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Introduction  

Diabetes 
Type 1 diabetes is a common chronic disease in children and its incidence is rapidly 
increasing worldwide (1-3). Management is lifelong, involves burdensome daily 
treatment, and complications range from mild to life-threatening (4). T1D is an 
autoimmune disease in which a combination of genetic and environmental risk 
factors seems to be involved. However, the main triggering cause has yet to be 
discovered. Several environmental factors such as viral infection (5), dairy products 
(6), polyunsaturated fatty acids (7, 8), hygiene in infancy, and gluten consumption 
(9) have been proposed. Animal studies have shown promising results that diminish 
the risk of T1D in NOD mice fed a gluten-free diet (GFD) (10-12), but few studies 
have been conducted on humans (13, 14). In search of a deeper understanding of 
T1D aetiology and clinical course, this thesis aims to further explore the relationship 
between T1D and gluten.  

History  
Ancient descriptions of diabetes are found in Egyptian papyrus scrolls as well as in 
the Vedas and dates back at least 3500 years. Throughout the millennium, a wide 
range of theories of aetiology and treatments have replaced one another, but until a 
century ago, pathology and treatment remained elusive. Then, in 1889, Merging and 
Minkowski discovered the role of the pancreas and, in 1921, insulin was discovered. 
Only one year later, it was purified from the pancreas of a cow and, finally, an 
effective treatment was available (15). However, its aetiology remains largely 
unknown.  

Classification of Diabetes 
Approximately 540 million people are estimated to have diabetes mellitus 
worldwide (16). The disease is characterised by hyperglycaemia due to insufficient 
insulin secretion, insulin resistance, or a combination of both. Diabetes mellitus is 
mainly subdivided into type 1 diabetes (T1D) and type 2 diabetes (T2D). However, 
several other subtypes also exist.  
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Out of all patients with diabetes, 90% have T2D (17). In 2017, approximately 426 
million individuals were diagnosed, corresponding to 6.28% of the global 
population (18). T2D is a metabolic disorder characterised by insulin resistance in 
combination with an inadequate compensatory insulin response, initially usually 
treatable through lifestyle and diet changes (17).  

T1D, the second largest subtype, is an autoimmune disease in which the loss of 
insulin production leads to lifelong dependence on exogenous insulin. During 
childhood, T1D is the most common type of diabetes in the Western world (16), 
accounting for over 90% of childhood diabetes globally (19). In Sweden, 
approximately 95% of all children with diabetes are diagnosed with T1D (20). 

 

 
Figure 1. Diabetes is most likely a continuum in which the autoimmunity of type 1 diabetes represents one end of the 
spectrum and the metabolic dysfunction of type 2 diabetes represents the other end. Reprinted from  Molecular and 
Cellular Endocrinology, Volume 382, 2014, Leif Groop et al, Genetics of diabetes – Are we missing the genes or the 
disease? with kind permission from the Elsevier (21). 

Although historically clearly separated, research is beginning to look at the two first 
groups more in terms of conditions on a continuous spectrum (21, 22), see Figure 1 
for an illustration. The US-based SEARCH study of children with diabetes found 
54.5% of them had autoimmunity and insulin sensitivity (T1D), 15.9% had non-
autoimmunity and insulin resistance (T2D), 10.1% had non-autoimmunity and 
insulin sensitivity and 19.5% had autoimmunity and insulin resistance (T2D 
superimposed on T1D) (23). Nevertheless, classification is key to determining 
therapy and adapted education (22).  

A third important category is monogenic diabetes (originally called maturity onset 
of diabetes in the young (MODY). Monogenic diabetes is a group of monogenic 
disorders in which different genes involved in the development or functions of the 
β cell are often affected. The largest category is MODY with at least 0.5-5% of non-
autoimmune diabetes (24). Different types of MODY are often misdiagnosed as 
T2D or T1D but are important to identify because treatment and prognosis often 
differ (25). 

https://www.sciencedirect.com/journal/molecular-and-cellular-endocrinology
https://www.sciencedirect.com/journal/molecular-and-cellular-endocrinology
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Another important subgroup of monogenic diabetes is neonatal diabetes (often onset 
of diabetes under six months of age).  

Other less common causes of diabetes in childhood are cystic fibrosis-related 
diabetes, haemochromatosis, and secondary diabetes induced by drugs and toxins 
(22). See Figure 2 for the proportion of diabetes diagnoses. 

 

 
Figure 2. Proportion of diabetes diagnoses in Swedish children in 2020. Reprinted with kind permission from the 
Swedish National diabetes register Swediabkids (20).  

Type 1 Diabetes  
Epidemiology 
T1D predominately develops in childhood but may develop over the entire lifetime 
(16). T1D is one of the most common, severe, and chronic diseases affecting 
children worldwide. In 2022, the prevalence was 1.2 million children (16) and the 
incidence is increasing (2, 3), with an annual increase of approximately 3-4% (1). 
However, the global prevalence shows large differences. See Figure 3 for a map of 
incidence rates of type 1 diabetes in children. Sweden has the world’s second highest 
incidence rate (1). The risk is also high in other Western countries, such as in 
Northern Europe, Australia, New Zealand, the USA and Canada, but also in Kuwait, 
Saudi Arabia and Algeria, while the lowest risk is observed in East and Southeast 
Asia. However, the incidence pattern has changed recently. Countries with a low 
prevalence have the highest increase in incidence rate (1). This is a highly 
problematic development because these countries often have limited resources.  In 
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low-income countries, life expectancy is 13 years after diagnosis in a 10 year old, 
compared to 65 years in high-income countries (26). In countries with a high 
prevalence, the increase in incidence seems to be levelling off. In Sweden the 
incidence of T1D more than doubled in the 1980s and 1990s but seems to have 
tapered off over the last two decades (27).  

T1D is equally distributed by sex, except in the age group above 15 years, where 
male predominance has been noted (28). An age peak in incidence has been 
observed around puberty (29), and the incidence also increases during the colder 
season (30). 

 

 
Figure 3. Map of age-sex standardised incidence rates (per 100,000) from publications of type 1 diabetes in children 
aged under 15 years. Reprinted from Diabetes Research and Clinical Practice, Vol 157, 2019,  Christopher C. Patterson 
et al, Worldwide estimates of incidence, prevalence and mortality of type 1 diabetes in children and adolescents: Results 
from the International Diabetes Federation Diabetes Atlas, 9th edition, reprinted with kind permission from Elsevier (3) 

Aetiology 

The personal burden of heavy treatment and the risk of serious complications, in 
combination with a globally rising incidence, highlight the need to search for 
possible prevention of T1D. To prevent T1D, we need to better understand its 
aetiology. It is well known that genetics plays an important role. The most strongly 
associated risk genes are in the HLA region of chromosome 6. Genes in the HLA 
region are considered to contribute to approximately 50% of the genetic risk (21). 
These haplotypes encode antigen-presenting cell surface receptors. The highest risk 
haplotypes are HLA-DQ2 and HLA-DQ8. Having one or both of these high-risk 
haplotypes corresponds to > 90% of children with T1D in Sweden (31). Children 

https://www.sciencedirect.com/journal/diabetes-research-and-clinical-practice
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with both high-risk haplotypes (HLA-DQ2/HLA-DQ8) have the highest risk of 
developing islet autoimmunity and T1D (32). However, genes in the HLA region 
are not the only genes that confer the risk of T1D. Gene-wide association studies 
(GWAS) have identified more than 60 other risk loci that are also associated with 
an elevated risk of T1D (33-35).  

Although important, genetic risk is not considered to contribute to T1D alone. 
Several reasons for the additional environmental aetiology have been proposed. 

1. Only 10% of children with HLA-conferred diabetes susceptibility proceed 
to manifest T1D (36) 

2. Lifetime risk of T1D in monozygotic twins has been estimated to be around 
just 70% (37, 38) 

3. The incidence of T1D increases at a pace that is far too fast for genetics to 
be solely responsible (39).  

4. The incidence of T1D for migrants moving from a low-risk region to a high-
risk region increases (40). 

 

Various possible environmental factors have been studied. However, studies have 
reported contrasting results.  

Dietary factors have been proposed to play a role in T1D. Some researchers have 
found that breast milk has a protective role (5, 6), while other researchers have found 
no such connection (41). A more specific protective association was found in those 
children who were still breastfed while being introduced to cereals (42).  

The role of cow’s milk has been widely studied, with contrasting results. Several 
studies have reported no association between early exposure and T1D risk (6, 41). 
Even so, some studies have found that a higher intake is associated with an increased 
risk of progression to T1D (43, 44) while another study has shown a decreased risk 
(45).  

Vitamin D has been shown to downregulate the T helper 1 immune response (46). 
Since this cell is thought to play an important role in the destruction of the β cell in 
the development of T1D, it has led researchers to examine it as a potentially 
protective factor. Some studies have focused on the vitamin D levels in pregnant 
women. One study showed an association between higher levels of vitamin D during 
pregnancy and a lower risk of T1D in offspring (47), whereas another study found 
no such connection (48). Other studies have focused on later T1D development. A 
meta-analysis found that D supplementation in infants was associated with a lower 
risk of T1D (48), whereas other studies observed no such connection (45, 49).  

Polyunsaturated fatty acids have been suggested to play a protective role against 
T1D. One study showed an association between a higher risk of islet autoimmunity 
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and lower concentrations of omega-6 fatty acids (7), while another study 
demonstrated that a higher intake of omega-3 fatty acids was associated with a lower 
risk of islet autoimmunity and T1D (8).  

Some researchers have suggested a link between higher gluten intake and an 
increased risk of T1D. This subject is explored further in a separate section.  

The composition of intestinal microbiota has been associated with T1D risk. (50-
52). For example, children with islet autoimmunity have been shown to have lower 
microbial diversity than healthy children before the progression to T1D (50, 52). 
The microbiota is particularly interesting because its composition could be 
influenced by several factors proposed to play a role in the development of T1D, 
such as different types of diets, or other factors behind the “hygiene hypothesis.” 

The theory that improved hygiene causes a decrease in childhood infections which, 
in turn, leads to an increase in autoimmune diseases, such as T1D, is called the 
hygiene hypothesis. However, there is little evidence of its accuracy. One study 
reported no association between infection and T1D (53). Other studies even showed 
a higher number of infections associated with an increased risk of T1D; one study 
showed a higher risk of T1D with an increased number of early respiratory 
infections (54) and another study linked a higher risk of T1D to more enterovirus-
induced gastrointestinal infections (55). Several viral infections have been 
suggested to cause T1D but, thus far, enterovirus provides the most compelling 
evidence, with many studies reporting an association between enterovirus, islet 
autoimmunity and T1D (5). For example, evidence of low-grade persistent 
enteroviral infections has been found in children recently diagnosed with T1D (56).  

The accelerator theory proposes that T1D is linked to high birth weight and early 
rapid weight gain (57-59). The theoretical explanation could be that weight gain 
leads to insulin resistance and high BGL which, in turn, would lead to β-cell stress 
and then to T1D. This hypothesis would also be a suitable explanation for the 
increased incidence of T1D in recent decades due to an increase in childhood 
overweight worldwide (60). It could also explain some of the associations between 
T1D and T2D (23). 

In summary, although not fully understood, genetics factors, and most probably also 
environmental factors play a role in the development of T1D. unknown.  

T1D Development  
In T1D, insulin-producing β cells in the islets of Langerhans in the pancreas are 
ultimately destroyed by the immune system, leading to insulin deficiency and 
hyperglycaemia. The development of T1D is thought to be a lengthy process, and 
the disease pathology can be described in three separate stages. (61, 62). See Figure 
4 for an illustration of the development of T1D. 
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1. Two or more diabetes-associated autoantibodies  

2. At least two diabetes-associated autoantibodies and elevated BCL without 
apparent symptoms  

3. Two or more diabetes-associated autoantibodies, insulin deficiency and 
hyperglycaemia - meeting the criteria for T1D diagnosis. 

 

 
Figure 4. Progression to T1D. A possible environmental trigger can activate an autoimmune response in individuals 
with a genetic predisposition to T1D, resulting in the production of autoantibodies followed by insulitis which impairs β-
cell function, leading to clinical disease onset. Published with kind permission from Dr Sefina Arif. 

Stage 1: The first step is the prodromal, asymptomatic phase, with the appearance 
of autoantibodies. Four specific islet autoantibodies are known to precipitate T1D: 
glutamic acid decarboxylase 65 autoantibodies (GAD) autoantibodies, tyrosine 
phosphatase-related islet antigen 2 (IA2), insulin autoantibodies (IAA), and Zinc 
Transporter 8 Antibodies (ZnT8). These autoantibodies have been shown to appear 
months to years before any clinical signs of T1D. Not all individuals with one 
autoantibody develop T1D. However, there is a clear increased risk associated with 
an increased number of autoantibodies. If positive for two or more antibodies, the 
10-year risk of T1D has been shown to be 70% (63), and the 15-year risk to be at 
least 85% (64), whereas the same risk if positive for only one islet autoantibody is 
only 15% (63). Despite evidence of the involvement of autoantibodies, their exact 
function in the development of T1D remains unclear. 
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Figure 5. A unified model between environmental factors, β-cell endoplasmic reticulum stress, generation of 
neoautoantigens (HIPs), and loss of immune tolerance that triggers islet autoimmunity. (HIP= hybrid insulin peptide) 
Reprinted from The Lancet, Volume 387, 2016, Marian Rewers et Prof. Johnny Ludvigsson, Environmental risk 
factors for type 1 diabetes, reprinted with kind permission from Elsevier (65). 

Stage 2: In the next stage, there are still no clear symptoms, but glucose intolerance 
with occasional hyperglycemia is present, in addition to autoantibodies. This stage 
is characterised by a loss of β cells. At stage 2 of T1D -development, the lifetime 
risk of T1D diagnosis is thought to be 100%  (61).  

During this stage, the β-cell stress theory proposes that different environmental 
factors of increased insulin demand, such as infections, psychological stress, 
overweight, rapid growth, low physical activity and diet with a high GI, stress the β 
cells (59). This type of stress can affect the endoplasmic reticulum (ER) of the β 
cell, leading to lower insulin synthesis and β cell apoptosis (66) A quite recent 
model aimed to explain the link between β-cell stress and autoimmunity is post-
translation modification of islet proteins (such as insulin and pro-insulin) (65, 67, 
68). In such a process insulin can be presented with new epitopes and proinsulin can 
be modified to hybrid insulin peptides (HIPs). Neoantigenic epitopes of insulin as 
well as  HIPs are considered neoautoantigens, and while there is no immune 
tolerance to these, they lead to autoimmunity (69). See Figure 5 for a unified model 
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between the environmental factors, β-cell endoplasmic reticulum stress, generation 
of neoautoantigens (HIPs), and loss of immune tolerance that triggers islet 
autoimmunity. Post-translational modifications have also been observed in other 
autoimmune diseases, such as celiac disease, multiple sclerosis, rheumatoid 
arthritis, and lupus erythromatosis (70).  

