners from Makerere University School of Public
Health and from the Uganda National Association of Community and Occupational Health. | was the

primary investigator of the project.

4.4.1 Design and study population

The PEXADU project was a follow-up study among 364 smallholder farmers from the Wakiso District
in central Uganda. In an attempt to maximize exposure contrast while minimizing confounding from
demographic variables, participants were recruited from two local farmers’ organizations - one
organization for conventional farmers and one organization for farmers working to get organic
certification for some of their crops. Both exposure, confounders and outcomes for each participant
were determined in each of three project phases: Baseline in September-October 2018, follow-up in

November-December 2018 and again in January-February 2019.

4.4.2 Exposure assessment

Neuronal acetylcholinesterase (AChE) is the main toxicodynamic target of organophosphate and
carbamate insecticides,’ as described on page 4. The enzyme isoform in erythrocytes (red blood cells)
is affected by exposure to the same compounds, and it is much more available to sampling than the
neuronal forms. Measurement of erythrocyte AChE is therefore used as a biomarker of exposure.!?
The most valid estimate of exposure is obtained by normalizing AChE by the hemoglobin (Hb)
concentration in the sample to account for anemia, and for dilution during sampling and analysis.®°

It is important to note that because exposure impairs the activity of the AChE enzyme, low levels of
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AChE/Hb indicate high exposure. A similar plasma enzyme called butyrylcholinesterase (BChE) can

also be used to quantify exposure,! but was not measured in the PEXADU studly.

At each visit to the examination center, participants gave a capillary blood sample for analysis of
AChE/Hb. The analysis was performed using a point-of-care device (Test-mate ChE Cholinesterase
Test System Model 400, EQM Research Inc., Cincinnati, Ohio, USA) according to the manufacturer’s

instructions.®°

We also collected detailed subjective information on pesticide exposure in a questionnaire-based
structured interview. The questionnaire was modified from the questionnaire used in the “Pesticides
in the tropics” (Pestrop) project during a survey in the same area of Uganda in 2017,%! supplemented
with questions from another survey in Ethiopia.®? The questionnaire contained detailed information
on the specific compounds used, the number of years and intensity of using pesticides, use of

personal protective equipment etc.

Two further methods were employed to collect objective information on insecticide exposure. A
random subsample of participants were selected using a pseudo-random number generator and
asked to provide spot urine samples for the analysis of urinary metabolites of pesticides. In addition,
at baseline all participants were given a passive sampling device in the form of a silicone wristband
and asked to wear it until they came back in phase 2. A random subsample of the persons selected
for urine sampling also wore silicone wristbands from phase 2 to 3. Passive sampling using silicone
wristbands is a relatively recent technique for the quantification of insecticide exposure, but has been

successfully used among farmers in settings similar to the PEXADU project.®3

Unfortunately, obtaining permission to export the silicone wristbands and urine samples from
Uganda has proved very difficult. At the time of writing (January 2020), these samples were still

stored in a biobank in Kampala, and no data were yet available.

4.4.3 Outcome assessment
4.4.3.1 Outcome in Paper IV
The outcome of interest in Paper IV is objectively measured glycemic regulation, expressed as
glycosylated hemoglobin A (HbA1) and fasting plasma glucose. HbA1. is a measure of a person’s
average blood glucose in the last 8-12 weeks.®* HbA1. was measured in venous blood for each
participant in each phase. It was not logistically feasible to ask all participants to come fasting in the

morning, nor to randomize who should come fasting. In each phase, capillary FPG was therefore
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measured in the non-random subsample of participants who were able and willing to come fasting

in the morning. On page 65, | discuss the potential for FPG to be biased by selection problems.

Both HbAic and FPG were analyzed at the examination center using point-of-care equipment —
HemoCue HbAlc 501 and HemoCue Glucose 201 RT (HemoCue AB, Angelholm, Sweden),

respectively.

4.4.3.2 Outcome in PaperV

The outcome of interest in Paper V is objectively measured pulmonary function, expressed by pre-
bronchodilator spirometry as measured by a diagnostic-quality spirometer (MicroDL, Micro Medical,
Rochester, Kent, England). Participants performed spirometry in each phase of the project, unless
they fulfilled exclusion criteria. For ethical reasons, these criteria were selected to exclude anyone
with risk of adverse events due to spirometry,® and persons with contagious respiratory diseases. A

list of exclusion criteria is provided in Paper V.

Forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC) and the ratio between the
two (FEV1/FVC) were converted to Z-scores using the Global Lung Function Initiative (GLI-2012)

equations*’ with African-American as the reference ethnicity.

Participants who underwent spirometry in phase 1 were also tested using the copd-6 mini-spirometer
(Vitalograph, Ennis, Ireland) to validate the latter instrument. For reference, this validation study is
presented in Supplementary paper lll, but the study does not form part of the thesis and will not be

discussed further.

4.4.3.3 Covariate data collection

Height and weight were measured in a standardized manner®® using a medical weighing scale and a
stadiometer, respectively. Weight measurements were adjusted to take into account that the
strength of the gravitational acceleration in Uganda is slightly different from Central Europe where
the scale had been calibrated (see details in appendix, page 98). Subjective information on classic risk
factors for non-communicable diseases were collected using an interviewer-administered
guestionnaire containing items from a number of standardized questionnaires created for use in
developing countries: WHO STEPS®*® for demographics, smoking and alcohol consumption, WHO
Global Physical Activity Questionnaire®’ for physical inactivity and World Health Survey®®®° questions
on biofuel smoke exposure. Custom questions had been added where needed. Graphical showcards

were used to help participant understand selected questions.
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444 Sample size

The sample size for the PEXADU project was convenience-based. | estimated that in each phase we
could examine 450 persons, of which half would be conventional and half semi-organic farmers.
Before data collection, | calculated the sizes of the effects on blood glucose and pulmonary function
that could be detected with this sample size and 80% power, and compared the estimates to existing

literature to see it was feasible to do the study with this sample size.

4.4.4.1 Statistical power for glycemic regulation
Based on previous studies in Uganda, | assumed that the standard deviation of both fasting’® and
random plasma glucose’* would be 1.6 mmol/L. | used Stata to calculate the smallest effect size on

fasting blood glucose that could be demonstrated in a group of 450 people with 80% power.

Stata code 4-1

power twomeans @, sd(1.6) power(0.8) n(450)

The output showed that we could demonstrate a difference in mean FPG = 0.4 mmol/L. This is roughly
equivalent to the effect sizes shown in previous studies among farmers in Iran’2 and a combination

of farmers and pesticide shop-keepers in India.”3

4.4.4.2 Statistical power for pulmonary function tests
A previous study in Ethiopia showed that FEV; was 140 ml lower among pesticide-exposed persons
than among non-exposed controls. 6> The SD for FEV; was 560 mL for pesticide-exposed males and
500 mL for non-exposed males.®? | calculated the smallest effect on FEV; that could be demonstrated
in a group of 450 people with 80% power:
Stata code 4-2

power twomeans 0, sdl1(0.5) sd2(0.56) power(0.8) n(450)
The output showed that we could detect a difference = 140 ml, the same difference as shown in
Ethiopia.®? The SD for FEV: among females in the Ethiopian study was lower than the SD for males,

so this estimate is conservative.

4.4.4.3 Difference between planned and final sample size
As described above, it was our plan to include 450 persons in the PEXADU project. However, we

experienced some setbacks and started baseline data collection three weeks later than expected. For
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this reason, we were unable to collect baseline data for as long as we wished. When baseline data

collection ended in early October 2018, we had reached 364 participants.

445 Ethics

The studies described in Paper IV, Paper V and Supplementary paper Il were approved by the Higher
Degrees Research and Ethics Committee at Makerere University School of Public Health, Kampala,
Uganda (reg.no. 577) and the Uganda National Council for Science and Technology, Kampala, Uganda
(reg.no. HS234ES), see page 112. The studies were conducted in accordance with the Declaration of
Helsinki. Participants gave informed consent before inclusion and received their own biochemical
and spirometry results at the end of each visit. They were financially compensated for lost earnings

on project days.

4.4.6 Statistical analyses

For almost all participants in the project, we had three separate observations listing exposure,
outcome and confounder levels in a particular phase. Furthermore, almost a third of participants
were genetically related to at least one other participant. If we failed to take this interdependence
of data into account in our analyses, the standard errors of our estimates might be too small,’*
leading to a risk of false positive results. Data were therefore analyzed in linear mixed effect models
with random effect terms for family and participant. Details about the mathematical models are

provided in Paper IV and Paper VI.
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4.5 Methods used in Paper VI

Paper VI presents results from a non-blinded, non-randomized clinical trial on pulmonary function
among sixteen volunteers given pyridostigmine, a cholinesterase inhibitor medicine that can be used
prophylactically to protect against some chemical warfare agents.> The trial was carried out in 1994
and the dataset made public by the original authors.>* Because of the shared mode of action,
pulmonary effects of pyridostigmine could provide indirect evidence for effects of cholinesterase

inhibitor insecticides.

The authors of the original paper measured forced vital capacity in 10 asthmatic subjects and 6
healthy subjects, followed by administration of 30 mg of pyridostigmine. Forced vital capacity was
measured again after 2, 4, 6 and 8 hours. Unfortunately, the original study authors chose a
suboptimal statistical approach, analyzing study data in an “analysis of variance” (no further details
provided in the paper) and using un-paired t-tests. The authors concluded that there was no
statistically significant difference in FVC before and after pyridostigmine administration, but | got the
clear impression from the table of raw data in the paper that FVC was systematically lower 2 hours
after pyridostigmine administration compared to baseline. | therefore re-analyzed the data in a linear
mixed effect model with a fixed effect for each time of measurement and a random effect for each

person. Details of the mathematical model are provided in Paper VI.
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5 Summary of results

5.1 Key results from Paper |
The systematic review planned in Paper | is still ongoing, and preliminary results have been presented
as part of the introduction on page 8. No further results related to the systematic review will be

presented in this chapter.

5.2 Key results from Paper I

Out of 2,310 persons in the current phase of the COBIN-D project, 36% reported that their main
occupation was farming. The majority of both farmers (70%) and non-farmers (58%) reported that
they had ever used pesticides. However, exposure intensity levels were relatively low, considering
that most of the pesticide use was agricultural. The median number of years of exposure was 9, the
median number of weeks of spraying per year was 2, and the median number of hours of spraying

per week was 0.5.

Overall, 271 (11.7%) of the participants were diabetic. Contrary to our hypothesis, we found a
significantly lower prevalence of diabetes in the exposed population (9.9%) compared to non-
exposed controls (14.7%) — unadjusted OR 0.64 [0.49; 0.82] and OR 0.68 [0.52; 0.90] after confounder
adjustment. However, there was no clear association between continuous exposure metrics (years,
weeks/year and hours/week of pesticide use) and odds of diabetes. Because of considerable
demographic differences between exposed subjects and non-exposed controls, residual confounding

is likely and may explain the results demonstrated.

Our original plan was to conduct a more in-depth study on health effects of pesticide exposure in the
COBIN-D population after the study described in Paper Il. However, because exposure levels in the
COBIN-D population were lower than expected, we decided to conduct our second study on health
effects of pesticides in another population with higher exposure levels. That is why the studies in

Paper IV and Paper V were conducted in Uganda.

5.3 Key results from Paper llI

As Paper lll describes the HemoDownloader software, there are no results to present.
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5.4 Key results from study IV and V

In the PEXADU study, 364 individuals participated at baseline. We followed up among 356 and 354
persons in phase 2 and 3, respectively. We summarized demographics at baseline, stratified by
AChE/Hb below or above the median (26.3 U/g) to check for obvious imbalances that could introduce
confounding. There were fewer males (27.1%) in the low AChE/Hb group than in the high AChE/Hb
group (35.5%), but the groups were otherwise similar in terms of ages, educational level, and lifestyle

factors.

AChE/Hb decreased significantly from phase to phase, mean change -0.74 [-0.85; -0.63] U/g/phase.
HbA. increased non-significantly across phases, mean change 0.41 [-0.03; 0.85] mmol/mol/phase.
There was no clear pattern in FPG; mean change -0.03 [-0.11; 0.04]. Most spirometric indices
decreased across phases; e.g., mean change -0.10 [-0.13; -0.07] phase™* for FEV; Z-score, -0.06 [-0.09;
-0.03] phase™ for FVC Z-score, and -0.08 [-0.13; -0.03] phase™ for FEV1/FVC Z-score.

Figure 5-1 presents exposure-response relationships between AChE/Hb and each of the primary
outcome metrics: HbA1., FPG, FEV; Z-score, FVC Z-score and FEV1/FVC Z-score. The graphs are copied
from figure 2 in Paper IV and figure 3 in Paper V. All results in Figure 5-1 are adjusted. For HbA;. and
FPG, the covariates were age, sex, alcohol consumption in the last week, tobacco consumption in the
last week, MET-minutes of physical activity in the last week and servings of fruits and vegetables
consumed per day in the last week. For spirometric indices, analyses are adjusted for age, sex, pack-
years of smoking and cumulated lifetime hours of cooking. In addition, spirometric analyses are
implicitly adjusted for height, as height it one of the factors included in the GLI 2012 equations.*’
Unadjusted analyses and analyses adjusted for an extended set of confounders (also including BMI

and educational level) gave very similar results (see Paper IV and Paper V).

Figure 5-1 shows that low AChE/Hb is correlated with low HbA1. and low FPG. Relative to individuals
with AChE/Hb 25.8 U/g (50t") percentile, individuals with AChE/Hb 24.3 U/g (35 percentile) have an
HbAi that is 0.74 [0.17; 1.31] mmol/mol lower, and individuals with ACHE/Hb 27.1 U/g (65
percentile) have HbA;c that is 0.63 [0.12; 1.14] mmol/mol higher than the reference. Sensitivity
analyses gave similar results as the main analysis. When phase was entered as a separate fixed effect
in the mixed effect model, the association between AChE/Hb and HbAi. persisted, and it also

persisted after including hemoglobin concentration as a covariate in the models.
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As shown in Figure 5-1, low AChE/Hb was associated with low FEV; Z-score. Relative to AChE/Hb 25.9
U/g (50t percentile), persons with AChE/Hb 24.5 U/g (35" percentile) had a mean FEV; Z-score that
was 0.045 [0.003; 0.087] lower, and persons with AChE/Hb 27.3 U/g (65™ percentile) had FEV; Z-
score that was 0.043 [-0.002; 0.087] higher than the reference. Z-scores of FVC and FEV1/FVC showed
similar patterns, but the differences were numerically smaller and not statistically significant. While
results from most sensitivity analyses were unchanged, | found no association between FEV; Z-score
and AChE/Hb in a sensitivity analysis that included project phase as a covariate. However, in this
sensitivity analysis, significant associations were seen between FEV: Z-score and project phase.
Relative to phase 1, FEV1 Z-score was -0.107 [-0.161 ; -0.052] in phase 2 and -0.207 [-0.268 ; -0.146]

in phase 3, after adjustment for AChE/Hb and the other covariates.

5.5 Key results from Paper VI

The original authors of the pyridostigmine trial (Gouge et al) had concluded that there was no effect
of pyridostigmine on FVC among neither asthmatics nor healthy volunteers.>* In contrast, my re-
analysis of the same data in a mixed effect model showed that 2 hours after pyridostigmine
administration, mean FVC was 4.3 [0.9; 7.8] percentage-points of predicted lower than at baseline.
This was driven exclusively by a difference of 6.8 [2.8; 10.9] percentage-points of predicted for

asthmatics, while there was no difference in FVC for healthy subjects. This is illustrated in Figure 5-2.
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Figure 5-1: Main results from Paper IV and Paper V (health outcomes vs. AChE/Hb)
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All results are from mixed effect models that include data from all three project phases. Solid black line shows
estimated value of health outcome, relative to value at the median AChE/Hb in the model. Dashed black lines
show 95% confidence interval. Black dots show location of knots for restricted cubic splines. Distribution of

AChE/Hb values in each model indicated by overlaid histogram.

