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Abstract

Type 1 diabetes is a chronic, immune-mediated disease characterised by the destruction of insulin-

producing cells. Standardised registry data show that type 1 diabetes incidence has increased 3–

4% over the past three decades, supporting the role of environmental factors. Although several 

factors have been associated with type 1 diabetes, none of the associations are of a magnitude that 

could explain the rapid increase in incidence alone. Moreover, evidence of changing prevalence of 

these exposures over time is insufficient. Multiple factors could simultaneously explain the 

changing type 1 diabetes incidence, or the magnitude of observed associations could have been 

underestimated because of exposure measurement error, or the mismodelling of complex 

exposure-time-response relationships. The identification of environmental factors influencing the 

risk of type 1 diabetes and increased understanding of the cause at the individual level, regardless 

of the ability to explain the changing incidence at the population level, is important because of the 

implications for prevention.

Introduction

Type 1 diabetes is a chronic, immune-mediated disease characterised by the destruction of 

insulin-producing β cells in the pancreas. The development of β cell autoantibodies is 

thought to be induced after a genetically-susceptible individual is exposed to a presumed 

environmental factor that triggers a loss of immune regulation.1 Destruction of β cells leads 

to a decrease in insulin secretion, development of hyperglycaemia, and ultimately clinical 

type 1 diabetes. The asymptomatic phase in which multiple autoantibodies to β cell antigens 

are detectable in serum is termed islet autoimmunity, and is highly predictive of type 1 

diabetes. Seroconversion to islet autoimmunity occurs typically after 6 months of age and 

peaks between 12–24 months of age in children at increased risk for type 1 diabetes.2 

Approximately 70% of children with multiple autoantibodies progress to type 1 diabetes 

within 10 years of seroconversion.3 Genetic variation in the HLA region accounts for a large 
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proportion of the genetic risk associated with type 1 diabetes. The HLA haplotypes 

conferring the highest risk are HLA DR4-DQ8 and HLA DR3-DQ2. The risk is much higher 

for the heterozygote formed by these two haplotypes than for either of the homozygotes. In 

addition, over 50 genetic loci associated with type 1 diabetes risk have been identified, with 

effects ranging from moderate to small.4 We review epidemiological findings of putative 

environmental factors in the development of type 1 diabetes, with a focus on prospective 

studies evaluating risk factors, triggers of islet autoimmunity, and promoters of progression 

to type 1 diabetes. Most evidence for increasing type 1 diabetes incidence and prospective 

studies investigating exposures are limited to children younger than 20 years, therefore this 

review will be most relevant to childhood-onset type 1 diabetes. We also briefly review 

available data on time trends in relevant exposures.

Trends in epidemiology

The incidence of type 1 diabetes increases with age up to a peak around 10–14 years, but the 

disease can occur at any age.5 The incidence tends to be higher in boys than in girls in high–

incidence countries, with the opposite pattern seen in low–incidence countries.6 After 

puberty, males tend to have increasingly higher incidence of developing type 1 diabetes than 

females, even in low–incidence countries such as China.5 Most standardised long-term 

incidence data focus on children younger than 15 years, with incidence ranging from 1 to 3 

per 100 000 per year in China and other Asian and South American countries,5,6 around 10–

20 per 100 000 in South European countries7 and in the USA,8 and 30–60 per 100 000 in 

Scandinavia.7 Globally, the incidence of type 1 diabetes started to increase in the 1950s with 

an average annual increase of 3–4% over the past three decades (figure 1).6,7,9 The relative 

increase tends to be highest in countries with low incidence.6,7 Early indications of a steeper 

relative increase among young children are no longer seen.7 In the long term, most countries 

have shown non-linear changes with periods of small or no increase such as in Norway from 

2004 to 2012, and in Finland from 2006 to 2011. A small increase in incidence was seen in 

the USA during 2002–12.7,8

Evidence for causal environmental factors

The increasing incidence of type 1 diabetes in less than a generation supports the role of 

environmental factors. Although differences in incidence between countries might be partly 

due to genetic differences, the differences within countries of 1∙5–3∙0 fold and large 

differences between neighbouring countries with similar genetic composition are most likely 

due to yet unknown environmental factors.5,10,11 In the Environmental Determinants of 

Diabetes in the Young (TEDDY) study,2 Finnish centres reported an incidence of type 1 

diabetes that was 78% higher than that in US centres, even after adjusting for HLA 

genotype, family history, and non-HLA loci. Again, non-genetic factors are the most likely 

explanation for this difference. The proportion of children with type 1 diabetes with the 

highest risk HLA genotype (DR4-DQ8 or DR3-DQ2) has declined over the past 2–4 

decades, whereas the proportion with moderate risk HLA genotypes has increased.1,2 This 

finding is likely because of the penetrance of moderate risk HLA genotypes has increased 

over time due to increasing environmental exposures.12
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Timing and nature of environmental factors

If a single factor were to explain the observed changes in incidence over the past few 

decades, it would have to be very strongly associated with the risk of type 1 diabetes. A 

factor that increased at a constant rate from nearly nonexistent in the population to nearly 

ubiquitous would have to confer a relative risk of five to explain an approximate 3% annual 

increase in incidence of type 1 diabetes (figure 2). Putative environmental factors changing 

less rapidly over time would have to be even more strongly associated with type 1 diabetes 

to explain the changing incidence trends. Additional simulations showed similar results for 

decreasing prevalence of a protective factor, and that even with three independent risk 

factors increasing in prevalence by 1% per year, the combined effect on the population 

incidence would be small, even if the relative risk conferred by all factors was five (appendix 

pp 3–5).