Stage 3: In the third stage of the development of T1D, β-cell destruction reaches a 
critical threshold of insulin deficiency, leading to a high, symptomatic BGL. 
Because of the high BGL and inability to use sugar as an energy substrate, typical 
symptoms include polyuria, polydipsia, nocturia, enuresis and weight loss, thereby 
meeting the criteria for T1D diagnosis.  

Diagnosis of Diabetes  
Diagnostic criteria for childhood diabetes according to the International Society for 
Pediatric and Adolescent Diabetes (ISPAD ) (22) are the presence of overt 
symptoms (polyuria, polydipsia, nocturia, enuresis and weight loss) and an elevated 
blood glucose level (BGL) of 

1. random plasma glucose ≥11.1 mmol/L (200 mg/dl) or  

2. fasting plasma glucose ≥7.0 mmol/L (≥126 mg/dl)  

 

If the diagnosis of diabetes is unclear, for example, because of missing symptoms 
or acute stress, repeated BGL testing is required. The presence of islet 
autoantibodies confirms the T1D diagnosis, although negative autoantibodies do not 
exclude type 1 diabetes (71).  

Treatment  
Insulin is needed to lower the BGL and transport sugar into the cells, where it can 
be used as energy. When the criteria for T1D are fulfilled, the patient’s own insulin 
production is usually so low that insulin replacement is immediate required. Thus, 
T1D treatment comprises lifelong, substitution of insulin. Good glycaemic control 
has been shown to be of great importance to reducing acute complications, such as 
diabetic ketoacidosis (DKA) and hypoglycaemia, as well as long-term 
complications, such as micro and macrovascular disease (72-74). Physical activity 
and diet also influence glycaemic control and, in combination with meticulous blood 
glucose monitoring, are an important part of T1D treatment.  

Even if most patients with newly diagnosed T1D do not have sufficient endogenous 
insulin production, the variability rate of decline in β-cell function is high. Some 
patients can still have some function years or even decades after T1D diagnosis. 
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Such function has been shown to be very valuable as the remaining insulin 
production has been linked to better metabolic control and fewer long-term 
complications, such as nephropathy, neuropathy and retinopathy (75). To prevent 
further metabolic decompensation, insulin treatment should start right at diagnosis. 
The β cells of the pancreas in healthy individuals secrete continuous low-level 
insulin, and a temporary high-level insulin after meals to maintain a normal BGL 
(76). Thus, insulin replacement treatment should mimic physiological patterns as 
closely as possible. Basal and prandial insulin should be administered via multiple 
daily injections or pumps (77). Increasingly more technological devices are being 
used. Automatic pumps in tandem with automatic blood glucose measurements are 
available in wealthier countries, such as Sweden.  

Despite the use of insulin and the latest devices, T1D is a burdensome disease with 
potentially dangerous short and long-term complications, even in children with 
excellent access to insulin, the latest devices, and care from their families and 
diabetic teams. For children in low-income countries, who often have limited access 
to insulin and self-management education, T1D can lead to severe disability and 
early death (3, 78)  

Gluten 
Gluten is the Latin word for glue, referring to its characteristics of holding grains 
together and giving bread and pasta a flexible and chewy nature. Another distinctive 
property of gluten is its ability to make bread rise. Gluten is heat stable and, in 
combination with its binding and extending capacity, it is also often used in foods 
other than bread, pasta and patisseries. For example, it is used to improve texture 
and retain moisture in processed foods such as vegetarian meat substitutes, 
reconstituted seafood and processed meat. Gluten is also used as a thickener, 
emulsifier and gelling agent in confectionery butter, ice cream and coatings (79).  

History 
Gluten has been part of the human diet for the last 10,000 years, ever since humans 
first began harvesting grains in the Fertile Crescent of Assyria, Mesopotamia and 
Egypt (80). Since wheat was first domesticated, over 25,000 accessions have been 
developed.  

Importance 
Cereals containing gluten are an important nutritional source with a protein content 
of 8–15% (79), see Figure 5 for an approximate breakdown of wheat components. 
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Approximately 50% of the calories consumed are derived from cereal and the global 
consumption of wheat is increasing (81). One slice of bread contains around 4 g of 
gluten and a typical western diet contains approximately 5-20g of gluten a day (79, 
82).  

“Gluten” 
Wheat, barley, and rye contain storage proteins belonging to a family of 
glycoproteins called prolamins. These glycoproteins are called prolamins because 
of their high levels of proline and glutamine. In wheat, they are called gliadin and 
glutenin, while the prolamins in barley are called secalins and the prolamins in rye 
are called hordeins (83). The term “gluten” often includes the prolamins of rye and 
barely but gluten per se is the prolamin (gliadin and glutenin) of wheat. Glutenin is 
polymeric and can be subdivided into high and low molecular weights, and gliadin 
is monomeric and can be further classified into: α- gliadin, β-gliadin, γ-gliadin and 
ω-gliadin (84).  

 

 
Figure 6. Approximate breakdown of wheat components. Reprinted from Journal of gastroenterology and Hepatology, 
Volume 32, 2017,  Jessica R Biesiekierski, What is Gluten?, with the kind permission from Wiley. (79) 

The prolamins of wheat, rye and barley differ from the proteins found in other types 
of cereal as they have a higher molecular mass and are present in larger amounts, 
but also by their previously mentioned high content of proline (20%) and glutamine 
(38%). Proline and glutamine create tight and compact structures that many 
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proteases cannot cleave (85). Proline and glutamine are hydrophobic repeated 
sequences that are insoluble in water. “Gluten” can be prepared by washing dough 
in water, which removes soluble and particulate matter and leaves a stretchy mass  
(86, 87).  

Except for being a globally important protein source and a valuable ingredient in 
various foods, gluten is known to be involved in several diseases, including gluten 
ataxia, dermatitis herpetiformis, wheat allergy, non-celiac gluten sensitivity and 
celiac disease (79). 

Celiac Disease 
History 
The first modern description of celiac disease (CD) was provided by Gee Samuel in 
1887. Gee described CD as a chronic disease characterised by abdominal distension 
and muscular weakness that could only, if at all, be cured by diet. Many different 
diets were tried, but the specific connection to a protein component in wheat, barley 
and rye called gluten was not made until 1950, when it was published in Dr. 
Dickes’s PhD dissertation (88).  

Epidemiology 
CD is a recognised global health issue. The estimated prevalence of CD is 
approximately 1% (89) and the overall incidence of CD is increasing at a rate of 7.5 
%/year (90). Awareness of CD has also increased. Even so the increase is believed 
to be true (91).Many researchers have attempted to ascertain the reason for this 
increase. However, no reliable data have been presented.  

There are considerable geographical differences, with a higher prevalence in 
Northern Europe and the lowest prevalence in South America (89). These 
geographical differences are believed to be due to genetic and environmental 
differences.  

Girls have a 1.5 times higher prevalence than boys, whereas children have a 50% 
higher prevalence compared to adults (89).  

Aetiology 
CD is a chronic autoimmune disorder caused by the intake of dietary gluten in 
genetically predisposed individuals (83).  
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Genetics is an important factor in CD. This is clearly demonstrated in twin studies 
in which monozygotic twins have been found to have a proband-wise concordance 
rate of 83-86%, while the corresponding  number for dizygotic twins has been 
shown to be markedly lower, 17-20% (92, 93). The most important genes are found 
at the DQ locus in the HLA region of chromosome 6 (94). DQ2 and DQ8 are the 
most important haplotypes. Almost everyone with CD has either one or both of these 
haplotypes: DQ2 (95%) and/or DQ8 (5%). Patients with CD without one or both 
haplotypes represent less than 1% of the population (95). However, the important 
haplotypes DQ2 and DQ8 are also very common in the general population, ranging 
from 25-40% depending on country, while only 4% of this population develops CD 
(96) Therefore, because only 4% of genetically susceptible individuals develop CD 
despite gluten exposure in the general population being close to 100%, additional 
factors need to be considered.  

In addition to exposure to gluten, no environmental causes have been established. 
Some studies have suggested that the mode of delivery is associated with CD (97), 
but more recent research has not confirmed such associations (97). Other studies 
have found connections between the season of birth (98) and gastrointestinal 
infections, such as rotaviruses (99). Finally, connections between CD and the mode 
of gluten introduction in infancy have been suggested. The early introduction of 
gluten during breastfeeding has been proposed to diminish the incidence of CD 
(100). However, later studies have not been able to confirm such a connection (101-
103) but instead, the proposed level of gluten content during weaning seems to be 
important (104).   

The Swedish celiac epidemic  
The Swedish celiac epidemic refers to the period between 1984 and 1996. Children 
born during this period were found to have a fourfold higher incidence of CD than 
those born before and after the epidemic (105, 106). Interestingly, the national 
dietary recommendations for infants changed during the same period. During the 
celiac epidemic, gluten was recommended to be introduced at six months rather than 
the previously recommended four months. At the same time, the food industry 
decided to increase the gluten content in infant formula. At the very end of the celiac 
epidemic, feeding recommendations and the gluten content in infant products 
changed again to virtually the same recommendations and the same lower levels, as 
before the epidemic. Gluten was again recommended to be introduced gradually 
during breastfeeding, and the gluten content in infant products was reduced. Thus, 
changes in incidence of CD have been associated with parallel changes in national 
feeding recommendations, such as the timing of the introduction of gluten, the 
relationship between the introduction of gluten and breastfeeding, and the level of 
gluten content (105).  
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Even so, more recent studies have failed to identify any association between CD 
risk and the timing of the introduction of gluten (101, 102) and the introduction of 
gluten in relation to breastfeeding (103). However, the amount of gluten before two 
years of age still appears to be associated with an increased risk of CD (104).  

Pathogenesis 
The digested gluten is broken down into the prolamins: glutenin and gliadin 
peptides. These peptides trigger the innate immune system by interacting with the 
epithelial cells in the intestinal mucosa. This interaction triggers the release of the 
interleukins IL-8 and IL-15. In turn, these interleukins start a cascade of 
immunologic reaction including T-cell stimulation, enhanced Th1 production of 
IFN-γ, and activation of cytotoxic cells (107, 108). Gluten-derived peptides, with a 
high glutamine and proline content, are difficult for proteases in the intestine to 
break down why they remain quite large. However, gliadin also interacts with 
CXCR3 receptors in the epithelium, leading to zonulin release which, in turn, leads 
to an increased intestinal permeability of macromolecules (109).Thus, it is easier for 
large gliadin and glutenin peptides to cross the intestinal barrier into the lamina 
propria.  

 

 
Figure 7. Key steps in the pathogenesis of celiac disease. Reprinted from Frontiers of pediatrics, Volume 6, 2018, 
Jason A. Tye-Din et al, Celiac Disease: A Review of Current Concepts in Pathogenesis, Prevention, and Novel 
Therapies, reprinted with kind permission from Frontiers. 

  

https://www.frontiersin.org/people/u/604111
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In genetically predisposed individuals, prolamin peptides are taken up by antigen-
presenting cells (APC) in the lamina propria, where they are presented on the cell 
surface by HLA-DQ2 and/or HLA-DQ8 molecules (110). In the lamina propria, 
tissue transglutaminase (tTg) deamidates gliadin peptides to glutamic acid, resulting 
in more effective HLA-DQ2 antigen presentation (111). These molecules activate 
CD4+ cells which, in turn, secrete cytokines that initiate a cascade of immunologic 
reactions with massive activation of T cells and B cells, leading to epithelial damage 
and further increased intestinal permeability, as well as anti-gliadin and anti-tTg 
antibodies (Ttg-IgA) (110).  

Overall, inflammation causes epithelial damage in the small intestines, which 
deepens crypts and flattens villi. The typical clinical presentation of CD is 
malabsorption due to the epithelial changes described above. These symptoms 
include abdominal pain and distention, vomiting, diarrhoea and failure to thrive. 
Extraintestinal symptoms include aphthous stomatitis, dermatitis herpetiformis, iron 
deficiency anaemia, hepatitis and neurological manifestations such as irritability 
and chronic headaches (110, 112, 113).  

Diagnosis 
To diagnose CD in children in Sweden, the guidelines of the European Society for 
Pediatric Gastroenterology, Hapatology, and Nutrition (ESPHGAN) are followed. 
The measurement of IgA antibodies against transglutaminase 2 (Ttg-IgA) and total 
serum IgA is recommended as an initial step. In individuals with total IgA 
deficiency, IgG-based tests such as deaminated gliadin peptide antibodies (DGP-
IgG) can be used instead of Ttg-IgA. If Ttg-IgA or DGP-IgG is positive, a second 
test is required. If the test results are >10 times higher than the lowest positive level, 
endomysial antibodies (EMA) should be tested. If they are also positive, CD 
diagnosis can be confirmed without a small bowel biopsy. If Ttg-IgA levels are <10 
times higher than the lowest positive level, a biopsy must be performed to confirm 
the diagnosis of CD (114).  

In CD the intestinal mucosa is damaged, leading to crypt hyperplasia, villous 
atrophy and an increased number of intraepithelial lymphocytes. These changes 
have been described and classified by Marsh (115). The purpose of biopsies is to 
histologically identify damage that often is graded using the Marsh-Oberhuber 
criteria (116).  
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Figure 8. Reprinted with kind permission of H. Rodriguez Requne.  

Unfortunately, deciding on who to test is not as straightforward as the testing 
procedure itself. There is great interpersonal variation in symptoms (117), as well 
as seemingly symptomless patients (118). Because of this, and because there are 
well-defined risk groups, it is important to screen high risk populations. These 
populations include diseases with high comorbidity of CD, such as T1D (119).  

Treatment 
The only currently available treatment for CD is a lifelong, gluten-free diet (GFD). 
A GFD offers significant improvements in symptoms and normalisation of 
antibodies (120). Clinical symptoms are the first to improve, often within two to 
four weeks. TGA-IgA is closely related to the degree of epithelial damage (121, 
122) and often normalises within one year (123). Complete histological recovery is 
seen after two years in 95% of children (124)  

GFD treatment is considered safe, whereas gluten has no great nutritional value. 
Nevertheless, GFD products may be of lower quality and nutritional value (125). 
For example, GFD products have been found to contain less thiamine, riboflavin, 
and niacin than gluten-containing equivalents (126, 127). Another aspect of a GFD 
is an elevated glycaemic index (GI) (125, 128), which is reflected in the relatively 
higher dietary GI of children with CD (129, 130). 