Analyses of glycemic regulation are adjusted for 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. Analyses of spirometric indices are adjusted for age, sex, pack-
years of smoking, cumulated lifetime hours of cooking (and implicitly adjusted for height).
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Figure 5-2: Results from re-analysis of pyridostigmine trial data
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Dots represent point estimates of mean FVC in % predicted, relative to the mean at baseline. Bars represent
95% confidence intervals for the estimates.
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6 Critical evaluation of methodology

6.1 Evaluation of methods in Paper |

As described above, Paper | is a peer-reviewed protocol for a systematic review on neuroactive non-
organochlorine insecticides, diabetes mellitus and related metabolic disturbances. A systematic
review can be defined as a "systematic assembly, critical appraisal and synthesis of all relevant
studies on a specific topic".”* Conducting a systematic review, as opposed to a narrative review, does
not remove the need for subjective judgement, but has the purpose of making the subjective

judgements consistent, transparent and reproducible.”

While the Navigation Guide methodology for systematic reviews normally includes integration of all
available evidence on a topic (epidemiological, animal, in vitro, and in silico),”> we decided to focus
on peer-reviewed epidemiological evidence, as we deemed it infeasible to conduct a comprehensive
review that included all streams of evidence, as well as gray literature. We might have missed some
studies, but our justification for a new systematic review was that previous reviews could have
missed important epidemiological evidence due to narrow search strategies, so we deemed it more

important to conduct a very sensitive search for peer-reviewed epidemiological studies.

In the scoping review on page 10, | have only appraised the risk of bias due to confounding and not
e.g. the risk of bias due to conflicts of interest. However, since most identified studies had a “high”
or “probably high” risk of bias due to confounding, and since the studies had somewhat conflicting
results, | concluded that there was only suggestive evidence for a causal link between exposure to
cholinesterase inhibitor insecticides and diabetes mellitus. | find it unlikely that this conclusion would

have been changed, had | also appraised the risk of bias from other sources than confounding.
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6.2 Evaluation of methods in Paper Il

6.2.1 Design and study population

The study described in Paper Il was conducted as part of the COBIN-D trial, which was originally not
intended as an occupational or environmental health study. However, the decision to conduct a study
on pesticide exposure and diabetes mellitus as a part of the COBIN-D project seemed very attractive,

as

1) In a previous phase of the COBIN project,”’ >® 35% of participants reported that their main
occupation was agriculture, so we assumed that many of the participants would be exposed
to various classes of pesticides.

2) The COBIN population was relatively large (2,815 persons in the previous phase®’), and had
been sampled from the general population in a random manner.

3) There were plans to measure fasting plasma glucose (FPG) in all participants.

4) 1t is difficult to establish new, large-scale epidemiological studies, especially in developing

countries.

We used Paper Il as a pilot study to assess the feasibility of conducting a second, more in-depth study
in the non-intervention clusters of the COBIN-D population. The second study would include more
detailed subjective exposure information, biomarkers of pesticide exposure, and measurement of
HbA;i. in addition to FPG. However, as described on page 30, we discovered that while pesticide
exposure prevalence was high in the COBIN-D population, the intensity of pesticide use was low.

Therefore, we decided to conduct the second study among smallholder farmers in Uganda instead.

6.2.2 Information problems

6.2.2.1 Exposure assessment

Exposure assessment in this paper was entirely done by self-report. The relatively coarse exposure
metrics could lead to non-differential misclassification of exposure, and therefore bias towards the
null. To introduce bias away from the null, exposure misclassification would have to be differential,
i.e. recall bias would have to be contingent on outcome status. If participants were aware of the
subject of the study, diabetics might tend to over-report their pesticide exposure, which could
introduce a spurious statistical association between pesticide exposure and diabetes, even if there

was no causal link between the two. However, this is the opposite of the observed association (see
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page 30). Therefore, | do not think that information problems related to exposure assessment pose

any serious threat to the internal validity of the findings in the paper.

6.2.2.2 Outcome assessment

All participants were classified as diabetic or non-diabetic according to standardized criteria (see page
7), based on a fasting plasma glucose test. Due to financial constraints of the project, the device used
to test participants was not a diagnostic-grade glucometer, but rather a device intended to monitor
blood glucose levels in already diagnosed diabetics. Hence, it may not have had optimum accuracy
or precision. Imprecision would lead to bias towards the null and cannot explain demonstrated
associations. Inaccuracy might bias prevalence estimates for diabetes in the study population, but
unless the inaccuracy is also related to exposure status, it cannot bias analyses of exposure vs.

diabetes.

6.2.3 Selection problems

Participation rates in the COBIN study were high. In the previous phase of the COBIN project, 98%
out of the 2,882 eligible individuals agreed to participate,’® giving a study population of 2,815
persons. At baseline for Paper Il, 172 (6%) of these individuals had either died or migrated out of the
study area. Of the remaining 2,643 individuals, 2,310 persons (87.4%) consented to participate in the

new study.

In the first phase of the COBIN project, participants were not tested for diabetes, but they were asked
if they had ever been diagnosed with the disease. Compared to individuals who said that they had
never been diagnosed, individuals who self-reported diabetes in the first phase of the COBIN project
had a raw odds ratio = 1.68 [0.99; 2.85] for participation in this second phase, indicating that known
diabetics were more likely than others to participate, and the difference was borderline statistically
significant. This could bias our analyses of pesticide exposure vs. diabetes if participation rates also
depended on exposure status. However, it is difficult to assess the potential for this to happen, as |

have no information on pesticide use from the previous phase of the COBIN project.

6.2.4 Confounding

As Paper Il is a (cross-sectional) observational study, caution is warranted before interpreting any
statistical associations as causal effects, rather than due to confounding. While we did adjust our
analyses for a number of possible confounders defined a priori based on literature, there were large

demographic differences between exposed and non-exposed participants (see Paper IlI). It is
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reasonable to assume that the two groups might also have differed in ways on which we do not have
information (residual confounding), and this is a potential source of bias. | have also considered
whether results could be biased by over-adjustment. E.g., if a hypothetical causal link between
pesticide exposure and diabetes was mediated by BMI, adjustment for BMI would be inappropriate.
However, as results from unadjusted and adjusted analyses were numerically similar, over-

adjustment is unlikely to pose a problem for our analyses.

6.3 Evaluation of methods in Paper llI

Exporting HbA;. results digitally is not supported by the manufacturer of the HemoCue HbA1c 501
device, and the HemoDownloader software was developed after manually reviewing binary data
from the HemoCue HbA1lc 501 that were intended to be sent to a specialized printer, not to a
computer for storage. To ensure integrity of the parsed HbAi. data, extensive consistency checks
were implemented in the HemoDownloader software. The software was used at the end of each
working day while collecting data for Paper IV, and any bugs in the code were fixed when discovered.
However, despite my efforts to make the software as reliable as possible, | cannot rule out the
existence of additional software bugs, or that the software fails to account for unidentified details
about the data format used by the HemoCue HbA1c 501. Hence, the software should only be used in
epidemiological studies, and not for the diagnosis or monitoring of diabetes mellitus in a clinical
setting. If the software was used clinically, it would be classified as a “medical device”,”” and it has

not been approved for such use.

6.4 Evaluation of methods in Paper IV and Paper V

6.4.1 Study design and statistical analysis

In the PEXADU project, the same population sample was examined for both the exposure and
outcomes of interest in three separate phases. It can therefore be discussed whether the PEXADU
project is truly a follow-up study, or if the term “repeated measures study” would be a better

description.

As described on page 28, we took the repeated measurements into account by analyzing data in
multilevel linear mixed effect models. Our choice of model may be criticized, as any demonstrated
associations between exposure and outcome might be due to reverse causality. This could especially
be a problem for the analyses where both exposure and outcome are biochemical measurements (as

in our analyses of AChE/Hb vs. blood glucose). Readers may suggest that it would have been more
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appropriate to analyze our data in a way that explicitly accounted for the timing of measurements
such that reverse causality was ruled out. E.g., one could fit a regression model of HbA;. in phase 2
as a function of AChE/Hb in phase 1. However, such an analysis would be no guarantee against
spurious statistical associations, as | will now demonstrate using Directed Acyclic Graphs (DAGs, a

form of causal diagram).”®

First assume that blood glucose levels causally influence AChE/Hb and not the other way around, and
that both blood glucose and AChE/Hb are causally influenced by a set of confounders called C. The
situation is depicted in the form of a DAG in Figure 6-1. Using standard rules for the analysis of
DAGs,’® we notice that to remove all spurious associations between AChE/Hb in phase 1 and blood
glucose in phase 2, we need to adjust for both blood glucose in phase 1 and for the confounders
called C. In DAG terminology, the adjustment will close the “backdoor paths” shown in purple. If we

do that, we should find no association between phase 1 AChE/Hb and phase 2 blood glucose.

Figure 6-1: Directed Acyclic Graph assuming causal link from blood glucose to AChE/Hb
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Now, assume instead that AChE/Hb causally influences blood glucose levels, but the effect is
transient and does not last from one project phase to the next, as depicted in the DAG in Figure 6-2.
In this case, adjusting for the same variables (blood glucose in phase 1 and confounders C), we would
remove not only the spurious associations due to the backdoors through C. We would also miss the
causal link between AChE/Hb and blood glucose, as we would have closed the causal path AChE_1

=>» Glucose_1 =>» Glucose_2.

Figure 6-2: Directed Acyclic Graph assuming causal link from AChE/Hb to blood glucose
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While the two previous examples are hypothetical, they do illustrate that analyzing data in an explicit
follow-up model does not guarantee against bias. The price for avoiding a false positive result could

be getting a false negative result instead.

Since we did not analyze our data in a model with an explicit follow-up structure, what is the
advantage of our study design with repeated measurements in 364 persons, compared to a simple
cross-sectional study with a study sample three times as large? One answer is that in studies with
only a single measurement of exposure per person, exposure-response relationships will be biased
toward the null, unless exposure is perfectly constant and perfectly measured. The degree of
attenuation of the exposure-response relationship is given by Equation 6-1,%° where B’ is the
observed regression coefficient that can be derived from study data, § is the true (unobserved)
correlation between the exposure and outcome variables, a2, is the within-person variance in
exposure, o2gp is the between-person variance in exposure, and n is the number of times that

exposure is measured for each person.8°

Equation 6-1

2 -1
o WP)
o2

"= x| 14+ L2
B =5 !

Equation 6-1 shows that when the within-person variance in exposure grows relative to the between-
person variance, the exposure-response relationship is attenuated (i.e., biased towards the null), but
the degree of attenuation can be limited by increasing the number of exposure measurements per
person (n). Hence, with multiple measurements of the exposure variable, results from regression

analyses will be less biased.

Random measurement errors in the outcome variable will not attenuate the exposure-response
relationship,®® but effect estimates will be less precise and have wider confidence intervals, leading
to a risk that demonstrated effects will be rejected as “statistically non-significant”. Our study design,
with repeated measurements of both exposure and outcome, will therefore lead to effect estimates

that are both more accurate and precise than a cross-sectional study would.
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6.4.2 Information problems
Both exposure and outcome levels were objectively measured in the PEXADU population, but could
still be biased or imprecise. In the following sections, | will present and discuss results from quality

control of the measurements.

6.4.2.1 Temperature-sensitive materials

It was not possible to find a temperature-controlled facility for the storage of materials and
participant examinations. The lack of temperature control could potentially have been a problem for
the validity for measurements of both AChE/Hb and glycemic regulation, as the reagents were
temperature-sensitive. The manufacturers' recommended temperature ranges for device operation
and reagent storage are listed individually in Table 6-1 for the HemoCue Glucose 201 RT, HemoCue

HbA1c 501 and Test-Mate ChE Cholinesterase System.

Table 6-1: Recommended temperature ranges for biochemical test equipment

Device Operating temperature = Reagent storage temperature
HemoCue Glucose 201 RT 15-27 °C 0-30°C
HemoCue HbA1c 501 17-32°C 2-32°C
Test-mate ChE 15-30 °C 15-30 °C

AChE test materials were stored at room temperature at the UNACOH office in Kampala from
February 2018 to August 2018. They were then moved to my private home in Kampala, and finally to
the examination center. Reagents for the glucose and HbA;. tests were stored at a temperature-
controlled facility in Kampala. Shortly before use, they were delivered either to my private home in

Kampala, or to the examination center in Wakiso, where they were stored at room temperature.

As Uganda has a tropical climate, it is highly unlikely that any reagents have been stored at
temperatures lower than those recommended by the manufacturers. However, it was not
immediately clear if any of the materials might have been stored at temperatures above the
recommended ranges. | have no data on the temperature in my home in Kampala, but the building
felt cool, and | find it unlikely that the indoor temperature was ever above 30 degrees. The
temperature at the examination center was not continuously logged, but because of the large

number of AChE tests carried out, and because the temperature at the time of each analysis was
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recorded, it was possible to get an overview of the temperature at the examination center across all

working days (Figure 6-3).

Figure 6-3 shows that the recorded temperature at the examination center was only above 30 °C on
one specific date (the points marked as crosses). While the temperature might have been higher on
weekends, when the windows and doors of the examination center were closed, the results do
indicate that high storage temperatures are unlikely to have influenced the reagents while at the
examination center. However, we note that for a considerable amount of time, temperatures were
above 27 °C, which is the upper limit of the recommended operating temperature for the HemoCue
Glucose 201 device. To investigate if this could have influenced our results, | carried out descriptive
analyses of the temperature at each FPG analysis. | linearly interpolated times and temperatures
from the AChE analyses to obtain a best estimate of the temperature at each FPG analysis. The results
are shown in Table 6-2. We notice that the percentage of analyses carried out at temperatures >
27 °C ranges from 3% to 15%, depending on the phase. As | could not rule out temperature-related
errors in these measurements, my analyses of AChE/Hb vs. FPG included a sensitivity analysis where
the high-temperature FPG analyses were excluded. Results from this sensitivity analysis was similar

to the main analysis.

Table 6-2: Estimated temperature at time of FPG analysis

Project Number of FPG Temperature OK (15-27 °C) Temperature too high (>27 °C)
phase measurements n (%) n (%)
1 128 118 (92.2%) 10 (7.8%)
2 210 179 (85.2%) 31 (14.8%)
3 253 245 (96.8%) 8(3.2%)
Total 591 542 (91.7%) 49 (8.3%)

42



Figure 6-3: Temperature at AChE examination as a function of time of day
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6.4.2.2 Exposure assessment

6.4.2.2.1 Use of acetylcholinesterase as a biomarker of insecticide exposure

Red blood cell acetylcholinesterase (AChE) is not the primary toxicodynamic target of
organophosphate and carbamate insecticides (the neuronal isoform of the enzyme is),’ '’ but AChE
is readily available for sampling and can be used to quantify exposure. As described on page 4,
carbamates reversibly inhibit AChE, while the inhibition caused by organophosphates is irreversible
once the AChE-organophosphate complex has undergone a process known as “aging”.’ ¥’ As red
blood cells lack the biochemical machinery for protein synthesis, red blood cell AChE only returns to

normal as new blood cells are produced. Hence, AChE may be used to monitor exposure even at a
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time when all of the organophosphate insecticide has been metabolized and excreted. This was
illustrated in a monitoring study of 8 human subjects who had been accidentally poisoned with the
organophosphate dichlorvos; AChE reverted towards baseline as a linear function of time, and the
estimated time to normalization was 82 days,?® despite the fact that dichlorvos has a short half-life
in humans. In a human volunteer who ingested a single dose of 5 mg dichlorvos, urinary excretion
had practically stopped after 9 days.®* Hence, AChE can be used to monitor exposure to carbamates
in the short term, and to organophosphates in the short to medium term. It cannot be used to

monitor long-term exposure (years).

The interpretation of acetylcholinesterase activity analyses among pesticide-exposed persons is
complicated by a considerable interindividual variability. In a study of 40 blood donors from the USA,
AChE/Hb measured with the Test-Mate device (the same type of device as used in the PEXADU study)
had a mean of 27.1 U/g, an SD of 2.9 U/g and a range of 21.9-37.3 U/g.%° In a recent study among 242
healthy volunteers in Germany, the ratio between the 97.5%" percentile and the 2.5 percentile of
AChE/Hb was 1.5; the assay was similar to the one used by the Test-Mate.®> When AChE/Hb is used
for occupational safety monitoring of pesticide-exposed workers, it is therefore recommended to
compare results from each person to their own pre-exposure AChE/Hb instead of relying on

population reference values.®

While detailed subjective information on pesticide exposure was available in the PEXADU project,
the subjective exposure information did not correlate with AChE/Hb, as described in Paper IV and
Paper V. This might indicate that AChE/Hb was primarily influenced by some other factor than
insecticide exposure,*! so that AChE/Hb would be a poor exposure metric. However, it might also be
because AChE/Hb reflects total exposure to organophosphate and carbamate insecticides (e.g.,
spraying, bystander exposure, re-entry work in sprayed fields, consumption of fruit and vegetables
with insecticide residues), and we only have subjective information on spraying. AChE/Hb is a well-
established biomarker of exposure to cholinesterase inhibitor insecticides.'* 8 We therefore decided
to use AChE/Hb as our only exposure metric, and keep the potential for confounding in mind when
interpreting statistical analyses. The subjective exposure information will only later be used for
statistical analyses of exposure vs. health if we can validate it against other biomarkers, such as urine
metabolites or pesticide residues in the passive samplers worn by participants (see page 24). In the
following sections, | will describe the extensive quality checks conducted to ensure the validity of our

AChE/Hb data.