Identifying environmental factors associated with type 1 diabetes that influence the 

incidence of islet autoimmunity, or the rate of progression from islet autoimmunity to type 1 

diabetes (hereafter termed progression to type 1 diabetes), can inform future preventive trials 

and searches for other environmental risk factors (figure 3). Suggestive evidence for the 

importance of environmental factors influencing progression comes from two observations. 

The first is the increasing progression to type 1 diabetes over time, but with no clear rise in 

islet autoimmunity incidence among genetically susceptible children in Germany.13 The 

second observation is the small geographical difference in prevalence of multiple 

autoantibody positivity among genetically susceptible children across Europe, by contrast 

with differing type 1 diabetes incidence rates.14 However, there was little or no difference in 

progression from multiple autoantibodies to type 1 diabetes between the high and low type 1 

diabetes incidence centres in the TEDDY study.15 Paradoxically, the incidence of islet 

autoimmunity was only slightly higher in Finland than in the US centres in TEDDY,2 which 

leaves the question of the importance of islet autoimmunity triggers versus promoters of 

progression to type 1 diabetes largely unanswered. Investigating specific factors influencing 

islet autoimmunity or progression to type 1 diabetes is complex, and requires longitudinal 

studies as well as separate analysis for the two processes (figure 3). For practical reasons, 

such data have only been collected in genetically susceptible children, selected to have either 

moderate to high risk HLA genotypes or a family history of type 1 diabetes, or both. 

Examples of longitudinal birth cohort studies include: TEDDY,16 Diabetes Autoimmunity 

Study in the Young (DAISY),17 Diabetes Prediction and Prevention (DIPP),18 MIDIA,19 and 

the BABYDIAB study.20

Environmental factors

Maternal and perinatal factors

Higher maternal age at delivery,21 maternal pre-gestational and early gestational obesity,22,23 

and caesarean section24 are factors that have become more common in the recent decades 

and which are also associated with higher type 1 diabetes risk in childhood. Findings from a 

meta-analysis have shown that the relative risks for type 1 diabetes are approximately 1∙1 for 

maternal age of 35 years or more versus 25–30 years,21 1∙3–1∙4 for maternal obesity,22,23 

and 1∙2 for caesarean section.24 Findings from more recent studies23,25 that have adjusted 
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for maternal and confounding factors using a sibling-control design,26 have shown that the 

association of a caesarean section with type 1 diabetes is plausibly weaker and non-

significant. These weak associations combined with a moderate rate of change in exposures 

(eg, caesarean sections increased by an average of 2∙6% annually from 1990 to 2014 among 

developed countries),27 suggest that these factors alone have little or no explanatory power. 

Average birthweight has increased steadily in many populations, but began decreasing in the 

early 21st century with some variation between countries.28 Higher birthweight has been 

associated with increased risk of type 1 diabetes in large studies,29 but the relative risk 

(approximately 1∙1, comparing >4 kg to 3–3∙5 kg) is also too weak to have any explanatory 

power.

Infant growth and childhood obesity

Childhood obesity and other measures of growth are risk factors thought to influence β-cell 

stress. In the USA, obesity prevalence among children aged 2–11 years increased during the 

1990s and early 2000s but seems to have levelled off or slightly decreased since the 

mid-2000s, with similar trends in many other countries.30 Studies have shown that weight,31 

weight gain in the first year of life (hazard ratio [HR] 1∙2 per standard deviation increase),32 

and early life BMI33,34 are all associated with increased risk of type 1 diabetes. A meta-

analysis pooling studies that assess obesity or BMI before diagnosis of type 1 diabetes found 

positive associations between obesity and higher BMI during childhood and type 1 diabetes, 

with an estimated relative risk of 1∙2 per standard deviation increase.35 A population-based 

nested case-control study from Denmark showed a similar association of BMI Z score at age 

8 or 13 years, with later risk of developing type 1 diabetes.36 Genes associated with 

childhood BMI were associated with risk of type 1 diabetes in the general population, 

supporting the causality of this complex relationship which is otherwise difficult to assess.37 

Prospective birth cohorts following-up individuals at high risk found conflicting associations 

between early life weight, height, and BMI on risk of islet autoimmunity.38–41 But there was 

a significant association in the TEDDY study,38 with a hazard ratio of approximately 1∙2 per 

standard deviation increase in early childhood weight gain. In two other prospective cohorts, 

weight, height, and BMI at the time of islet autoimmunity were not associated with rate of 

progression to type 1 diabetes, although height growth velocity was associated with rate of 

progression to type 1 diabetes.40,41 Interpretation of the overall evidence is complicated by 

differences in exposure measures between studies. For example, studies have used attained 

height (height Z score),39 change in height (growth),32 height pattern over time,42 or height 

growth velocity.40 Nevertheless, most studies reporting significant associations find fairly 

small associations with the risk of type 1 diabetes. Similarly, lack of physical activity might 

trigger islet autoimmunity or accelerate progression to type 1 diabetes; however, there are no 

data available yet.