27 

Compliance 
Strict compliance with a GFD is the only recommended treatment in celiac disease. 
Compliance rates in children with CD vary. Swedish studies of children with CD, 
symptomatic and screening-detected CD, showed a compliance rate of 
approximately 90% (131, 132), while compliance in children with screening-
detected CD in the US was around just 75% (133). Even if quite high compliance is 
observed, accidental gluten intake seems common, as observed in one study in 86% 
of children who were trying to maintain a strict GFD (131). 

There are several ways to measure compliance with a GFD. However, there is no 
gold standard. Because a lot of research have been conducted on new kinds of 
treatments for CD, recommendations for clinical outcome measures were stiputlated 
in the Tampere recommendations in 2018. These recommendations list several ways 
of measuring compliance, including histology, in the form of small bowel biopsies 
(grade B); serology, of which Ttg-IgA is recommended as being the most reliable 
(grade B); clinical outcome assessments (grade D); QoL (grade D); and gluten 
immunogenic peptides (GIPs) (grade D) (134). 

Tissue transglutaminase IgA (Ttg-IgA) is an enzyme found in the lamina propria of 
the intestinal wall. The role of Ttg-IgA in CD pathology is to deaminate gliadin 
peptides (derived from digested gluten). The deaminated gliadin peptides are more 
effectively presented by HLA-DQ2, thus promoting autoimmunity to gluten (111). 
The level of tTg-IgA correlates well with the degree of damage to the intestinal 
mucosa (121, 122) and is therefore recommended as a measure to follow compliance 
with a GFD (134). 

Growth 
Since some of the primary symptoms of CD can be weight loss and short stature, 
growth is an important measure to follow and the European Society for Paediatric 
Hepatology and Nutrition (ESPGHAN) recommends that it is included in follow-up 
visits every six months (135). One way to examine growth is to use measured body 
mass index (BMI). Although important, there are few data on BMI in children with 
CD following a GFD. There are few studies, including small sample sizes,  showing 
somewhat conflicting results. One study of 149 children with CD on a GFD found 
BMI to increase significantly, and that the proportion of overweight children 
doubled (136). Another study of 150 children with CD on a GFD found that the 
number of underweight children decreased by almost 50% and the number of 
overweight children increased by approximately 30% (137). In contrast to these two 
studies, a third study of 445 children did not find an increase of overweight  children 
with CD on a GFD (138).  
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Concordant Celiac Disease and T1D 
Epidemiology 
The prevalence of CD in children with T1D varies across countries, between 1.6-
12.2%, pooled prevalence of 6.2% (139). The wide variation is believed to depend 
on different CD diagnostics, as well as different levels of genetic CD risk in the 
studied populations (119). In Sweden, the prevalence of coexisting T1D and CD in 
children is approximately 10% (140, 141). T1D is often diagnosed first. A previous 
study of children with CD and T1D in Sweden showed that less than 1% of children 
had CD prior to T1D diagnosis, 3% had CD at T1D diagnosis, and 6% developed 
CD 1-5 years after T1D diagnosis (141).  

T1D is equally distributed by sex (28) and CD is markedly more prevalent in girls 
compared to boys (90). However, the prevalence of T1D and CD is equally 
distributed by sex. 

Aetiology 
Apart from having similar environmental risk factors separately, the combination of 
T1D and CD is associated with caesarean section, birth in summer, Swedish 
ancestry, and the female sex (142).  

Diagnosis 
The presentation of CD in children with T1D can be classical, with gastrointestinal 
symptoms and failure to thrive, but often presents with only mild gastrointestinal 
symptoms (143), atypical symptoms or no symptoms at all (140, 144).  
The diagnostic criteria for children with T1D are similar to those for children in 
general, as described above, with reference to the ESPHGAN guidelines from 2020. 
However, the recommendation to diagnose CD without a biopsy if Ttg-IgA levels 
are >10 times higher than the lowest positive level does not include children with 
T1D. Even so, two years after the last ESPHGAN guidelines were published, a 
Swedish study showed that CD in children with T1D and Ttg-IgA levels >10 times 
higher than the lowest positive level could also be diagnosed without a biopsy (145).  

Screening 
Identifying and treating CD is important even if the disease in children with T1D is 
often considered asymptomatic. One study of children with T1D and screening-
detected CD found that 76% of the children actually had mild gastrointestinal 
symptoms at CD diagnosis and that these symptoms disappeared following a gluten-
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free diet (143). Additionally, children with both diagnoses could have a higher 
vitamin D deficiency, as well as a greater risk of being diagnosed with autoimmune 
thyroid disease, depression and eating disorders (146-149). 

Thus, the international ISPAD guidelines recommend screening for CD during the 
first year after T1D diagnosis and then at 2-5-year intervals (150, 151). Children in 
Sweden are screened at diagnosis and annually (141).  

Diet and metabolic control 
Both CD and T1D are diseases that require dietary treatment. In CD, the treatment 
is lifelong GFD. A GFD diet often has higher GI than ordinary food (125, 128). In 
T1D, the primary treatment is insulin in combination with tight metabolic control, 
including a recommended diet with a low GI. At the time of diagnosis of CD as well 
as of T1D, growth is often negatively affected.  

It could be speculated that different dietary treatments and the double risk of initial 
weight loss might affect children with both diagnoses. Studies on the growth of 
children with T1D and concordant CD have reported divergent results. Some studies 
have shown impaired growth in children with T1D and CD at CD diagnosis 
compared to children with only T1D (149, 152-154). Other studies found no 
differences in growth between groups (155, 156). After the introduction of a GFD, 
one study found normalised growth within a year (152), in agreement with three 
recent reviews which concluded that a GFD did not have a negative effect on growth 
(157-159). In contrary, other studies reported continued decreased growth (149, 
154, 160) after 1-9 years of follow up. A large cross-sectional study reported that 
children with both T1D and CD were lighter and shorter than children with T1D 
alone (119). Reasons for these opposing results include: 

1. Generally small sample sizes (between 11 and 98 cases) resulting in low 
statistical power. 

2. Questionable representativity. In two larger German register studies (149, 
154) only 0.6% and. 1.9% were diagnosed with CD of the total T1D 
population, CD prevalence in this population is thought to be higher.  

3. Mostly short follow-up time or cross-sectional design.  

4. Usually no data on the time of T1D diagnosis in relation to CD diagnosis. 

 

Because of these inconsistent results, we conducted Study II.  
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Compliance  
CD and T1D are both chronic diseases requiring lifelong daily treatment, and the 
double burden of having both diseases has been reported to be difficult (161, 162). 
Studies on compliance with a GFD in children with CD and T1D have shown 
inconsistent results. See Table 1 for a summary of previous studies describing 
compliance with a GFD in children with T1D and CD. Several studies have found 
fairly high compliance rates: 69-100% (152, 153, 163, 164). Other studies have 
shown substantially lower compliance rates: 30-44% (165, 166). Reasons for these  
inconsistent results include different ways of measuring compliance,  small sample 
sizes, with resulting lack of power, and questionable representivity, which can be 
suspected in the only larger study that included only 39% of the eligible patients 
(165). Because of these inconsistencies and because there were no Swedish studies 
on compliance with a GFD in children with T1D and CD, we decided to conduct 
study III.  

Table 1. Summary of previous studies describing compliance with a GFD in children with T1D and CD.  

Author Year Study 
Period 

Study 
population 

Study design Method Authors’ 
conclusion 

Limitations 

Amin (152) 
2002 

1 year 11 Longitudinal AGA/EMA 100% 
compliance  
All AB neg 
after 6 m 

Small sample 
size 

Hansen (153) 
2006 

2 years 31 Longitudinal Ttg-IgA 77% Ttg-IgA 
neg after 3m-
2 years 

 

Pham-Short 
(163) 2016 

 35 Cross-
sectional 

Questionnaire 
Ttg-IgA 

69% 
compliance 
Ttg-IgA neg 
or diminishing 
questionnaire 

Cross-
sectional 

Sadaah (164) 
2004 

 21 Cross-
sectional 

Questionnaire Around 80% 
compliance 

Questionnaire  
Cross-
sectional 

Westman(166) 
1998 

 20 Cross-
sectional 

Questionnaire Around 30% 
compliance 

Questionnaire  
Cross-
sectional 

Nagl(165) 
2019 

3 years 608 Longitudinal 
Register study 
DPV database 

Ttg-IgA 36% Ttg-IgA 
neg after 3 
years 

Only 39% of 
T1D+CD in 
cohort  
CD prev 2.2% 

 

Because of these inconsistencies and because there were no Swedish studies on 
compliance with a GFD in children with T1D and CD, we decided to conduct study 
III.  
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Common ground in T1D and CD 
Epidemiology 
T1D and CD are both common diseases in children globally. In 2019, the estimated 
global prevalence of T1D was 600,900 children (1) and the estimated prevalence of 
CD was approximately 1% (89). The overall incidence of both T1D and CD is 
increasing: T1D at a rate of approximately 3-4%/year (1) and CD at a rate of 7.5 
%/year (90). Both T1D and CD (90) are more common in children than in adults.  

Aetiology 
T1D and CD share the same risk genes, DQ2 and DQ8 in the HLA region on 
chromosome 6 (31, 95). In Sweden, > 99% of children with CD and > 90% of 
children with T1D carry one or both of these haplotypes (31, 87). However, the 
important haplotypes DQ2 and DQ8 are also common in the general population, 
ranging from 25-40% depending on country (167). In addition to DQ2 and DQ8, 
other genes that confer risk for T1D or CD have been identified, including several 
genes that increase the risk of both diseases (168).Although important, the genetic 
risk of CD and T1D is unlikely to be the only aetiological explanation. For example, 
identical twins only have an approximate proband wise risk of T1D of around 70% 
(37, 38) and a 83-86% corresponding risk for CD (92, 93). In addition, the incidence 
of both diseases is increasing at a rate too high to be explained by genetic factors 
alone.  

Thus, environmental and pathophysiological mechanisms must be considered (168). 
Infection (5, 56, 99, 169), altered microbiome (50-52, 170) and increased intestinal 
permeability (109, 171) are other environmental factors repeatedly described in both 
diseases.  

Gluten is an essential autoimmune trigger in patients with CD. In T1D there is no 
such confirmed trigger, although gluten intake has also been associated with a 
higher risk of T1D in several studies (9, 10, 172, 173). During the celiac epidemic 
in Sweden, higher gluten content in infant products is thought to have been a part of 
the observed increase in CD in Swedish children (105). The way in which this period 
of higher gluten content in infant products affected the CD risk in T1D has not been 
extensively studied. Thus, we decided to compare birth cohorts during and after the 
celiac epidemic to investigate the prevalence of CD, specifically in children with 
T1D (Study IV).  

Pathogenesis 
A simplified theory of possible shared common pathogenesis, including shared risk 
genes and environmental factors, has been proposed. The commonly shared  
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haplotypes, DQ2 and DQ8, encode antigen-presenting cell surface receptors with 
specificity for both gliadin and glutenin (110), as well as hybrid insulin peptides 
(HIPs). When these substrates are presented to antigen-responsive T cells in a 
proinflammatory environment (by infection, altered microbiota or increased 
intestinal permeability), an autoimmune response is initiated. This autoimmune 
response ultimately leads to β-cell loss in T1D and destruction of the intestinal 
mucosa in CD.  

 
Figure 8. The immunological “synapse” of T1D and CD. Reprinted from Horm Res Paediatr volume 92, G Goodwin, 
Type 1 Diabetes Mellitus and Celiac Disease: Distinct Autoimmune Disorders That Share Common Pathogenic 
Mechanisms, Copyright © 2019, reprinted with kind permission from  Silverchair Publisher (174).  

Gluten - in T1D.  
The pathogenic role of gluten in T1D has been proposed by several studies. However, 
although there seems to be a connection, no firm conclusion has been drawn regarding 
the role of gluten in the pathogenesis, onset and progression of T1D.  

Inflammation 
Several studies have reported an association between T1D and inflammation. Gluten 
seems to trigger the immune system in T1D patients compared to healthy controls. 
For example, upon stimulation with wheat protein or parts of wheat components, the 
proliferation of the T-cell response has been shown to be increased in patients with 
T1D compared to controls (175-177). This type of enhanced T-cell response was also 
observed in a study of T1D children in Finland, but only in a subset of patients (24%), 
and was significantly different from controls at T1D diagnosis, whereas no difference 
was observed in children with T1D for more than two years (178). 
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Microbiota 
The composition of the intestinal microbiota is important in the pathogenesis of  
autoimmune diseases (179), including T1D (180, 181). In this context, gluten might 
be a disadvantage, while the microbiota appears to be changing for the better, with 
a higher amount of “good bacteria” and greater diversity on a GFD (12, 172). 

Intestinal permeability 
In T1D patients, intestinal permeability has been shown to be increased (182, 183). 
Several causes have been proposed for the increased permeability of T1D, including 
increased zonulin, particularly preceding T1D onset (184), and gluten itself (185). 

The effect of gluten in different stages of T1D  
Many studies of NOD mice and some studies of humans have evaluated the effect 
of gluten at different stages of the imagined development of type 1 diabetes.  

It has been suggested that a prediabetic phase occurs during gestation. During this 
supposed phase, NOD mice were fed a GFD during pregnancy and lactation. The 
offspring of these mice were than shown to have a reduced prevalence of TID and 
a delayed T1D diagnosis (172). Similarly, in humans, a study of pregnant women 
reported the T1D risk in offspring to be increased with higher gluten ingestion (9).  

Additionally, a GFD has repeatedly been shown to reduce the risk of T1D in NOD 
mice (10-12). In one study, a lifelong GFD in NOD mice decreased the prevalence 
of T1D from 64 to 15% (10).  A GFD has not been shown to reduce the levels of 
diabetes-associated antibodies in children with a high risk of T1D (186) but 
individuals with a high risk of T1D put on a GFD for six months, was shown to 
improve insulin secretion (187).   

In 2012 an association between a GFD and a prolonged remission was reported. A 
case-report from Denmark described a five years old boy, who soon after type 1 
diabetes diagnosis started on a GFD and did not need to start insulin treatment. The 
boy continued with a GFD and was two years after diagnosis of type 1 diabetes still 
without insulin treatment (188). This report rendered our interest, and became the 
starting point of this dissertation and in particular for Study I.  
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Aims 

This PhD project aimed to investigate the effects of gluten on children with T1D. 
The specific aims of this thesis are as follows: 

 

I. To investigate the effect of a GFD on beta cell function and glycaemic 
control in Swedish children with T1D  

II. To examine adherence to a GFD and effects on diabetes-related QoL in 
Swedish children with T1D (Study I) 

III. To investigate the effect of a GFD on glycaemic control and growth in 
Swedish children with T1D and CD (Study II) 

IV. To examine compliance to a GFD in Swedish children with T1D and 
CD (Study III) 

V. To investigate possible associations between compliance, and 
glycaemic control and growth. (Study III) 

VI. To investigate whether the prevalence of CD in children with T1D was 
affected by the Swedish celiac epidemic (Study IV) 
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Methods 

Study Design 
Study I 
Study I was designed as a two-armed, non-randomised, prospective clinical 
intervention study to investigate whether children with newly diagnosed T1D would 
benefit from a one-year intervention with a GFD. Children diagnosed with T1D 
within the past two months were invited to participate in the study. The child and 
family decided whether to continue normal diet (ND) or start on a GFD.  