44



6.4.2.2.2 Results from negative control

The manufacturer of the Test-Mate analyzer recommends that quality control is performed on each
day of testing by analyzing a sample from a person with no known exposure to organophosphate or
carbamate insecticides,®® and | volunteered. Quality controls were performed on my capillary blood
on each day of testing, as well as on some training days before data collection started. Results are
plotted in Figure 6-4. To enable analysis of within-day variance for the negative control results, on
the last 8 days of the project two analyses were carried out within 10 minutes of each other. Both
results are plotted in Figure 6-5. Analyses of variance for the AChE analyses done on my blood are
presented in Table 6-3 (all phases, limited to the first measurement of the day) and Table 6-4

(repeated measurements on the last 8 days of phase 3).

Results in Table 6-3 are split into total variance (o0?7o1), between-phase variance (o%gpn) and within-
phase/between-day variance (o?wen). It is clear that almost all the variance in both AChE, hemoglobin
and AChE is due to day-to-day variability in the results. This can be confirmed visually in Figure 6-4,
where there is no clear trend in results between phases. This suggests that AChE reagents were not

damaged by temperature or other factors during storage, as described on page 41.

The results in Table 6-3 cannot tell us about the source of the within-day variance, but it must be the
sum of true biological variance in the measured quantities, and the variance due to measurement
errors. To determine the relative importance of these two sources of within-day variability, we turn
to Table 6-4. Results are split into between-day variance (0%sp) and within-day variance (o?wp). We
find that the vast majority of the variance over these 8 days is due to within-day variability. As it is
highly unlikely that the (unobserved) true levels of hemoglobin and AChE changed in my blood in the
few minutes passing between each analysis, the within-day variance in Table 6-4 must be due to
measurement errors. It should be noted that my mean AChE/Hb was ~30 U/g, which is close to the

reference value of 31.4 U/g reported by the manufacturer of the Test-Mate ChE device.®°
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Table 6-3: Analysis of variance for negative control AChE (first result of the day, all phases)

Variable Arithmeticmean  o*or  0%ph  O%wph  O2wph/O%roT
AChE (U/ml) 4.20 0.045 0.000 0.045 1.000
Hemoglobin (g/dL) 13.83 0.193 0.001 0.192 0.995
AChE/Hb (U/g) 30.36 1.370 0.000 1.370 1.000

Table 6-4: Analysis of variance for repeated negative control AChE (last 8 days of phase 3)

Variable Arithmetic mean o*or 6% O?wp  G%wp/0%or
AChE (U/ml) 4.10 0.025 0.000 0.025 1.000
Hemoglobin (g/dL) 13.66 0.140 0.007 0.133 0.951
AChE/Hb (U/g) 30.03 0.502 0.000 0.502 1.000
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Figure 6-4: AChE quality control data from negative control
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Hb = hemoglobin. AChE/Hb = hemoglobin-adjusted AChE.

Left-hand y axis shows absolute values, right-hand y axis shows percent normal as defined by manufacturer of
AChE analyzer. Dashed gray lines are means across all phases (see Table 6-3, page 46). All measurements made
with the same device. In the cases where more than one measurement was made on a specific day, only the
first value is included. The very first measurement done by the nurse after training was excluded, as it
contained an obvious error (Hb = 4.0 g/dL).
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Figure 6-5: Repeated AChE quality control data from negative control
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6.4.2.2.3 Influence of operating procedures

During the second phase of the PEXADU project, | discovered that the nurse responsible for analyzing
AChE had slightly changed the test procedure. In phase 1 and the beginning of phase 2, she vigorously
shook the test tube after adding reagent for the analysis. After reading the manufacturer's
instructions® carefully, she had switched to gently turning the test tube back and forth after adding
reagents. If this change in procedures could influence the results, it could make it difficult to compare

AChE results across phases.

On two separate days, | randomly selected a total of 16 participants whose venous blood samples
were analyzed twice for AChE - once where the test tube was shaken vigorously after adding reagent,
and once where the tube was turned over gently. Results from this quality control are presented in
Bland-Altman plots in Figure 6-6. There is no systematic difference in results from the two mixing
procedures, only random errors. The change in procedure is therefore unlikely to have biased our

results.
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6.4.2.2.4 Analysis of variance for study participants

Table 6-1 presents an analysis of variance for AChE, hemoglobin and AChE/Hb for study participants,
based on linear mixed effect models that only include random terms for family and participant. The
variance is split into between-family variance (o%), between-person variance (o%sp) and within-
person/between-phase variance (o?wp). We notice that family relations (genetics and shared
environment) account for only 6% of the variance in AChE, 23% of the variance in hemoglobin, and
0% of the variance in AChE/Hb. Differences between individuals seems to matter the most, with
between-person variance accounting for 71%, 45% and 82% of the total variance in AChE,
hemoglobin and AChE/Hb, respectively. But there is also considerable within-person variance (23%
for AChE, 33% for hemoglobin and 18% for AChE/Hb). In addition, we note that the mean AChE/Hb
for participants (25.8 U/g) was considerably lower than the mean result from myself (negative
control, mean 30.4 U/g; see page 45). This difference in mean AChE/Hb is expected due to the

presumed insecticide exposure of the participants.

Table 6-5: Analysis of variance for participant's AChE analyses

Variable X o%1oT o%sr o%sp o?wp  0%e/0%tor  ©%p/0%*tor  G%we/G%roT
AChE (U/ml) 300 0307 0018 0219 0070 0.058 0.713 0.228
Hemoglobin )« 1917 0433 0853 0631 0226 0.445 0.329
(g/dL)

AChE/Hb (U/g) 2579 15.818 0.000 12.923 2.894  0.000 0.817 0.183

As mentioned above (see page 45), the within-day variance in negative control results (Table 6-4) are
likely due to measurement errors. Participant results shown in Figure 6-6 indicate that the size of
measurement errors from the Test-Mate are independent of the size of the measured quantity.
Hence, participants’ within-person variance must be the sum of the variance attributable to biological
changes and the variance attributable to measurement errors:®’

Equation 6-2

2 — 2 2
0 "wp,biology+error — O WP biology to error
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If the size of the measurement error depended on the biological quantity, the situation would be

more complex.®” Equation 6-2 can be rearranged to obtain
Equation 6-3
2 _ 2 _ 2
o WP,biology — o WP,biology+error 0% error

According to this equation, we can estimate the proportion of the within-person variance
attributable to biological changes by subtracting the variance due to errors (listed in Table 6-4) from
the overall within-person variance. | applied this formula to results from Table 6-5; results are shown

in Table 6-6.

Table 6-6: Estimated proportion of variance in participants' AChE results attributable to measurement
errors

Variable 0'2TOT O'ZWP ozerror 0'2WPpbioIogy ozerror/O'ZTOT Gzerror/OZWP 02WP,bioIogy/02WP
AChE (U/ml) 0307 0.070 0.045  0.025 0.145 0.638 0.362
Hemoglobin . 10 631 0193 0437 0.101 0.306 0.694
(g/dL)

AChE/Hb (U/g) 15.818 2.894 1370  1.525 0.087 0.473 0.527

Table 6-6 shows that measurement errors contributed an estimated 15%, 10% and 9% of the total
variance in AChE, hemoglobin and AChE/Hb, respectively. For within-person variance, the numbers
are 64% for AChE, 31% for hemoglobin and 47% for AChE/Hb. In other words, while variance due to
measurement errors is a relatively small proportion of total variance, it is responsible for about half
of the within-person variance. Hence, it seems that our measurements of AChE/Hb primarily reflect

biological differences between individuals.

The manual for the Test-Mate analyzer states that “intraindividual variability of (...) erythrocyte (...)
cholinesterase is less than 5% per week and less than 10% per month”.%% The within-person
coefficients of variation (including both measurement error and biological changes) among
participants can be estimated to 9% for AChE, 7% for hemoglobin and 7% for AChE/Hb. The

demonstrated intraindividual variability was thus roughly within the expected range.
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6.4.2.2.5 Quality control of results from the Test-Mate ChE device

After each participant’s examination in each phase, | reviewed the results and informed the
participant before they left the examination center. Towards the end of phase 1, | was puzzled by the
results from the Test-Mate ChE analyzer: | had the impression that approximately half the study
population was anemic (defined as hemoglobin <12.9 g/dL for men and <11.9 g/dL for women).88
While anemia is a public health problem in Uganda,® | deemed such a high prevalence of anemia

unlikely.

If measurements of hemoglobin were biased, our main exposure metric (AChE/Hb) might also be
biased, which could potentially lead to problems during our statistical analyses of exposure vs. health
outcomes. To investigate this issue, quality control analyses were conducted in Denmark in the end
of November 2019. 6 anonymized K-EDTA whole blood patient samples were provided by the
Department of Clinical Biochemistry, Aarhus University Hospital (courtesy of project coordinator Uffe
Lund Lystbaek). Along with the samples, | received information on their hemoglobin concentration,
as determined by the analyzer Sysmex XN-9000 (Sysmex Corporation, Kobe, Japan). The samples had
been selected by the staff at the Department of Biochemistry to represent a wide span of hemoglobin

values.

| analyzed each sample four times with each of two different Test-Mate devices: Device number 1
(the device used for all analyses during data collection in Uganda) and device 2 (a spare device that
had not been used during data collection). In each round of measurements (1-4), the order of the
samples was randomized using a pseudo-random number generator, and so was the order of the
devices used. All samples were analyzed using the same batch of reagents that been left over from
the PEXADU project. | wrote results down on paper at the time of analysis and later double-entered

them into a database.

Figure 6-7 presents results from a comparison of results from the two Test-Mate devices with the
results from the Sysmex device (considered the “gold standard”). Hemoglobin values from both of
the Test-Mate devices are negatively biased, and this bias is larger for device 1 than for device 2. The
influence of this bias on AChE/Hb was investigated by plotting results from the two Test-Mate devices
against each other, as presented in Figure 6-8. The figure confirms that compared to device 2, device
1 has negative bias in the hemoglobin values presented. However, the refigure also shows that device
1 has a similar negative bias in AChE. These two biases almost cancel each other out so that AChE/Hb
is approximately the same from the two devices.
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These analyses do not tell whether AChE results from Test-Mate device 1 or 2 are most accurate. To
answer that question, we would have to compare AChE from both devices to results from a “gold
standard” device. Unfortunately, AChE is not one of the biochemical analyses offered at Aarhus
University Hospital. However, since AChE/Hb was almost the same for the two devices, | do not
believe that this exposure metric was biased to a considerable degree. Figure 6-8 does suggest that
for device 1 compared to device 2, AChE/Hb is slightly biased upwards for high values of AChE/Hb,
and slightly biased downwards for low values of AChE/Hb. If results from device 2 were more accurate
than results from device 1, such bias in results from device 1 would lead to a flattening of exposure-
response relationships, as outlined in Figure 6-9. That means that any bias in AChE/Hb is more likely
to lead to under-estimation than over-estimation of exposure-response relationships in our analyses

of health effects.
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Figure 6-7: Venous hemoglobin measured by Sysmex vs. Test-Mate
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the mean difference between devices, and the dashed black lines represent the upper and lower boundary of the 95% prediction interval, respectively.
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Figure 6-8: Comparison of AChE, Hb and AChE/Hb between two Test-Mate devices
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Figure 6-9: Schematic representation of potential effect of measurement error in AChE/Hb on
exposure-response relationships

Outcome
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6.4.2.3 Pulmonary function parameters

6.4.2.3.1 Standardization and quality assurance of participant results

Three nurses were employed as data collectors in the PEXADU project. Before data collection started,
| provided a two-day course to the nurses on the theory of obstructive airway diseases and pulmonary
function testing with a focus on quality assessment and participant coaching. Spirometry was carried

out in a standardized manner according to ATS criteria®® to ensure maximum data quality.

Before statistical analyses, data quality for all spirometries were assessed according to modified ATS
criteria.*® Across all phases of the PEXADU project, participants had performed 4,931 individual blows
with the MicroDL spirometer. | created an electronic form in ODK®*® collect. The form showed the
flow-volume and volume-time curve from each blow in turn and prompted me to state whether the
curves showed any of the individual issues in Table 6-7 (modified from the online appendix of Paper

V). Once all blows had been processed, the database was imported in Stata 15. Based on the presence
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or absence of individual signs, each blow was categorized as acceptable/unacceptable or
usable/unusable according to the criteria in Table 6-7. | dropped results from all examinations where
there was < 2 acceptable blows, and results from non-repeatable examinations (defined as a

difference between best and second-best usable value > 0.25 L for either FEV; or FVC).
Table 6-7: Spirometry quality assessment criteria for individual blows

Disqualifies blow from being...

Acceptable Usable for FEV:  Usable for FVC

Cough in 1% second X X X
Volume-time curve without plateau X

Obstruction of mouthpiece X

Sub-maximal blowing effort X

Leak around mouthpiece X

Slow start of exhalation X X X
Extra inhalation (within 1% second) X X

Extra inhalation (after 1%t second) X X

Due to the magnitude of the task of assessing all 4,931 blows for quality, complete assessment in
duplicate was infeasible. To evaluate the validity of my assessments, a second physician with
experience in pulmonary function testing (Wajd Abbas Hassan Hansen, WAHH) also assessed all
blows from phase 1 (1,723 blows total from 304 individuals) using the same system. Table 6-8 shows
the level of agreement between the assessments made by WAHH and myself; we agreed on the

guality of the examination in 94.7% of the 304 cases.

Table 6-8: Interrater agreement for quality control of 304 spirometries from phase 1

MRHH
OK  Problem
OK 276 2
WAHH
Problem 14 12
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When one outcome is much more common than the alternatives, a high level of agreement might be
due to chance. This could be the case here, as most examinations were classified as “OK” by both
assessors. Hence, the kappa statistic’* might be a better measure of agreement. The kappa statistic’*
compares the level of agreement observed (Aobs) to the level expected by random chance (Aexp) and

is defined by Equation 6-4:

Equation 6-4
_ Aops — Aexp
1—Aexp
In case of perfect agreement between two assessors, then A,,s = 1 and » = 1. On the other hand,
if any agreement is solely due to random chance, then A,,s = Ay, and »x = 0. Using Stata’s kap

command, | calculated » = 0.57, indicating fair to good interrater agreement.”®

For the phase 1 examinations classified as “OK” by both assessors, | calculated the difference in best
FEV1 and FVC values from each assessment. Summarized results are shown in Table 6-9. While a few
discrepant values were seen, overall there was excellent agreement between results from the two

assessors.

Table 6-9: Difference in FEV: and FVC based on quality control by two different assessors
Difference = MRHH - WAHH

Parameter Mean Median [IQR] Minimum Maximum
FEV: (L) 0.002 0.000 [0.000; 0.000] 0.000 0.110
FVC (L) 0.005 0.000 [0.000; 0.000] -0.110 0.180

Based on these results, we deemed it justifiable to rely only on my quality assessment for all curves.

The quality assessments for phase 1 examinations made by WAHH were not used further.

6.4.2.3.2 Choice of reference values

For each person who performed spirometry, we converted results to Z-scores using the Global Lung
Function Initiative equations (GLI-2012), to account for the well-known correlation between lung
function and ethnicity, age, sex, and height.*’ °* Each Z-score is equal to the difference between a

person’s measurement and predicted value, divided by the standard deviation of the predicted value.
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Unfortunately, spirometry reference values for Ugandans are unavailable. While a suboptimal

solution, we decided to compare participant’s results to reference values for African-Americans.