Breastfeeding and introduction of cow’s milk and solid foods

Large cohort studies have not found any association between the duration of breastfeeding 

and risk of islet autoimmunity43–45 or type 1 diabetes.43,44,46,47 Moreover, the age at which 

cow’s milk is introduced into the infant diet is not associated with risk of islet autoimmunity 

or type 1 diabetes.44–47 Similarly, a randomised trial found no effect of delaying the 

introduction of cow’s milk into the infant diet on the risk of type 1 diabetes.48 Given that 
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breastfeeding rates have increased since the 1970s, breastfeeding is unlikely to explain the 

increasing type 1 diabetes incidence.49,50 Cohort studies of timing of first exposure to solid 

foods and the risk for islet autoimmunity or type 1 diabetes are difficult to interpret because 

of heterogeneity in exposures and results,43–46 and insufficient data are available regarding 

population changes in complementary feeding over time.

However, prospective studies have shown that greater intake of cow’s milk products in 

childhood is associated with increased risk of islet autoimmunity (HR of 1∙05 for a 1 g 

increase in intake),46 and the progression from islet autoimmunity to type 1 diabetes (HR of 

1∙59 for a 16 g increase in intake).52 Milk consumption has increased in China and Japan 

over time.53,54 In the USA, overall consumption of milk products has increased between 

1970 and 2014, largely because of increased cheese consumption,55 making it a potential 

candidate for explaining the increasing incidence of type 1 diabetes, although the association 

is small.

Gluten and fibre intake

Animal studies suggest that the incidence of autoimmune diabetes could be reduced by a 

diet that is free of gluten or rich in fibre, consumed by either pregnant dams or pups. 

Whereas in the Danish National Birth Cohort study,56 the amount of gluten in the maternal 

diet during pregnancy was borderline significantly associated with type 1 diabetes risk, this 

association was not found by the Norwegian Mother and Child Cohort study (MoBa).57 In 

the DAISY study,58 no association was found between gluten intake during childhood and 

incidence of islet autoimmunity or progression to type 1 diabetes. However, in the DIPP 

study,59 higher gluten and dietary fibre intake were strongly associated with incidence of 

islet autoimmunity and type 1 diabetes (adjusted HR of 3∙4 per 10 g increase in gluten intake 

per day). Moreover, higher gluten intake at 18 months of age was associated with increased 

risk of type 1 diabetes in MoBa (adjusted HR of 1∙5 per 10 g increase per day).57 The 

amount of dietary gluten is thought to have increased over time because of the added gluten 

in industrially baked breads, but there are scarce data on the quantitative effect. Overall, the 

potential role of dietary gluten and fibre in type 1 diabetes remains unclear, and more studies 

are needed.

Vitamin D

Given that both vitamin D status and type 1 diabetes incidence vary by latitude (ie, distance 

from the equator), vitamin D might be a protective factor for type 1 diabetes because it 

regulates the immune system and autoimmunity. Vitamin D intake during pregnancy was not 

associated with risk of islet autoimmunity in the offspring, and childhood vitamin D intake 

was not associated with risk of islet autoimmunity or progression to type 1 diabetes.60–62 A 

more relevant measure of vitamin D exposure could be circulating 25-hydroxyvitamin D 

(25(OH)D), which is determined by dietary intake and sun exposure of the skin, and reflects 

a person’s vitamin D status. Numerous prospective studies have shown that there is no major 

association between serum 25(OH)D concentration in pregnancy63–66 and at birth,65–69 and 

the development of islet autoimmunity or type 1 diabetes in the child. In case-control studies 

of military cohorts, adult-onset type 1 diabetes cases had lower concentrations of 25(OH)D 

before diagnosis than did controls,70,71 yet the prospective studies DAISY and DIPP found 
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no association between 25(OH)D concentration and islet autoimmunity development or 

progression to type 1 diabetes.62,72 In 2018, the TEDDY study found that higher plasma 

concentration of 25(OH)D in childhood was associated with a decreased risk of islet 

autoimmunity, although the effect size was small (HR 0∙93 for 5 nmol increase in 25(OH)D).
73 Because population average 25(OH)D concentration remained stable over time in children 

aged 1–18 years in Sweden between 1982 and 2013, and in adolescents or adults in the USA 

between 1988 and 2010,74,75 the increase in type 1 diabetes incidence is unlikely due to a 

decrease in 25(OH)D concentration in the population.

Omega-3 fatty acids

Given their anti-inflammatory properties,76–78 a deficiency of omega-3 fatty acids could 

predispose individuals to heightened inflammatory reactions, thus increasing the risk of type 

1 diabetes. Alpha-linolenic acid is the principal omega-3 fatty acid in Western diets, and is 

found in green leaves, flax, canola, walnuts and soy. Other highly anti-inflammatory 

omega-3 fatty acids such as eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and 

docosahexaenoic acid (DHA), are found in fatty fish and seal oil. Maternal intake of 

omega-3 fatty acids74 and serum EPA and DHA concentration80 during pregnancy were not 

associated with risk of developing type 1 diabetes in the child.