A total of 23 children were included: 14 in the GFD group and nine in the ND group. 
Clinical characteristics including age at T1D diagnosis and sex were recorded. The 
children were followed for one year and measures of β-cell function (C-peptide), 
glycaemic control (HbA1c, IDAA1c), growth (length and weight), and quality of 
life (QoL) were recorded at inclusion and in five follow-up visits (at 3, 6, 12, 18 and 
24 months) and thereafter compared groupwise.  

Study II 
Because of the great difficulty of including children in the first study, we decided to 
look at children with T1D who were presumably already on a GFD, that is, those 
children with an additional CD diagnosis, and compare them to children with T1D 
but without a CD diagnosis.    

Study II was designed as a case-control study, where we used a national cohort of 
consecutively enrolled children diagnosed with T1D to investigate whether 
glycaemic control and growth differed in children with T1D and CD compared to 
children with T1D without CD. Clinical characteristics including age at T1D 
diagnosis, date at T1D diagnosis, and sex, as well as measures of glycaemic control 
(HbA1c and DKA) and growth (length and weight), were recorded and compared 
groupwise, at inclusion, and annually in a five-year follow-up.    
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Study III 
In Study II, we presumed that children with T1D and CD were likely to follow the 
recommended treatment with strict adherence to a GFD. This presumption was 
mainly based on the high adherence found in Swedish children with CD only. To 
test our presumption in Study II and study compliance with a GFD in children with 
T1D and CD, we designed Study III as a retrospective cohort study based on medical 
records.  

This study included children in Skåne County with T1D diagnosed between 2005 
and 2012 and with an additional CD diagnosis. Clinical characteristics, including 
date of birth, age at T1D and CD diagnoses and sex, were recorded at inclusion. 
Antibodies (Ttg-IgA and EMA), HbA1c and the presence of DKA were recorded 
annually for a follow-up period of 1-10 years.  

Study IV 
In study I our original plan had included investigating the effect of a GFD on the 
incidence of CD in children with T1D. Since the sample size included in Study I did 
not allow for that we decided to look at the relation of gluten content and the 
incidence of CD in another way.  

Study IV was designed as a register study of two national birth cohorts, one born 
during the Swedish celiac epidemic, when gluten content in infant products was 
increased, and the other born after the epidemic (when gluten content was decreased 
again). The two cohorts were then compared regarding the prevalence of CD in 
children diagnosed with T1D. 

Study Population 
Study I 
Children 3-16 years old (n=23) diagnosed with T1D between October 2015 and 
April 2019 at Skane University Hospital.  

Study II 
All children aged 0-17 years had been diagnosed with T1D and registered in the 
BDD study between 2005 and 2010 (n=3612).  
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Study III 
All children aged 0-17 years had been diagnosed with T1D and registered in the 
BDD study (n=743) with additional CD (n=64) in Skane County between 2005 and 
2012. 

Study IV 
All children in Sweden born between 1992 and 1993 (n=240,844) and 1997 and 
1998 (179,530) and diagnosed with both T1D (1642 and 1380) and CD (176 and 
171). 

Meassures 
HbA1c (Study I-III) 
Glycated haemoglobin A1c (HbA1c) is a measure that demonstrates the average 
BGL during the last 2-3 months. Erythrocytes are permeable to glucose. Thus, the 
beta chain of haemoglobin in erythrocytes is increasingly glycated during its 
lifetime. HbA1c level corresponds to the size of glycated haemoglobin in 
erythrocytes. In Studies I, II, and III, blood from veins or capillaries was taken and 
analysed in Swedish laboratories which are standardised by External Quality 
Assurance in Laboratory Medicine (EQUALIS). 

C-peptide (Study I) 
C-peptide is a byproduct of insulin production. When proinsulin is cleaved to 
insulin, the byproduct C-peptide is produced at equal concentrations. Thus, the 
golden standard recommended for measuring β-cell function is to measure levels of 
C-peptide (189) during a mixed meal tolerance test (MMTT) (190). An MMTT is a 
test in which a drink comprising mixed carbohydrates, proteins and fats is ingested, 
after which C-peptide and BCL are measured at 0.30, 60, 90, and 120 mins. Peak 
C-peptide concentration was measured at 90 mins. In Study I, 200 ml Fresubin 
Original Drink comprising 200Kcal, 7.6 g protein, 6.8 fat and 27.2 Cho/kg/g was 
used for the MMTT. 

IDAA1c (Study I) 
Insulin dose-adjusted A1c (IDAA1c) is used as an indirect measure of β-cell 
function. It is calculated using HbA1c and insulin dose using the following formula: 
HbA1c (%) + 4x insulin dose (units per kilogram per 24 h). During C-peptide 
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stimulation, IDAA1c and C-peptide have been shown to follow a linear correlation. 
A level of 9 has been shown to correlate with a peak stimulation C-peptide level of 
300pmol/mol (191). 

Ttg-IgA (Study III) 
To investigate compliance with the GFD, we analysed tissue transglutaminase IgA 
(Ttg-IgA). Ttg-IgA is an enzyme that is found in the lamina propria of the intestinal 
wall. The role of tTg-IgA in CD pathology is to deaminate gliadin peptides (derived 
from digested gluten). A deaminated gliadin peptide is more effectively presented 
by HLA-DQ2 molecules, thus promoting autoimmunity to gluten (111). The level 
of tTg-IgA correlates well with the degree of damage to the intestinal mucosa (121, 
122). There is no gold standard for analysing compliance (135), but Ttg-IgA is 
considered the most predictive and reproducible serological test and is 
recommended as a measure to monitor GFD compliance (134).  

Ttg-IgA was analysed in blood samples using an EliA Celikey IgA system from 
Thermo Fisher Scientific. The level for a positive outcome was set at 10U/mL or 
higher (192).  

EMA (Study I, III) 
Endomysial antibodies (EMA) are another antibody strongly associated with CD 
and are recommended as a second confirmation test in the diagnosis of CD in 
children (114). At the start of the study, the test was still being used, which is why 
a few measurements were reported in EMA instead of Ttg-IgA. According to 
regional laboratory guidelines, the same cutoff level was used (positive=10 or more) 
(193). 

BMI-SDS (Study II) 
Body mass index standard deviation score (BMI-SDS) was used to evaluate growth. 
BMI was calculated using the formula: kg/m2. The BMI-SDS is an estimated age- 
and sex-adjusted BMI and was calculated based on norm data for German children 
and adolescents (which are almost identical to the corresponding Swedish norm data 
registers). 

QoL (Study I) 
The diabetes module of the validated questionnaires DISABKIDS 3-7 and 8-15 was 
used to assess QoL. Ten questions yielded a total score, in which higher scores 
indicated more diabetes-related QoL issues.    
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Compliance 
Study I 
To study compliance, the Green, Expert Dietician Evaluation of Gluten-Free Diet 
Adherence for Children was used in FUs at 3, 6 and 12 months. The questionnaire 
was completed with an experienced dietician during a clinical visit. Based on the 
answers to the questionnaire, compliance was classified into five categories: 
excellent, good, fair, poor and not gluten-free (194). 

Study III 
There is no gold standard to classify compliance to GFD using Ttg-IgA or any other 
entity. Thus, we created one which we judged to be a plausible way to study 
compliance. We classified the patients into three groups according to Ttg-IgA 
values 2-11 years after CD diagnosis. Two years were chosen since various studies 
report high normalisation after two years on a GFD (183, 184). (patients with <2 
serological values more than two years after CD diagnosis were excluded): 

1. Good compliance (all Ttg-IgA values <10) 

2. Varying compliance (≥Ttg-IgA>10 and ≥Ttg-IgA<10) 

3. Non-compliance (all Ttg-IgA values >10) 

Registers 
The Swedish Longitudinal Patient Quality Register for Childhood 
Diabetes (Swediabkids) (Study II, III and IV) 
Swediabkids registers almost 100% of children from <18 years with all types of 
diabetes in Sweden. All clinics treating children with diabetes continuously report 
clinical measures to the register. Swediabkids was started in 2000 by the Pediatric 
Diabetes/Endocrinology group within the Swedish Pediatric Society (BLF, 
Barnläkarföreningen) and is a part of the NPR (195). Clinical data for Studies II and 
III were collected from Swediabkids. Study IV used the register for diagnostic 
information. 
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The National Diabetes Register (NDR) (Study IV) 
NPR is a national register for diabetes for patients from 18 years. It was created by 
the Swedish Society for Diabetology to decrease the disease burden. The register 
comprises clinical data and diagnoses (195) and was used in Study IV for diagnostic 
information. 

The Swedish National Patient Register (SNPR) (Studies II and IV) 
The SNPR is managed by the Swedish National Board of Health and Welfare. The 
SNPR includes three separate registers: an inpatient register, outpatient register and 
day surgery register (195). These registers were used to collect data on diabetes and 
CD diagnoses in Studies II and IV. 

Statistics Sweden (Study IV) 
The Swedish government agency Statistics Sweden is responsible for official 
statistics. Data on the two birth cohorts used in study IV were collected from 
Statistics Sweden. 

BDD study (Studies II and IV) 
The Better Diabetes Diagnostics study (BDD) was started in May 2005 as a 
nationwide childhood diabetes study to collect diagnostic data at diabetes diagnosis. 
The study includes information on genetics and autoantibodies in >90% of children 
<18 years with diabetes in Sweden. The aim of the BDD is to improve diabetes 
diagnostics, as well as explore comorbidities and risk factors for late complications 
(196).  

Statistics 
For all studies, statistical analysis was conducted using IBM SPSS Statistics, version 
25. An alpha level of ≤0.05 was applied for statistical significance.  

In Study I, group comparisons for outcome measures were performed using the 
Mann-Whitney U test, a non-parametric test, because the data could not be assumed 
to be normally distributed due to the small sample sizes. In addition to P-values, 
rank-biserial correlation was used to estimate between-group effect sizes.  
A correlation of >3 was considered a moderate effect size and a correlation of >6 a 
strong effect size. 
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In Studies II and III, regression models were used to analyse associations between 
the CD group and outcome measures (Study II) and compliance and outcome 
measures (Study III).  

A chi-square test was used to test the differences in prevalence rates between the 
two birth cohorts studied in Study IV.  

Ethics 
Study I  
Ethical approval was granted by the Regional Ethics Board at Lund University (Dnr: 
2014/349, 20140808). The study was registered at Clinical Trials (03037190; 
https://clinicaltrials.gov/ct2/show/NCT03037190) 

Study II  
Ethical approval was granted by the Regional Ethics Board at the Karolinska 
Institute (Dnr: 2005/476) and by the Regional Ethics Board at Lund University 
(Dnr:2014/476)  

Study III 
Ethical approval was granted by the Regional Ethics Board at Lund University 
(Dnr:2014/476). Additional approval was granted in 2020 (Dnr: 2020-04152) 

Study IV 
Ethical approval was granted by the Regional Ethics Board at Lund University (Dnr: 
2014/476) 

Ethical Considerations  
A major ethical concern in most research on children is the age at which children 
should be involved in the decision to participate. The implications of such a decision 
could be difficult to fully comprehend and depend not only on age, but also on level 
of maturity. It is also a challenging task to keep communication about the study 
prior to inclusion neutral and not let the wish to include as many patients as possible 
taint information. This might be particularly important when meeting a child and a 
family at the vulnerable state of a recent live changing diagnosis such as T1D. In 

https://clinicaltrials.gov/ct2/show/NCT03037190
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Study I, age-adjusted information about the study was provided, both orally and in 
writing. Consent forms, for children when possible, and for their caregivers were 
also explained to the participants before they signed them. 

Ethical consideration in regard to data storage is important in most types of research. 
In Study I, all the children had their own paper files. Care was taken to keep the files 
in a locked location and to anonymise the files by giving each file a code. The key 
to the code was kept in a separate locked location. In Study III, medical records 
were used. To avoid breaching the patients’ integrity, only one research nurse had 
access to medical records and was careful to only look at and record the very few 
clinical measures that were needed for the study. These measures were then 
recorded in a completely anonymised data file. In Studies II and IV, the anonymised 
data from the large cohorts were collected from the registers, which made the risk 
of a breach negligible.  

In Study I, we faced the most difficult ethical issues. The first issue was whether or 
not to expose children who were newly diagnosed with a chronic disease (T1D), and 
who were just starting burdensome lifelong treatment, to another major adjustment 
(GFD). Additionally, the very act of including children in a study about their disease 
can exacerbate their own experience of feeling unwell. Another potential risk was 
the four MMTTs throughout the study, in which the children would have to have an 
intravenous needle for blood samples. Because the research nurse was skilled and 
experienced, we deemed the risk of adverse events to be negligible. However, 
MMTT procedures may result in an unpleasant experience for the child. On the 
positive side, the possible benefits for the child could be a decreased risk of 
developing CD (if our hypothesis proved to be true), as well as possibly improved 
glycaemic control with potentially fewer long-term complications. Thus, because 
the risks associated with MMTTs were relatively negligible, the choice of exposure 
to a new diet was left to the child and their family – and if they decided to choose a 
GFD, an experienced dietician would carefully guide them through the diet change 
– we weighed the pros and cons in favour of our study.   
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Results 

Study I 
Between October 2015 and April 2019, we included 23 children 3-16 years of age 
with a T1D diagnosis <two months prior to inclusion: 14 in the GFD group and nine 
in the ND group, see Table 2 for background and baseline data. Three children, one 
after inclusion and two after the six-month visit, dropped out of the GFD group, and 
one child from the ND group dropped out after the three-month visit.     

Table 2. Background and baseline data across study groups 

 GFD n=14 ND n=9 p-value 
Age at diagnosis, median (IQR) 9.14 (7.29) 8.48 (7.13) 0.896 
Age at inclusion, median (IQR) 9.30 (6.83) 8.72 (7.10) 0.926 
Gender, female, n (%) 8 (57%) 6 (67%) 0.648 

Glycaemic control 
HbA1c was significantly lower in the GFD group compared to the ND group at six 
months (p 0.042). Because of the small sample sizes, we also analysed effect sizes 
using Rank Biserial Correlation and found a moderate to strong between-group 
effect in HbA1c levels at 6 and 12 months (-0.568 and -0.494, respectively) with 
lower levels of HbA1c in the GFD group (median at 6 months = 44.0 vs. 49.5) and 
at 12 months=43.0 vs. 48.0). See Table 3 and Figure 9 for HbA1c comparison across 
groups. 