The Global Lung Function Initiative taskforce recommends expressing spirometry results as Z-scores
instead of percent predicted and state that Z-scores “are free from bias due to age, height, sex and
ethnic group”.*’ This is illustrated in Figure 6-10 that shows GLI-2012 predicted values for FEV; as a
function for age for African-American females with height 155.9 cm (the median height of females in
the PEXADU project), as well as lower limit of normal (5™ percentile of predicted) for FEV: in percent
of predicted FEV1. LLN in percent of predicted decreases from 78.4% for 20-year-olds to 66.7% for
80-year-olds. Hence, if we had expressed spirometry results as percent predicted instead of Z-scores,
we would have failed to take into account that e.g. an FEV1 of 70% predicted is abnormal for a 20-

year-old, but within the normal range for an 80-year-old.

Figure 6-10: FEV; predicted value and LLN as a function of age

Q o
< e

= | T T T ==

~ -~ ~

— \\

© >~

EO \\\

gS- ~<

C < ey

E ~ o

O RENR o

© So - o3

-ao ~ N =

O O - \\ 9

o~ ~ o

a™m S o o

o ~ _

S} o

S S
o [

£8. =

=N OE

) - o

= ©

g

© 8

L=

O

©

(0]

| -

o
= o
] - O
o T T T T o]

20 40 60 80

Age (years)

60



6.4.2.3.3 Reversibility of obstruction

When spirometry is used for the clinical diagnosis of airway obstruction in clinical practice,
bronchodilator medicine is used to distinguish between asthma and COPD. Obstruction in asthma is
reversible, while obstruction in COPD is not (or reversible to a much lesser degree).*!4? We could not
get ethical clearance to administer bronchodilator medication in the PEXADU study population.
Therefore, we could not distinguish between reversible and non-reversible obstruction in the study

population.

6.4.2.3.4 Calibration checks

On each day of testing, | checked the calibration of the MicroDL spirometers before use. A 3-liter
calibration syringe (MIR 919000, Medical International Research Inc., Rome, Italy) was emptied three
times under each of three different conditions: Slowly (as slowly as possible while keeping the
movement smooth), medium, and fast (as fast as possible). Several different spirometers and
turbines was used during the project. The device and/or turbine was switched if the calibration
checks showed unacceptable imprecision or bias. Calibration check results are presented and

discussed on page 72.
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6.4.2.4 Glycemic regulation

In the PEXADU project, HbA1c was used as the main metric of glycemic regulation, and FPG was a
secondary outcome. The choice was made to simplify the logistics of data collections, as HbA;. does
not vary diurnally and its measurement does not require fasting.5* We analyzed both HbA:. and FPG
as continuous measures, since hyperglycemia is a cause of excess morbidity and mortality, even
below the cut-offs that define diabetes mellitus.’? Furthermore, our study population was too small

to use outright diabetes mellitus as the main outcome.

6.4.2.4.1 Validity of HbA1. and FPG measurements

Quantification of glycemic status by Hbaic is not without problems. The relationship between average
plasma glucose levels and HbA1. can be modified by a number of factors including age, ethnicity,
sickle cell trait, sickle cell anemia, glucose-6-phosphate dehydrogenase (G6PD) deficiency, and some

forms of HIV medication.®

Quality control data for glucose and HbAi. were unfortunately not collected, making it difficult to
assess the precision and accuracy of our measurements directly. However, indirect information can
be gleaned by comparing FPG and HbA;. from the same persons at the same time. If our devices are
precise and accurate, we would expect results to be relatively concordant, though it is known that
FPG and HbA;. may not classify the exact same individuals as diabetic.'® Compared to a combination

of FPG, HbA1c and OGTT, HbA:c alone has a sensitivity of 30% for the diagnosis of diabetes mellitus.t®

Across all phases of the PEXADU project, we performed 591 simultaneous tests of FPG and HbA. in
307 individual participants. The results can be categorized as normal, raised or diabetes according to
standard ADA criteria'® shown in Table 2-1 on page 7. In Table 6-10, | have cross-tabulated the
classification of the 591 samples according to FPG and HbA1.. 68% of tests have concordant FPG and
HbA . classifications. 28% of tests are slightly discordant (normal/raised or raised/diabetes), while

4% of tests are highly discordant (normal/diabetes).
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Table 6-10: Cross-tabulation of categorization of glycemic status assessed by HbAi. and FPG

Classification of FPG

Classification of HbA1c

Normal Raised Diabetes
370 90 22
Normal
62.6% 15.2% 3.7%
64 25 6
Raised
10.8% 4.2% 1.0%
3 4 7
Diabetes
0.5% 0.7% 1.2%

During data collection, | noticed some of these discrepancies in HbA;. and FPG, and considered the

following possible explanations:

Non-fasting participants: When FPG is elevated and HbA1. is not, the participant might not
truly be fasting. When | asked directly, some participants with normal HbAi. and FPG
apparently in the diabetic range confirmed that they had in fact eaten before the test. Such
FPG results were deleted. Other participants might also have eaten without admitting it.
Temperature damage to reagents: As described on page 41, temperatures in the examination
center were generally within the range recommended by the manufacturer of the glucose
and HbA;. devices.

Operator error: All tests were performed by either a nurse or a laboratory technician
according to the manufacturers’ instructions.®1 8 When | supervised the staff, | did not note
any deviations from protocol.

Device malfunction or bad reagents: | shipped the HemoCue HbAlc 501 device to the
manufacturer for quality control when the project was over. There, it was tested with reagent
packs from both of the lots that had been used in the PEXADU project. Results are shown in

Figure 6-11; no clear problems were detected.

Sickle cell trait/anemia and G6PD deficiency are both relatively prevalent in Uganda.®*°® Some

participants may have one of these conditions. Sickle cell anemia is a hemolytic anemia seen in
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individuals homozygous for the variant hemoglobin HbS, while individuals with sickle cell trait are
heterozygous carriers and rarely have any symptoms.®” G6PD deficiency is an X-linked recessive
disorder that can lead to hemolysis during episodes of oxidative stress.’® Anemia can bias HbAicdue
to changed erythrocyte lifespan®, and for the same reason it may also bias AChE/Hb, as old
erythrocytes have lower AChE activity than young erythrocytes.®® To rule out confounding from
anemia, when | analyzed HbA;c vs. AChE/Hb | included a sensitivity analysis with hemoglobin
concentration as an independent variable; results were unchanged. Sickle cell trait could have biased
our HbA1 results, as HbS interferes with the assay used by the HemoCue HbA1c 501.1%° However,
sickle cell trait does not influence AChE,°? so it does not have the potential to confound relationships

between HbA1. and AChE/Hb.

Figure 6-11: Quality assurance results for HemoCue HbA1c 501 device
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“Infopia Tosoh G7” is the name of another HbA;. analyzer. Results from the HemoCue HbA1c 501 are plotted
on the y-axis. Quality testing performed by Osang Healthcare Co., Ltd. (South Korea) with samples that were
not from the PEXADU population. Figures reproduced with permission from HemoCue (personal
communication, Maria Hagbjarn, HemoCue AB, November 14, 2019).
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6.4.2.4.2 Handling of HbAlc < 4% NGSP

The HemoCue HbA1c 501 device has a lower limit of quantitation (LOQ) of 4% NGSP (= 20 mmol/L).
Approximately 3% of our analyses were < LOQ and reported simply as “<4%” by the device. Before
analyzing HbAi. as a continuous metric, we had to decide how to handle observations < LOQ. We

considered the following three strategies:'0?

1. Exclude the observations with HbA1. < LOQ from all calculations
2. Assign a fixed value to all observations

3. Impute values using more advanced methods such as Maximum Likelihood Estimation (MLE)

While we decided to use strategy 1 in some sensitivity analyses, the loss of information and statistical
power was deemed unacceptable for the main analyses. Strategy 2 is easy to implement, but has the
disadvantage that it does not take the variance of values < LOQ into account.'? Strategy 3 was
theoretically the best, as it could take into account that values below the LOQ have a certain
variability.1%2 However, the Stata regression command implementing MLE (truncreg) could not
account for the interdependence of the data (multiple rounds of examinations, family relationships).
Hence, we settled for strategy 2, which was deemed acceptable in light of the relatively low number
of measurements < LOQ.102193 As described in detail in the online appendix of Paper IV, we assumed
that HbA;c values < LOQ follow a triangular distribution between 3% NGSP and LOQ, resulting in an

assigned value of 3.71% NGSP = 16.8 mmol/mol.

6.4.3 Selection problems

Study results can be affected by selection bias if the likelihood of participating depends on both the
exposure and the outcome under investigation.'%* E.g., if farmers in ill health and with high exposure
are more interested in the study findings and therefore have a higher likelihood of participating, this
can introduce a spurious association between high exposure and ill health. As the PEXADU project
was a follow-up study, selection problems could potentially arise both at the time of recruitment and
during follow-up. It is unfortunately difficult to assess the potential for selection problems before the
baseline examination, as | have little data available regarding non-participants. Loss to follow-up
between phases is highly unlikely to influence our results, as we were able to follow up among 354

participants in phase 3, out of the 364 participants at baseline (< 3% lost).

Almost all participants gave blood samples for analysis of HbA1c and AChE/Hb at each visit. Therefore,

selection problems between project phases are unlikely to bias the results of HbAic vs. AChE/Hb. On
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the other hand, FPG was measured in a convenience-based subsample of the study population, and
this could be a potential source of bias. Persons who were tested for FPG had a mean AChE/Hb that
was 0.68 [0.42; 0.94] U/g lower than participants who were not tested. While it is impossible to
investigate directly if persons who were tested also had different FPG than those who were not
tested, the issue can be examined indirectly, as we would expect similar patterns in FPG and HbA..
Among persons tested for FPG, mean HbA;i. was 0.57 [-0.34; 1.47] mmol/mol higher than in those
who were not tested. While the difference in HbA1. is not statistically significant, analyses of FPG vs.
AChE/Hb might therefore be biased by selection problems, but such bias would introduce an
association between high AChE/Hb and high FPG, which is the opposite of the observed association
(see page 31). Hence, neither our results for HbAic nor FPG can be explained by selection bias after

participant inclusion.

In each phase of the project, we excluded a number of persons from spirometry, some refused to
undergo spirometry, and some performed spirometry that did not fulfill quality criteria (page 57).
Hence, spirometry results are only available from 74-80% participants in each phase. Across all
project phases, participants with spirometry available had mean AChE/Hb that was 0.31 [-0.02; 0.65]
U/g higher than participants without. Furthermore, mean FEV; Z-score in phase 1 was 0.19 [-0.12;
0.50] higher among persons for whom data are also available in phase 2, compared to those without
data in phase 2. When comparing phases 1/2 and 2/3 in the same manner, the mean difference was
0.30[0.02; 0.59] and 0.26 [-0.02; 0.53], respectively. This indicates that participants with spirometry
data available might both have had higher lung functions and slightly higher AChE/Hb compared to
those participants who did not. This could cause a spurious association between low AChE/Hb and
low pulmonary function, which is in fact the direction of the association we observed (see page 31).
To estimate exactly how much of the observed association could be due to selection bias, a formal
guantitative bias analysis would be needed, and we plan to conduct such an analysis in the future.

Until then, the risk of selection bias must be kept in mind when interpreting results.
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6.4.4 Confounding

6.4.4.1 Confounder selection

Confounders for Paper IV and Paper V were selected a priori, based on analysis of Directed Acyclic
Graphs (DAGs) containing information on assumed causal relationships between study variables. The
DAGs for glycemic regulation and pulmonary function are shown in Figure 6-12 and Figure 6-13,

respectively.

When drawing the DAGs to decide on which confounders to adjust for in my analyses of AChE vs.
pulmonary function and glycemic regulation, | assumed that the only factors inheritable from parent
to child were genes and socioeconomic status. In other words, | excluded any direct heritability of
behavioral factors such as dietary pattern and attitude towards smoking, and | disregarded any causal
link from parents’ health status to their children’s behavior. | believe that this is justified, as several

studies in rural Uganda have shown a poor level of knowledge of the causes of diabetes mellitus,0>

107 108 109

asthma and COPD.'% A person who is unaware of the link between specific behaviors and
disease (e.g., physical inactivity as a risk factor for diabetes mellitus) is unlikely to change behaviors
in response to parents’ illness. Even if the person has knowledge of the link between behavior and
illness, this may not lead to a change in behavior. This was illustrated by a 2015 study among residents
of the rural Kasese District in Western Uganda'!!; knowledge of diabetes mellitus was not associated

with cardiometabolic risk factors (e.g., BMI, physical activity level, diet).1!!

In our pre-published analysis protocol, we had stated that all analyses would be adjusted for project
phase as an independent variable account for unknown time-variant confounders. However, in the
final models we decided to leave out project phase. In the two following sections, | will explain why
we did so. | will also explain why we left out the device ID of the spirometer used to test participants’
pulmonary functions, even though Figure 6-13 indicates that the specific spirometer could be a

confounder if spirometers are not calibrated to the same standards.
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Figure 6-12: Directed Acyclic Graph for glycemic regulation in the PEXADU project
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Figure 6-13: Directed Acyclic Graph for spirometry in the PEXADU project
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6.4.4.2 Ambient air pollution as a possible confounder

PM;s (airborne particulate matter with an aerodynamic diameter < 2.5 um) and PMyg (airborne
particulate matter with an aerodynamic diameter < 10 um) are two important components of
ambient air pollution. Exposure to such pollutants can impair lung function, also among otherwise
healthy individuals. A recent systematic review and metaanalysis showed that each 10 pg/m?3
increase in acute exposure to PMss was associated with a -7.0 [-11.8; 2.3] ml change in FEV1 among
healthy adults, while each 10 pg/m? increase in long-term exposure to PMio was associated with an
annual -8.7 ml [-15.4; -2.1] change in FEV1.''? Epidemiological studies also show that ambient air
pollution is associated with increased risk of diabetes mellitus.'!3 Therefore, we considered whether
concurrent temporal variation in both ambient air pollution and insecticide exposure had the
potential to confound our results, and should be adjusted for in analyses, by using project phase as a

proxy for exposure levels that were likely to change over time.

Publically available data on PM; s from an air quality monitoring station located at the U.S. Embassy
in Kampala were downloaded from an online repository (https://airnow.gov). Of course, care should
be taken before extrapolating measurements from urban Kampala to semi-urban Wakiso
approximately 17 kilometers away, but one would expect the overall temporal trends in air pollution
across the year to be similar in the two locations. To emphasize overall trends in PM; 5 over day-to-
day fluctuations, | calculated a running 30-day geometric mean of PMys. Historical data on monthly

precipitation in Kampala was also obtained online (https://worldweatheronline.com).

Figure 6-14 shows plots of PM; 5 and precipitation as a function of time. Large fluctuations in both
precipitation and PM2.5 are seen in 2017-2019, and PM, s is negatively correlated with precipitation.
PM2s ranges from 27 pg/m?3in May 2017 to 84 pg/m3in January 2018. In the PEXADU project phases,
highlighted in gray in the figure, differences in PM,s are smaller but still noticeable. PM, 5 seems
higher in phase 1 and 3 compared with phase 2. As described further on page 31, there was a clear
downwards trend in pulmonary function metrics across study phases, while we observed no temporal
trends in HbAi. and FPG. The lack of clear temporal covariance between ambient air pollution,
glycemic regulation and pulmonary function makes it unlikely that ambient air pollution can

considerably confound our results.

Due to the distance between the air monitoring station in Kampala and the homes of study
participants in the Wakiso District, day-to-day fluctuations in ambient air pollution might differ
between the two locations, even if the overall annual trends are the same. We therefore found that
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if we wanted to adjust for ambient air pollution in our statistical models, the most reasonable way to
do so would be to include project phase as an independent dummy variable, and our analysis protocol
said that we would do exactly this.''* However, adjustment for project phase in this way could pose
a problem. Descriptive statistics showed that AChE/Hb decreased across study phases (see page 31),
indicating increasing exposure to cholinesterase inhibiting pesticides. Hence, adjusting for project
could lead to bias towards the null, potentially masking a real effect of AChE/Hb. On this background,
we decided to remove project phase as an independent variable in our main models, and only

re-included it in sensitivity analyses.

Figure 6-14: Temporal pattern of precipitation and ambient air pollution, Kampala 2017-2019
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6.4.4.3 Spirometer ID as a possible confounder of pulmonary function

As described on page 61, several different spirometers were used during the project. Any systematic
differences in the performance of the devices would have the potential to bias our analysis, with the
direction of the bias depending on device calibration. To investigate whether spirometer ID should
be included as a covariate in our analyses of pulmonary function, | analyzed the spirometer

calibration check data (collection described on page 61).