The DIPP study found that higher serum DHA at 3 months of age was associated with 

decreased risk of developing islet autoimmunity.81 Moreover, the DAISY study showed that 

higher omega-3 fatty acid intake (primarily α-linolenic acid) and higher omega-3 fatty acid 

concentration (primarily DPA) in the erythrocyte membranes throughout childhood were 

associated with lower risk of islet autoimmunity, but were not associated with progression to 

type 1 diabetes.82–84 For omega-3 fatty acids to explain the increasing incidence of type 1 

diabetes, intake and status would have to be declining in the population. Although there are 

no data on fatty acid status over time, omega-3 fatty acid intake does not appear to be 

decreasing. In Germany, children aged 0–18 years had slightly increased intake of EPA and 

DHA (as percentage of total fat intake) between 1985 and 2005.85 In the USA, women of 

reproductive age slightly increased their consumption of fish, therefore increasing EPA and 

DHA intake between 1999–2014.86,87

Dietary sugars

High-sugar diets increase insulin demand, which can lead to increased and persistent 

endoplasmic reticulum (ER) stress of the β cell, causing apoptosis.88,89 β-cell ER stress 

might promote the production of neo-autoantigens, resulting from post-translational 

modification of β-cell proteins, which could drive autoimmunity and progression to type 1 

diabetes.90 The DAISY study showed that intake of dietary sugars is associated with 

progression to type 1 diabetes. In children with islet autoimmunity, a higher glycaemic index 

and an increased intake of total sugars was associated with a higher risk of progressing to 

type 1 diabetes.91,92 These intake variables were not associated with initial development of 

islet autoimmunity, suggesting that they are only related to acceleration of the later stage of 

type 1 diabetes.91,92
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In the USA, calorie intake from added sugars consumed by children has significantly 

increased between 1977 and 2003.93 Similar trends have been observed in other countries, 

suggesting that sugar intake is a potential candidate for explaining the increase in type 1 

diabetes incidence.94 There has been a decline in total sugar intake in numerous countries 

after 2003, which would be important to monitor in relation to the incidence of T1D and 

other diseases.93,94,95

Infections

Enterovirus

Viral infections have been candidate environmental factors in type 1 diabetes pathogenesis 

for decades. Mechanisms by which enteroviruses contribute to the destruction of pancreatic 

β cells have been proposed.96 Early studies suggested a role of Coxsackievirus B4, but 

subsequent studies based on serum antibodies in newly diagnosed type 1 diabetes versus 

controls were inconsistent.97 Latest studies have searched for viruses using PCR on faecal, 

blood, or tissue samples, or in situ hybridisation in tissues. Many studies found small 

quantities of Enterovirus in patients with type 1 diabetes more frequently than in controls, 

but reverse causality cannot be ruled out.98 The DIPP study tested serum samples for 

neutralising antibodies to 41 Enterovirus serotypes before islet autoantibody positivity, and 

Coxsackievirus B1 was associated with higher risk of islet autoimmunity (odds ratio 1.5).99 

Associations were only slightly significant and should be interpreted with caution because 

multiple testing correction was not done. However, a later cross-sectional study supported a 

potential role of Coxsackievirus B1 as a risk factor.100 Earlier studies of faecal Enterovirus 
shedding found no association with islet autoimmunity,101 but a 2017 study from Finland 

found an association between early Enterovirus shedding and islet autoimmunity months to 

years later.102 In 2019, the TEDDY study reported that long duration of faecal shedding of 

Enterovirus B was associated with an approximately 3–4 times higher risk of islet 

autoimmunity, but there was no such association with type 1 diabetes.103 Enterovirus B 
consists of several serotypes including Coxsackievirus 1–6 and many Echoviruses. The 

number of positive samples was not associated with islet autoimmunity for any of the 11 

reported Enterovirus B serotypes, except for a nominally significant association for 

Coxsackievirus B4.103 Although positive Enterovirus PCR in blood samples was more 

common before seroconversion for islet autoantibodies in children with type 1 diabetes, than 

in autoantibody negative controls in the DIPP study,104 there was no statistically significant 

difference in the MIDIA study.105 There was a suggestive difference between the first 

autoantibody positive sample in cases and corresponding sample in controls in MIDIA,105 

however, as explained in figure 3, this difference could have been due to reverse causation. 

The DAISY study showed that presence of Enterovirus in serum predicted increased rate of 

progression from islet autoimmunity to type 1 diabetes.106

Other viruses

Other Picornaviruses including Parechoviruses107 and Saffold virus,108 have not been 

consistently associated with islet autoimmunity or type 1 diabetes. Serological response to 

influenza A was not associated with risk of islet autoimmunity.109 However, a large registry-
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based study from Norway suggested that severe influenza, during the 2009 H1N1 influenza 

A pandemic, was associated with increased risk of type 1 diabetes.110

Metagenomic sequencing for virus detection

The possibility to detect previously unknown viruses makes metagenomics an attractive 

approach, but technical challenges remain.111 A few small to moderately-sized studies 

reported no significant association between frequency of any viruses and islet autoimmunity, 

but these studies remain difficult to interpret because of nonstandardised analytical 

techniques.111–114 The TEDDY study reported prospective virome data based on 

metagenomic sequencing of faecal samples. Among the 12 most frequently detected viruses 

(apart from enterovirus), higher frequency of Adenovirus C was associated with a lower risk 

of islet autoimmunity in children aged 3–6 years. This novel association needs to be 

strengthened in further studies.103

Respiratory infections

Increased frequency of symptomatic respiratory infections in early childhood was first 

reported to be associated with risk of islet autoimmunity115 and type 1 diabetes116 in 2011. 