IDAA1c levels did not differ significantly at any time point. However, effect sizes 
indicated moderate differences at 6 and 12 months (-0.386 and -0.481) with lower 
levels of IDAA1c in the GFD group (median at 6 months=7.09 vs 7.76 and median 
at 12 months= 7.64 vs. 8.75). See Table 3 and Figure 10 for IDAA1c comparison 
across groups.  

We found no significant group differences in C-peptide levels at any time points 
and the effect sizes were small according to the Rank Biserial Correlations. 
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.  
Figure 9. HbA1c levels across the study groups at baseline and follow-up. Please note that the x-axis is truncated 
between a 6-12 month timepoint. 

 
Figure 10. IDAA1c across the study groups at baseline and during follow-up. Please note that the x-axis is truncated 
between a 6-12 month timepoint. 
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Quality of Life 
There were no statistically significant group differences in diabetes related QoL. 
Moderate effect sizes were found at inclusion and at 6- and 12-months using Rank 
Biserial Correlations (0.365; 0.364; 0.390), indicating a higher diabetes related QoL 
in the ND group at inclusion, and throughout the study. 

Table 3. Results for the gluten-free and normal diet groups for HbA1c, IDAA1c, C-peptide and QoL at inclusion, 3, 6 
and 12 months. Negative Rank-Biserial Correlations indicated that the GFD group had lower  

values. Effect sizes +- .30 are highlighted in bold. 
  Gluten-free diet (GFD) Normal diet (ND)     

  Mean (SD) Median (IQR) Mean (SD) Median (IQR) p-value 
Rank- 
Biserial  

HbA1c       
  Inclusion 48.93 (9.19) 47.00 (12.00) 49.78 (7.41) 48.00 (6.00) 0.659 -0.119 
  3 months 45.31 (9.38) 42.00 (12.00) 49.00 (9.17) 48.00 (14.00) 0.284 -0.282 
  6 months 44.18 (6.37) 44.00 (6.00) 49.63 (4.69) 49.50 (9.00) 0.042 -0.568 
  12 months 44.55 (5.89) 43.00 (6.00) 49.71 (6.53) 48.00 (15.00) 0.091 -0.494 
IDAA1c       
  Inclusion 7.25 (1.47) 7.17 (2.24) 7.70 (1.06) 7.48 (1.48) 0.516 -0.175 
  3 months 7.38 (1.34) 6.99 (2.06) 7.76 (1.19) 8.04 (2.22) 0.471 -0.197 
  6 months 7.17 (0.93) 7.09 (1.72) 8.39 (1.81) 7.76 (2.22) 0.177 -0.386 
  12 months 8.08 (0.97) 7.64 (1.74) 8.75 (0.97) 8.75 (1.05) 0.104 -0.481 
C-peptide       
  Inclusion 0.46 (0.36) 0.41 (0.49) 0.52 (0.28) 0.47 (0.36) 0.571 -0.151 
 3 months 0.33 (0.22) 0.37 (0.45) 0.45 (0.27) 0.36 (0.54) 0.373 -0.241 
  6 months 0.33 (0.18) 0.33 (0.28) 0.35 (0.22) 0.33 (0.35) 1.000 -0.000 
  12 months 0.21 (0.12) 0.21 (0.18) 0.26 (0.16) 0.23 (0.23) 0.585 -0.183  
Quality of life       
  Inclusion 15.42 (6.85) 15.00 (10.00) 11.85 (2.48) 12.22 (3.89) 0.155 0.365 
  3 months 13.16 (4.79) 15.56 (4.17) 11.81 (2.84) 12.22 (4.17) 0.363 0.250 
  6 months 12.53 (5.71) 12.22 (6.67) 10.14 (2.33) 10.00 (2.78) 0.198 0.364 
  12 months 12.63 (4.34) 12.22 (6.67) 9.52 (3.84) 8.89 (6.66) 0.188 0.390 
B-glu 90m MMTT       
  Inclusion 13.53 (4.86) 12.50 (5.67) 11.60 (2.79) 11.20 (3.50) 0.270 0.286 
  3 months 15.18 (2.79) 15.10 (5.20) 14.30 (4.78) 12.70 (7.80) 0.526 0.171 
  6 months 16.25 (2.60) 16.65 (4.22) 16.71 (2.78) 16.25 (4.70) 0.824 -0.075    
 12 months 17.07 (4.47) 16.25 (9.13) 18.78 (3.20) 18.85 (3.90) 0.368 -0.300 

Note. Mann-Whitney U tests were used to compare the groups. Effect sizes are presented in the form of Rank-Biserial 
Correlations. Moderate and large effect sizes, that is, Rank-Biserial Correlations > 3, are highlighted in bold. IQL = 
Interquartile Range. SD = Standard Deviation. 

Compliance 

Adherence to a GFD was excellent in 17% (n=2), good in 75% (n=9), and fair in 
8% (n=1) of patients at three months. At six months, adherence was excellent in 
20% (n=2), good in 70% (n=7), and fair in 10% (n=1) of patients. At 12 months, 
adherence was excellent in 30% (n=3), good in 60% (n=6), and fair in 10% of 
patients (n=1). Satisfactory adherence classified as excellent or fair was found in a 
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majority of the children in the GFD group: 92% at three months and 90% at 6 and 
12 months. When we included dropouts and classified these as non-adherence, 
adherence levels were 85% at three months and 69% at 6 and 12 months.  

BLC at MMTT 

Comparison across groups of 90 minutes p-glu at MMTT did not show a statistically 
significant difference. However, the Rank Biserial Correlations demonstrated weak 
moderate group differences, indicating higher values in the GFD group at inclusion 
and lower values at 12 months (0.286 and-0.300, respectively). 

 

.  
Figure 11. BLC at 90 mins during the MMTT across the study groups at baseline and follow-up. Please note the x-
axis is truncated between the 6 and 12 month timepoints. 

  



47 

Study II 
Study population  
We included 3612 children diagnosed with T1D between May 2005 and December 
2010. The cohort was then divided into four subgroups depending on CD status. 

 

 
Figure 12. Flowchart of study group 

CDpre= CD known at T1D diagnosis; CD at=CD within 12 months of T1D 
diagnosis; CDpost=CD 1-5 years after CD diagnosis; noCD=no CD diagnosis 
before or during the study. See Figure 12 for full study group flowchart. 
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Table 4. Information about the study variables in the full cohort and across CD groups. 

 

We found a significant difference in age at baseline (p=>0.001), with the CDpost 
group being significantly younger than the other groups (confirmed by Tukey-
corrected post hoc test). There were significantly more girls in the CDat group 
(57.9%) than in the noCD (43.6% p=0.001) or CDpost (46.5% p=0.014) groups. 
Other significant group differences in sex were not found. At T1D diagnosis, all 
groups had low BMI-SDS scores compared to norm scores (BMI-SDS=-0.5-0.37) 
which were largely normalised at the one-year follow-up (BMI-SDS=+0.1-+0.4).  

See Table 4 for information on study variables across the groups. 

HbA1c and BMI-SDS 
We used linear regression with multiple imputed datasets to examine whether the 
group affected HbA1c and BMI at baseline and each follow-up assessment. The 
results for HbA1c are presented in Table 5 and Figure 13 and the results for BMI-
SDS are presented in Table 6 and Figure 14. No group difference was found for 
HbA1c at any timepoint. Differences for BMI-SDS were found for CDpre versus 
NoCD at 1 and 2 year follow-up, while differences for CDat versus NoCD were 
present at all follow-up timepoints, with lower values in the CDpre and CDat 
groups. 

 Full sample CD PRE CD AT CD POST No CD 

 n = 3612 n = 61 (1.7%) n = 145 (4%) n = 187 (9.2%) n = 3219 (89.1%) 

Sociodemographics      
Females, n (%) 1,605 (44.4%) 29 (47.5%) 84 (57.9%) 87 (46.5%) 1405 (43.6%) 
Age at T1D, M (SD) 9.85 (4.42) 10.45 (4.16) 10.21 (4.25) 7.16 (4.59) 9.97 (4.38) 
HbA1c      
Baseline, M (SD) 93.92 (25.40) 96.70 (27.88) 94.29 (26.33) 88.40 (23.47) 94.17 (25.39) 
1 year, M (SD) 55.10 (12.40) 56.20 (14.62) 56.89 (15.12) 55.46 (11.61) 54.97 (12.26) 
2 years, M (SD) 59.52 (12.68) 62.28 (14.92) 60.06 (14.03) 59.72 (10.19) 59.43 (12.71) 
3 years, M (SD) 61.57 (13.25) 64.08 (13.46) 61.49 (14.02) 60.99 (11.24) 61.56 (13.32) 
4 years, M (SD) 62.87 (14.05) 64.94 (14.81) 64.09 (16.60) 61.85 (13.14) 62.83 (13.97) 
5 years, M (SD) 62.94 (14.47) 64.95 (16.82) 65.60 (19.31) 62.91 (14.18) 60.98 (14.28) 
BMI-SDS M=0 SD=1      
Baseline, M (SD) -0.38 (1.24) -0.54 (1.11) -0.52 (1.18) -0.38 (1.14) -0.37 (1.25) 
1 year, M (SD) 0.33 (0.94) 0.10 (0.92) 0.15 (0.89) 0.40 (0.88) 0.34 (0.94) 
2 years, M (SD) 0.36 (0.92) 0.16 (0.95) 0.14 (0.85) 0.43 (0.82) 0.37 (0.93) 
3 years, M (SD) 0.37 (0.93) 0.17 (0.98) 0.24 (0.93) 0.47 (0.82) 0.38 (0.93) 
4 years, M (SD) 0.39 (0.96) 0.27 (0.98) 0.14 (1.08) 0.43 (0.78) 0.40 (0.96) 
5 years, M (SD) 0.39 (0.98) 0.37 (1.02) 0.21 (1.09) 0.36 (0.83) 0.40 (0.99) 
DKA      
Baseline, n (%) 574 (17.1%) 11 (20.8%) 21 (15.1%) 31 (17.5%) 511 (17.2%) 
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Table 5. The results of linear regression in relation to HbA1c across timepoints with imputed data. The beta coefficient 
for each independent variable (and its 95% confidence interval) is also presented, accounting for age and sex. 

 HbA1c 
Baseline 

HbA1c 
1 year 

HbA1c 
2 years 

HbA1c 
3 years 

HbA1c 
4 years 

HbA1c 
5 years 

CDpre  
vs NoCD 

1.14 
(-5.23, 7.51) 

1.17 
(-2.07, 4.42) 

3.15 
(-0.18, 6.47) 

2.23 
(-1.24, 5.71) 

1.64 
(-2.19, 5.48) 

2.33 
(-1.95, 6.61) 

CDat  
vs NoCD 

-1.28 
(-5.38, 2.82) 

2.02 
(-0.13, 4.16) 

0.58 
(-1.59, 2.74) 

0.23 
(-2.02, 2.48) 

1.30 
(-1.07, 3.68) 

2.08 
(-0.45, 4.61) 

CDpost  
vs NoCD 

0.12 
(-3.57, 3.81) 

-0.17 
(-2.06, 1.73) 

1.24 
(-0.79, 3.26) 

0.73 
(-1.30, 2.75) 

0.61 
(-1.51, 2.74) 

0.45 
(-1.77, 2.68) 

 

 
Figure 13. HbA1C over time across the four groups (non-imputed data, not adjusted for age and sex). 
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Table 6. The results of linear regression in relation to age and sex-adjusted BMI-SDS across timepoints with imputed 
data. The beta coefficient for each independent variable (and its 95% CI) is also presented. Statistically significant 
associations are highlighted in bold. 

 BMI 
Baseline 

BMI 
1 year 

BMI 
2 years 

BMI 
3 years 

BMI 
4 years 

BMI 
5 years 

CDpre  
vs NoCD 

-0.13 
(-0.45, 0.20) 

-0.32 
(-0.56, -0.08)** 

-0.29 
(-0.53, -0.05)* 

-0.23 
(-0.47, 0.01) 

-0.19 
(-0.45, 0.07) 

-0.21 
(-0.49, 0.07) 

CDat  
vs NoCD 

-0.15 
(-0.36, 0.06) 

-0.17 
(-0.33, -0.01)* 

-0.17 
(-0.33,- 0.01)* 

-0.18 
(-0.34, -0.03)* 

-0.28 
(-0.44, 0.11)*** 

-0.22 
(-0.39,- 0.05)* 

CDpost  
vs NoCD 

-0.10 
(-0.28, 0.09) 

-0.01 
(-0.16, 0.13) 

-0.01 
(-0.15, 0.13) 

0.01 
(-0.13, 0.15) 

-0.01 
(-0.15, 0.14) 

-0.06 
(-0.21, 0.10) 

Notes. * P < .05. ** P < .01. *** P < .001. 

 

 
Figure 14. BMI-SDS (population mean = 0, SD = 1) over time across the four groups (non-imputed data). 
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Study III 
Study population  
Of the children who met the inclusion criteria (T1D diagnosis from 2005-2012 with 
additional CD diagnosis), 94% (n=60) were included in the study. See Figure 15 for 
flowchart of the study population. 

 

 
Figure 15. Flowchart of the study population. 

Of the study population, 53% were female and 47% male. The mean age of the 
patients at T1D was 8.87 years. 19% were diagnosed with CD prior to T1D 
diagnosis. The children were divided into four groups according to their level of 
compliance. Most of them had good compliance (68%, n=34), 18% (n=9) had 
intermediate compliance, 14% (n=7) were non-compliant and 17% (n=10) had 
insufficient data to be classified. Ttg-IGA normalised within 2 years in 60% (n=30) 
of the patients. Among these patients, 77% (n=23) had normalised values within one 
year. See Table 7 for information on study variables in the full cohort and 
compliance groups. 
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Table 7. Information on the study variables in the full cohort and compliance groups.  

  Full Sample Subsamples Based on Compliance Classification 

 
 Good Intermediate Non-Compliant Insuff. Data 

(n = 60) (n = 34) (n = 9) (n = 7) (n = 10) 

Age at T1D, M (SD) 8.87 (4.50) 6.54 (3.68) 8.63 (2.13) 11.44 (2.58) 15.18 (2.14) 
Female, n (%) 32 (53%) 16 (47%) 6 (67%) 6 (86%) 4 (40%) 
CD pre T1D, n (%) 19 (32%) 12 (35%) 2 (22%) 3 (43%) 2 (20%) 
DKA, n (%) 10 (20%) a 4 (13%) b 2 (22%) 4 (67%) c 0 (0%) d 
HbA1c, M (SD) 62.36 (11.85) 59.37 (11.25) 65.95 (5.85) 69.77 (9.91) 65.31 (19.13) 
SDS-BMI, M (SD) 0.72 (1.14) 0.65 (0.78) 0.48 (0.95) 1.30 (2.50) 0.76 (0.76) 

 

A significant association was found between HbA1C and compliance, meaning 
higher levels of HbA1c were associated with poorer levels of compliance (OR= 
1.09, CI95%=1.02-1.16, p=.008). See Figure 16 for an illustration of the association 
between HbA1c and compliance.  