Figure 6-15 (page 74) shows results from the calibration checks, stratified by the device and turbine
used. The figure only includes data from calibration checks done with equipment that was also used
to test at least one participant on the same date as the check. The gray lines are located at 3.00 L
+3% (the acceptable range of results, according to the ATS*). The black lines show trend in results,

based on a mixed effect model of the following structure:

Equation 6-5

FVC = ﬁo +:BFEF X FEF25_75 +a+¢

where FVC is the FVC reported by the device in the calibration check (should be 3.00 liters, if there
was zero imprecision or bias), B, is the intercept, Brgr is a regression coefficient, FEF,s_-z is the
FEF,5_,5 reported in the calibration check (a measure of how fast the piston was pushed), « is a
random effect for date of testing, and ¢ is an error term. To take non-linearity in the trend into
account, FEF,s_,s was generally modeled using restricted cubic splines with four knots. One
combination of spirometer and turbine was used only on a few participants on a single day, so these

results were instead analyzed under the assumption of linearity in a simple linear regression model.

Table 6-11 provides summary statistics for the calibration data, in the form of the mean FVC reported
during calibration for each device, weighted by the number of participants tested with that specific

device on the same date.

Figure 6-15 and Table 6-11 show that the imprecision of the MicroDL spirometers was generally a
little higher than the + 3% recommended by the ATS.*® Statistically significant biases are seen, e.g.
weighted mean FVC reported by spirometer 1284 and turbine 1284 = 3.020 [3.015; 3.025] L.
However, the biases are numerically small, and largely independent of the speed of pushing the
piston during calibration (Figure 6-15). There is a clear link between the project phase and the
spirometer used. E.g., all phase 3 examinations were done with equipment that had not been used

on a single participant in phase 1. As described below, most spirometric indices for participants
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decreased from phase 1 to 2, and from 2 to 3 (see page 31). This temporal pattern does not match
the pattern of which spirometers were used in each phase, and the size and direction of their biases.
Hence, | do not believe that differences in accuracy between spirometers were responsible for the
observed trends in pulmonary function among participants. Imprecision leads to bias toward the null

hypothesis and cannot explain any correlations demonstrated.

Table 6-11: Summary statistic for MicroDL calibration results

MicroDL Participant spirometries, N paan
95% ClI 95% PI
Spirometer Turbine Ph.1 Ph.2 Ph.3 Total FVC
1263 1176 14 0 0 14 2.984 [2.963; 3.006] [2.919; 3.050]
1263 1273 114 18 0 132 3.013 [3.002; 3.025] [2.901; 3.126]
1264 1176 176 39 0 215 3.029 [3.019; 3.038] [2.922; 3.135]
1284 1284 0 238 271 509 3.020 [3.015;3.025] [2.934;3.106]

As different spirometers were used at different times in the project, adjusting the analyses for
spirometer ID would be tantamount to adjusting for project phase. As described on page 70, adjusting
for project phase might just as well introduce bias as remove bias. Because of this risk of over-
adjustment, and because analysis of the calibration check data showed that differences between
spirometers were unlikely to explain the trends in spirometry results between phases, we decided to
leave out spirometer ID from our final regression models. In a sensitivity analysis, we included project
phase as a covariate. Due to the strong correlation between project phase and spirometer ID (see

Table 6-11), we did not include spirometer ID as a separate variable in the models.
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Figure 6-15: Calibration data for spirometers, stratified by device ID and turbine ID

Spirometer 1263, turbine 1176 Spirometer 1263, turbine 1273

AN AN
05 ] T LT
> > d_ v -
T R o S~ e —
oy —— — R I e
h = e ———— = + w e T —m e — — — —_
S 2o - —.
O ]
© | ©
N | | | | | N | | | | I
0 5 10 15 20 0 5 10 15 20
Reported FEF .75 [I/s] Reported FEF .75 [I/s]
Spirometer 1264, turbine 1176 Spirometer 1284, turbine 1284
Q| (q\}
O T O T
> >
L L
3 B
Tt g
o o
[eXe)) [oNe)}
g g
© | o |
N | | ! | | N | | | I I
0 5 10 15 20 0 5 10 15 20
Reported FEF 5.5 [I/s] Reported FEF 5.5 [I/s]

Gray dots represent individual plunges of the calibration syringe (plunges with FVC < 2.8 shown as arrows pointing downward). Gray lines located at 3.00 L £3%. Black lines
show trend from mixed effect model (see text for details); solid line shows estimate, dashed lines 95% Cl. Black dots show the location of knots for restricted cubic splines.
Data for spirometer 1263 + turbine 1176 were modelled under the assumption of linearity due to the low number of data points.

74



6.5 Evaluation of methods in Paper VI

Readers might find it unfair that | criticize Gouge et al for using a suboptimal analysis strategy in their
original paper,®* and then | use a mixed effect model for my analyses of the same data in Paper VI.
Mixed effect models were likely not implemented in the statistical software available to Gouge et al
in 1994. However, | also performed a sensitivity analysis (not described in Paper VI), where |
compared each subject’s FVC to his/her baseline FVC using a paired t-test, which was available in
1994. Results showed the same pattern as my main analysis, with FVC decreasing by 5.8 [1.9; 9.9]
percentage-points of normal for asthmatics two hours after pyridostigmine administration, while no

effect was seen for healthy subjects.
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7 Discussion of results

7.1  Summary of findings and methodological considerations

Our study in the COBIN-D population (Paper Il) showed lower prevalence of diabetes mellitus among
persons who had ever used pesticides, compared to persons why had never done so, with adjusted
OR 0.68 [0.52; 0.90]. However, large demographic differences between the exposed and unexposed
groups mean that residual confounding is likely, even though we did adjust for a number of well-
known determinants of diabetes risk, such as Body Mass Index and physical activity level. Paper Il can
be criticized for its cross-sectional study, and for investigating the effect of “pesticide” exposure in a
broad sense, as different classes of pesticides have very different modes of action (see page 2).
However, Paper Il should be considered a pilot study, and we originally planned to conduct a follow-
up study with better exposure characterization in the same population. We cancelled the follow-up
study because we discovered that pesticide exposure levels in the population were lower than
expected. Paper Il fulfilled the aim of adjusting analyses of pesticide exposure vs. diabetes for known
risk factors (see page 20), but because of the risk of residual confounding, | have low confidence in
the interval validity of the results. That does not mean that the study is without merit, as it provides
clues for how future studies on health effects of pesticides should be conducted. While a relatively
large random sample of the general population might seem like an optimal study population,
demographic differences between exposed and non-exposed persons could be too large to overcome
by statistical adjustment. Therefore, health effects of pesticides might be better investigated in a
study design with careful matching of exposed and non-exposed subjects, e.g. by comparing organic
and conventional farmers. The studies described in Paper IV and Paper V were planned after we

gained this important insight.

In Paper IV, we found an association between low AChE/Hb and decreased HbA;. in the PEXADU
population, while Paper V demonstrated an association between low AChE/Hb and decreased
pulmonary function metrics in the same population. This does not support a causal link between
exposure to cholinesterase inhibitor insecticides and diabetes, but it does support a link between
exposure and impaired pulmonary function. Compared to Paper Il and many previous studies on
health effects of pesticides, the PEXADU project had a stronger study design using repeated measures
of both exposure and outcome variables, which will theoretically increase both precision and
accuracy of exposure-response relationships, though associations might still be due to reverse

causality. Participants were recruited from two farmer's organizations, which minimized
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demographic differences between high- and low-exposed subjects, thus decreasing the risk of
residual confounding after we adjusted for well-known confounders selected a priori. We had
objective measures for both exposure and outcome, and we performed extensive quality control on
both. Repeated analyses of red blood cell acetylcholinesterase in blood samples from an unexposed
control gave stable results across the entire project, giving me confidence that the observed temporal
trends in AChE/Hb among participants is not due to degradation of reagents for the test or equipment
failure. We did not see any correlation between levels of AChE/Hb and coarse subjective exposure
information at baseline, which might indicate that other factors than insecticide exposure were
causing the variance in AChE/Hb in the study population. On the other hand, across all project phases
participants' mean AChE/Hb was 25.8 U/g, while the mean AChE/Hb of the unexposed control was
30.4 U/g. This is what we would expect to see if AChE/Hb was being inhibited by widespread exposure
to insecticides. Spirometry quality was assessed using standardized criteria; phase 1 spirometries
were assessed in duplicate, and inter-rater agreement was fair to good, indicating that the
assessments from the main assessor are reliable. As discussed on page 70 and page 72, findings in
Paper IV and Paper V are unlikely to be explained by temporal trends in air pollution in the study
area, or by which spirometers were used to test participants in each project phase. Results from
Paper VI provides strong evidence than acute cholinesterase inhibition can lead to pulmonary
function impairment in humans, which supports the hypothesis that the statistical associations

demonstrated in Paper V represent causal effects.

The main common limitation of Paper IV and Paper V is the convenience-based recruitment strategy,
leading to a risk of selection bias. | have very little data available on individuals who were invited for
the PEXADU study, but who were not among the 380 individuals who showed up at the examination
center. This makes it difficult to assess the potential for selection bias before the baseline
examination. Selection processes from baseline onwards cannot explain our findings on glycemic
regulation, but they may explain an unknown proportion of the findings regarding lung function.
Future work on the PEXADU data will include quantitative bias analysis to account for selection
problems. For Paper IV, another important limitation is the possibility of reverse causality; the
demonstrated association between low AChE/Hb and decreased HbA:. may be due to blood glucose

levels affecting AChE/Hb,** rather than the other way around.

While confidence in the internal validity of the PEXADU study findings must be somewhat tempered

by the risk of reverse causality in Paper IV, and the possibility of selection bias in Paper V, | still find
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that the PEXADU study is methodologically stronger and has higher internal validity than most of the
previous studies on the relationship between cholinesterase inhibitor insecticides, diabetes mellitus
and pulmonary function. Regarding the external validity of the findings, the results are probably
generalizable to other smallholder farmers in Eastern Africa and similar settings, but caution is
warranted before extrapolating results to populations with presumed lower exposure levels, such as

consumers eating fruits and vegetables with pesticide residues.

7.2 Comparison with previous literature

A scoping review on exposure to cholinesterase inhibiting insecticides and perturbed glycemic
regulation showed that there was only suggestive evidence for a causal link between the two. E.g.,
Ranjbar et al found no association between urinary levels of organophosphate insecticide
metabolites and FPG, HbA;. or HOMA-IR (a measure of insulin resistance) in a large cross-sectional
sample of the general US population,® while Nascimento et al examined 54 children from an
agricultural area of Brazil who were environmentally exposed to pesticides, and found that BChE was
negatively correlated with FPG (indicating that exposure to cholinesterase inhibitor insecticides leads
to increased FPG).28 On the other hand, Shapiro et al examined pregnant women from Canada and
found a negative correlation between urinary levels of organophosphate insecticide metabolites
early in pregnancy, and the risk of being diagnosed with gestational diabetes mellitus or gestational
glucose intolerance later in pregnancy.?® However, there was a high risk of bias due to confounding
from diet, as the major route for the included women was likely through diet, and estimates were
not adjusted for the intake of fruit and vegetables.?® A number of other studies have found increased
blood glucose levels or increased risk of diabetes among exposed persons, but | deemed that all of
these studies had "probably high" risk of bias. There was no clear pattern in the exposure metric used
(organophosphate metabolites, cholinesterase enzyme activity) and the findings of the study (no
association, positive/negative association) when comparing the previous studies between
themselves, or when comparing Paper V with the previous studies (Table 2-2 and Table 2-3). Overall,
I have low confidence in the evidence for an association between cholinesterase inhibitor insecticides

and diabetes mellitus.

Previous studies on pulmonary function among subject exposed to cholinesterase inhibitor
insecticides are more consistent. As described on page 17, a recent systematic review by Ratanachina
et al found "tentative evidence" for a negative effect of exposure on FEV1/FVC, but most studies were

cross-sectional and had limited confounder control.”> Ratanachina et al recommended "further
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studies with better and more comprehensive adjustments for potential confounders and co-
exposures, particularly the effects of other occupational factors in each working environment".>
While Paper V has some weaknesses, it fits the evidence gap identified by Ratanachina et al: We
adjusted for well-known confounders and co-exposure, and we used a stronger study design.
Because of the agreement between Paper V and previous studies on the same subject, | am
moderately confident that a causal link exists between exposure to cholinesterase inhibitor

insecticides and lung function impairment.

7.3 Implications for policy, practice and future research

Paper IV and Paper V focus specifically on cholinesterase inhibitor insecticides, and we have not yet
investigated effects of other classes of pesticides on pulmonary health and glycemic regulation. In
the PEXADU project, we collected urine samples for the analysis of pesticide metabolites, and
participants wore passive pesticide samplers for the analysis of pesticide residues. Due to difficulties
in obtaining permission to export the samples from Uganda, they have not yet been analyzed at the
time of writing (January 2020). Once we get permission for exportation, we should be able to analyze
these samples and investigate effects of other classes of pesticides that were commonly used in the

PEXADU study population (pyrethroid insecticides and dithiocarbamate fungicides).

Because of the burden of morbidity and mortality caused by diabetes mellitus® and obstructive
airway disease,® and because of the increasing use of pesticides? in the intensifying agricultural
production system, more knowledge is needed on which specific compounds are related to which
specific health outcomes. Without this knowledge, rational cost-benefit analyses on the use of
pesticides are impossible. We do not need more studies investigating health effects of exposure to
"pesticides" as a broad class; such studies are unlikely to produce actionable evidence. If possible,
studies should include objective measures of exposure to specific compounds or classes of
compounds, though this may not be financially feasible for studies conducted in low-income settings.
While collection of detailed subjective information on exposure could be an alternative to objective
measures, self-reported exposure may not correlate well with actual exposure, as indicated in Paper
IV and Paper V. Studies primarily relying on self-reported exposure metrics should therefore validate
these metrics against objective measures in a subset of the study population. Farmers are often
exposed to a multitude of different agrochemicals, and the effects of the chemicals may interact.
While studies on mixtures of chemicals might better represent the real-life exposure and effects of

pesticides compared to single-exposure studies, it is important that future studies still collect
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information on individual compounds contained in the mixtures. Furthermore, future studies should
collect information on and account for important confounders of the relationships pesticide exposure
and health outcomes. The relevance of specific factors as confounders will depend on the health
effect under investigation. For example, there is no need for further studies on pulmonary effects of

pesticides that do not account for sex, age, height, ethnicity and tobacco smoking.

While it is true than an observational study cannot prove a causal link between two factors, | think
that it would be a mistake to describe the observed correlation between low acetylcholinesterase
and decreased pulmonary function in the PEXADU population as merely a "statistical association".
Mechanistically, one would expect exposure to cholinesterase inhibitor insecticides to lead to
bronchoconstriction, and human experimental studies with the less toxic cholinesterase inhibitor
pyridostigmine shows that it can impair lung function in the short term. It is therefore not
unreasonable to think that the demonstrated correlations between acetylcholinesterase inhibition
and decreased pulmonary function may represent a causal effect. Exposure to cholinesterase
inhibitor insecticides should therefore be minimized. This does not mean that the compounds should
never be used, as they are e.g. important for the control of insect-borne diseases,° but it does mean
that farmers should take basic precautions such as not spraying against the wind, and should wear

personal protective equipment during spraying.
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8 Conclusions

The studies included in this PhD dissertation have investigated possible health effects of pesticides
in present-day use by a combination of literature review and epidemiological studies. The main

findings in relation to the PhD project aims are listed below.

e A scoping review of previous studies on diabetes in relation to exposure to cholinesterase
inhibitor insecticides showed that the evidence for a causal link was only suggestive. Most
previous studies were cross-sectional, had inadequate confounder control, and gave
somewhat conflicting results. A more comprehensive systematic review is underway and will
include evidence on all neuroactive non-organochlorine insecticides.

e Inacross-sectional study of a general-population sample in Nepal, we found no indication of
a link between self-reported pesticide use and diabetes. Subjects who had ever used
pesticides had lower risk of diabetes, but this was probably due to residual confounding.

e A follow-up study among smallholder farmers in Uganda showed that Ilow
acetylcholinesterase activity was associated with decreased blood sugar levels. While we
cannot rule out that the association was due to reverse causality, the result does not support
a causal link between exposure to cholinesterase inhibitor insecticides and diabetes.

e Inthe same follow-up study in Uganda, low acetylcholinesterase activity was associated with
decreased lung function, also after confounder adjustment. Mechanistic evidence from
previous human exposure studies with the cholinesterase inhibitor drug pyridostigmine
indicates that the association may due to a causal link between exposure to cholinesterase

inhibitor insecticides and lung function impairment.