This finding was surprising as most focus had been on gastrointestinal infections, but 

suggests that general viral infections non-specifically could predispose to initiation or 

progression of islet autoimmunity. Initial observations were later supported by three 

independent studies,117–119 but the results were not supported by the MoBa study for type 1 

diabetes.120

Maternal virus infections

Maternal infection during pregnancy has been postulated as a risk factor for childhood onset 

type 1 diabetes, but the consistency across studies is difficult to interpret because of varying 

study designs.121 The MoBa study found that frequency of infections reported by the mother 

during pregnancy was not associated with risk of type 1 diabetes in children.120

In addition to the inconsistent evidence for a role of viruses in the cause of type 1 diabetes, 

there is little evidence that potentially diabetogenic viral infections are becoming more 

frequent in pregnant women or in children, and therefore could explain time trends in type 1 

diabetes.

The hygiene hypothesis and proxies of microbial exposures

Early exposure to microbial products and infections is hypothesised to stimulate the immune 

system and lower risk of allergies and autoimmune diseases.122 It has also been suggested 

that increased use of vaccines and antibiotics, and hence fewer natural infections, 

contributed to increased risk. The hygiene hypothesis was originally formulated on the basis 

of atopic disorders in first-born and later-born children. A pooled analysis of more than 30 

studies, showed a slightly lower risk of type 1 diabetes in second or later-born children 

compared with first-born (adjusted pooled odds ratio 0∙90, 95% CI 0∙83–0∙98), but with 

marked heterogeneity between studies.123 Proxy variables of microbial exposure such as 

household crowding, attending day care, and population density can capture exposure that is 
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difficult to measure, but they are also imprecise and confounded. Existing studies of these 

factors show no clear association with type 1 diabetes. Data on exposure to farm 

environment or animals are scarce and do not suggest any association with type 1 diabetes.
124,125

Helminths

Decreased exposure to parasitic helminths, such as Enterobius vermicularis (pinworm), was 

suggested to explain the increase in immune-mediated diseases. Although this hypothesis 

cannot be supported by existing data, circumstantial counterevidence includes the 

observation that pinworm is still very common, and there is no association between anti–

worm medication and risk of type 1 diabetes.126,127

Antibiotics

Although use of antibiotics is an indicator of infection, they might also influence immune-

mediated diseases by infection-independent mechanisms such as induction of gut dysbiosis. 

Although subtle changes in gut microbiota can persist particularly after broad spectrum 

antibiotics, most changes in the gut microbiome after common antibiotics are largely 

reversible within 3–4 weeks. Several large studies have not found any consistent association 

between use of antibiotics in childhood and the risk of type 1 diabetes,120,128–131 or islet 

autoimmunity.125,132 Use of antibiotics during pregnancy is also not associated with type 1 

diabetes in children.120,128,133

Vaccinations

A systematic review on childhood vaccines and type 1 diabetes based on 23 studies and 16 

different vaccines concluded that there was no overall evidence for any association between 

common childhood vaccines and risk of type 1 diabetes.134 Similarly, a comprehensive 

analysis of children at high risk of type 1 diabetes found no association with childhood 

vaccinations and islet autoimmunity,135 consistent with previous studies. Rotavirus 

vaccination introduced in many countries in the 2000s, was not significantly associated with 

type 1 diabetes in children in Finland,136 but a suggestive lower incidence was seen in 

vaccinees in Australia137 and USA.138 Follow-up of participants from a randomised trial of 

RotaTeq in Finland did not find any significant difference in incidence of type 1 diabetes 

after 12–14 years.139 Overall, vaccines are unlikely to explain the changing epidemiology of 

type 1 diabetes, but further studies of rotavirus vaccines are warranted.

The polio model

The polio model has been suggested by analogy with poliomyelitis, where a proportion 

(<1%) of those infected with the causative virus (poliovirus) get the clinical disease 

(poliomyelitis). Early infection with poliovirus in the presence of maternal antibodies might 

be protective of poliomyelitis. Declining titres of maternal Enterovirus antibodies140 in 

Finland and Sweden during 1983–2001 and higher seroprevalence of Enterovirus in 

countries with low incidence of type 1 diabetes141 provides indirect evidence in support for 

such a scenario. Individual level evidence is needed to draw firmer conclusions. The reduced 
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incidence of type 1 diabetes in children following vaccination of pregnant women would 

possibly provide additional evidence in the future.

The hygiene hypothesis might explain long-term trends in type 1 diabetes epidemiology. 

However, the evidence for human type 1 diabetes is indirect, with no evidence that any of 

the proxies studied are related to the incidence of this disease.