 

 
Figure 16. Association between HbA1c and Compliance.  

Age was also significantly associated with compliance, meaning older age was 
associated with poorer level of compliance (OR= 1.41, CI95%=1.14-1.75, p=.002). 
See Figure 17 for an illustration of the association between Age and Compliance.  
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Figure 17. Association between Age and Compliance.  

The mean BMI was not significantly associated with compliance. At inclusion, the 
mean BMI across the groups was − -0.5. At the first follow-up it was +0.4 and 
remained positive.  

A significant association was observed between DKA and compliance. Children 
with at least 1 DKA after inclusion had a higher risk of poor compliance (OR= 6.22, 
CI95%=1.53-25.33, p=.011). See Figure 18 for an illustration of the association 
between DKA and Compliance. 

 

 
Figure 18. Association between DKA and Compliance. Figure based on ordinal regression with the compliance group 
as the dependent variable.  
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A full model, with age, sex and HbA1c as independent variables and compliance as 
the dependent variable also showed age and sex to be significantly associated with 
compliance (age, OR=1.36, CI 95%=1.07-1.734, p=0.011; HbA1c, OR=1.10, 
CI95%=1.02-1.17, p=0.011) while sex was not (OR=4.08, CI95%=0.085-19.73, 
p=0.08). The psuedo R2 (Nagelkerke) value indicated that 42% of the variance in 
compliance was explained by variance in age, sex and HbA1c.  

We did not include DKA in the above model because of missing data. When we 
included DKA (as a sensitivity analysis), only age remained statistically 
significantly associated with compliance. Psuedo R2 indicated that 46% of the 
variance in compliance was explained by variance in age. To examine dependence 
on collinearity problems, independent T-tests were conducted. The T-tests showed 
a clear and significant association between experiencing DKA post T1D diagnosis 
and a poorer mean HbA1c (DKA, M=72.71 [12.72] versus no DKA, M=58.94 
[7.90], t(45)=4.26, p<0.001). Since HbA1c and DKA were strongly associated, they 
may supress each other when included in the same model. Thus, high HbA1c and 
DKA after T1D diagnosis can be regarded as being uniquely associated with lower 
compliance with a GFD.  

Study IV 
Using two national birth cohorts of children <18 years old from 1992 to 1993 and 
1997 to 1998, we found 3022 children with T1D, 1642 from the first cohort and 
1380 from the second cohort. Additional CD was found in 11.5% (n=337) of 
children. See Figure 19 for flowchart of cohort selection.  
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Figure 19. Selection of children <17 years from data from the National Board of Health and Welfare Sweden, 
diagnosed with type 1 diabetes (T1D) and diagnosed with coeliac disease (CD). Two birth cohorts: born during the 
Swedish epidemic of coeliac disease (1992/1993) and post epidemic (1997/1998). Patients excluded according to 
more precise diabetes diagnosis in the Swediabkids and NDR quality registe 

The prevalence difference between cohorts was not significant: 10.7% (CI95%= 
9.2-12.2%) in the 1992-1993 cohort and 11.7% in the 1997-1998 cohort. See Table 
9 for prevalence across cohorts. 

Mean age at T1D diagnosis was significantly lower in the group of children with 
CD compared to the group without CD (8.4 vs. 9.8 years, p=<.001), but age at T1D 
diagnosis for children with T1D and CD did not significantly differ between cohorts 
(8.3 vs. 8.5 years, p=.707). Mean age at CD diagnosis was significantly lower in the 
later cohort (9.4 vs. 11.0 years p=.002). Stratified by sex, boys in the post-epidemic 
group were significantly younger than boys in the epidemic group (9.8 vs. 11.9 
years, p= 003), while the girls did not differ significantly between cohorts (9.1 vs. 
10.2 years, p=0.127). See Table 8 for mean age across cohorts. 

Table 8. Prevalence and mean age at celiac disease (CD) diagnosis in the two birth cohorts during the Swedish 
epidemic of CD (1992/1993) and after (1997/1998) the epidemic, as well as mean age divided by sex.  

Birth Cohorts All with CD 
n=337 

1992-1993 
n=176 

1997-1997 
n=161 

P-value 

Sex Male % 51 53 49  
Total prevalence of CD 11.1 10.7 11.7 0.461 
Mean age CD at diagnosis 10.3 11.0 9.4 0.002 
Female mean age at CD diagnosis 9.6 10.2 9.1 0.127 
Male mean age at CD diagnosis 10.8 11.9 9.8 0.003 
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Discussion 

Mainfindings 
Study I: A GFD could be maintained in children with T1D and was associated with 
positive effects on glycaemic control. 

Study II: Children diagnosed with both CD and T1D had a decreased growth in the 
first years following diagnosis of T1D compared with children with T1D without 
CD.  

Study III: Children with both T1D and CD had a lower level of compliance with a 
GFD than previously reported in children with CD in general. A higher level of 
compliance to a GFD was associated with a better glycaemic control. 

Study IV: In contrast to Swedish children in general, the prevalence of CD was not 
increased in children with T1D during the Swedish celiac epidemic. 

Gluten and glycaemic control 
We found that children with T1D had significantly better glycaemic control, 
measured with HbA1c, after six months on a GDF compared to children on an ND. 
Although this positive effect was not significant at 12 months, median group 
differences in HbA1c levels were very similar between 6 and 12 months. To avoid 
the possibility of not finding true differences (type 2 error), considering the small 
sample sizes, we analysed the group effect size and found further support for the 
positive effect of a GFD on glycaemic control. Using this method, we found 
substantial group differences with lower levels of IDAA1c and HbA1c after 6 and 
12 months in the GFD group.  

Our results are strengthened by the findings of two similar studies: a Danish study 
of 15 children with T1D on a GFD for one year (14), and a Czech study of 26 
children with T1D on a GFD for one year (13). In both studies, significant positive 
effects on glycaemic control (measured by IDAA1c and HbA1c levels) were 
observed in children with T1D on a GFD. Also worth mentioning, but less directly 
comparable, are studies on children with T1D and CD in which good compliance 
with a GFD has been associated with better glycaemic control (163). 
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A possible explanation for better glycaemic control because of a GFD may be 
reduced inflammation. Gluten-derived gliadin peptides induce an inflammatory 
response in patients with CD (107, 108). Similarly, an increased inflammatory 
response has been found in T1D patients (175, 176). Additionally, as in CD, 
intestinal permeability has been shown to increase in T1D (182) and large gluten-
derived, gliadin peptides have been found in the bloodstream and even in the 
pancreas (197). General inflammation as well as inflammation of the ß cell, can 
cause ER stress. ER stress can induce post-translational modification of islet 
proteins (such as insulin and pro-insulin) (65, 67, 68), which can lead to ß-cell 
autoimmunity (69) with subsequent ß-cell destruction. In summary, a GFD may lead 
to reduced inflammation and therefore fewer destroyed ß cells, a slower decrease in 
insulin, and a better controlled BGL.  

However, we found no difference in the decrease in insulin (measured by 90 minutes 
level of C-peptide at MMTT), between the GFD and the ND group. This result is 
strengthened by the findings of the two similar studies mentioned above (13, 14). 
However, the somewhat larger of the two studies (13) did find a significant 
difference in favor of the GFD group, when they, instead of comparing groups for 
C-peptide levels at specific timepoints during the study, compared groups for the 
annual trends of fasting C-peptide decrease.  

Another way in which GFD can affect glycaemic control is by improving insulin 
sensitivity. Improved insulin sensitivity has previously been observed in individuals 
with pre-diabetes on a GFD (187). If the children on a GFD had improved insulin 
sensitivity, one explanation for not finding an attenuated C-peptide decrease could 
be that those children did not need as much insulin to take care of their high BGL at 
MMTT. Thus, lower c-peptide levels were observed.  

We did not succeed in including as many children as we intended to in Study I. 
Because of the significant recruiting difficulties and the lack of power in the study, 
we decided to try to achieve our aim from another angle. We decided to examine 
possible associations between gluten and T1D by studying children who were 
presumably already on a GFD, that is, those children with an additional CD 
diagnosis.  

In Study II we used a large national cohort of children with T1D to compare 
glycaemic control in those children with T1D and CD with those children with T1D 
without CD. We found no significant differences in glycaemic control between the 
groups. The results of previous studies on glycaemic control in children with T1D 
and CD compared to children with T1D without CD have been contradictory. Some 
studies have found better glycaemic control (lower HbA1c levels) in patients with 
T1D and CD (149, 152, 155, 198) while many other studies found no significant 
differences between the groups (119, 154, 156, 199). There may be many reasons 
for the different results. Several of these studies had a small sample size, giving low 
power to the study. Many of them had short follow-up, or a cross-sectional design. 
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Furthermore, CD screening protocols vary across countries and because CD is a 
disease with malabsorption at diagnosis, which could theoretically affect glycaemic 
control, it is important to know how and when CD was diagnosed and the interval 
at which the child was screened. Additionally, different strategies to follow 
adherence to a GFD, if any, were applied, and the length of T1D (also affecting 
glycaemic control) was often unknown. However, three major recent reviews on the 
topic concluded that glycaemic control is not negatively affected by a GFD in 
children with T1D and CD (157-159) and it was also found that good compliance to 
a GFD might have positive effects on glycaemic control (HbA1c) (157).  

Unfortunately, we did not have the opportunity to look at compliance with a GFD 
in our second study (since it was a retrospective cohort study and the registers we 
used did not include information on measures to follow compliance). Thus, we were 
unable to determine whether the results with no significant effect on glycaemic 
control in the GFD group depended on:  

1. No effect of a GFD on glycaemic control, or 

2. Poor compliance and thus a negative effect of an unhealed intestinal mucosa 
outlasting a potential positive effect of a GFD. 

 

We knew from previous studies that compliance with a GFD for children with CD 
in Sweden in general was high, around 90% (131, 200) but compliance in children 
with additional T1D had scarcely been studied, and not at all in Sweden. Thus, we 
decided to look at a subgroup (children from Skåne County) of the cohort from 
Study II (somewhat extended in time from 2005 to 2012) in which we were able to 
include compliance by withdrawing information on tTg-IgA status from the medical 
records.  

In Study III, we found poorer compliance to be associated with worse HbA1c and a 
higher risk of experiencing a DKA. The following association between a higher 
degree of compliance and better glycaemic control is supported by other studies 
(152, 165, 201), including a RCT in which children with T1D and CD were 
randomised to have either ND or GFD for 12 months (202). However, the sample 
size of the mentioned RCT was small (15 children in each arm) and a second small 
similar RCT found no difference in glycaemic control between groups (13). 
Regarding other studies on the association between compliance and DKA we only 
found one other study and that study did not see any association between the two 
(165).  

It could be argued that the association between higher compliance and better 
glycaemic control could depend on more effective treatment of CD. Theoretically, 
an effective treatment would lead to better healing of a damaged intestinal mucosa 
which, in turn, would decrease inflammation with positive effects on the beta cells 
and less insulin resistance. However, data from our second study showed that 



59 

children with an undiagnosed (untreated) CD at T1D diagnosis did not differ in 
glycaemic control from children without a CD diagnosis at T1D diagnosis. Nor did 
these children differ in glycaemic control at FUs 1, 2 or 3, even though mucosal 
healing can take more than three years in children with CD and concordant T1D 
(122, 123, 153). These findings contradict the theory that a damaged mucosa in CD 
would negatively affect glycaemic control. This strengthens the theory of a positive 
effect of a GFD. Nevertheless, future studies of a GFD in children with T1D but 
without CD would be easier to analyse. 

As described above, the association between better glycaemic control and a higher 
degree of compliance could depend on the effect of a GFD with decreased 
inflammation, preserved β-cell mass, more insulin and better regulated BGL. Another 
reason for better glycaemic control with a higher compliance to a GFD could be higher 
overall compliance to healthcare treatment and recommendations for these patients. 
In this case, higher compliance to a GFD would be accompanied by more 
meticulously followed T1D treatment, which would result in better glycaemic control 
regardless of level of compliance to a GFD. This possible confounding factor calls for 
RCTs in children with T1D and CD, where not only compliance to a GFD, but also 
T1D regimen are carefully followed and controlled for.  

Development of CD in children with T1D  
One of our original ideas with Study I, beyond investigating the effect of a GFD on 
glycaemic control, was to follow-up the children after five years to see whether a 
GFD for one year after T1D diagnosis would affect the incidence of CD. The 
prevalence of CD in children with T1D is high, with a prevalence between 1.7 and 
12.2% compared to 1% in children in general (139). Most children diagnosed with 
TID and CD are diagnosed with CD at T1D diagnosis or in the years immediately 
following. Gluten has been shown to be immunogenic in patients with T1D (175-
177), particularly at diagnosis (178). Thus, our hypothesis of a possible effect of a 
GFD on the incidence of CD in children with T1D was as follows: Removal of 
gluten from the diet at a time when gluten has been proven to be the most 
immunogenic in T1D patients, and the risk of developing additional CD for T1D 
patients is the highest, would decrease the risk of the development of CD in children 
diagnosed with T1D. Unfortunately, because our study population was too small to 
study a potential decrease in incidence, we had to abandon that aim.  

In order to find another way to study the associations between gluten and the 
prevalence of CD, we compared the prevalence of CD in children with T1D born 
during and after the Swedish celiac epidemic. The Swedish celiac epidemic refers 
to a period between 1984 and 1996 when the prevalence of CD in Swedish children 
below two years of age was fourfold compared to before and after the epidemic 
(105, 106). The incidence increase has been associated with a higher gluten content 
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in infancy (105), a theory that has also been confirmed in a later study (104). Thus, 
according to our hypothesis that gluten withdrawal at T1D diagnosis could decrease 
the risk of developing CD, we expected the prevalence of CD to be equally or more 
increased in the cohort of children with T1D compared to the overall cohort. 
Surprisingly, and contrary to Swedish children in general (100), there was no 
increase of CD in children with T1D born during the celiac epidemic compared to 
children with T1D born after the CD epidemic.  

One reason for this unexpected result could be timing. During the celiac epidemic, 
gluten content was generally higher in infant products. Since most children with 
T1D are diagnosed at a later age, with an incidence peak around puberty (29), the 
extra gluten in their early years might not have been that relevant. Even so, bad 
timing would only explain why the increase in incidence was not more elevated in 
children with T1D than in children in general at the time. The question of why gluten 
amounts in early childhood would be less relevant to children with T1D than to 
Swedish children in general remains unanswered.  