To support data management in the epidemiological study in Uganda, | developed a piece of software
that allows data to be exported from the HemoCue HbA1c 501 device in digital format. The software
will be published as open source to simplify data collection in future epidemiological studies on

diabetes.

Further studies on exposure to cholinesterase inhibitor insecticides are needed, and should include
lower-exposed populations, and measurements of cholinesterase enzyme activity should be
supplemented with other objective measures of exposure. In addition, we need studies on other
currently used classes of pesticides, also with objective measures of exposure. Efforts to protect

farmers and pesticide applicators from harmful effects of pesticides should be strengthened.
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Appendices

Previous studies on cholinesterase inhibitor pesticides and diabetes

Table A-1: Study characteristics (occupational exposure)

First author

Bhatnagar!'®

Bhatnagar!!’

Owczarzy!!®

Berberianl!®

Parront?0

Rojas?’

Jintanal?!
Patil?®

Elhalwagy'??

Tsatsakis3?

Bayrami33

Raafat?3

Year

1980

1982

1982

1987

1996

1996

2009

2009

2010

2011

2012

2012

Country

India

India

Poland

Egypt

Spain

Venezuela

Thailand

India

Egypt

Greece

Iran

Egypt

Study design

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Combination of
cross-sectional
and follow-up

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Study population

Pesticide factory workers and
"healthy subjects"

Pesticide factory workers and
unexposed controls
Pesticide factory workers and
unexposed controls

Pesticide applicators and
unexposed controls

Greenhouse workers

Pesticide mixers, pesticide
applicator pilots, unexposed
pilots
Organophosphate applicators
and healthy controls

Healthy pesticide applicators
and healthy unexposed controls

Pesticide applicators (cotton
fields)

Farmers, farmworkers and rural
residents

Farmers and unexposed
workers from same village

Farmers and unexposed
controls (university employees)

89

Exposure
biomarker(s)

BChE

BChE

AChE (not Hb-
adjusted) and BChE

BChE

AChE (not Hb-
adjusted) and BChE

AChE (not Hb-
adjusted)

AChE/Hb and BChE

BChE

AChE (not Hb-
adjusted)

Hair OP metabolites:
DEDTP, DEP, DETP,
DMP

BChE

Blood OP: Malathion

Outcome

FPG

FPG

FPG and
OGTT

FPG

FPG

FPG

FPG

FPG

FPG

DM

FPG

HOMA-IR

57

90

66

NR

105

73

120

90

210

220

80

188

%
female

NR

NR

NR

NR

45

28

% exposed

74

83

48

NR

24%
high-
exposed

45

75

67

71

77

50

52

Ethnicity

NR

NR

NR

NR

NR

NR

Thai

NR

NR

NR

NR

NR



Abbassy3° 2014 Egypt Cross-sectional Farmers BChE FPG NR 0 NR NR
Sudjaroen'?* | 2015 | Thailand Cross-sectional Conventlon.al farmers and BChE FPG 71 NR 42 NR
organic farmers
Garcia- Combination of Greenhouse workers and
- 39 2016 Spain cross-sectional AChE/Hb and BChE FPG 280 53 68 NR
Garcia healthy unexposed controls
and follow-up
Organophosphate applicators
Marrero3? 2017 | Venezuela Cross-sectional and unexposed controls (lab BChE FPG 30 43 57 NR
technicians)
Sudjaroen'? | 2017 = Thailand | Cross-sectional Conventional farmers and BChE FPG 80 | NR 56 NR
organic farmers
BChE
Plasma OPs:
2 . . Farmers and non-farming Chlorpyrifos,
Velmurugan 2017 India Cross-sectional . . DM 802 NR N/A NR
villagers malathion, methyl-
parathion,
monocrotophos
Pesticide applicators and
Ahmadi®?® 2018 Iran Cross-sectional unexposed controls from same BChE FPG 204 0 49 NR
area
AChE/Hb
monitored in
follow-up design Farmers and unexposed
Cotton'?’ 2018 | Australia (4 measurements P AChE/Hb FPG 55 15 75 NR
. controls (non-farmers)
in 12 weeks). FPG
analyzed in cross-
sectional design.
Exposed rural women (from
A lo- high- and low-
revao 2019 | Ecuador | Cross-sectional igh- and low-exposure areas) BChE FPG 115 | 100 54 NR
Jaramillo and unexposed controls
(women from city)
FPG and
Rathish28 2019 | Sri Lanka Cross-sectional Farmers AChE/Hb OG'T"rIl' 46 0 50 Sinhalese

See legend on page 91.
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Table A-2: Study characteristics (environmental or unknown mode of exposure)

First author

Cecchi3®

El-Morsi®®

Ranjbar?>

Shapiro?®

Nascimento?®

Year

2012

2012

2015

2016

2018

Country

Argentina

Egypt

USA

Canada

Brazil

Study
design

Cross-
sectional

Case-
control

Cross-
sectional

Follow-up

Combinati
on of
cross-

sectional

and
follow-up

Type of
exposure

Unclear

Environmental

Environmental

Environmental

Environmental

Study population

Pregnant women from
area with intensive
agriculture

Children with DM type 1
and healthy controls (=
siblings of other pediatric
patients)

General non-
institutionalized US
population

Pregnant women

Children from agricultural
area
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Exposure
biomarker(s)

AChE/Hb
BChE

Serum OPs:
Malathion,
profenofos,
chlorpyrifos-
methyl
Urine OP
metabolites:
DEDTP, DEP,
DETP, DMP,
DMDTP,
DMTP
Urine OP
metabolites:
DEDTP, DEP,
DETP, DMDTP,
DMP, DMTP

AChE (not Hb-
adjusted)

Outcome n

FPG 97

DMtypel | 110

FPG
HbA1. 2227
HOMA-IR
GDM or
G-IGT 1195
FPG 54

%
female

100

62

48

100

52

% exposed
(CC: %
cases)

40

68

N/A

N/A

N/A

Ethnicity

NR

NR

NR

~5/6
white, 1/6
non-white

NR



Table A-3: Confounder adjustment (occupational exposure)

Bhatnagar!'® 0 0 0 0 0 0 0 0 High
Bhatnagar'’ 0 0 0 0 0 0 0 0 High
Owczarzy!®® + 0 0 0 0 + 0 0 High
Berberian'®® 0 0 0 0 0 0 0 0 High
Parron'?0 + 0 0 0 0 0 0 0 High
Rojas?’ + + 0 + + 0 0 0 Probably high
Jintanal?! (+) 0 0 0 0 0 0 0 High
Patil? + + 0 + + 0 0 0 Probably high
Elhalwagy'?? + 0 0 0 0 0 0 0 High
Tsatsakis3? + + 0 0 0 0 0 0 Occupation Probably high
Bayrami33 + + 0 0 0 0 0 0 Education Probably high
Raafat'? + 0 0 0 0 + 0 + High
Abbassy3° + + 0 + 0 0 0 0 Probably high
Sudjaroen? 0 0 0 0 0 0 0 (+) High
Garcia-Garcia®® + + 0 + + 0 0 + Probably high
Marrero3! (+) |+ 0 0 0 0 0 0 Probably high
Sudjaroen'?® 0 (+) 0 0 0 0 0 0 High
Velmurugan®* + + 0 0 0 + 0 + Probably high
Ahmadi'?® + 0 0 0 0 0 0 0 High
Cotton!?’ 0 (+) 0 0 0 0 0 0 High
Arevalo-Jaramillo3* + + 0 0 0 0 0 0 "Habits" and previous jobs | Probably high
Rathish®?8 + 0 0 + 0 0 0 0 Ethnicity High

For legend, see page 93.
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Table A-4: Confounder adjustment (environmental or unclear mode of exposure)

First author Sex | Age Phy_s[c al Tobacco | Alcohol Family history HLA Weight Other factors Risk Of.
activity of DM genotype status confounding
Cecchi®® + (+) 0 + + 0 0 (+) Probably high
El-MorsiZ @) ) 0 0 0 . 0 0 Previous c?llagn05|s c.>f atopic Low
or autoimmune disease

Ethnicity, socio-economic

Ranjbar?® + + 0 + 0 0 0 + status, diet, fasting duration, Probably low
urinary creatinine

Ethnici - -

Shapiro?® + + 0 0 0 0 0 + thnicity, e.d.ucat|o.n, urine Probably high
specific gravity

Nascimento?® + + 0 0 0 0 0 + Pubertal stage Probably low

Legend for Table A-3 and Table A-4:
e +=accounted for by matching, adjustment in multivariate model or other appropriate method

e (+) = not formally accounted for. However, distributions are similar in the exposure groups, so bias is unlikely.

e 0= notaccounted for
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Table A-5: Study results (occupational exposure)

First author Exposure metric

Overall
Bhatnagar''® Group-based -
Bhatnagar'’ Group-based -
AChE modeled as
118 continuous variable
Owczarzy AChE dichotomized
into <or 2 2 umol/L
Berberian'?® Group-based +
Parron??0 Group-based (+)
Rojas?’ Group-based +
Jintana'?! Group-based (-)

Effect of exposure on glucose

Effect estimates Overall
FPG (mmol/L): Workers 4.40 [4.17; 4.63], controls 5.61 i
[5.29; 5.93], diff. -1.21 [-1.60; -0.81]
FPG (mmol/L): Workers 4.61 [4.44; 4.77], controls 5.61 i
[5.47; 5.75], diff. -1.00 [-1.22; -0.79]
Negative correlation between FPG, AChE (r =-0.49, p <
0.01) and BChE (r =-0.51, p < 0.01)
Persons with AChE < 2 umol/ml had sign. higher FPG N/A

and post-load OGTT results than persons with AChE > 2
pumol/ml.

FPG£SD (mmol/L): Exposed 7.05+0.64, controls
4.27+0.27, diff. 2.78, p < 0.05

FPG (mmol(L): High-exposed 5.10 [4.64; 5.56], low-

exposed 4.98 [4.67; 5.30], diff. 0.12 [-0.44; 0.68] )

FPG (mmol/L): Exposed group before spraying season

4,92 [4.27; 5.56], exposed group in spraying season 5.91

[4.88; 6.94], controls 4.65 [4.21; 5.08]. Diff. 0.27 [-1.02; -
1.56] before spraying season, 1.26 [0.14; 2.37] in

spraying season.

FPG (mmol/L): Exposed group 5.07 [4.95; 5.19], controls
5.21 [4.99; 5.43], diff. -0.14 [-0.39; 0.11]

94

Effect of exposure on biomarker

Effect estimates

BChE (IU/ml): Workers 1.98 [1.69; 2.27], controls
3.70 [3.23; 4.17), diff. -1.72 [-2.27; -1.17]

BChE (IU/ml): Workers 1.96 [1.81; 2.11], controls
3.70[3.23; 4.17], diff. -1.74 [-2.24; -1.25]

N/A

BChE 64.7% in exposed group compared to
controls

AChE (U/ml): High-exposed 14.23 [13.59; 14.87],
low-exposed 14.42 [13.94; 14.89], diff. -0.19 [-
0.99; 0.61]

Mean BChE (U/ml): High-exposed 3.96 [3.60;
4.32], low-exposed 4.03 [3.86; 4.21], diff. -0.07 [-
0.48; 0.33]

AChE (unit NR): Exposed group before spraying
season 2.90 [2.80; 3.00], exposed group in
spraying season 2.35 [2.17; 2.53], controls 2.61
[2.51; 2.71]. Diff. 0.29 [0.06; 0.52] before
spraying season, -0.26 [-0.47; -0.05] in spraying
season.

AChE (U/g): Exposed group in low-exposure
season 29.8, exposed group in high-exposure
season 20.73, controls 38.98, p < 0.01 for diff.
between groups.

BChE (U/mL): Exposed group in low-exposure
season 4.91, exposed group in high-exposure
season 3.73, controls 5.96, p < 0.05 for diff.
between groups.



Patil?®

Elhalwagy?!??

Tsatsakis3?

Bayrami33

Raafat?3

Abbassy3°

Sudjaroen'?*

Garcia-Garcia3®

Marrero3!

Sudjaroen'?

Group-based

Group-based
Metabolites
modelled as
continuous variables
Group-based
Malathion modeled

as continuous
variable

Group-based

Group-based

Group-based

Group-based

Group-based

+/-

FPG (mmol/L): Exposed group 5.77 [5.75; 5.80], controls
5.22 [5.17; 5.27], diff. 0.56 [0.50; 0.61]

FPG%SD (mmol/L): Conventional motor sprayers
5.11+0.44, knapsack motor sprayers 4.36+0.34, controls
5.91+0.52, p = 0.187

Non-significant positive relationship between DMP, DEP
and odds of DM.

FPG (mmol/L): Exposed 4.33 [3.73; 3.93], controls 4.86
[4.52; 5.19], diff. -0.52 [-1.21; 0.17]

Positive correlation between HOMA-IR and malathion
level. R =0.316, p = 0.0097

FPG (mmol/L), non-smokers: Pesticide applicators 5.48,
farmworkers 4.68, controls 4.83. p < 0.05 for applicators
vs. controls, p > 0.05 for farmworkers vs. controls.

FPG (mmol/L), smokers: Pesticide applicators 6.11,
farmworkers 5.77, controls 4.51. p < 0.05 for pesticide
applicators and farmworkers vs. controls.

FPG (mmol/L): Conventional farmers 5.24 [5.01; 5.47],
organic farmers 5.63 [5.25; 6.02], diff. -0.39 [-0.84; 0.05]

FPG coefficients from mixed effect model (mmol/L):
High-exposure vs. low-exposure period 0.16 [0.01;
0.31], exposed persons vs. controls -0.91 [-1.21; -0.62]

FPG (mmol/L): Exposed persons 5.39 [5.02; 5.76],
controls 4.72 [4.45; 5.00], diff. 0.67 [0.21; 1.12]

FPG (mmol/L): Conventional farmers 6.02 [5.77; 6.28],
organic farmers 5.18 [4.95; 5.41], diff. 0.84 [0.50; 1.18]
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N/A

N/A

(+)

+/-

BChE (U/mL): Exposed group 4.83 [4.78; 4.87],
controls 6.99 [6.92; 7.06], diff. -2.16 [-2.25; -2.08]
AChE%SD (mol/mL/min): Conventional motor
sprayers 1.68+0.06, knapsack motor sprayers
1.55+0.07, controls 2.07+0.12, p = 0.002

N/A

BChE (U/mL): Exposed 31.24 [29.04; 33.44],
controls 35.73 [34.21; 37.25], diff. -4.49 [-7.16; -
1.86]

N/A

BChE (U/mL), non-smokers: Pesticide applicators
2.00[1.92; 2.07], farmworkers 2.21 [2.14; 2.29],
controls 2.28 [2.20; 2.35], diff. For PA -0.28 [-
0.39; -0.17], diff. for FW -0.06 [-0.17; 0.04]

BChE (U/ml), smokers: PA 1.84 [1.78; 1.89], FW
1.99 [1.95; 2.04], controls 2.19 [2.14; 2.23], diff.
for PA -0.35 [-0.42; -0.28], diff for FW -0.19 [-
0.26; -0.13]

BChE (U/mL): Conventional formers 8.09 [7.64;
8.54], organic farmers 7.96 [7.56; 8.36], diff. 0.13
[-0.47; 0.73]

AChE/Hb (umol/min/g) coefficients from mixed
effect model: High-exposure vs. low-exposure
period -1.13 [-2.66; 0.39], exposed vs. controls -
10.39 [-11.69; -9.09]

BChE (unit unknown) coefficients: High-exposure
vs. low-exposure period -143.3 [-186.7; -99.9],
exposed vs. controls 148.5 [89.2; 207.8]

BChE (U/L): Exposed persons 6.75 [6.26; 7.24],
controls 8.65 [7.78; 9.53], diff. -1.91 [-2.91, -0.91]
BChE (U/mL): Conventional farmers 8.41 [7.96;
8.86], organic farmers 9.17 [8.80; 9.54], diff. -
0.76 [-1.35; -0.17]



BChE summarized by
diabetes status

No significant difference in BChE between diabetics and
non-diabetics, p < 0.40

OR for DM (based on combination of self-report and

Velmurugan? OP metabolites + HbA1): N/A N/A
modeled as MCP: Q1 [ref.], Q4 1.70 [0.86; 1.37], ptrend 0.032
continuous variables CHL: Q1 [ref.], Q4 1.82 [0.31; 1.25], ptrend 0.044
MAL: Q1 [ref.], Q4 1.08 [0.54; 2.16], ptrend 0.654
MPAR: Q1 [ref.], Q4 2.67 [1.23; 2.80], ptrena 0.048
FPG meanSD (mmol/L): Exposed group 5.38+0.89,
126 controls 5.21+1.62, p = 0.356 BChE mean#SD (U/mL): Exposed group 0.23+0.10,
Ahmadi Group-based * OR for FPG > 109 mmol/L, exposed compared to i controls 0.30+0.07, p < 0.001
controls: 4.08 [1.57; 10.65]
Cotton®?’ Group-based (-) OR for IFG among farmers: 0.44 [0.13; 1.55] - Point estimates of AChE/Hb (U/g) lower for
T farmers than controls. 27.5 vs. 31.6 at baseline.
FPG meanSD (mmol/L): High-exposed 4.77+2.22 (p = BChE meantSD (U/mL): High-exposed 4.96+1.03
Arevalo-Jaramillo3* Group-based (-) 0.10), low-exposed 4.78+2.20 (p = 0.10), controls (+)/- (p = 0.16), low-exposed 3.30+1.73 (p < 0.01),
4.85+1.39 controls 4.57+1.28
FPG mean (IQR): High-exposed farmers 5.05 (4.61;
Rathish128 AChE dichotomized +) 5.38), low-exposed farmers 4.94 (4.55; 5.55), p = 0.8948 N/A N/A

by the median

OGTT AUCo.120 mean (IQR) (mmolxmin/L): High-exposed
809 (654; 898), low-exposed 744 (659; 894), p = 0.55
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Table A-6: Study results (environmental or unclear mode of exposure)

First author

Cecchi®

El-Morsi3®

Ranjbar?>

Shapiro?®

Nascimento?®

Exposure metric

Group-based

Group-based

Metabolites
dichotomized into <
LOD and > LOD

First-trimester urine
metabolites
modelled as

continuous variables

Comparison of high-
exposure and low-
exposure period.
BChE as continuous
variable in high-
exposure period.

Overall

0

+/-

Effect of exposure on glucose

Effect estimates

No difference in FPG between different women
examined in spraying and non-spraying seasons

OR 4.11 [1.74; 9.69] for malathion > LOD for cases,
OR 0.13 [0.02; 0.69] for profenofos, OR 0.16 [0.05;
0.49] for chlorpyrifos-methyl.

All concentrations significantly higher among cases.

No significant or clear numerical differences in FPG,
HOMA-IR or HbA;. for any of the metabolites.

OR for GDM or G-IGT across quartiles of
metabolites:

DEP: Q1 1 [ref.], Q2 0.7 [0.4; 1.4], Q3 0.4 [0.2; 0.9],
Q4 0.9 [0.4; 1.9], Ptrend = 0.58

Sum(DMP + DMTP): Q1 1 [ref.], Q2 0.9 [0.5; 1.6], Q3
0.5[0.3; 0.9], Q4 0.5 [0.2; 0.9], ptrend < 0.01

FPG (mmol/mol): Low-exposure period 4.85 [4.76;
4.94], high-exposure period 5.33 [5.24; 5.43], p for
diff. < 0.001.

Correlation between FPG and BChE in high-
exposure period: r =-0.509, p < 0.001 (adjusted).
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Overall

N/A

N/A

N/A

Effect of exposure on biomarker

Effect estimates

AChE and BChE significantly lower for women examined in
spraying season (p < 0.01)

N/A

N/A

N/A

AChE (U/mL): Low-exposure period 12.05 [11.55; 12.55],
high-exposure period 12.01 [11.39; 12.63], diff. not
significant.

BChE (U/mL): Low-exposure period 8.58 [8.21; 8.96], high-
exposure period 5.67 [4.87; 6.45], p for diff. < 0.001.



Anthropometry in the PEXADU project

Measurement of height

Height was measured without shoes or socks in accordance with WHO standard procedures,®® using
a stadiometer (SM-SZ-300, Sumbow Medical Instruments Co. Ltd., Ningbo, China) purchased from a
local distributor. Ugandan women often have elaborate hairstyles (braiding and extensions) that may
make it difficult to measure height accurately. We assumed the body height was constant across the

phases, and used each participant’s mean height across all phases where he/she participated.

Measurement of weight

Weight was measured using a medical weighing scale (seca® robusta 813, seca gmbh & co., Hamburg,
Germany), purchased from a local distributor. Measurement was done in accordance with WHO
standard procedures®®, with participant wearing light clothes, with empty pockets and bare feet. The

resolution of the weighing scale was 0.1 kg.

The gravitational acceleration is slightly larger at the poles compared to at the equator. This means
that a scale calibrated for use at a specific latitude may have a slight bias if it is used at a different
latitude without recalibration. A seca® representative informed me that scales sold in Uganda are
calibrated for Central Europe (Klaus Rosenbgl, personal communication, December 10, 2018). The
International Gravity Formula??® can be used to calculate the gravitational acceleration g at a specific

latitude ¢:
9o = go X (1 + a x (sing)? + B x (sinp)?)

where g, = 9.780318 N/kg, a = 0.0053024 and 8 = —0.0000058.

Wakiso is located at a latitude of approximately 0.4 decimal degrees, while seca® headquarters in
Hamburg are located at a latitude of approximately 53.6 decimal degrees. Using the International

Gravity Formula, we calculate that

98139/,

_ 9u amburg __

gwariso  9.7803N /)

= 1.003

To obtain an unbiased estimate of mass, measurements from Wakiso were multiplied by y = 1.003.
Failing to correct the weights would most likely not affect our results considerably, but as the
correction was trivial to implement, | saw no reason not to. After correcting weights for the gravity

in Uganda, | subtracted 1 kg to account for the wearing of clothes.
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Ethical approval for the COBIN-D project

Government of Nepal

Estd. 1991

Ref. No.: 76(7

10 November 2016

Mr, Bishal Gyawali
Principal Investigator
Aarhus University
Denmark

Subject: Approval of research proposal entitled Community based management of Diabetes
in Nepal: Study protocol for a cluster-randomized trial

Dear Mr, Gyawali,

It is my pleasure to inform you that the above-mentioned proposal submitted on 09 September 2016
(Reg.no. 263/2016 please use this Reg. No. during further correspondence) has been approved by NHRC
Ethical Review Board on 09 November 2016.

As per NHRC rules and regulations, the investigator has to strictly follow the protocol stipulated in the
proposal. Any change in objective(s), problem statement, research question or hypothesis, methodology,
implementation procedure, data management and budget that may be necessary in course of the
implementation of the research proposal can only be made so and implemented after prior approval from
this council. Thus, it is compulsory to submit the detail of such changes intended or desired with justification
prior to actual change in the protocol before the expiration date of this approval. Expiration date of this
study is August 2018,

If the researcher requires transfer of the bio samples to other countries, the investigator should apply to the
NHRC for the permission. The researchers will not be allowed to ship any raw/crude human biomaterial
outside the country; only extracted and amplified samples can be taken to labs outside of Nepal for further
study, as per the protocol submitted and approved by the NHRC, The remaining samples of the lab should be
destroyed as per standard operating procedure, the process documented, and the NHRC informed.

Further, the researchers are directed to strictly abide by the National Ethical Guidelines published by NHRC
during the implementation of their research proposal and submit progress report and full or summary
report upon completion.

As per your research proposal, the total research amount is USD. 4,200.00 and accordingly the processing
fee amount to NRs., 10,719.00 . It is acknowledged that the above-mentioned processing fee has been
received at NHRC,

If you have any qugstions, please contact the Ethical Review M & E section of NHRC.

Member Secretary

Tel: +977 1 4254220, Fax: +977 1 4262469, Ramshah Path, PO Box: 7626, Kathmandu, Nepal
Website: http://www.nhrc.org.np, E-mail: nhre@nhre.org.np
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Ethical approvals for the PEXADU project

UNIVERSITY

Tol: 256 414 532207/643872/543437

MAKERERE

P.O. Box 7072 Kampala Uganda

Website: www.musph.ac.ug Pas: 200 414 631007
COLLEGE OF HEALTH SCIENCES
SCHOOL OF PUBLIC HEALTH
July 03", 2018 HIGHER DEGREES, RESEARCH AND ETHICS COMMITTEE

MARTIN RUNE HASSAN HANSEN

Principal Investigator, Protocol (577)

Section for Environment, Work & Health, Department of Public Health
Aarhus University, Denmark

Re:  Approval of a Project proposal for the study entitled: PESTICIDE EXPOSURE,
ASTHMA AND DIABETES IN UGANDA (PEXADU)
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blood glucose (World Health Organization, 2016). Epidemiological
studies have suggested a link between exposure to some pesticides and
development of diabetes mellitus (Velmurugan et al., 2017; Wang et al.,
2011; Saldana et al., 2007; Montgomery et al., 2008), which is worrying
in the light of the widespread use of pesticides — the annual global
consumption of pesticides is estimated at 2.6 billion kg (Atwood and
Paisley-Jones, 2017). A recent systematic review and meta-analysis
found a summary OR of 1.58 (95% confidence interval 1.32-1.90) for
diabetes mellitus when comparing top vs. bottom tertiles of any pesti-
cide exposure (Evangelou et al., 2016).

1.1. Description of the outcome

Diabetes mellitus is a heterogeneous group of diseases that can be
classified into four major categories (American Diabetes Association,
2018) based on patients' clinical features and the underlying pathology:

e Type 1 diabetes: Autoimmune destruction of the insulin-producing
cells of the pancreas.

e Type 2 diabetes: Relative insulin deficiency due to decreased insulin
production and/or insulin resistance.

e Gestational diabetes: Diabetes mellitus diagnosed in the second or
third semester of pregnancy that was not clearly overt diabetes prior
to gestation.

® Specific types of diabetes due to other causes: E.g., monogenic, drug-
or chemical-induced diabetes mellitus.

Overt diabetes mellitus represents the end of a continuous spectrum
of hyperglycaemia, insulin resistance, and decreased insulin produc-
tion. This is reflected in the changes of diagnostic criteria made by the
World Health Organization (WHO) based on studies showing negative
health effects of hyperglycaemia: The 1980 cut-off for fasting plasma
glucose was 8.0 mmol/1 (WHO Expert Committee on Diabetes Mellitus,
1980), changed to 7.8 mmol/1 (World Health Organization, 1985) in
1985 and to the current value of 7.0 mmol/l in 1998 (Alberti and
Zimmet, 1998). Even with the current definition, higher-than-optimal
blood glucose values below the diagnostic cut-off are associated with
significant morbidity and mortality (World Health Organization, 2016).

The risk of type 1 diabetes mellitus is influenced by HLA (Human
Leukocyte Antigen) genotype (American Diabetes Association, 2018).
The risk of type 2 diabetes mellitus increases with old age, physical
inactivity, overweight, family history, use of some medications such as
glucocorticoids, and among some ethnic groups (American Diabetes
Association, 2018). In agreement with the ability of some therapeutic
drugs to increase the risk of diabetes mellitus among predisposed in-
dividuals (American Diabetes Association, 2018), exposure to non-
therapeutic chemicals can also play a role in the aetiology of some cases
(American Diabetes Association, 2014). E.g., the rodenticide Vacor was
toxic to beta cells and lead to a phenotype similar to type 1 diabetes in
humans who attempted suicide with the compound (Karam et al.,
1980).

1.2. Description of the exposure

Pesticides are compounds used for killing unwanted organisms, and
based on their target organisms they can be broadly categorized as
insecticides, nematicides, rodenticides, herbicides or fungicides
(Casida, 2009). These broad classes can be further subdivided based on
the specific mode of action of individual compounds (Casida, 2009).
Because of the broad definition of the term “pesticide”, it encompasses
a huge number of chemical substances: in May 2018 the European
Union pesticide database alone contained 1367 different active sub-
stances (EU Pesticides Database, n.d.).
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1.3. Rationale for a systematic review

While the putative association between pesticide exposure and
diabetes mellitus has been assessed in several reviews (Evangelou et al.,
2016; Lasram et al., 2014; Mostafalou and Abdollahi, 2016; Jaacks and
Staimez, 2015; Song et al., 2016; Kim et al., 2017; Leso et al., 2017;
Xiao et al., 2017), previous reviews likely missed relevant evidence due
to search strategies that were not sufficiently sensitive. A new review
with a more comprehensive search strategy is warranted.

Higher-than-optimal blood glucose and diabetes mellitus should be
considered part of a pathophysiological spectrum rather than separate
entities. A comprehensive review should therefore include not only
studies on outright diabetes, but also associated metabolic traits such as
impaired fasting glucose, glucose intolerance, insulin resistance, de-
creased insulin production and hyperglycaemia below the diagnostic
limits for diabetes mellitus. Out of eight previous reviews that we have
identified, the authors of two (Evangelou et al., 2016; Mostafalou and
Abdollahi, 2016; Song et al., 2016) searched only for studies on “dia-
betes”, two reviews did not list their search strategy (Lasram et al.,
2014; Kim et al., 2017) and four (Jaacks and Staimez, 2015; Song et al.,
2016; Leso et al., 2017; Xiao et al., 2017) also searched for diabetes-
associated metabolic traits — but used few synonyms.

Pesticides are a heterogeneous group of chemical compounds
(Casida, 2009), and articles on specific compounds may not include
terms such as “pesticide” or “insecticide”, meaning they may not turn
up when searching a database using the generic term “pesticide”. In our
view, this has not been taken properly into account by authors of pre-
vious reviews. E.g., neonicotinoid insecticides have an estimated 27%
share of the insecticide market in monetary value (Sparks and Nauen,
2015), yet none of the previous reviews specified specific search terms
for neonicotinoids (two reviews (Lasram et al., 2014; Song et al., 2016)
focused on other classes of pesticides, and one (Kim et al., 2017) of the
remaining five did not list the search strategy).

Because of the continuous nature of the disease process, our sys-
tematic review will not only focus on diabetes mellitus as defined by the
diagnostic criteria at the time of the individual studies; we will also
include studies on hyperglycaemia, insulin resistance and decreased
insulin production. As it is not practically feasible to perform a sensitive
search for literature about all pesticidal compounds nor biologically
meaningful to assess them as one, we choose to focus on the neuroac-
tive non-organochlorine insecticides that comprise 85% of the global
market for insecticides in monetary value (Sparks and Nauen, 2015). A
list of the classes of insecticides to be included can be seen in the section
“Types of exposures” below, while individual compounds are listed in
Online appendix A.

2. Objectives

Through a systematic review and meta-analysis of human epide-
miological studies, we aim to assess whether exposure to specific classes
of neuroactive non-organochlorine insecticides is associated with dia-
betes mellitus, or related metabolic traits such as impaired fasting
glucose, glucose intolerance, or insulin resistance.

3. Methods

The systematic review will be carried out according to the
Navigation Guide methodology for systematic reviews in environmental
health (Woodruff and Sutton, 2014; Woodruff et al., 2011), and will be
reported in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al.,
2009). This protocol conforms to the PRISMA Protocols (PRISMA-P)
guidelines, and its abstract conforms to the PRISMA for Abstracts
(PRISMA-A) guidelines (Beller et al., 2013).

The reviewer team has members trained in systematic review
methodology, as well as expertise in occupational and environmental
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Table 1
Included outcomes.
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Outcome Definition

Current ADA diagnostic criteria (American Diabetes
Association, 2018)

Diabetes mellitus®
resistance and decreased insulin production.

Impaired fasting glucose
mellitus
Impaired glucose tolerance

Clinical disease characterized by a varying degrees of hyperglycaemia, insulin

Higher-than-normal fasting glucose that does not meet diagnostic criteria for diabetes

Higher-than-normal 2-hour plasma glucose during standardized oral glucose tolerance

Fasting plasma glucose = 7.0 mmol/1

OR

2-hour plasma glucose = 11.1 mmol/I during
standardized oral glucose tolerance test

OR

Glycated haemoglobin A = 48 mmol/mol

OR

Random plasma glucose = 11.1 mmol/1

5.6 mmol/1 < fasting plasma glucose < 6.9 mmol/1

7.8 mmol/1 < 2-hour plasma glucose < 11.0 mmol/1

test that does not meet diagnostic criteria for diabetes mellitus

Prediabetes Higher-than-normal glucose levels that do not meet diagnostic criteria for diabetes Impaired fasting glucose
mellitus OR
Impaired glucose tolerance
OR
39 mmol/mol < glycated haemoglobin
A < 47 mmol/mol
Hyperglycaemia Increased blood sugar level, expressed either as a continuous measure or categorized. -

Insulin resistance

Decreased sensitivity to insulin in peripheral tissues, determined by simultaneous -

measurement of insulin and plasma glucose levels. Expressed as continuous or

categorical measure.
Decreased insulin

production categorized.

Decreased endogenous insulin levels, expressed either as continuous measure or -

ADA = American Diabetes Association.

@ The clinical diagnosis of diabetes mellitus normally requires confirmation with a second test, unless the patient has classic hyperglycaemic symptoms or a
hyperglycaemic crisis (American Diabetes Association, 2018). However, in epidemiological studies, repeat testing is often not performed.

medicine, chemical risk assessment and clinical endocrinology with a
focus on diabetes mellitus. The review process will be managed using
the DistillerSR (DistillerSR, n.d.) web application for systematic reviews
to ensure transparency.

In case any methodological changes from this protocol are made
during the review, they will be listed under the heading “Differences
between protocol and review” in the final article.

3.1. Eligibility criteria

3.1.1. Types of populations
Any human population.

3.1.2. Types of exposures

Occupational or environmental exposure to neuroactive non-orga-
nochlorine insecticides, defined as non-organochlorine insecticidal
compounds whose main toxico-dynamic target is the nervous system
according to the classification system by the Insecticide Resistance
Action Committee (IRAC) (IRAC International MoA Working Group,
2017). To make the task manageable, we will not include DDT, its
analogs or other organochlorine insecticides (IRAC subgroups 2A and
3B), since most of these compounds are already severely restricted due
to health risk concerns (Stockholm Convention, 2010), and currently
have a small market share (Sparks and Nauen, 2015). Nor will we in-
clude nicotine, even though it can be categorized as a neuroactive in-
secticide, because we consider it obsolete as a pesticide, and it is esti-
mated to have no significant market share (Sparks and Nauen, 2015).

Specifically, the included classes of insecticides (with IRAC group or
subgroup numbers in parentheses) are:

e Carbamates (1A)

e Organophosphates (1B)

e Fiproles (2A)

® Pyrethroids and pyrethrins (3A)
o Neonicotinoids (4A)

e Sulfoximines (4C)

666

e Butenolides (4D)

® Spinosyns (5)

e Avermectins and milbemycins (6)
e Pymetrozine (9B)

e Flonicamid (9C)

® Nereistoxin analogs (14)

o Amitraz (19)

e Oxadiazines (22A)

e Semicarbazones (22B)

e Diamides (28).

The individual insecticides in these classes can be seen in Appendix
A.

We will include studies with objective measurements of exposure, as
well as more crude exposure measures, as long as the insecticide used is
stated and falls within one of the above-mentioned categories. The
more crude exposure measures may include professions, industries,
work sites, questionnaire information, job-exposure matrices etc., no
matter if dichotomous (yes/no) or (semi)quantitative.

3.1.3. Types of comparators

Humans exposed to no or lower levels of neuroactive non-organo-
chlorine insecticides than the more highly exposed population. The
difference in exposure level in included studies does not need to be
formally tested. E.g., we will include studies comparing conventional
farmers with the background population, even if no more sophisticated
exposure metrics are used (such as biomarkers or subjective informa-
tion on pesticide usage duration, frequency and intensity). The validity
of the exposure assessment and its implications for the confidence in the
study findings will instead be discussed as part of the risk of bias as-
sessment (see below).

3.1.4. Types of outcomes

Table 1 lists included outcomes with the definitions that will be
used in this systematic review, as well as current diagnostic criteria
from the American Diabetes Association (American Diabetes
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Association, 2018), where applicable. Authors of original studies may
have used other diagnostic criteria. E.g., as previously mentioned the
WHO has used three different diagnostic cut-offs for fasting plasma
glucose since 1980 (WHO Expert Committee on Diabetes Mellitus,
1980; World Health Organization, 1985; Alberti and Zimmet, 1998).
For this reason, during data extract we will record the exact diagnostic
criteria used by original study authors (see Section 3.4).

Because of the heterogeneity of the pathophysiology of different
types of diabetes (American Diabetes Association, 2018), throughout
the review we will manage results for the following types separately:
Type 1, type 2, gestational and unspecified. We will not consider studies
whose outcome is random plasma glucose or glucosuria, nor studies on
monogenic forms of diabetes. When the outcome in a study is diabetes
mellitus, it must be defined by register data, fasting plasma glucose,
oral glucose tolerance test, glycated haemoglobin A (HbA;.), or a
combination of these measures, optionally in combination with patient
self-report. We will not include studies where diabetes mellitus is de-
fined only by patient self-report or by measurement of random plasma
glucose or glycosuria. The reason for including studies relying on a
combination of patient self-report and objective measures is that pa-
tients receiving treatment for diabetes may be normoglycaemic, yet
they should still be considered diabetic.

3.1.5. Types of studies
3.1.5.1. Inclusion criteria

Epidemiological (e.g., cross-sectional, case-control, cohort, but not
ecological) and human exposure studies providing an exposure contrast
to the neuroactive non-organochlorine insecticides listed in Appendix A
and a measure of association to the outcomes of interest. Studies
without a measure of association will be included if they provide en-
ough information to calculate such a measure.

3.1.5.2. Exclusion criteria.

e Case reports, case series, ecological studies, animal studies, ex vivo
studies (including studies on human cells and tissues) and in silico
studies.

Studies only considering exposure to “insecticides” or “pesticides” as
broad categories.

Studies on exposure to a mixture of pesticides that includes com-
pounds that cannot be classified as neuroactive non-organochlorine
insecticides (unless authors present separate results on the effect of
neuroactive non-organochlorine insecticides, adjusted for the effect
of other pesticides).

Studies only reporting prevalence or incidence of diabetes in an
insecticide-exposed group, but without an exposure contrast.
Studies on insecticide poisoning requiring acute medical treatment.

Animal, ex vivo and in silico studies are excluded for pragmatic
reasons. We consider it infeasible to review both epidemiological and
mechanistic evidence on all non-organochlorine neuroactive in-
secticides in the same systematic review. We consider evidence from
epidemiological studies most relevant, but it will be highly relevant in
the future to follow-up with a systematic review on mechanistic evi-
dence.

Studies on patients requiring acute medical treatment for insecticide
poisoning are excluded because hyperglycaemia is a part of the acute
stress response (Marik and Bellomo, 2013), and the hyperglycaemia
seen among such patients may be an unspecific marker of physiological
stress. We are aware that hyperglycaemia has been reported among
patients acutely intoxicated with pyrethroids (Kim et al., 2015), orga-
nophosphates (Moon et al., 2016), carbamates (Satar et al., 2005) and
neonicotinoids (Todani et al., 2008).

If we identify studies with overlapping populations, we will abstract
data and perform risk of bias assessment for them all (see below). When
synthesizing results, we will only include results from one article per
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study population per exposure-outcome pair (e.g., any occupational
organophosphate insecticide exposure vs. fasting plasma glucose as
continuous measure). We will use the results from the study that has the
lowest risk of bias across the evaluated domains (see below). If studies
have the same risk of bias, we will include the largest study (number of
participants or amount of follow-up time, depending on study design).

3.1.5.3. Years considered. Any year of publication. All searches will be
re-run within 12 months of publication of the systematic review. New
hits will be screened in the same manner as hits in the original search
(see below). When deciding on whether to include new eligible studies
in the systematic review, their potential influence on the conclusions of
the systematic review will be weighed against the resulting delay in
publication. If we choose not to include such new studies, we will
provide a comprehensive list of the studies in an appendix.

3.1.5.4. Publication language. We will not exclude any articles based on
language, but we will only actively search for articles using English
terms (except for the LILACS database, where Spanish, French and
Portuguese terms will also be used). When screening studies for
inclusion, articles in languages other than the ones spoken by the
reviewers (Danish, English, German, Norwegian and Spanish) will be
translated into English using Google Translate (https://translate.
google.com/). All included studies (and all screened studies where we
are in doubt about inclusion after automatic translation) will be
translated to English by a human translator.

3.1.5.5. Publication status. Peer-reviewed publications.

3.1.6. Types of effect measures

While included studies have to provide an effect measure as de-
scribed in the inclusion criteria, the type of effect measure will not
influence the decision to in- or exclude studies.

Because of the known and strong correlations between e.g. family
history, age and diabetes mellitus, we will not be able to convert ad-
justed odds ratios for diabetes mellitus into relative risks, since the
conversion requires an a common “assumed control risk” for all the
non-exposed persons (O'Connor, 2013). We will only combine adjusted
odds ratios and adjusted relative risks in meta-analysis if the prevalence
of diabetes mellitus in the studies reporting odds ratios is <10%, since
the odds ratio will then be numerically very similar to the relative risk
(Sterne and Kirkwood, 2010).

3.2. Information sources and search
Searches will be performed in the following scientific databases:

e NCBI PubMed (https://www.ncbi.nlm.nih.gov/pubmed/)
e Embase (https://www.embase.com)

e Scopus (https://www.scopus.com)

® Web of Science (https://apps.webofknowledge.com)

e LILACS (http://lilacs.bvsalud.org).

The search terms for each of these 5 databases are included in
Online appendices B-F.

The search strategy was primarily developed by MRHH, but with
inputs from the remaining authors. For each outcome of interest, a list
of synonyms was compiled. MeSH (Medical Subject Heading) and
Emtree keywords were identified in the NCBI PubMed and Embase
databases, respectively. The MeSH terms and keywords were exploded
and the related words included in free text. Spanish, French and
Portuguese terms were identified in the European Union's terminology
database (IATE) (IATE (Interactive Terminology for Europe), n.d.). For
exposure terms, we also identified and exploded MeSH terms and
keywords from PubMed/Embase. Names of compounds belonging to
each included class of insecticides were compiled from the IRAC
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classification (IRAC International MoA Working Group, 2017), supple-
mented with exploded MeSH terms, Emtree keywords and the World
Health Organization guide to classification of pesticides by hazard
(World Health Organization, 2009). Non-English compound names
were identified in IATE, an online database of pesticide common names
(Wood, n.d.) and lists of pesticides approved or banned in Ecuador,
Mexico and Spain. Chemical Abstracts Service (CAS) numbers for in-
dividual compounds were identified in NCBI PubChem (https://
pubchem.ncbi.nlm.nih.gov/) and aforementioned database of pesti-
cide common names (Wood, n.d.).

A hand search for potentially eligible articles will be performed in
the reference list of included articles, among the articles that cite any of
the included articles, and in the reference lists of existing reviews on the
subject. Experts on negative health effects of pesticides will be pre-
sented with the list of included studies and will be asked to identify any
further eligible studies.

We have decided not to perform a grey literature search as part of
the systematic review. We know that we might inadvertently exclude
some studies, but we judge it to be more important to perform a very
sensitive search strategy for published papers.

The removal of in vitro, in silico and animal studies (see eligibility
criteria above) will be done manually rather than by the use of search
filters because studies might have been erroneously indexed in the ar-
ticle databases.

3.3. Study selection

Records and data will be managed using the DistillerSR (DistillerSR,
n.d.) web application for systematic reviews. Search results will be di-
rectly imported, followed by de-duplication and study selection within
DistillerSR. Two independent reviewers (MRHH and JS) will screen
search hits for eligibility first at the title and abstract level, then at the
full text level. Conflicts will be solved by consulting a third review
author. In the systematic review, a flow-chart of article in- and exclu-
sion will be provided in accordance with the PRISMA (Moher et al.,
2009) guidelines.

3.4. Data extraction and data items

Two independent investigators (MRHH and JS) will design and pilot
data extraction forms until agreement is achieved, with mediation by a
third investigator if agreement cannot be achieved. Data will also be
extracted by two separate investigators (MRHH and JS), with mediation
by a third investigator in case of disagreements.

We will prepare three separate data extraction forms — one for ex-
tracting study characteristics, one for assessing risk of bias (see included
parameters in the section “Risk of bias assessment”), and one for ex-
tracting effect estimates. The forms will be filled out in the order listed
(i.e. risk of bias assessment will be done before extraction of effect es-
timates). The form for extracting effect estimates will have separate
fields for each identified exposure-outcome pair. Data items to be ex-
tracted can be seen in draft versions of the forms for recording study
characteristics and effect estimates in Online appendix G; the final
forms will be implemented in DistillerSR.

The study design will be assessed by the systematic review authors
instead of relying on labels used by investigators of primary studies. If
the outcome is diabetes mellitus, we will assess and record whether it
was type 1, type 2, gestational or unspecified, also without relying on
labels in the primary study.

Effect estimates will be extracted with their 95% confidence inter-
vals. If no confidence interval is available, but an exact p-value is, we
will extract the p-value and calculate a 95% confidence interval. If in-
sufficient data are available to calculate a confidence interval, the
corresponding author of the study in question will be contacted to
obtain the data necessary for the calculation. When extracting data for
binary outcomes, priority will be given to relative effects measures such
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as risk ratio, odds ratio and hazard ratio depending on the study design.
Absolute effect measures such as risk differences will be included if no
relative effect measures are available. For continuous outcomes such a
fasting plasma glucose, we will give equal priority to relative and ab-
solute effect measures.

If results from both unadjusted and adjusted analyses are presented
in a study, we will normally include results from the most adjusted one.
Analyses including both pesticide exposure and being a farmer/pesti-
cide applicator as independent variables at the same time will be con-
sidered over-adjusted, in which case we will usually select a less ad-
justed model. If the only other model available is completely
unadjusted, we will instead choose the over-adjusted model and take
this into account when assessing the risk of “other bias” in the study
(see below).

3.5. Risk of bias assessment

Risk of bias will be considered both at the outcome and the in-
dividual study level. The risk of bias at the outcome level will be as-
sessed as part of the assessment of the quality of evidence (see below).
All assessment of risk of bias will be done by two separate investigators
(MRHH and JS) with mediation by a third investigator (VS) in case of
disagreements. The risk of bias assessment will be managed in
DistillerSR.

In accordance with the Navigation Guide systematic review meth-
odology, risk of bias in individual studies will be assessed across a
number of domains (Woodruff and Sutton, 2014). We will use the same
domains as a previous systematic review on the reproductive toxicity of
the biocide triclosan (Johnson et al., 2016):

® Sequence generation

e Allocation concealment
e Baseline differences

e Blinding

e Exposure assessment

o Qutcome assessment

e Confounding

e Incomplete outcome data
® Selective outcome reporting
e Conflict of interest

e Other bias.

For each domain in the risk of bias, studies will be rated as “low
risk”, “probably low risk”, “probably high risk”, “high risk” or “not
applicable” according to the instructions listed in Online appendix H.
Support for judgement (in the form of verbatim quotes from the original
articles and/or comments from the systematic review authors) will be
provided in an online appendix as suggested by the Cochrane Handbook
(Deeks et al., 2011).

When assessing the risk of bias due to confounding, the factors
considered important confounders will depend on the type of diabetes
mellitus. For type 1 diabetes mellitus, important confounders will be
ethnicity and HLA (Human Leukocyte Antigen) genotype or family
history of diabetes mellitus. For type 2, gestational and non-specified
diabetes mellitus, important confounders will be ethnicity, age, sex,
family history of diabetes mellitus, diet, weight status and physical
activity level.

To assess the risk of bias due to selective reporting, we will attempt
to locate published protocols of included studies.

In the domain “Conflict of interest”, we will include both financial
and non-financial conflicts of interest as laid out in the standard form
(Editors ICoMJ. ICMJE Conflict of Interest form) for reporting conflicts of
interest published by the International Committee of Medical Journal
Editors. We will search for undisclosed conflicts using a modification of
the method used in a previous systematic review (Mandrioli et al.,
2016). In short, if study authors did not provide a disclosure or
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disclosed no conflict of interest, we will identify papers written by the
same authors indexed in the five scientific databases listed in the sec-
tion “Information sources and search”. We will then review disclosures
in these other papers. We will also search for authors' curricula vitae on
Google (https://www.google.com/). In case a relevant conflict of in-
terest is uncovered during the search, the search will end and the study
be classified as if the conflict of interest had been declared in the study

paper.
3.6. Assessing quality of evidence

The quality of evidence at the level of each exposure-outcome pair
will be graded according to the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) guidelines (Guyatt
et al., 2008), adapted to the setting of occupational and environmental
medicine as described in the Navig