Toxins

Environmental chemicals have been suggested to influence type 1 diabetes by various 

mechanisms, but there are few high quality studies of human type 1 diabetes.142 A few 

studies have found suggestive evidence for an association between air pollution and risk of 

type 1 diabetes, but there are methodological difficulties with exposure measurements. 

Overall, there seem to be no consistent association between environmental toxins and type 1 

diabetes, or islet autoimmunity.142,143 Although many toxins have been introduced into the 

environment, many have been banned resulting in decreasing exposure trends.144 Air 

pollution is highest in areas with low incidence of type 1 diabetes and has decreased over the 

past decades in high-income countries.145 Environmental toxins are therefore unlikely to 

explain the time trends in type 1 diabetes incidence.

Smoking during pregnancy has become less prevalent over the past decades in many 

countries. Maternal smoking has surprisingly been associated with lower risk of type 1 

diabetes in children in several studies, with a relative risk of 0∙7.146,147 However, even if the 

time trends and direction of association are consistent, the association is probably too weak 

to explain time trends in type 1 diabetes incidence.

Endogenous factors reflecting environmental exposures

Changing trends in type 1 diabetes incidence are most likely due to exogenous exposures. 

Although these exposures remain unknown, reliable measurement of non-genetic factors (eg, 

diet, infection, and toxins) is difficult. Rapid technological development has enabled the use 

of high-throughput multiomics datasets in epidemiological studies, which could help to 

improve the measurement of non-genetic exposures and understanding of type 1 diabetes 

pathophysiology. For example, the gut microbiota can now be comprehensively assessed and 

is suggested to influence immunity and a range of physiological processes relevant to 

diseases such as type 1 diabetes. Several environmental factors that we have reviewed, 

including caesarean sections, breastfeeding, and the time of solid food introduction, have 

proposed mechanisms of action by modulation of the gut microbiome. The largest 

prospective study of the gut microbiome in type 1 diabetes patients showed that 

breastfeeding is the most important determinant of microbiome structure in early life.148,149 

However, there was a small difference between islet autoimmunity and type 1 diabetes cases 

versus controls in terms of microbiome diversity, composition, and stability,148 with only 

slight differences in microbiome metagenomic sequences.149 Prospective investigation of 

other molecular signatures (metabolomics, proteomics) in type 1 diabetes and its candidate 

environmental risk factors are ongoing, and similarly show some, but inconclusive, promise. 

Future application of integrative genomics could improve our ability to reliably assess 
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complete exposure history (the exposome),150 and provide insight into biological 

mechanisms of disease pathogenesis, but many challenges remain to be addressed.

Future studies

We are currently unable to explain the changing type 1 diabetes incidence trends. 

Identification of environmental factors influencing type 1 diabetes risk and improving 

understanding of the cause at the individual level is important because of potential 

implications for prevention, regardless of the ability to explain changing incidence at 

population level. We could be looking at the wrong factors altogether, but various 

complexities might prevent the identification of consistent associations between 

environmental factors and risk of type 1 diabetes. Here, we briefly discuss factors that can 

complicate the identification of causal environmental factors in type 1 diabetes.

Complexities

As for many multifactorial diseases, risk factors for type 1 diabetes are most likely to be 

contributory and neither necessary nor sufficient for development of the disease. However, it 

is possible that one or a few factors are necessary and ubiquitous. Such hypothetical factors 

will be difficult to identify in observational studies but could have tremendous potential for 

prevention.

Compared with many other complex diseases such as type 2 diabetes or asthma, type 1 

diabetes could be viewed as a homogeneous disease. Known monogenic forms of diabetes 

should be excluded from the study population, but type 1 diabetes could possibly consist of 

disease subgroups. Exact definition of sub-groups is difficult, but if different individuals 

with the same phenotype (type 1 diabetes) have resulted from different combinations of 

causative factors (both genetic and non-genetic), identification of the causes will obviously 

be more difficult.

The observed incidence trends are most likely explained by multiple factors, possibly a 

combination of decreased exposure to factors lowering the risk and increased exposure to 

factors increasing the risk. Expanding the simulated scenarios in figure 2 to a combination of 

three factors gave similar overall results for exposure factors increasing by 1% per year in 

prevalence (appendix p 4). This result suggests that the true number of factors involved 

might be larger. In a situation with numerous explanatory factors, identification of any one 

of them is more difficult because of weak individual effects in any population, and the effect 

of each might differ within populations over time.

As discussed above and in figure 3, different environmental factors might affect different 

stages of the disease process.

Even with only one exposure being studied, the multiple possibilities regarding exposure 

trajectories, induction times, dose–response, and sensitive or critical windows of exposure 

complicates the identification of associations and interpretation of data. Appropriate 

modelling is necessary to correctly link exposures to disease risk, which could be 
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particularly important during periods of non-linear changes in incidence when attempting to 

explain time trends using individual-level data.

Depending on the pattern of exposure and the underlying dose–time–disease relationship, 

causal exposures might result in changing time trends affecting whole birth cohorts, or result 

in changes over calendar time that affect several different birth cohorts, or a mix of the two. 