In Study IV we discussed the possibility of a genetic explanation. The genetic 
aetiology is strong and largely shared between T1D and CD, with >90% of children 
with T1D and >99% of children with CD, being monozygotic or homozygotic for 
DQ2 and/or DQ8 in the HLA region of chromosome 6 (31, 87). Thus, it is possible 
that the different effect of the celiac epidemic on the incidence of CD in children 
with T1D compared to children in general depended on different genetics.  

Since the amount of gluten in infancy did not seem to increase the CD risk in 
children with T1D compared to children in general, perhaps a strong genetic 
predisposition could have outlasted potential environmental factors such as gluten.  

However, genetic risk is unlikely to be the only aetiological explanation for CD in 
T1D since almost all children with T1D have at least one of the genes necessary for 
CD (>90% of children with T1D have one or both DQ2 and/or DQ2) while the 
prevalence of CD in children with T1D is only between 1.7 and 12.2%. Further, a 
previous study compared children with T1D and CD in Sweden and Denmark and 
found an increased CD risk in the Swedish children with T1D, independent of HLA, 
pointing towards a difference in environmental exposure (203).  

One explanation for our results could be that some environmental factors affect 
children with T1D differently than children without T1D (possibly because of 
different genetics). For example, the specific combination of T1D and CD has been 
associated with caesarean section, birth in summer, Swedish ancestry and the female 
sex (142).  

Overall, we do not know why the incidence of CD in children with T1D does not 
seem to increase with a higher gluten content in infancy, as would seem to be the 
case in children without T1D. It could depend on the timing of gluten intake, or that 
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different genetics lead to different effect of environmental factors on children with 
T1D compared to children without T1D.  

CD, GFD and association with growth 
In children with T1D, we found growth to decrease during the first years following 
a CD diagnosis. In Study II we examined the possible effects of CD on growth by 
comparing children with T1D and CD with children with T1D but without CD. 
Children with CD prior to T1D diagnosis had diminished growth during the first 
two years after T1D diagnosis, while the effect for children diagnosed with CD at 
T1D diagnosis remained during the five years of follow-up.  

Our data are supported by previous studies on children with T1D, which also found 
decreased growth after CD diagnosis (149, 154, 160). Two studies (149, 154) found 
decreased growth several years post-CD diagnosis (4.5 vs. 9 years), while the third 
study only followed children for one year post-CD diagnosis (160). However, the 
first two studies were large register studies with questionable representativity 
because of the unexpectedly low number of double-diagnosed children (0.6% vs. 
1.9%), while the third study was a prospective case-control study, but quite small, 
with only 29 children having both T1D and CD. We also found studies that did not 
agree with our results. One small study (49 children with T1D and CD) followed 
children with T1D 2.5 years after CD diagnosis and found no difference in growth 
compared to children with T1D who did not receive a CD diagnosis (155). Another 
smaller study (11 children with T1D and CD) found lower growth at CD diagnosis, 
but no remaining differences one year post-CD diagnosis, compared to children with 
T1D without CD.  

At CD diagnosis, the intestinal mucosa is damaged with crypt hyperplasia and 
villous atrophy (115), causing malabsorption and nutritional deficit. Treatment with 
a strict GFD usually resolves enteropathy. Children with CD who start treatment 
with a GFD usually do most of the growth catch-up within six months (204). Within 
two years the intestinal mucosa has often healed (123, 124), even if healing 
sometimes continues for three years (135). In our study, after five years, there was 
still significantly lower growth in the group diagnosed with CD at T1D diagnosis 
than in the group with no CD diagnosis. However, the group with CD prior to T1D 
had caught up with the group without CD at the third-year follow-up. The reason 
for the seemingly extended duration of decreased growth in children with additional 
T1D compared to children with only CD could be due to a slower rate of healing of 
the intestinal mucosa. Levels of Ttg-IgA are known to correspond well with mucosal 
damage (121, 122) and study of Ttg-IgA normalisation in children with CD showed 
a significantly longer normalisation time in the subgroup with additional T1D, over 
three years compared to a little over one year (1204 vs. 403 days) (123).  
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The reasons for a possibly slower rate of healing in children with T1D and CD are 
unknown. One reason could be lower compliance to GFD in children with T1D and 
additional CD than in children with CD in general. Unfortunately, we had no data 
on compliance in Study II. However, when we looked at compliance in Study III we 
found the level of compliance to be substantially lower (68%) than the level of 
compliance previously reported in Swedish children with CD in general (around 
90% (131, 200). Even so, we found no significant associations between compliance 
and growth in Study III, although there was a trend towards a higher BMI-SDS with 
a higher compliance. Since the differences we saw in growth in Study II were rather 
small, the sample size in Study III (60 children) might have been too small for any 
potential difference to be significant.  

An alternative interpretation of the lower BMI-SDS in the group with CD and T1D 
compared to the group with T1D without CD would be that a diet regimen of a GFD 
is actually healthier. In Study II no group was underweight during the follow-ups 
(BMI-SDS values between +0.10 and +0.47). Thus, since the group on a GFD was 
closer to “ideal”, they may have had a healthier diet. However, a GFD is known to 
have a higher GI than an ND (125, 129, 130). Additionally, children with CD in 
general have not shown decreased weight in a GFD (136-138). In contrast, some 
studies report that they are more often overweight (136, 137). Overall, the 
explanation of a healthier diet seems far-fetched.  

In Study II we found significant differences in growth at follow-up but not at CD 
diagnosis. Our results are supported by other studies (155, 160) although most  
studies found decreased growth in children with T1D at CD diagnosis compared to 
children with T1D without CD (149, 152, 153, 199). As mentioned above, most 
previous studies were small or had questionable representativeness. One reason why 
we did not find a decreased growth at CD diagnosis could be that the children in the 
group, in which we looked at growth specifically at CD diagnosis (CDat), had been 
simultaneously diagnosed with T1D. As expected, all children in our study had a 
low BMI-SDS at the time of T1D diagnosis. It is possible that the catabolic status 
at T1D diagnosis outlasted the effects of malabsorption in untreated CD patients. 
Studies that found a lower growth at CD diagnosis had no information on time of 
T1D diagnosis in relation to CD diagnosis.  

Important advantages of our study are:  

1. a large study sample (3612 children with T1D, of which 393 children have 
T1D and CD)  

2. a good representativeness (>90% of all children diagnosed with T1D in 
Sweden between 2005 and 2010).  

3. and a well defined cohort. (The annual CD screening programme for 
children with T1D in Sweden and the BDD register, made it possible to 
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subdivide the children according to when they were diagnosed with CD in 
relation to their T1D diagnosis.)  

 

One limitation of the study is that we did not have a reference group of patients with 
CD but without T1D. The growth of such a group would have been interesting to 
compare with the growth of children with CD and T1D, to better understand the 
influence on the growth of CD and T1D. 

Future studies should use two control groups to compare the growth of children with 
T1D and concordant CD: one with T1D and no CD, and one with CD and no T1D. 

Quality of life  
In Study I we aimed to investigate not only how a GFD affected glycaemic control 
and growth in children with T1D, but also how it affected their life in general. In 
order to achieve this, we used the QoL questionnaire DISABKIDS at inclusion, 3, 
6 and 12 months, and compared the results groupwise. There were no significant 
differences between groups but the group of children on a GFD had lower QoL 
scores at all timepoints. Unfortunately, since the sample size was small, and the 
groups already differed at inclusion, it was difficult to draw any firm conclusions 
from our data. However, our results indicated that a GFD has no significant effect 
on QoL. This interpretation is strengthened by the fact that there were few dropouts 
in the group of children on a GFD and that most children complied well with the 
GFD. To the best of our knowledge, there is only one other study of children with 
T1D on a GFD including QoL, and that study did not either find any difference in 
QoL between children with T1D on a GFD compared to children with T1D on a 
ND.  (13). However, that study only measured QoL at 12 months, making it unclear 
whether the groups were comparable at baseline. 

Compliance with a GFD and methodological challenges 
As discussed above, we investigated compliance with a GFD in children with T1D 
and CD to better understand whether glycaemic control in these children was 
associated with a GFD. In Study III, involving a representative cohort of all children 
in Skåne County diagnosed with T1D between 2005 and 2012 with an additional 
CD diagnosis, we found good compliance in 68% of the children. Some similar 
studies found good compliance to be somewhat higher, between 69 and 100% (152, 
153, 163, 164), while other studies on compliance with a GFD in children with CD 
and T1D showed good compliance to be substantially lower at 30-44% (165, 166). 
There are several possible reasons for the wide range of results.  
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Reasons for different results include variations in sample size and different degrees 
of sample representativity. Many of the mentioned studies had smaller sample sizes 
and fewer follow-ups than our study. A smaller sample size provides less power.  

The only large study we found had quite questionable representativity since 61% of 
the children were excluded and CD prevalence was only 2.2% (165). In contrast, 
our sample was quite representative since we included almost all the children who 
met the inclusion criteria in the region at the time (prevalence rate 8.6%). 

However, the most significant reason for the different results on compliance to a 
GFD is probably the lack of a standardised way of measuring compliance. There are 
no completely reliable measures (205) and different studies use different measures, 
making direct comparison difficult. The measures used include: intestinal biopsy, 
serology, clinical outcome assessment, QoL and GIPs. Because of the high amount 
of research on new kinds of CD treatment, The Tampere Recommendations on 
compliance measures were written in 2018 to advise researchers about ways of 
measuring outcome.  In The Tampere Recommendations biopsy and serology using 
Ttg-IgA are rated the most reliable measures (grade B), while the other measures 
listed above were given grade D (134). 

Thus, we used one of the best measures available in Study III. Ttg-IgA, an enzyme 
in the lamina propria of the intestinal wall, promotes autoimmunity to gluten (111). 
Intestinal damage in CD correlates well with Ttg-IgA levels (121, 122) and Ttg-IgA 
is recommended as a tool for measuring the success of CD treatment. However, Ttg-
IgA is far from being a perfect measure. First, many different types of tests are 
available that show varying Ttg-IgA levels, although analysing the same sample 
(206). Second, Ttg-IgA has been shown to underestimate intestinal mucosal damage 
(207). Furthermore, Ttg-IgA response also depends on the duration of a GFD and 
the amount of ingested gluten (208). 

There is no standardised way of interpreting fluctuations in Ttg-IgA in relation to 
compliance. In Study III, we decided to disregard one deviating Ttg-IgA value if 
there were at least a total of five values. If, for example, a child was Ttg-IgA 
negative for all follow-ups except one, the positive value was disregarded, and 
compliance interpreted as good. Some other researchers have chosen a stringent way 
in which good compliance does not allow for any positive Ttg-IgA values. Since 
studies on compliance in children with CD show that accidental gluten intake is > 
80%, such an interpretation of compliance is harsh (131).   

In Study I we could not use Ttg-IgA or intestinal biopsy since the children we 
studied did not have CD. Thus, they were not expected to produce Ttg-IgA or CD 
histopathological intestinal mucosal changes in response to gluten. We therefore 
used Green - a questionnaire regarding gluten exposure, completed by a dietician at 
clinical visits at 3, 6 and 12 months, and scored them into five different compliance 
categories. In Study I we found good compliance with a GFD at around 90% 
throughout the year. Our adherence rate was strengthened by a similar rate in the 



65 

Danish study of a GFD in children with T1D without CD, which also measured 
compliance to a GFD using questionnaires (14). Unfortunately, dietary 
questionnaires are not a very sensitive way of measuring gluten exposure (209). 
However, a similar Czech study of children with T1D on a GFD also found a high 
adherence rate, using a newer and direct measure: gluten immunogenic peptides 
(GIP) (13). Even if the three individual studies are small, they all show a high 
compliance to a GFD in children with T1D without CD, which adds substantially to 
their credibility. Overall, it shows that a GFD is feasible in children with newly 
diagnosed T1D.    

For future studies, gluten immunogenic peptides (GIPs) are a very interesting 
alternative to study compliance to a GFD (134). GIPs include a large 33-mer peptide 
derived from α-gliadin, which is resistant to digestion (210). Thus, GIPs measured 
in urine or stools provide a direct measure of gluten intake (209) and not the body’s 
response to gluten, (such as Ttg-IGA and histopathological changes in intestinal 
mucosa). Thus, they are useful in patients both with and without CD.  

Other methodological challenges 
Recruiting patients for Study I 
A setback during this thesis project was the challenge in recruiting patients for Study 
I. To obtain sufficient power, we planned to include 160 children, 80 on a GFD and 
80 continuing with their ordinary diet. However, after three years of ongoing 
inclusion we only managed to include 23 children, corresponding to approximately 
10% of potentially eligible patients.  

To understand why so few children were included, we analysed what we could have 
done better. When we started preparing for the study, we sent an individual letter 
with information about the study to all physicians in Skåne County working with 
paediatrics. All physicians working in diabetic paediatrics were also orally 
informed. Even so, almost all children in the study were included by the physician 
responsible for the study. A reason for this could be a lack of reminders. Most 
physicians have a high workload and in such an environment a single information 
mail might not be enough. Another reason could be reluctance on the part of the 
physicians to propose a potentially burdensome global change in the diet to a child 
who recently has been diagnosed with a life changing and serious chronic disease 
such as T1D. A third reason might be a similar reluctance on the part of the family 
and child.  

We propose that future studies use a trial coordinator to ensure that all eligible 
children are invited to participate. It is also important that the trial coordinator is 
well informed about the study to be able to explain the rationale behind it to 
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physicians and eligible families. Further, the trial coordinator needs to have enough 
time at their disposal to be able to remain in contact with the sites and the families. 

Bias 
Another shortcoming of Study I is that the included children were not randomised. 
Instead, the choice of diet was left to the child and their family. Our rationale for 
the decision to use a non-randomised design was that we were concerned that 
compliance would be negatively influenced if the choice of diet was not left to the 
child and their family. The two previously mentioned similar studies used the same 
method. This may potentially explain the rather high compliance in our study, as 
well as in the two other studies. However, this could also be a reason for 
confounding. Choosing a GFD is perhaps associated with a   generally high ability 
to adjust to healthcare recommendations, thus also being more prone to 
meticulously following T1D treatment advice, which could then be a confounding 
factor for better glycaemic control in the group on the GFD.  

To be able to better understand why glycaemic control was better in the group on a 
GFD, future studies need to include more children, a higher percentage of eligible 
children, and use a randomised design. 



67 

Conclusions and Future remarks 

We found possible associations between gluten and T1D. In Study I improved 
glycaemic control was associated with a GFD in children with T1D. In Study II 
growth was decreased in children with T1D and CD compared to children with T1D 
without CD. In Study III glycaemic control in children with T1D and CD improved 
with better compliance to a GFD. In Study IV, we surprisingly found that the 
prevalence of CD was not increased in children with T1D during the Swedish celiac 
epidemic, as it was in the general Swedish child population at the time.  

Additionally, we found compliance to a GFD to be lower in children with TID and 
CD (Study III). 

Our results need to be viewed in the light of several limitations. The connections we 
found between gluten and T1D were associations and were therefore sensitive to 
confounding factors. Further, our sample size in Study I was underpowered and the 
measures of compliance in Studies I and III were imperfect.    

The results of an improved glycaemic control with a GFD in children with T1D in 
Study I are strengthened by two other small studies that found the same association 
(14). We therefore suggest that any similar future study should have a randomised 
design to avoid confounding, and a sample size of 30-40 children in each arm, which 
would give 80% power to detect the smallest clinically significant effect we found. 
To further study associations between gluten and the prevalence of CD, it would 
also be interesting to include our original idea of a five-year follow-up in such a 
study, to continue to look at the possible effect of a GFD on the incidence of CD.  

In Study III we found improved glycaemic control with better compliance. Although 
these children also had CD, the presumption that a damaged intestinal mucosa 
would affect glycaemic control is unlikely, since the children with an undiagnosed 
(untreated) CD in Study II did not differ in glycaemic control from T1D children 
without CD. However, the association between glycaemic control and higher 
compliance could depend on a higher overall compliance to healthcare treatment 
and thus a more meticulously followed T1D treatment, resulting in better glycaemic 
control regardless of compliance. These possible confounding factors demonstrates 
the need for RCTs in children with T1D and CD, where not only compliance with a 
GFD, but also T1D regimen are carefully followed and controlled for. A future RCT 
should also consider including a control group of children with T1D without CD, as 
well as a control group of children with CD without T1D. In such a study the 
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possible effects of a GFD would be easier to separate from the effects of CD and 
T1D per see.  

To better understand the broader effects and interactions between diet and disease, 
it would also be a good idea to include QoL. For example, such an understanding 
might help to improve compliance with a GFD in children with CD and T1D.  
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Populärvetenskaplig sammanfattning 

I min avhandling har jag undersökt huruvida gluten påverkar diabetes typ 1 hos 
barn.  Särskilt har jag studerat om, och hur, en glutenfri kost påverkar barn som 
precis insjuknat i typ 1 diabetes. För att göra det har jag tittat på barn med typ 1 
diabetes, och barn med typ 1 diabetes och celiaki, eftersom de äter en glutenfri kost. 

Typ 1 diabetes 
Typ 1 diabetes är en av de vanligaste, och allvarligaste, kroniska sjukdomar hos 
barn i världen, idag.  År 2022 beräknades runt 1,2 millioner barn vara drabbade och 
allt fler barn insjuknar. Hur vanlig sjukdomen är skiljer sig åt mellan länder. I 
Sverige är typ 1 diabetes näst vanligast i världen efter Finland. Typ 1 diabetes är 
ungefär lika vanliga hos pojkar som hos flickor. Man kan drabbas under hela livet 
men oftast debuterar typ 1 diabetes i barndomen. Typ 1 diabetes är en autoimmun 
sjukdom där kroppen bildar autoantikroppar som förstör de celler som bildar insulin. 
Med mindre insulin kan kroppen inte tillgodogöra sig socker lika bra längre. I stället 
kissar man ut mer och mer av sockret, blir törstig och går ned i vikt. Ju mindre 
insulin man tillverkar desto allvarligare sjuk blir man. Helt utan insulin dör man och 
därför var upptäckten att man kunde tillföra insulin utifrån livräddande. Alla med 
typ 1 diabetes behöver livslång behandling med dagliga injektioner av insulin även 
om de flesta har kvar en del av sin insulinproduktion något år efter diabetesdebuten. 
Dessutom behöver man vara noga med att hålla sin blodsockernivå jämn så att man 
inte drabbas av komplikationer. Komplikationer kan vara akuta och livshotande 
(insulinkoma och syraförgiftning) eller kroniska med allvarliga funktions-
nedsättningar som tex syn och känselnedsättningar till följd.  

Celiaki 
Celiaki är liksom typ 1 diabetes en vanlig sjukdom. Ungefär 1 % av världens barn 
beräknas vara drabbade och liksom typ 1 diabetes blir celiaki vanligare och 
vanligare. Fler flickor än pojkar får celiaki men hos barnen med typ 1 diabetes är 
celiaki ungefär lika vanligt hos pojkar som hos flickor. Celiaki är också en 
autoimmun sjukdom som triggas av gluten, ett protein som finns i vete, råg och 
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korn. Vid celiaki bryter kroppen ned tarmslemhinnan i tunntarmen med bland annat 
magont, viktnedgång, och dålig tillväxt som följd. Behandlingen av celiaki är 
livslång glutenfri kost.  

Gluten 
Gluten har funnits i människans diet sen 10 000 år tillbaka. Gluten är ett protein som 
finns i vete, råg och korn. Gluten är globalt en mycket viktig proteinkälla. 
Konsumtionen av vete i världen ökar och 50% av kaloriintaget beräknas idag härröra 
från spannmål. 

Vid celiaki är det gluten som triggar och driver den autoimmuna processen. När 
gluten plockas bort från kosten försvinner ofta symtomen på celiaki inom några 
veckor, och efter ett år brukar barns tarmar vara läkta. Studier tyder på att gluten 
även kan trigga autoimmunitet vid typ 1 diabetes. 

Innan jag påbörjade mitt doktorandarbete hade en case-studie rapporterat att en 
pojke i Danmark, som precis fått typ 1 diabetes, kunnat sluta med insulin efter att 
ha påbörjat en glutenfri kost. Innan dess hade en del djurstudier redan kunnat visa 
ett samband mellan glutenfri mat och minskad risk för typ 1 diabetes. Studier på 
barn med diabetes hade dessutom visat ökade immunologiska reaktioner på gluten 
vid diagnos av typ 1 diabetes. 

Studier, resultat och framtida studier 
Studie 1 
För att vidare undersöka ett möjligt samband mellan typ 1 diabetes och gluten 
designade vi en studie av barn med nydiagnostiserad typ 1 diabetes, där hälften av 
barnen fick äta glutenfri kost medan andra hälften fortsatte med sin ursprungliga kost. 
Vi ville undersöka om de som åt en glutenfri kost kunde behålla sin egenproduktion 
av insulin länge än de som åt normalkost, samt om den glutenfria kosten kunde 
påverka blodsockerkontroll positivt. Kostinterventionen pågick under ett år och under 
denna tid mättes insulinproduktion, sockerkontroll, följsamhet till kosten, och 
livskvalité, för att sedan jämföras gruppvis. Resultaten av studien visade att barnen 
med glutenfri mat verkade ha; bättre sockerkontroll, god följsamhet till den glutenfria 
kosten, och oförändrad livskvalité. Tyvärr lyckades inte vi få med så många barn som 
vi ville i studien och resultaten är därför osäkra. Våra resultat stärktes dock av 2 
liknande, ungefär samtida studier, som båda visade snarlika resultat.  
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Studie 2 
Eftersom det varit svårt att få barn att delta i vår studie, och vi ville fortsätta studera 
sambandet mellan typ 1 diabetes och glutenintag bestämde vi oss för att studera barn 
med typ 1 diabetes som redan åt glutenfri mat, nämligen barn med celiaki. Vi tittade 
retrospektivt på en stor kohort av barn med typ 1 diabetes som registrerats i den 
nationella BDD studien som inkluderar över 90% av barn med diabetes i Sverige. 
Vi delade in barnen i grupper utifrån om de även hade en celiakidiagnos, och i så 
fall när de hade fått den, i förhållande till sin diabetesdiagnos. Därefter jämförde vi 
grupperna avseende blodsockerkontroll och tillväxt. Vår kohort innehöll totalt 
3612 barn med typ 1 diabetes. Av dessa hade över 11 % celiaki; 1.7% hade celiaki 
före diabetesdiagnos; 4% vid diagnos; och 5.2% 1-5 år efter diagnos. Vi hittade 
ingen skillnad mellan grupperna avseende blodsockerkontroll. Avseende tillväxt såg 
vi däremot att barnen med celiaki före diabetesdiagnos hade lägre tillväxt de 2 första 
åren efter diabetesdiagnos, och att barnen som diagnostiserats med celiaki vid 
diabetesdiagnos hade lägre tillväxt alla 5 årliga uppföljningar.  Det finns forskning 
som visar att tarmen hos barn med celiaki och diabetes läker långsammare än hos 
barn med endast celiaki. Kanske var det på grund av en långsam tarmläkning barnen 
med celiaki hade en lägre tillväxt. Varför barn med båda diagnoserna läker sämre 
vet man inte men en del studier har visat sämre följsamhet till glutenfri mat hos 
dessa barn vilket skulle kunna vara en förklaring. Eftersom vi inte hade tillgång till 
mått av följsamhet till glutenfri mat i den här studien kunde vi inte avgöra om den 
lägre tillväxten vi såg berodde på låg följsamhet eller på den glutenfria kosten i sig.  

Studie 3 
För att undersöka följsamheten till glutenfrikost hos barn med diabetes i Sverige 
gjorde vi den tredje studien där vi tittade på 60 barn med diabetes och celiaki under 
1-10 år, registrerade i den svenska BDD studien. Barnen delades in i 3 grupper efter 
transglutaminas nivåer (antikroppar i blodet som korrelerar med följsamhet till 
glutenfrimat vid celiaki); god följsamhet; varierande följsamhet och dålig 
följsamhet. Följsamheten visade sig vara god hos 68% av barnen, vilket är något 
mindre än generellt hos barn med celiaki i Sverige, där den ligger runt 
90%.  Resultaten visade också att de barn som hade god följsamhet hade bättre 
sockerkontroll än barnen med sämre följsamhet. Huruvida det var den glutenfria 
kosten eller en generellt god förmåga att följa behandlingsrekommendationer (alltså 
även rekommendationer avseende metabolkontroll och diabetes i det här fallet) som 
påverkade blodsockerkontrollen positivt vet vi dock inte. 
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Studie 4 
Eftersom risken att få celiaki är mycket större hos barn med diabetes än hos barn i 
allmänhet hade vi i vår första studie egentligen också tänkt titta på om risken att få 
celiaki skulle kunna minska hos barn som fick äta glutenfrikost i anslutning till 
diabetesdiagnos. Tyvärr blev vår studie allt för liten för att kunna se en sådan 
eventuell skillnad. Därför bestämde vi oss för att undersöka eventuellt samband på 
ett annat sätt. Den svenska celiakiepidemin var en period mellan 1984 och 1996 då 
celiaki plötsligt blev fyra gånger vanligare i Sverige än det var innan. Anledningen 
till att barn fick celiaki i större utsträckning tror man var att glutenhalten i välling 
var större under denna period. När man ändrade tillbaka glutenhalten till tidigare 
nivåer såg man nämligen att det blev färre barn som fick celiaki igen, ungefär lika 
många som innan glutenhalten ökade. Dessutom har man i senare studier kunnat 
visa att ökad glutenhalt i maten till barn under 2 år ger större risk för celiaki.  

För att titta på hur det ökade gluteninnehållet i maten kan ha påverkat förekomsten 
av celiaki hos barn med typ 1 diabetes jämförde vi en nationell kohort av barn med 
typ 1 diabetes födda under celiakiepidemin med en kohort av barn med typ 1 
diabetes födda efter celiakiepidemin. Till vår förvåning var det ungefär lika många 
som hade celiaki i grupperna. Barn med typ 1 diabetes verkade således påverkas 
mindre av skillnaden i matens gluteninnehåll under småbarnsåren, än vad barn 
generellt gjorde. Hur det kan komma sig vet vi inte. En anledning till att prevalensen 
av celiaki hos barn med typ 1 diabetes inte påverkades mer av gluten innehåll än 
vad den gjorde hos barn utan typ 1 diabetes skulle kunna vara tidpunkten för det 
ökade gluteninnehållet. Studier har visat att gluten verkar vara mest immunogent 
kring diagnos av typ 1 diabetes. Eftersom typ 1 diabetes oftast diagnostiseras senare 
under barndomen, kanske ett högt gluten innehåll i småbarnsåren, som under 
celiakiepidemin, inte spelar så stor roll.  Denna teori förklarar dock inte varför 
barnen med typ 1 diabetes skulle påverkas mindre av gluteninnehåll i småbarnsåren 
än vad barn generellt verkat göra. Eventuellt skulle skillnaden mellan grupperna 
kunna förklaras av genetiska skillnader då vissa gener är betydligt vanligare hos 
barn med typ 1 diabetes och celiaki än hos barn generellt. Hur en eventuell genetisk 
påverkan fungerar vet vi dock inte. Det behöver nya studier undersöka.  

Sammanfattning och framtida studier  
För att få säkrare resultat avseende den glutenfria kostens inverkan på 
blodsockerkontroll hos barn med typ 1 diabetes vore det bra att göra om studie I 
med fler barn, som lottas till respektive kostgrupp. I en sådan studie skulle man 
också kunna titta på huruvida förekomsten av celiaki 5 år efter kostinterventionen 
påverkas av ett års glutenfri kost efter diabetesdiagnos. För att bättre förstå den 
minskade tillväxten hos barn med typ 1 diabetes och celiaki jämfört barn med typ 1 
diabetes utan celiaki skulle det underlättas om man i framtida studier inkluderade 
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en kontrollgrupp med bara celiaki. Avseende resultatet med sämre följsamhet till 
glutenfrikost hos barn med celiaki och typ 1 diabetes vore det bra att göra en ny 
studie där man inkluderar livskvalité för att förstå hur man bättre kan hjälpa dessa 
barn att följa sin kost. 

Under doktorandarbetets gång hittade vi bättre blodsockerkontroll hos barn med typ 
1 diabetes och glutenfri mat jämfört med hos barn med typ 1 diabetes och vanlig 
mat. Vi såg också att barn med typ 1 diabetes och celiaki, som hade en bättre 
följsamhet till en glutenfrikost, hade bättre blodsockerkontroll. Dessutom visade 
våra resultat överraskande att gluteninnehåll i spädbarnskosten verkade påverka 
förekomsten av celiaki hos barn med typ 1 diabetes mindre än barn utan typ 1 
diabetes. Slutligen kom vi fram till att barn med celiaki och typ1 diabetes verkar ha 
en sämre följsamhet till glutenfri kost än barn med celiaki utan typ 1 diabetes.  

Sammanfattningsvis tyder våra resultat på att det finns en del samband mellan gluten 
och typ 1 diabetes men för att förstå dessa samband bättre behöver vi fler studier. 
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