Most type 1 diabetes incidence data are presented according to calendar period (figure 1). If 

for instance an exposure in early life, such as vaccination, is abruptly introduced, patterns 

will be most easily detectable according to birth cohort analyses. In practice, these two 

patterns are difficult to disentangle.

There is always some error in exposure measurements. These errors include not only 

imprecision or bias in laboratory assays, but also day-to-day variability in exposures not 

captured by a single or few measurements, stability of biomarkers during sample handling, 

and numerous other factors. Differential measurement errors can give biased results, and 

non-differential measurement errors (random noise) create bias of results towards no 

association.

Interaction means that the magnitude or presence of an effect differs depending on the 

presence or level of another factor. Both gene–environment and environment–environment 

interactions might be involved in the cause of type 1 diabetes, which could imply that effects 

or associations are detectable only in subgroups. The complexity of these interactions entails 

the need for measurement of all factors, correct statistical modelling, and much larger 

sample sizes for robust statistical inference. Most genetic susceptibility loci for type 1 

diabetes include genes involved in immunity, particularly HLA, therefore genotypes could 

influence response to infection and hence risk of type 1 diabetes. We are not aware of any 

studies that have shown that the association between a virus and type 1 diabetes varies by 

genotype. Nevertheless, several examples of gene–environment interactions have been 

reported. In the MoBa study,66 higher cord blood 25(OH)D was associated with decreased 

risk of type 1 diabetes only in children who were homozygous for the G allele at the vitamin 

D receptor gene (VDR) variant rs11568820. The TEDDY study73 found that higher plasma 

25(OH)D concentration in childhood was associated with a decreased risk of islet 

autoimmunity only in children carrying minor alleles at rs7975232 in the VDR gene. These 

results suggest that the underlying susceptibility for islet autoimmunity and type 1 diabetes 

might be related to the ability to adequately use vitamin D, as 25(OH)D is converted into 

1,25(OH)2D, which binds with the VDR gene to regulate gene expression.

In the DAISY study,83 an inverse association between α-linolenic acid intake and islet 

autoimmunity was seen only in individuals with minor alleles at the fatty acid desaturase 

gene (FADS) variants. As α-linolenic acid could be a precursor for EPA, DPA, and DHA 

using desaturation enzymes encoded by FADS genes, the observed susceptibility might be 

related to the ability to convert α-linolenic acid to the more anti-inflammatory fatty acids. 

When searching for interactions, we realise that the number of potential interactions, even 

when restricted to two-way interactions, quickly becomes overwhelming. The large number 

of interactions results in multiplicity problems that need to be balanced against the ability to 

detect relevant associations.
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In addition to the interaction example above, there are other kinds of multiplicity that could 

affect our ability to investigate this question. For example, when we test many different 

factors one-by-one there is risk of multiple testing and false positives, where many 

nominally significant associations are expected under the null hypothesis. When predicting 

outcomes with flexible modelling or pattern identification algorithms using numerous 

predictors simultaneously, we are vulnerable to overfitting. Although increasing the number 

of predictors we measure will increase the chance of including relevant factors, the downside 

is the so called curse of dimensionality, which refers to a situation in which there are more 

predictors (exposure variables) than study participants and reliable prediction becomes 

difficult.151 To account for dimensionality, we would need to assemble longitudinal cohort 

studies with nearly prohibitive sample sizes. The need for detailed data collection and 

flexible modelling should be balanced against the risk of false positive findings due to 

multiplicity.

Epidemiological or statistical methods to explain long-term trends have not been well 

developed. Moreover, these methods require more detailed datasets with standardised 

measurements of exposure and type 1 diabetes incidence data over numerous years, 

sometimes decades. Existing high-risk birth cohorts do not have enough data for this 

standardisation and patterns in these cohorts might not be representative of the general 

population.

Ways forward

We recommend that the way to obtain robust results from prospective studies is to combine 

well-planned studies with good, a priori designed and transparent, standardised protocols, 

and a documented analysis pipeline from collection of raw data to main analysis. An 

appealing, but complex approach is joint modelling, especially with longitudinal exposure 

and time-to-event data. This approach can be done in numerous ways according to the 

hypothesised exposure–time–response relationship. Moreover, in terms of interactions or 

subgroup analyses, rather than the exposome-wide association study, which would encounter 

multiplicity problems with many false positives, it might be better to identify replicable 

marginal associations first, and limit searches for interactions to those involving plausible 

factors producing a marginal signal. Identifying time trends in exposure prevalence 

consistent with time trends in type 1 diabetes incidence could be the first step to show that 

environmental factors might be influencing changing incidence. However, this approach is 

equivalent to an ecological study design which is more prone to bias than individual-level 

studies. Instead, standardised measures of exposure variables are needed at individual-level, 

when type 1 diabetes incidence is changing markedly in population-based studies. In such 

datasets, calendar year (or year of birth) will be statistically associated with type 1 diabetes 

incidence. Regression modelling can be used to investigate whether all or part of the 

association of calendar year with type 1 diabetes incidence is accounted for by specific 

environmental exposures. We are unaware of applications of this methodology, except in our 

simulated data (figure 2).
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Conclusion

Several factors have been associated with type 1 diabetes but none of the associations 

appears to be of a magnitude that could explain the rapid increase in type 1 diabetes 

incidence. Multiple factors simultaneously could explain the changing type 1 diabetes 

incidence, but we might have missed the most relevant factor altogether. Alternatively, the 

magnitude of observed associations could have been underestimated because of 

complicating factors such as exposure measurement error, or mismodeling of complex time–

dose–response relationships. Searching for environmental factors influencing type 1 diabetes 

risk at the individual level is of interest because of the potential implications for prevention.
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Search strategy and selection criteria

We searched PubMed for English language articles published from Jan 1, 2000 to Dec 31 

2019, using the search terms “type 1 diabetes” or “diabetes autoimmunity” in 

combination with the terms “perinatal factors”, “cesarean section”, “birthweight”, 

“growth”, “body-mass index”, “infant diet”, “breastfeeding”, “cow’s milk”, 

“complementary feeding”, “cereals”, “gluten”, “fibre”, “vitamin D”,”omega-3 fatty 

acids”, “dietary sugars”, “glycemic index”, “sugar sweetened beverages”, “virus”, 

“enterovirus”, “infection”, “hygiene hypothesis”, “crowding”, “day care”, “parasites”, 

“antibiotics”, “vaccinations”, “toxins”, and “maternal smoking”. We also searched the 

reference lists of articles identified by this search strategy and selected those we judged 

relevant. We limited our review of environmental factors to those articles describing 

findings from prospective studies and large high-quality retrospective studies when 

prospective studies were not available. In situations in which there were multiple articles 

on the topic from the same study, we selected the most recent article for review. To search 

for population data that could explain the changing incidence of type 1 diabetes, we used 

the above search terms in combination with the terms including “trends”, “change over 

time”, and “prevalence”. We selected references for inclusion on the basis of quality, 

relevance, and priority, given limitations on the number of references that could be cited.
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Figure 1: Time trends in incidence of type 1 diabetes
Published data taken from references listed in the appendix pp 1,5–6. GDR=German 

Democratic Republic (former Eastern Germany). BW=Baden-Württemberg.
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Figure 2: Increasing type 1 diabetes incidence explained by single risk factor under different 
hypothetical scenarios
(A) and (C) show prevalence of exposure over time with constant annual increase of 3% or 

6% (from a baseline of 5%). (B) and (D) show the expected corresponding incidence trends 

in type 1 diabetes and annual percentage change caused by an exposure under simulated 

scenarios, where it confers a constant incidence rate ratio, or relative risk (ie, the incidence 

rate in the exposed group relative to the unexposed group) between 1∙2 and 5∙0. Baseline 

type 1 diabetes incidence was arbitrarily set to 10 per 100 000 person-years, and the 

incidence assumed constant at this rate for unexposed people. More details about the 

methods and additional results are shown in the appendix pp 1–5. APC=annual percentage 

change. RR= rate ratio.
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Figure 3: Differentiating factors influencing transitions in the natural history of type 1 diabetes
(A) Natural history of type 1 diabetes can be divided into two major transitions: first, from 

autoantibody negative to persistently positive (green, usually for multiple islet 

autoantibodies), and the second from islet autoimmunity to clinical type 1 diabetes. (B) 

Analysing samples to disentangle factors influencing the first or second transition is 

complex. We observe snapshots of longitudinal development and made useful 

simplifications. For assessment of factors modifying the incidence islet autoantibody 

seroconversion, exposures in the (light grey) period before seroconversion in islet 

autoimmunity cases (child 1 and 2) are compared with the corresponding period in children 

who do not seroconvert during the same follow-up time (child 3)—eg, vertical arrow 1. For 

assessment of factors modifying the rate of progression from islet autoimmunity to clinical 

type 1 diabetes, exposure must be studied in the (darker grey) period after seroconversion, 

but before type 1 diabetes. Exposure in children developing type 1 diabetes is compared with 

the same period for children who do not develop type 1 diabetes during the same follow-up 

period—eg, vertical arrow 2. This principle applies to cohort studies and nested case-control 

studies. Any difference in exposure between child 2 and 3 in the (dark grey) period after 
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seroconversion eg, vertical arrow 3—could be influenced by reverse causation if involving 

biomarkers or other measures of exposure that could conceivably be influenced by 

autoimmunity. The true time of seroconversion is normally not observed, but occurs in the 

seroconversion interval, between the last negative and the first positive serial blood sample.

Norris et al. Page 27

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Trends in epidemiology
	Evidence for causal environmental factors
	Timing and nature of environmental factors
	Environmental factors
	Maternal and perinatal factors
	Infant growth and childhood obesity
	Breastfeeding and introduction of cow’s milk and solid foods
	Gluten and fibre intake
	Vitamin D
	Omega-3 fatty acids
	Dietary sugars

	Infections
	Enterovirus
	Other viruses
	Metagenomic sequencing for virus detection
	Respiratory infections
	Maternal virus infections

	The hygiene hypothesis and proxies of microbial exposures
	Helminths
	Antibiotics
	Vaccinations
	The polio model

	Toxins
	Endogenous factors reflecting environmental exposures
	Future studies
	Complexities

	Ways forward
	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:

