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Abstract

Sweden experienced an epidemic (1984-96) of celiac disease in children, partly
attributed to changes in infant feeding. Our aim was to compare the total prevalence
of celiac disease in two birth cohorts of 12-year-olds and relate the findings to each
cohort’s ascertained infant feeding. Furthermore, we compared the growth parameters
in the children with screening-detected celiac disease with their healthy peers. We also
investigated the association of thyroid autoimmunity and thyroid function in the celiac

disease cases (treated and untreated) compared to the children without celiac disease.

In order to study these questions, a two-phase, epidemic and post-epidemic, cross-
sectional screening study was performed. All celiac disease cases, previously diagnosed
and screening-detected, were identified. Infant feeding practices were ascertained.
Weight, height and BMI were measured and cut-off points recommended by the
International Obesity Task Force, used. A case-control study was designed to investigate
thyroid autoimmunity (assessed with antibodies against thyroid peroxidase, TPO Abs)
and thyroid function (assessed with thyroid stimulating hormone, TSH, and free

thyroxine, fT'4).

We found a significant difference in prevalence of celiac disease, 2.9% vs. 2.2%, 1993
vs. 1997 cohorts, respectively. The cohorts differed in infant feeding. Screening-
detected celiac disease children weighed less and were shorter than their peers. Median
BMI was slightly lower. Still, there was no association between being underweight
and the risk of having undiagnosed celiac disease and 14% was overweight. Among
the previously diagnosed celiac disease cases, 7.5% were TPOAb positive and among
screening-detected cases, 7.0%, compared to 2.8% of the controls. Hypothyroidism
was more common in children with celiac disease and TPO Abs positivity than in
children without celiac disease but with TPO Abs. Positive TPO Abs titer increased the
risk of developing hypothyroidism in all groups.

In conclusion, to gradually introduce gluten-containing foods from four months of
age, preferably during ongoing breastfeeding, seems favorable. Growth parameters are
slightly affected in children with screening-detected celiac disease but not reliable in
predicting celiac disease. Even if well treated, celiacs have a higher prevalence of thyroid
autoimmunity than their healthy peers. Having TPO Abs in addition to celiac disease,

increases the risk of thyroid dysfunction.
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Summary in Swedish

Populirvetenskaplig sammanfattning

Tarmsjukdomen celiaki, glutenintolerans, ar en av véra vanligaste kroniska sjukdomar
som utvecklas d& man inte tdl dmnet gluten, ett protein som framfor allt finns i vete,
rag och korn. For att utveckla celiaki krivs en genetisk sarbarhet, vilket innebir att
man i arvsmassan bir pd en benigenhet som gor att man kan utveckla sjukdomen vid
intag av mat innehéllande gluten. Celiaki riknas siledes som en irftlig, autoimmun
sjukdom. I normalfallet 4r virt immunférsvar mycket vil utvecklat. Samtidigt
som immuncellerna maste vara redo att snabbt identifiera och neutralisera farliga
mikrober som till exempel virus och bakterier, fir de inte angripa vara kroppsegna
molekyler. For att inte angripa kroppens egna vivnader genomgar immuncellerna en
utmognad dir de immunceller som reagerar pa vira egna molekyler f6rstors. Hos vissa
individer gir denna utbildning fel och immunférsvaret angriper den egna vivnaden
och vi utvecklar en si kallad autoimmun sjukdom som till exempel celiaki. Exempel
pd andra autoimmuna sjukdomar ir typ I diabetes, struma (skéldkortelrubbningar),
reumatoid artrit och multipel skleros. Manga ginger finns det ett samband mellan olika
autoimmuna sjukdomar och detta innebir att celiaki 4r vanligare i vissa riskgrupper
t.ex. hos diabetiker och personer med struma. Dessa sjukdomar har ocksa gemensamt
att de orsakas av bade genetiska faktorer och vir omgivning och livsstil. Det som dock
sarskiljer celiaki ifrin andra autoimmuna sjukdomar 4r att det krdvs nirvaro av utifrin
tillfore gluten for att trigga igdng den immunologiska processen som i sin tur leder till
en inflammation i tunntarmen. Symptomen pad celiaki kan vara mycket varierande.
Hos sma barn ir den s.k. klassiska celiakin mer vanlig med symtom som diarrébesvir,
dalig tillvixt och missndje. Hos ildre barn ir diffusa magbesvir, forstoppning och
trotthet vanliga och hos vuxna kan lagt blodvirde vara ett tecken. Det idr ocksd vanligt
att inte ha nigra symtom alls och di har man till exempel upptickt sjukdomen vid en
screening. Vid misstanke om celiaki kontrolleras glutenantikroppar i blodet och om
dessa dr forhojda gar man vidare med en gastroskopi ddr man tar vivnadsprov ifrin
ovre delen av tunntarmen. Sjukdomen syns i tarmen i form av en slit tarmslemhinna
dir tarmludden ir borta och niringen inte kan tas upp tillrickligt. Om antikropparna
i blodprovet dr mycket hoga, om patienten har symtom och ocksa bir pa nigon av de
speciella riskgenerna ir diagnosen celiaki siker och man kan avsta frin vivnadsprov.
Den enda behandlingen idag dr att helt avstd fran gluten. Den glutenfria kosten far

slemhinnan att lika och bli normal igen.
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P4 befolkningsnivad brukar man tala om ett isberg nir det giller celiaki. Ovanfér
vattenytan finns de som har fitt diagnosen celiaki efter att ha sokt sjukvirden med
symtom men under vattenytan finns ett stort morkertal, dvs. de som har celiaki men
dnnu inte fitt diagnos. Denna avhandling bestar av fyra delarbeten och bakgrunden
till arbetena dr ETICS studien som betyder "Exploring the Iceberg of Celiacs in
Sweden”. Vi genomférde en screening for celiaki pa 12-aringar fédda 1993 samt 1997.
Bakgrunden till att vi undersokte barn fodda dessa artal 4r atc vi i Sverige har haft
en epidemi av celiaki med en 6kning under 1980-talet dir sma barn insjuknade i en
klassisk sjukdomsbild. Férekomsten av celiaki var dd mycket hog for att sedan minska
igen ungefir tio ar senare. Man misstinkte att forindringar i spidbarnskosten var en
bidragande orsak till epidemin. Skillnaden i spidbarnskosten mellan fédelsekohorterna
(1993 och 1997) utgjordes huvudsakligen av tre forindringar. Den forsta var att under
epidemin innehdll villing och grot en betydligt storre mingd gluten, den andra var
att rekommendationerna angiende alder f6r introduktion av gluteninnehéllande foda
senarelades till 6 ménader och den tredje var att amningslingden under epidemin var
kortare (63 % ammade vid 6 manaders dlder jimfort med 77 % efter epidemin). De
tva sistnimnda férindringarna innebar att fler barn introducerades till vanlig f6da utan
pagiende amning. Tidigare studier har visat att introduktion av gluteninnehallande foda
under pagiende amning till viss del kan skydda mot celiaki. De nya rekommendationerna
som kom efter epidemin, 1996, blev istillet att man kunde introducera gluten gradvis
redan frin 4 manaders alder och girna under skydd av amning vilket sannolikt har

bidragit till nedgingen av celiaki.

I ETICS-studien ville vi ta reda pd mer om vad som kan ha bidragit till denna epidemi
och ddrfor var det nddvindigt att jimfora forekomsten av celiaki hos barn f6dda under
respektive efter epidemin. Totalt limnade 12632 barn blodprov, 7208 (72 % av de
inbjudna) i forsta fasen och 5424 barn i andra fasen (65 %). Vi undersokte antikroppar
tydande pé celiaki i blodprov och de med tidigare diagnosticerad celiaki rapporterades.
Barn med forhojda antikroppar kallades till barnklinik for vidare undersdkning med
tunntarmsbiopsi samt genetisk kontroll innan diagnos stilldes. I forsta delarbetet
fann vi genom screeningen att totala celiakiférekomsten bland 12-aringar fédda
under epidemin (1993) var 2.9%. Detta 4r den hogsta forekomsten som rapporterats
i Europa och USA. Vidare fann vi att den totala forekomsten i fédelsekohorten efter
epidemin (1997) var 2.2% vilket var statistiskt signifikant ldgre i jimforelse med under
epidemin. I bada fodelsekohorterna var celiaki vanligare bland flickor 4n pojkar och
tva av tre fall var tidigare odiagnostiserade och hittades genom screeningen. Utdver

blodprovstagningen fick férildrar till de deltagande barnen via enkiter svara pé vilken
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spadbarnskost de haft. Dir kunde vi se att barnen fodda under epidemin i storre
utstrickning introducerats till storre miangder gluten efter att amningen avslutats. Vara
resultat tyder pé att den spiadbarnskost som barn fédda 1997 fitt ir mer gynnsam vad
giller risken att utveckla celiaki. Enligt vad vi vet har inga andra stora férindringar vad
giller milj6- och livsstilsfaktorer skett under den hir perioden, férutom férindringarna
i spadbarnskosten. Generellt sett har autoimmuna sjukdomar och allergier etc. okat i
samhillet under de senaste drtiondena av oklar anledning. Detta gir i linje med den
hoga forekomsten av celiaki hos barnen fédda 1997 men det forklarar inte varfor

forekomsten hos barnen fédda 1993 var dnnu hogre.

Utover att undersdka hur man kan arbeta preventivt for att férhindra celiaki bland
befolkningen, var vi ocksa intresserade av att ta reda pd om faktorer sisom vikt och
lingd kan forutsiga celiaki hos barn. Som tidigare beskrivits finns ett stort morkertal
vad giller forekomsten av celiaki och ménga barn har sjukdomen utan att veta om det.
I andra delarbetet undersokte vi skillnaderna i vike, lingd och BMI (body mass index
som visar relationen mellan vikt och lingd) hos 12-dringar med screening-upptickt,
obehandlad celiaki och jimforde dessa med deras friska kamrater. Vi upptickte att
4.2% av barnen med celiaki var underviktiga jimfért med 5.2 % av de friska barnen,
82 % var normalviktiga jimfort med 72.8 % av de friska barnen och endast 13.8
% av barnen med celiaki var Gverviktiga jaimfort med 21.9 % av friska 12-iringar.
Sammantaget var majoriteten av barnen med screening-uppticke celiaki normalviktiga
men som grupp betraktat vigde 12-dringarna med celiaki generellt sett mindre och
var nagot kortare jimfort med sina kamrater. Det ir sdledes viktigt att inte gd med
oupptickt, obehandlad celiaki for linge. Dock kan man inte anvinda sig av vikt och
lingd hos den enskilde for att siga vem som har celiaki eller inte. Aven om celiaki ir
mindre vanligt bland &verviktiga barn sa kan man hitta sjukdomen 4ven bland dessa

barn.

Vid férekomst av celiaki 4r det kint att risken ar storre att utveckla andra autoimmuna
sjukdomar, bland annat skéldkértelsjukdomar som struma. Man vet dock inte om
man kan foérhindra detta genom att skéta den glutenfria kosten vil och silunda ha en
vilbehandlad sjukdom. I de tredje och fjirde delarbetena ville vi bland de deltagande
12-aringarna undersoka associationen mellan kliniskt uppticke, behandlad, celiaki och
kopplingen till skoldkortelpaverkan jimfore med screening-uppticke, obehandlad,
celiaki och skoldkortelpaverkan. Vi ville vidare underséka hur manga av barnen med
celiaki som hade paverkan péd skoldkérteln jaimfort med de friska 12-aringarna. Ett

tecken pé paverkan i skoldkorteln kan vara forekomsten av sa kallade autoantikroppar,
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dvs. antikroppar riktade mot kroppens egna vivnader. Vi undersokte en av dessa
antikroppar som kallas TPO (thyroidea peroxidas) dir férhéjda virden kan ses vid kronisk
inflammation i skéldkérteln. Vi fann i studien att férekomsten av skoldkortelpaverkan
mitt i form av antikroppar mot TPO var nistan tre ganger hogre hos barnen med
celiaki jimfort med de friska 12-aringarna. Det var ingen skillnad om man hade en
vilbehandlad celiaki sedan tidigare jimfort med en obehandlad celiaki som upptickts
genom screeningen. Att ha TPO antikroppar utdver celiaki 6kade ocksa risken att ha en
rubbning i sjilva skoldkortelfunktionen dir den vanligaste forekommande rubbningen
var en underfunktion i skldkérteln. De flesta hade dock en mild form av underfunktion
och det verkar idag som att detta tillstdnd ir relative beskedligt. Det ar inte sikert att
det fortskrider till en behandlingskrivande skoldkortelsjukdom. Dock behéver man
folja barnen under en lingre tid dven upp i vuxen alder for att ta reda pa detta, eftersom

rubbningar i skoldkértelfunktionen ér betydligt vanligare bland vuxna 4n bland barn.

Sammanfattningsvis har vi visat att celiaki 4r betydligt vanligare bland barn i Sverige
dn man tidigare trott och majoriteten av dessa fall 4r odiagnostiserade. Vi fann 4ven en
signifikant skillnad i den totala forekomsten av celiaki (hela isberget) mellan barnen
fodda under jamfort med efter epidemin. Salunda har vi med denna avhandling visat
att celiaki kan forhindras hos vissa individer, dtminstone upp till 12-drs alder. Vi har
vidare visat att det inte gir att forutsiga vem som har celiaki utifrdn att titta pd barnets
lingd och vike eftersom celiaki forekommer hos alla barn oavsett kroppskonstitution.
Det dr dock viktigt att hitta obehandlad celiaki eftersom den gruppen som helhet 4r
nagot mindre 4n sina jimnariga kamrater. Likasd 4r det viktigt att ta reda pd om barnet
har celiaki eftersom férekomsten av andra autoimmuna sjukdomar 4r hogre hos dessa
barn. I den hir avhandlingen sag vi att skoldkortelpaverkan var tre ganger vanligare.
Det verkade dock inte spela nigon roll om barnet hade behandlad eller obehandlad
celiaki nir det gillde att utveckla skoldkortelpaverkan. Vara resultat styrker snarare att
det ir gemensamma gener som star for samsjukligheten. Aven om det inte ir sikert
att det gar att forhindra utvecklingen av andra autoimmuna sjukdomar genom att ita
glutenfri kost 4r det viktigt att trots det veta om att barnet har celiaki. Detta da det gor
att man kan vara mer uppmirksam pa andra tillstind som skoldkértelrubbning som

likt celiaki kan yttra sig som enbart diffusa symtom som till exempel trétcthet.
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Background

Celiac disease is one of the most common chronic diseases in childhood and affects
approximately 0.5%—3% of the population in the Western world [1-3]. It is characterized
by an autoimmune response triggered by gluten and other environmental cofactors that
leads to small-intestinal mucosal injury [4]. The disease can have its onset at any age
throughout life, and its clinical expression is heterogeneous. The classic presentation of
celiac disease is commonly described as diarrhea, abdominal distention, malnutrition,
and failure to thrive [5-7].

History

Celiac disease was first described by Aretaeus of Cappadocia who is considered to have
been one of the best clinical physicians of the Ancient World. Aretaeus of Cappadocia
was active in Anatolia in the Ist century CE, during a period of rapid development,
when agriculture had spread to the so-called region of the Fertile Crescent in the Middle-
East [8]. His “Ceeliac Affection” (coeliac from Greek kow\axog koiliakos, “abdominal”)
gained the attention of Western medicine when Francis Adams presented a translation
of Aretacus’s work (Adams, E The Extant Works of Aretaeus the Cappadocian) in
London, The Sydenham Society, 1856. In modern time, the pediatrician Samuel Gee
first described the condition in children in a lecture at the Hospital for Sick Children,
Great Ormond Street, London, in 1887. Gee adopted the same term as Aretacus (celiac
disease). He insightfully stated: “If the patient can be cured at all, it must be by means of
diet” even if he failed to identify the food causing the disorder. However, he recognized
that milk intolerance is a problem and he highlighted particular success with a child
“who was fed upon a quart of the best Dutch mussels daily” [7-10]. In the beginning
of the 20™ Century, a few other researchers tried to find food items causing the disease
but the breakthrough did not come until the Dutch researcher Willem Dicke made a
discovery a few years later. Dicke believed that wheat was the cause already in the 1930s
but it was not until the Dutch famine 1944 when the mortality dropped substantially
due to the shortage of bread. These findings led to his doctoral thesis a few years
later at the University of Utrecht where he showed that exclusion of wheat, rye and
oats from the diet led to dramatic improvement in the general condition of the child
and marked reduction in the fatty diarrhea [11]. A couple of years later, researchers
found that gluten was the main substance causing the disease [12, 13]. Diagnosis was

made by intestinal biopsy with the Crosby-Kugler capsule and the typical histological
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Figure 1. The Celiac Iceberg with the tip of the iceberg showing the symptomatic celiac disease cases.

mucosal damage with crypt hypertrophy and flat mucosa was found to constitute the
pathogenesis of the intestinal damage in celiac disease. In 1954, Paulley reported that
the clinical manifestations of celiac disease are linked to destruction of the lining of
the small intestine which many years later was classified histologically according to
Marsh [14-16]. In the 60s, celiac disease was thought of as an autoimmune disease,
associated conditions such as dermatitis herpetiformis was found and the connection
with short bowel malignancy and the identification of antigliadin antibodies (AGA)
fundamentally changed the perspective of celiac disease. The immune response rather
than the protein itself was found to be the cause of the mucosal damage [17]. As a result
of the discovery of AGA, the connection between celiac disease and other autoimmune
diseases such as type 1 diabetes was established, linked to sharing of HLA genes (please
see Genetics section below for further information). Increasingly more autoantibodies
were found; reticulin 1971, and later endomysium antibodies in monkey esophagus
and then human umbilical cord section [18-20]. The endomysium is a structure of

the smooth muscle connective tissue. It was later discovered that the target antigen
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in endomysium is tissue transglutaminase (tTG) and gliadin, a component of wheat
gluten is a preferred substrate [21]. Ludwig Sollid hypothesized a model linking gluten
to tI'G and to anti-tT'G autoantibodies. The same research group showed that (TG
deaminates gluten-derived peptides and increases their affinity to the DQ2 and DQ8

HLA, thus worsening the consequences of anti-gluten immunity [22].

During the 1990s, the idea of the “Celiac Iceberg” was presented and celiac disease
developed from being seen as an unusual bowel disease due to gluten, expressed with
gastrointestinal symptoms (the tip of the iceberg), to a common autoimmune disorder
triggered by gluten in the gut but with a clinical expression involving a variety of

symptoms from different organs [23], Figure 1.

Pathogenesis

Genetics

Celiac disease has a strong hereditary component and genetic susceptibility is a
prerequisite to develop celiac disease. There is a strong association with human leukocyte
antigen (HLA) [24]. The genes encoding for HLA molecules are found in the major
histocompatibility (MHC) complex on chromosome 6. The primary function of class
IT molecules is to bind peptide antigens and present them to a T cell receptor on CD4
(helper) T cells. B and T cells normally recognize self-antigens as ‘safe’ and it does not
lead to an immune response. Similarly, oral administration of antigen leads to immune
tolerance by the means of anergy, immunologic tolerance, which refers to the failure to
mount a full immune response against a target. Such oral tolerance fails for gluten (and
certain other prolamin) peptides in celiac disease at which point a T cell response is
engaged [25]. MHC class II molecules consist of an o and B chain and they are encoded
by three different loci, HLA-DR, -DQ, and -DP, which display ~70% similarity to each
other. DQ2 and DQ8 are linked to celiac disease [26, 27]. HLA-DQA1 genes code for
two a-chains (a1 and a2) and HLA-DQB1 genes code for two B-chains (B1 and B2).
These are associated as heterodimers on the surface of antigen presenting cells and form
a cleft that binds antigens [28]. HLA-DQ2 is encoded by the HLA-DQA1*05 allele
(a-chain) and HLA-DQB1*02 allele (B-chain). The two alleles are often present in
the cis conformation on the DR3 HLA-DQA1*0501-DQB1*0201 haplotype (HLA-
DQ2.5cis), which is also common to many other autoimmune disorders [29]. They
can also be encoded in trans on the HLA-DQA1*0505-DQB1*0301/ DQA1*0201-
DQB1*0202 haplotypes (HLA-DQ2.5trans), Figure 2.
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Figure 2. HLA-DQ?2 is encoded by the HLA-DQA1*05 allele (0-chain) and HLA-DQB1*02 allele
(B-chain). The two alleles are often present in the cis conformation on the DR3 HLA-DQA1*0501-
DQB1*0201 haplotype (HLA-DQ2.5cis). They can also be encoded in #rans on the HLA-DQA1*0505-
DQB1*0301/ DQA1*0201-DQB1*0202 haplotypes (HLA-DQ2.5trans).

DQ2.5 heterozygotes are the most common HLA configurations and represent up
to 50% of the HLA types found in celiac disease patients [30]. Disease susceptibility
depends on the dosage effect of the DQ2.5 heterodimer. One of the DQA1*0501
and DQB1*0201 alleles appears to be sufficient for conferring susceptibility to celiac
disease [25, 26]. However, the highest risk for developing celiac disease are those that
display DQB1*02 homozygosity (carrying DQB1*02 on both chromosomes) [31-33].
In a recently performed large international study, homozygosity for HLA haplotype
DR3-DQ2, conferred the highest risk of celiac disease autoimmunity and celiac disease

and was associated with the earliest onset [34].

DQ8 is a heterodimer composed of a-chains encoded by DQA1*0301 and B-chains
encoded by DQB1*0302. In celiac disease overall, HLA-DQ8 is found in 5-10% of
patients [27, 30]. A dosage effect for DQ8 molecules has also been suggested [27].

Celiac disease patients not having any of these above mentioned HLA genes are a rarity,

only approximately 0.4% [27]. The frequency of celiac risk HLA genotypes in the

24



general population is approximately 30-40% but higher frequencies have recently been
reported [34, 35]. However, only 1-3% actually develop the disease. As the heritability
of celiac disease is estimated to be 80% and HLA is estimated to contribute 35-40%
of the genetic risk there must be more genetic risk factors involved in celiac disease
susceptibility [36, 37]. Twin studies show a large discrepancy in the concordance rate of
celiac disease in monozygotic twins (75%) compared to HLA-identical dizygotic twins
(11%) [38, 39]. Thus, HLA genes are important, but not sufficient to predispose to celiac
disease. Genome-wide association studies (GWAS) so far allowed the identification of
39 non-HLA CD-associated loci that together contain 115 different genes. Most of
them control T-cell activation and recruitment, pointing to an altered immune system
response underlying celiac disease. However, individually each of these non-HLA genes
is believed to play a relatively small role in celiac disease [36]. The 39 non-HLA loci
could explain nearly 14% of the genetic variance of celiac disease, with the HLA locus
accounting for another 40% as mentioned earlier. Thus, much heritability in celiac

disease still remains unknown.

Gluten as the trigger and the subsequent immunologic response

Autoimmune disease affects as many as 5% of the people in the Western world [40].
Autoimmunity can lead to autoantibodies, antibodies against host antigens, or to
autoreactive T cells, lymphocytes. Autoimmune disease is described as an abnormal
immune response, directed against antigenic components of the host mediated by
the pathogenic autoantibodies or the autoreactive T cells (cell-mediated autoimmune
disease). Despite the fact that gluten, and not a self-antigen, is the active cause, celiac

disease can be viewed as an organ-specific autoimmune disease.

The normal immune response: The immune responses usually result from the combined
effects of antigen-specific stimuli on the immune system and of antigen-non-specific
activation of antigen-presenting cells processes [41]. Regulatory mechanisms usually
limit the development of autoimmune responses. There are numerous mechanisms
involved in maintaining the homeostasis and balancing immune responses directed
to eliminate invading pathogens with the need to minimize collateral damage to the
tissue as a result of a defect immune response [42]. Dendritic cells (DCs) are central to
the process in deciding whether a T cell becomes activated or deleted and this control
takes place during T cell priming in lymphoid organs. If the T cell becomes activated,
DCs influence what type of effector or regulatory functions it will gain [43, 44].

DCs regulatory properties are influenced by the signals they receive from the tissue
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environment and the intestinal dendritic cells gain immune regulatory properties from
the gut environment and imprint gut-homing specificity on T cells. Another control
occurs in the tissue, called ‘licensing’, where cytotoxic T lymphocytes (CTLs) receive
necessary signals to become functional effector and memory cells or become resistant

to the inhibitory effects of regulatory T cells [45, 46].

As mentioned before, one of the specific characteristics for celiac disease as an
autoimmune disease is that the antigen that triggers the abnormal immune response
is a non-self antigen. Gluten ingestion is a prerequisite to develop celiac disease and as
described above, genetic susceptibility is another prerequisite for celiac disease as for

many other autoimmune disorders.

Gluten

Wheat is widely consumed by humans and is one of the three most important crops in
the world, together with maize and rice [47]. Wheat contributes essential amino acids,
minerals, and vitamins, and beneficial phytochemicals and dietary fiber components to

the human diet, and these are especially enriched in whole-grain products.

The main route of wheat being introduced into Europe was via Anatolia to Greece
(8000 BP) and then through the Balkans to the Danube (7000 BP) and across to
Italy, France and Spain (7000 BP), reaching the UK and Scandinavia by about 5000
BP. Wheat spread via Iran into central Asia reaching China by about 3000 BP and to
Africa, initially via Egypt. It was introduced to Mexico in 1529 and to Australia in
1788. Despite wheat being a relatively ‘new’ food source, bread wheat shows sufficient
genetic diversity to allow the development of over 25 000 types which are adapted to

different environments [48].

The protein content of wheat varies from about 10-15% of the grain dry weight, with
about half of the total being storage proteins [49]. The gluten protein fraction brings
the viscoelastic properties essential for dough formation of wheat flour and makes it
the base for bread, noodles, pasta, and other food products, widely used in the food
industry. The large majority of the proteins are of a single type called prolamins. If
dough is washed, a proteinaceous mass is left that is highly elastic. Gluten comprises
approximately 75% protein on a dry weight basis, with most of the remainder being
starch and lipids [47]. As a consequence of its widespread usage in the food industry,
the daily gluten intake on a gluten-containing diet in the United States and Western
Europe is high, between 15 and 20 g per day [50].
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Gluten is a heterogeneous mixture of gliadins and glutenins in wheat or similar proteins
in barley and rye, called hordeins and secalins, respectively [51]. The avenins in oats
are homologous to gluten but much less so than the hordeins and secalins [52]. Gluten
has a very high content of the amino acids glutamine (30%) and proline (15%) and
because of its high proline content, the 33-mer gliadin peptide is highly resistant to
degradation by gastrointestinal enzymes. Thus, large immunogenic gluten peptides will
reach the gut mucosa. Long, proteolytically resistant fragments were widespread within
the o-gliadin, y-gliadin, glutenin, hordein and secalin protein families of wheat, rye
and barley. In contrast, investigations on sequences of avenins from oats showed no
peptide products longer than 10 amino acids and their susceptibility to proteolysis
before reaching the gut mucosa, corresponds to their low proline content, an average of
6% in avenins. Furthermore, these avenin fragments contain T cell epitopes recognized
by intestinal T cells of oats-intolerant patients with celiac disease [53, 54]. However,
consumption of oat thus results in a much lower exposure to antigenic peptides, in
comparison with the other cereals, and this is apparently tolerated, as it does not lead

to disease in the majority of patients [50].

The immunologic response

Gluten seems to have a dual effect upon the small bowel mucosa. Under normal,
intestinal homeostasis conditions, enterocytes secrete signals and the dendritic cells
help to maintain the homeostasis. However, in celiac disease, the intestinal homeostasis
system is disrupted. There is a combination of activity by the innate and adaptive
immune system in the generation of gliadin-reactive T cells, a cytotoxic response, and
autoantibody formation. When gluten is ingested, small toxic peptides, induce an
innate unspecific immunologic response, characterized by the activation of intraepithelial
lymphocytes (IELs) expressing the activating receptor NK-G2D, a natural-killer-cell
marker. The majority IELs are CD8+ T cells and in active celiac disease, the number of
these cells is markedly increased [50, 55]. The activated lymphocytes become cytotoxic
and kill enterocytes and interleukin 15 (IL-15) is involved in this process. The ability of
the intestinal epithelial cells to lyse enterocytes contributes to the typical tissue damage
in celiac disease [56]. IL-15-dependent NK cell-like transformation of IELs may be
an essential step in the immunopathology of refractory celiac disease [50, 51]. This
innate immune response will favor enterocyte apoptosis mechanisms and tight junction
weakening, together with oxidative and immune stress, and will also inhibit the secretion
of homeostatic signals by enterocytes. Within this tissue microenvironment, newly

recruited dendritic cells at the lamina propria are not educated into a homeostatic profile.
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Figure 3 a) The parts of gluten that are resistant to processing by luminal and brush-border enzymes will
survive digestion, and can be transported across the mucosal epithelium as polypeptides. Gluten peptides
are deamidated by tissue transglutaminase (TG2), which, in the intestinal mucosa, is located mainly
extracellularly in the subepithelial region, but is also found in the brush border. CD4* T cells in the lamina
propria recognize deamidated gluten peptides predominantly, presented by HLA-DQ2 or -DQ8 molecules
on the cell surface of antigen-presenting cells (APCs). b) Immunofluorescence staining of TG2 (pink),
HLA-DQ (green) and T cells (CD3; purple) in the small-intestine mucosa of an untreated celiac-disease
patient. Note that there is a close spatial relationship between TG2, APCs that express HLA-DQ and T cells
just beneath the epithelium. Immunofluorescent image courtesy of H. Scott, Rikshospitalet. Reproduced
with permission from Nature Reviews Immunology, copyright © Nature Publishing Group [61].

On the contrary, proinflammatory dendritic cells are generated and capture antigens
arriving in the lamina propria for antigen presentation, thus favoring the development
of proinflammatory cytokine-secreting lymphocytes that are ultimately involved in
tissue injury and the loss of immune tolerance [45]. Tissue injury is also mediated by
metalloproteases, produced by stimulated residential stromal and immune cells, and
their expression may be activated by Th-1 type cytokines [57]. Interferon (IFN)-a,
which is highly expressed in celiac disease mucosa may play a critical role in promoting
the differentiation of proinflammatory dendritic cells [58]. The production of IFN-y
is a signature of “gluten” peptide—specific HLA-DQ2—- and HLA-DQ8-restricted T

cells that are isolated from the mucosa of the small intestine of celiac disease patients,
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and it is considered to have a key role in the downstream initiation of mucosal damage
[59]. This profile of cytokines is responsible of the epithelial lesion, characterized by
the presence of IELs, crypts hyperplasia, villous atrophy, and chronic inflammatory

infiltrate at the lamina propria.

The adaptive immunologic response is performed by the increased permeability that
permits immunologic peptides such as 33-mer to enter the lamina propria. Both HLA-
DQ2.5 and HLA-DQS8 favor the binding of peptides with negatively charged amino
acids at anchor residues. Gluten peptides, however, are largely devoid of negative
charges, and native gluten peptides thus bind poorly to HLA-DQ2.5 or HLA-DQ8. The
calcium-dependent enzyme tissue transglutaminase (T'G2) can modify gluten peptides
to fit the requirements for high affinity binding to HLA-DQ2 and HLA-DQ8 and
convert non-charged glutamine into negatively charged glutamic acid, a process called
deamidation [21, 22] Figure 3. TG2 is mostly retained intracellularly in an inactive
form and is activated upon its release during tissue damage [60]. Thus, something
must trigger tissue damage which initiates TG2 release, allowing the modification of
gluten peptides. The initial CD4+ T cell response may be directed against native gluten
peptides and this may be sufficient to induce tissue inflammation and consequently
TG2 activation [42]. This could represent the first breach in oral tolerance to gluten
and trigger a self-amplifying loop: CD4+ T cell responses against native gluten peptides
lead to IFN- production, to upregulation of HLA, and further amplification of the
gluten-specific T cell response. TG2 released upon tissue damage increases the gluten

peptide load, which will ultimately lead to more tissue damage [50].

Environmental factors

As described earlier, HLA and the 39 non-HLA loci in celiac disease can explain
approximately 50% of the variation in celiac disease risk. Among monozygotic twins
with celiac disease, 25% never contract the disease. It should be considered that these
twins have the same genetics and in addition often have partly similar environmental
exposures by being brought up in the same household during the same time period.
Thus, it is evident that environmental factors have an important role in the development
of celiac disease although many issues are still unsolved. Among those discussed here
are infections, microbiota, breastfeeding and gluten introduction with respect to age and

amount and overlap with breastfeeding.

Enteric viruses may affect the permeability of the mucosa in the small intestine and may

contribute to disease development in a genetically predisposed individual [51]. High
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frequency of rotavirus infections may increase the risk of celiac disease autoimmunity
in childhood in genetically predisposed individuals [62]. A population-based incident
case-referent study showed that repeated infectious episodes, regardless of type of
infection, during the first six months of life was associated with a significantly increased
risk for later celiac disease. Moreover, a synergistic effect between early infections
and daily amount of gluten intake was found, more pronounced among infants for
whom breastfeeding had been discontinued prior to gluten introduction [63]. Others
have found contradictory results; infections during the time of gluten introduction
was not a risk factor for future celiac disease although the authors could not exclude
the possibility that specific pathogens constitute risk factors for celiac disease, since
the risk estimates for infection at the time of gluten introduction were of borderline
statistical significance. No association was found between age at gluten introduction or

breastfeeding duration and future celiac disease [64].

Many recently performed studies have focused on trying to understand the relationship
between the human gut microbiota and celiac disease pathogenesis. Even though some
differences in the gut microbiota between the children with celiac disease and healthy
have been found, the findings have so far been inconclusive [65-67]. However, it
seems as if conditions leading to disturbances in the composition of the gut microbiota
early in life can lead to long-term dysbiosis, with an excess of celiac disease-associated
bacteria. These abnormal microbiota compositions may influence the amount of
proinflammatory cytokines and the responses to gluten and constitute a major risk

factor for contraction of celiac disease in genetically at risk children [66].

Breastfeeding influences the composition of the intestinal microbiota and protects
against gastrointestinal infections [68]. Breastfeeding during the introduction of dietary
gluten, and increasing duration of breastfeeding were associated with reduced risk
of developing celiac disease [69]. However, introducing foods containing gluten in
the first three months of life increases a child’s risk of celiac disease autoimmunity.
Interestingly, waiting until the seventh month or later to first introduce food containing
gluten marginally increases the risk for celiac disease autoimmunity compared with
introducing gluten between the age of four and six months [70]. Yet, it was not clear
from the primary studies whether breastfeeding delays the onset of symptoms or provides
a permanent protection against the disease. A foreign antigen such as a food protein at
a specific time interval in infancy could promote immune tolerance. It has been shown
that to maintain tolerance to a food that was once responsible for allergy, continual
exposure of the immune system to the allergen may be necessary [71]. The introduction

of gluten at six months of age is a long-standing practice but in 2001, the World Health
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Organisation (WHO) revised its recommendation for exclusive breastfeeding from
four to six months [72]. These recommendations were aimed at reducing morbidity
in developing countries, but may not be appropriate in the growing world population
experiencing progressive industrialization and escalating risk of immune dysregulation.
The rising rates of allergic and autoimmune diseases highlight the susceptibility of these
tolerance pathways to environmental changes. Although the mechanisms are not clear,
many of these conditions (including food allergies, celiac disease and type 1 diabetes)
manifest early in life, indicating that immune dysregulation is a very early event [73].
Animal models suggest that tolerance is an antigen (allergen)-driven process and that
exposure to these proteins during a critical early window of development may be
essential to this process. This also appears to coincide with the establishment of healthy
gut colonization, which has been shown to be essential in promoting tolerance to
both allergens and self antigens [74]. Delays in either colonization or antigen/ allergen
exposure can lead to failure of oral tolerance [70, 71]. Thus, the optimal timing of the

introduction of gluten in the infant’s diet has still to be investigated.

In this thesis, paper I evaluates the possible relationship between infant feeding and later
risk for celiac disease. We investigated and compared the total prevalence of celiac disease,
including both previously diagnosed (clinically detected) and screening-detected cases, in two
birth cohorts of 12-year-olds that differ regarding infant feeding.

Clinical presentation

Gastro-intestinal and extra-intestinal symptoms

The signs and symptoms of celiac disease can vary greatly and are influenced by
age. As mild symptoms are common, the majority of individuals with celiac disease
remain undiagnosed [2, 5]. Younger children often present with a classical disease
with gastrointestinal symptoms, weight loss, malabsorption and growth retardation
[75, 76]. Abdominal pain, vomiting, and constipation are atypical gastrointestinal
symptoms more common in older children and teenagers but the clinical presentation
seems to have changed in recent decades and the proportions of patients suffering
from classical gastro-intestinal symptoms, including weight loss, are decreasing. Many
reports indicate that patients with celiac disease instead have a high or normal body
mass index (BMI) at diagnosis [77-80]. More patients get celiac disease diagnosed due
to extra-intestinal conditions and symptoms such as arthritis, neurological diseases,
iron-deficiency, anemia, short stature and delayed puberty [81-83]. The neurological

symptoms associated with celiac disease include cerebellar ataxia, idiopathic epilepsy,
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peripheral neuropathy, and recurrent headaches [84]. Psychiatric problems including
depression and anxiety are especially common in adolescents with celiac disease
and evidence suggests that the gluten-free diet may help in alleviating depression in
adolescents with celiac disease [85]. Frequent oral aphthous ulcers and dental enamel
defects can occur [86], as well as low bone mineral density and osteoporosis [81]. In
adults, approximately one-third of patients at their diagnosis of celiac disease have signs
of osteoporosis, one-third have osteopenia, and one-third have normal bone mineral
density [87]. Many patients have no symptoms and are found in screening studies for

example in a child or adolescent with celiac disease-associated conditions [75, 88, 89].

Body Mass Index (BMI) As described above, in contrast to previous beliefs, it is now
well known among adult patients that they have normal weight or even overweight.
Some studies show that BMI increases on a gluten-free diet, especially in those who
adhere closely to the diet [90]. However, other studies describing BMI in individuals
at diagnosis of celiac disease and/or after introduction of a gluten-free diet have shown
contradictory results. Few studies examining BMI and other growth parameters have

been performed in children, and the findings of those studies have been inconclusive

[91-93].

The main objective of paper I in this thesis was to examine weight, height, and BMI in
12-year-old children with untreated screening-detected celiac disease and to compare these
parameters with their healthy peers.

Associated disorders of celiac disease
including thyroid autoimmunity

Celiac patients have an increased rate of autoimmune diseases. A significantly increased
prevalence of other autoimmune diseases has been reported in individuals with celiac
disease and their first-degree relatives as compared to controls [94-98], with an estimated
burden of autoimmune disease in celiac disease cases up to 15% and this compares
with 3% in the general population [40]. The diseases include most commonly type
1 diabetes, thyroid diseases, psoriasis, neurologic problems, and autoimmune liver
diseases [99]. Celiac hepatitis usually follows a benign course with slightly elevated
transaminases but there have been reports that liver failure was reversed with a gluten
free diet [81]. In addition, celiac disease has an association with selective IgA deficiency
and with chromosomal disorders such as Down syndrome and Turner syndrome [100].

Dermatitis herpetiformis is characterized by an often symmetrical, vesicular appearance
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and pruritus. Treatment is with a gluten-free diet and Dapsone, an antibacterial agent,
can be used for symptomatic relief of the rash. The diagnosis is likely under-recognized

since it is easily mistaken for other more common dermatological disorders [101].

Paper I11 and paper 1V focus on thyroid disorders, as described below.

Thyroid disorders

The association between celiac disease and thyroid diseases such as Hashimoto
thyroiditis, has been well established [102-104]. Hypothyroidism occurs in 5%-15%
of adult patients with celiac disease [102, 105]. This is about four times greater than
the risk of hypothyroidism in controls [97]. Celiac disease occurs in 2%-5% of people
with autoimmune thyroid disease, which is significantly more prevalent than controls
[106, 107]. The relation between celiac disease and autoimmune thyroid disease has
been attributed to a common genetic susceptibility and the association with the gene
encoding cytotoxic T-lymphocyte-associated antigen-4, in both diseases. This is a
gene known to confer predisposition to thyroid autoimmunity. Furthermore, it has
also been shown that tT'G-2 IgA antibodies react with thyroid tissue and this could
contribute to the coexistence between celiac disease and thyroid disease [106, 108]. In
general, autoantibodies are markers of future disease in presently healthy individuals
[109]. In particular, antibodies against thyroid peroxidase (TPO Abs) are an early sign
of lymphocytic infiltration in the thyroid gland. These antibodies are known to be
a hallmark of autoimmune thyroid disease and present in almost all adult patients
with Hashimoto’s thyroiditis [109-112]. TPO antibodies seem to directly inhibit the
enzymatic activity of TPO and cause thyrocyte destruction by complement-mediated
and/or antibody-dependent cell-mediated cytotoxicity [111]. In most cases, the immune
response to the target cells progressively destroys the endocrine gland, and hypofunction
is the main clinical manifestation [111, 113]. Gluten exposure, as in untreated celiac
disease, has been suggested to increase the risk of developing these related autoimmune
diseases compared to individuals with celiac disease on a gluten free diet [114-116].
However, the role of gluten in associated autoimmune disorders is still unclear and other
studies have shown contradictory results [117-119]. Furthermore, data on children are

scarce and recently performed studies have shown conflicting results [120, 121].
Thus, the aim of our studies in this thesis, paper III and IV, was to investigate the association

of thyroid autoimmunity and thyroid function in 12-year-old children with celiac disease
(treated and untreated) compared to their healthy peers (Paper Il and IV).
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Diagnosis of celiac disease

Serology: In the 1980s, sensitive and specific serological tests were developed for
celiac disease and these are now used as a first triage. Serological testing of these celiac
antibodies, IgA tissue transglutaminase (tT'G), IgA endomysial (EMA), and IgA and
IgG deamidated gliadin peptide antibodies (anti-DGP), has become more and more
important for the diagnosis of celiac disease. The autoantibodies used for serologic
testing of untreated celiac disease have among the highest sensitivity and specificity,
approaching 95 %, compared to other autoantibodies for detecting autoimmune
disorders [122]. All antibody-based serologic tests are expected to normalize on a
gluten-free diet, thus, test accuracy depends on ongoing gluten consumption. This

means that serological tests also can be used to monitor celiac disease activity.

One of the first antibodies to use was anti-gliadin antibody (AGA) during the 1980s.
However, this test for both IgA and IgG has significantly lower sensitivity and specificity
compared to the recently developed tests and the positive predictive value is less than
30%, thus, it is hardly used to find celiac disease anymore [122].

EMA (endomysial antibody) was developed in the middle of 1980s and has both a
sensitivity and a specificity of above 90% in patients with overt villous atrophy.
Unlike AGA, anti-tTG and —~DGP assays, which are based on the enzyme-linked
immunosorbent assay (ELISA), the EMA assay is based on immunofluorescence. It
is significantly more expensive since it requires either monkey esophagus or human
umbilical cord tissue as a substrate. There is also a high interobserver variability since it

requires individual interpretation [122].

In 1997, tTG was identified as a celiac disease autoantigen [21], which resulted in the
development of an ELISA-based test without the difficulties in immunofluorescence
detection of patients’ autoantibodies. ELISA tests are technically less demanding and
less subjective than the indirect immunofluorescence methods used to detect EMA.
TG-ELISA can be performed in standardized fashion in any clinical laboratory, and TG
is the main EMA autoantigen. Accordingly, TG-ELISA is reccommended as the primary
serological screening test for celiac disease. The concordance rate between EMA and

TG is very high and there is generally no need to utilize both [123].

The total IgA level should be measured before the test, because more than 2% of patients
with celiac disease have a selective IgA deficiency. IgA autoantibody tests may be negative
even in active celiac disease. In patients in whom low IgA or selective IgA deficiency is

identified, IgG-based testing (IgG anti-DGP) and IgG tissue transglutaminase, anti-
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tT'G) should be performed [124]. Antibodies against DGP are based on the conversion
of certain gluten peptides to deamidated peptides by the action of intestinal tTG. These
peptides bind with high affinity to human leukocyte antigen DQ2 or DQ8 on celiac
patients’ antigen-presenting cells to potently stimulate the inflammatory T-cell response
in the mucosa of patients with celiac disease. The result is an antibody response to these
deamidated gliadin peptides that displays a higher specificity for celiac disease than
antigliadin antibodies [37]. These antibodies are mostly used for identification of celiac
disease in children below two years of age and in patients with IgA deficiency. The

sensitivity and specificity of anti-DGP testing in this population seem to be equivalent

to those of IgA anti-tTG [125, 126].

Histology: As described earlier, Paulley, 1954, reported that the clinical manifestations
of celiac disease are linked to destruction of the lining of the small intestine. The
subsequent development of the peroral intestinal biopsy 1955-1956, resulted in that
the gluten-dependent enteropathy based on the histologic assessment of the intestinal
mucosa became the standard for diagnosis of celiac disease [16]. Thus, for a long period,
a small bowel biopsy was obtained by using a capsule. The capsule method is able to get
biopsies from more distal parts of the upper small intestine and the specimens obtained
are usually bigger in size compared to the samples obtained via endoscopy [14, 127].
The major problem is that only one biopsy can be obtained, hence, nowadays, most
gastroenterological clinics use endoscopic biopsy using a small-diameter, flexible and
fiberoptic instrument. This has many advantages, including that the mucosa of the upper
gastrointestinal tract can be visualized and multiple biopsy samples can be obtained.
The current recommendation is four-six specimens from different locations, including
the duodenal bulb, since the bulb can be the only affected part [128]. Particularly four
macroscopic endoscopic findings suggestive of villous atrophy have been described: loss

of circular folds, mosaic pattern, scalloping and nodularity [129, 130], Figure 4.
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Figure 4. Left: Normal intestinal mucosa. Right: Mucosal damage due to celiac disease with scalloping
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and nodularity.
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Microscopically, the mucosal changes are classified histologically according to Marsh
[14-16]. The histological characteristics with villous atrophy and crypt hyperplasia
and increased intraepithelial lymphocytes are hallmarks of celiac disease. The Marsh
classification, modified by Oberhuber, is based on villous height and constitutes of
four levels of intestinal damage. Marsh type 1 is increased number of lymphocytes on
intact mucosa. Marsh type 2 and types 3a-c have increased levels of villous atrophy and
crypt hyperplasia. Marsh type 4 is very rare and includes total atrophy of the mucosa
including crypts [131]. It has to be noticed that the villous lesions can also be caused
by for example infections such as Giardiasis, Helicobacter Pylori and also by immune
deficiency, collagenous sprue and Crohn’s disease. However, other diagnoses than celiac

disease as causes of villous atrophy in Sweden are infrequent, Figure 5.

Genetic tests: Because individuals with celiac disease almost always have the DQ2
or DQ8 molecule, as described earlier, the absence of either of these molecules by
genetic testing basically excludes the possibility of celiac disease. However, the presence
of either molecule does not guarantee that celiac disease will develop in an individual.
Thus, genotyping for the presence of HLA-DQ2/DQ8 has a high negative predictive
value and is of value mainly for excluding the disease [89], Figure 6.

Figure 5. The most common histological mucosal changes classified according to Marsh, modified by
Oberhuber. A. Normal mucosa B. Marsh type 1, intraepithelial lymphocytosis-positive immunostaining
for CD3 C. Marsh type 1, intraepithelial lymphocytosis (IEL) D. Marsh type 3a, partial villous atrophy
E. Marsh type 3b, subtotal villous atrophy F. Marsh type 3c, total villous atrophy. Images provided by Dr
Patrick Joost, Department of Pathology, Skane University Hospital, Lund.
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CELIAC DISEASE AND HLA RISK

. GENERAL POPULATION

HLA DQB1*02/DQA1*05 (DQ2)
OR DQB1*0302/DQA1*03(DQ8)

[ CELIAC DISEASE

Figure 6. Figure showing the relationship between the general population, HLA-type and celiac disease.

Treatment

The only effective treatment today is a gluten-free diet, that is, a lifelong elimination of
wheat, rye and barley from the diet. Non-dietary treatments are under investigation but
still not used in clinical practice [132]. Although the nutritional diet is safe and effective,
the implications of every day life and the social burden should not be neglected since
grains are common staple food and, as described above, gluten is the base for bread,
noodles, pasta, and other food products, widely used in the food industry [133]. Oats
are considered relatively safe although it is not generally recommended since most of the
commercially available oats are contaminated by gluten during growing, transportation
and milling [1]. The elimination of gluten usually induces clinical improvement within
days or weeks, though histologic recovery takes months or even years. Especially among
adults, the mucosa may show a persistent abnormal histopathological appearance

despite a clinical response [134].

Compliance with a gluten-free diet

A gluten-free diet can thus be challenging for the patient. A multidisciplinary approach

is of uttermost importance to motivate the affected children and the role of the dietitian
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is very important. Adherence to a gluten-free diet effectively results in a return to
health [135]. A survey among teenage boys and girls with celiac disease showed that
the nutrient intake of this age group with celiac disease was comparable to that of their
healthy control peers [136]. Among the same group of children, both the children
with screening-detected celiac disease and the ones with clinically diagnosed celiac
disease still reported comparable health related quality of life as their peers without
celiac disease [137]. However, many adolescents experience challenges related to dining
services and social situations [138]. Another study show that patients with celiac disease
are satisfied with the diagnosis and are motivated to adherence although particularly
those who are diagnosed young, who suffer from extraintestinal symptoms or who are

totally asymptomatic and diagnosed by screening require additional support [139].

Non-responsive celiac disease (NRCD)

This is defined as persistent symptoms, laboratory findings and signs of celiac disease
despite at least 12 months of treatment with a gluten-free diet. The first step is to rule
out other diagnoses since other causes to villous atrophy will require different treatments
and do not respond to a gluten-free diet. A substantial proportion of patients are at risk
of this condition, approximately between 7 and 30%. The condition is referred to as
either primary if there is initial failure to respond to a gluten-free diet or secondary if
symptoms or laboratory abnormalities consistent with celiac disease re-develop after an
initial response to a gluten-free diet [140, 141]. Unintentional gluten exposure is the
most common cause of NRCD. Other causes are irritable bowel syndrome, refractory

celiac disease, lactose intolerance and microscopic colitis [141, 142].

A possible protective effect of a gluten-free diet

Studies have shown conflicting mortality data regarding undiagnosed celiac disease [143]
although the majority of the studies have suggested that patients with undiagnosed,
untreated, celiac disease have a slightly higher mortality rate than those with negative
serology for celiac disease[144-146]. A large population-based study showed a modestly
increased risk of death in both children and adults who were diagnosed with celiac disease,
the risk decreasing with time, but still significant after five years of diagnosis[147]. Both
patients with positive celiac disease antibodies but normal intestinal biopsy, “latent
celiac disease” and those with inflammation but without villous atrophy in duodenal
biopsies were also at an increased risk of death. These patients had pathological changes
that may be part of the spectrum of celiac disease but do not acquire the celiac disease

diagnosis and are not traditionally prescribed a gluten-free diet [148]. Most of the
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excess risk occurs in the first year after diagnosis suggestive that persisting inflammation
is a contributing factor. Even if a patient is well-treated with a gluten-free diet, it takes
time for the mucosa to heal. Cardiovascular disease and malignancy are among the
main causes of death in celiac disease patients [147]. The mortality in celiac disease

decreases over time with appropriate treatment [145, 146].

In the beginning of the 21th century, a few studies showed that an early diagnosis
and subsequent treatment and adherence to a gluten-free diet could prevent the
development of other autoimmune diseases and that the auto-antibodies for diabetes
and thyroid disease among celiac disease patients tend to disappear on a gluten-free
diet [114, 115]. However, the relationship between treating celiac disease and the
prevention of autoimmune disease remains controversial and as described above, the
role of gluten in associated autoimmune disorders is still unclear and other studies
have shown contradictory results [117-119]. Among patients with type 1 diabetes and
celiac disease, there is some evidence for a beneficial effect when adhering to a gluten-
free diet, for example undetected celiac disease in these patients is associated with a
higher prevalence of retinopathy, nephropathy and poor glycemic control [149, 150].
Notwithstanding, the evidence are not completely convincing [151]. There seems to
be an increased prevalence of undiagnosed subclinical or silent forms of celiac disease
in first-degree relatives of celiac disease patients as well as a high risk of autoimmune
disorders. This indicates that for persons with a genetic predisposition for celiac disease,
it is beneficial to be aware of not only the long-term risks of an unrecognized and
untreated celiac disease as described above (i.e., malignancies, osteoporosis, infertility,

and so on) but also for associated autoimmune conditions [95].

Refractory celiac disease

About 5% of the celiac disease patients are at risk of developing refractory sprue defined
as persistent symptoms and lack of mucosal healing despite a strict gluten-free diet
[152]. The symptoms include persistent nutritional deficiencies, weight loss, and
malabsorption and it can be a precursor to enteropathy associated T cell lymphoma.
Weight loss, a potential marker of celiac disease severity may be associated with
lymphoma risk. Compliance to a gluten-free diet did not significantly alter the risk, but
a moderate effect cannot be excluded [153, 154]. Refractory celiac disease patients who
do not respond to a gluten-free diet and have aberrant intestinal T cells have greatly
increased levels of homozygosity for the DR3-DQ2 haplotype (44-62%), compared
with other celiac disease patients (20-24%) [27, 29, 32, 155].
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Screening

If mass-screening for celiac disease or not should take place is still a matter of debate. The
arguments against screening include low positive predictive values of current serological
tests and that the natural course of celiac disease is still unknown. Other arguments
against screening include difficulties in maintaining adherence to a gluten-free diet,
conflicting mortality data regarding undiagnosed celiac disease as described above and
lack of data regarding cost-effectiveness [156]. Advocates of a general screening note
that celiac disease meets World Health Organization criteria for diseases that authorize
mass screening: the condition is common; clinical detection is difficult; screening
tests are highly sensitive and specific; effective treatment is available; and untreated
disease can lead to complications [157]. The conflicting data with regard to mortality
risk in undiagnosed celiac disease are likely due to differences in age, definitions of
seropositivity, and follow-up time. However, the general perception is that arguments
do not justify screening for celiac disease in the general population but instead focus on

active case finding and screening in high-risk groups [156, 157].

Epidemiology and celiac disease in Sweden

The prevalence of celiac disease is 1 to 3% in the general population in Europe and
North America and approximately 10% among first-degree family members of patients
with celiac disease [1, 158, 159]. The prevalence has increased in developed countries
over recent decades and there are large regional differences both between and within
countries [160]. The occurrence of celiac disease resembles an iceberg since the majority

of all cases remain undiagnosed [2, 5, 161].

Sweden experienced an “epidemic” of celiac disease (1984-1996) in children below two
years of age [162], Figure 7. A four-fold increase in the incidence of clinically detected
disease, followed by a comparable decrease one decade later, was confirmed through
the National Swedish Childhood Celiac Disease Register [162-164]. The epidemic has
been partly attributed to differences between the epidemic and post-epidemic birth
cohorts regarding infant feeding, more specifically the proportion of infants breastfed
at the time of gluten introduction and the amount of gluten fed to the infants during
its introduction [162, 165]. In 1982, approximately two years prior to the beginning of
the epidemic, Swedish pediatricians recommended postponing gluten introduction in
infants from four until six months of age in an attempt to postpone the development
of the disease, in accordance with the changed European recommendations at that time

[166]. Later, it was also shown that the gluten content of Swedish industrially produced
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The Swedish epidemic of celiac disease
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Figure 7. The Swedish epidemic of celiac disease with the arrows showing the point in time when
the infant feeding recommendations changed thereby rendering the birth cohorts during and after the
epidemic, exposed to different infant feeding [162, 164].

milk cereal-based follow-on formulas and porridges concurrently had been substantially
increased in order to substitute for a reduction in milk, which was decreased to reduce
the protein load in the infants [162]. During the epidemic when the incidence of celiac
disease was high, a case referent study was performed, indicating a protective effect of
breastfeeding and gluten introduction. Gluten introduced in small amounts during

ongoing breastfeeding was preferable [165].

Taken together, the changes in infant feeding resulted in birth cohorts with different
infant feeding patterns on a population level. During the epidemic, a more abrupt
introduction to large amounts of gluten after weaning, was common and during
the post epidemic period, introduction of small amounts of gluten during ongoing

breastfeeding was the most common practice.

Whether infant feeding affects the occurrence of the disease, or merely the clinical
expression and/or age at disease onset, is still unknown. Thus, the relationship
between infant feeding and celiac disease risk, as well as between infant feeding and
other autoimmune diseases and allergies, is still controversial, and evidence-based

complementary feeding strategies are limited [73, 167].
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Sweden has had an epidemic of celiac disease of the youngest children without
counterpart in the rest of the world, which provides a unique opportunity to explore the
causes of celiac disease and its consequences. As the Swedish epidemic of celiac disease
was seen among clinically detected children it can be considered in two different ways:
either as an increase followed by a decrease in the proportion of clinically detected cases
(the children with symptoms) but without a change in the prevalence of the disease, or

as a real change in celiac disease prevalence.

42



Aims

The overall aim was to investigate environmental factors related to the prevalence of

celiac disease and to study associated clinical features among the affected children.
The specific aims were:

* To make an evaluation of the prevalence of celiac disease including both clinically-
and screening-detected cases, in Swedish 12-year-old children born during the
celiac disease epidemic and post-epidemic periods, and to relate these findings to

changes over time in infant feeding (Paper I).

*  To examine if weight and height can be used to predict celiac disease in children

(Paper II).
* To assess any association between celiac disease, clinically detected (i.e. treated)

and screening detected (i.e. untreated) and autoimmune diseases such as thyroid
g y

autoimmunity and thyroid dysfunction (Paper III and IV).
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Subjects and methods

Overall study design

The ETICS study - Exploring the Iceberg of Celiacs in Sweden - was conducted in
five study sites across Sweden: Umed, Norrkdping, Norrtilje, Vixj6é and Lund. The
background to the study was the Swedish epidemic of celiac disease without counterpart
in the rest of the world [162]. The study was designed by five pediatricians and later
further developed by a multdisciplinary research group including the involved PhD
students, research nurses, dietitians, health economists, epidemiologists and laboratory
personnel, among others. The ETICS study is part of the ‘Prevent CD’ European project
[168]. A two-phased celiac disease cross-sectional screening study was performed.
The screening was school-based, performed in 2005-2006 and in 2009-2010, and
included two birth cohorts of 12-year-olds, one representing the epidemic birth cohorts
(born in 1993) and the other representing the postepidemic cohorts (born in 1997).
The multicenter study covered the same geographic areas of Sweden, and each of the
five sites included a major city with municipalities in the surrounding suburbs and
countryside. Clinically detected celiac disease (i.e., celiac disease diagnosed within
routine clinical care before the study) was reported at enrollment, but these children

were also encouraged to take part in the study.

The National Swedish Childhood Celiac Disease Register was used to confirm the
reported clinically detected celiac disease cases [163]. This is an incidence register,
initiated in 1991 and in 1998, the register was expanded to become nationwide and
to include all 47 pediatric departments. Reporting is based on a standardized form
including parents’ consent, personal identity number, gender, basis for diagnosis and

date at diagnosis.

Atotal of 10041 children from the 1993 cohortwere invited, with 7567 (75%) participating
and 7208 (72%) blood sampled. Corresponding numbers for the 1997 cohort were: 8284
invited, with 5712 (69%) participating and 5424 (65%) blood sampled with the help of
research nurses visiting the schools. In the 1993 cohort 8.8% of the population birth
cohort was invited (cohort size: n=117997). The corresponding proportion for the 1997
cohort was 9.2% (cohort size: n=90502) (Statistics Sweden; www.scb.se). In total, 12632
children (69% of those invited) participated, with similar sex ratios in both birth cohorts,
p=0.99 (48% and 49% girls in the 1993 and 1997 groups, respectively).
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Screening strategy and definitions

Clinically detected celiac disease, was reported by the parents at enrollment and
ascertained through the Celiac Disease Register and/or the child’s medical record. The
other children were screened through analysis of serological markers and all children
with positive values were referred to the pediatric department at their study site for case
ascertainment with small intestinal biopsy. Criteria for diagnosis were Marsh type 3a-c
enteropathy, or the combination of Marsh type 1-2 enteropathy, HLA-DQ2/DQS8,
symptoms or signs compatible with celiac disease, and clinical response to a gluten-free
diet. Age at celiac disease diagnosis in clinically detected cases was defined as the age at

the first small intestinal biopsy.

A summary of the screening strategy and case ascertainment, on which prevalence
comparisons were based, resulting in a diagnosis of screening-detected celiac disease,
i.e. celiac disease undiagnosed prior to the study and detected through the screening, is

presented in Figure 8.

Visit to the Small intestinal

: Celiac disease
pediatric department biopsy

Blood sample analyses

tTG-IgA <2 U/ml
tTG-IgA >4 U/ml

tTG-IgA 2-4 U/ml
+ EMA-IgA positive

Assessment of

symptoms*

Associated conditions v

Family history Marsh 0

Additional laboratory Marsh |

analyses™*

) ) Marsh Il N o

Weight & height Clinical findings
Marsh llla-c HLA-DQ2/DQ8

HLA-DQ2/DQ8

- }

Diagnosis, initiation of
gluten-free diet, and
* Gastrointestinal complaints, irritability, tiredness. follow up.
** Blood count-, basic metabolic -, thyroid function-, liver function-test

Figure 8. Figure depicting the screening procedure. Bold indicates further diagnostic procedures. The
intestinal biopsies were blindly evaluated by a second pathologist. Adapted with permission from Anna
Myleus’ thesis, 2012.
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Laboratory analyses to find celiac disease cases

All serum samples were analyzed for tTG-IgA and values above 4 U/mL were considered
positive. Intermediate values of tTG-IgA (2-4 U/mL) were additionally analyzed for
EMA-IgA with values equal to or more than a 1:5 dilution considered as positive.
Children with tTG-IgA below 2 U/mL were classified as non-cases.

tTG-IgA was determined by conventional enzyme-linked immunosorbent assay using a
commercial kit (Celikey®, Phadia GmbH, Freiburg, Germany). EMA-IgA was analyzed
with indirect immunofluorescence technique using tissue sections from marmoset
monkey esophagus mounted on glass slides (The Binding Site, Birmingham, UK). Sera
yielding fluorescent binding to the endomysial structure were diluted to determine
the lowest titer detectable. Analyses were performed according to the manufacturer’s

instructions at the same laboratory.

While all samples in the first phase were analyzed for total serum-IgA, this was not
performed in the second phase due to low yield (two additional cases found). IgA-
deficiency was defined as serum levels below 0.06 g/l. When total serum-IgA was low
(<0.5 g/l), analysis of tTG-IgG was performed. The cut-off for positive tTG-IgG was
set at 6 U/ml, and serum samples with intermediate values (3-6 U/ml) were further
analyzed for EMA-IgG with 1:5 dilution as the cut-off for positivity. Total serum-IgA
levels were analyzed using a routine nephelometric method (BN Pro Spec® System,
Dade Behring, Marburg GmbH, Germany). tT'G-IgG and EMA-IgG were determined
by the same methods as for the IgA analyses.

Prevalence comparisons were based on the same screening protocol in both phases, i.e.

excluding the two cases found after analyses of IgG antibodies in the first phase.

Case ascertainment for screening-detected celiac disease cases

Children with values above the cut-off described above were referred to the closest
pediatric department and recommended to undergo a small intestinal biopsy (Figure 8).
Biopsies were taken mainly by gastroscopy with the recommended four to six biopsies
from the duodenum and the bulb. In the first phase, a few clinics used a suction capsule
but in the case of normal small intestinal mucosa, re-biopsy was performed using
gastroscopy [169]. Histological assessment of the biopsies were performed according to
the revised Marsh-Oberhuber classification [170]. A second pathologist blinded to the
previous result, examined all the biopsies. In case of disagreement, a third pathologist

evaluated the biopsy.
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Children with screening-detected celiac disease were genotyped for HLA- DQ2/DQ8.
DNA was extracted from whole blood using the Blood & Cell Culture DNA Kit
(QIAGEN?®, Hilden, Germany). Genotyping for HLA alleles encoding for DQ2/DQ8
was performed by multiplex-PCR reactions with oligonucleotide probe hybridization
and detection on agarose gel (Eu-DQ° test, Eurhospital SpA, Trieste, Italy).

Comparison of changes in celiac disease prevalence
over time and infant feeding (Paper I)

Paper I was based on the children from both cohorts, included in the ETICS study,
described in detail above. The total number of screening-detected celiac disease cases
and clinically detected cases for each birth cohort were compared and the changes in

prevalence were related to infant feeding.

Ascertainment of infant feeding

Questionnaires regarding the differences in infant feeding between the cohorts were
completed by 67% of the participating families before the results from the serological
screening were known. The questions included breastfeeding duration and age at gluten
introduction. The duration of breastfeeding was defined as the period of time when
the infant was exclusively or partially breastfed. Age at introduction of gluten was the
first month of life when flour from wheat, rye or barley was given. The background
to the questionnaires was the changes in infant feeding demonstrated at the time of
the Swedish epidemic as described earlier. Already known from previous studies were

the differences in infant feeding between the cohorts summarized in Table 1. Infant

Table 1 - Characteristics of infant feeding in the two birth cohorts.

Birth cohort of 1993 Birth cohort of 1997

Introduction of gluten-containing food

From 6 months of age X

In small amounts, from 4-6 montbhs of age X
Average daily flour consumption’ (g/child/day) 38 24
Proportion of infants breastfed?

4 months of age (%) 77 83

6 months of age (%) 63 74

n children below 2 years of age [162]
’Exclusively or partially breastfed. Statistically significant difference between cohorts at both ages
(P<0.001) The National Board of Health and Welfare (www.socialstyrelsen.se)
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feeding practices shifted from a favorable to an unfavorable pattern, and back again

with respect to celiac disease risk, Figure 7 [165, 171].

Growth parameters in the children with celiac disease

compared to their healthy peers (Paper II)
Paper II was based on the children from both cohorts, included in the ETICS study,

as described above. The total number of screening-detected celiac disease cases formed
our celiac disease cohort. Children with an existing diagnosis of celiac disease (n = 96)
were excluded from this study since the main objective was to examine the difference

in growth parameters between untreated celiac disease cases and their healthy peers.

Ai’ll‘b?’OpOWleﬂ'l'C assessment

Weight and height were measured at the time of the screening for celiac disease
according to standard procedures. All school nurses were given uniform instructions on
how to carry out these measurements. The scales were recently calibrated, and a wall-
mounted stadiometer was used for measuring height. The children wore light clothing
and no shoes and were measured with their body in a straight line and their head in an
appropriate position. BMI was calculated as weight (kg) divided by the square of the
height (m?) and categorized using the cut-off points recommended by the International
Obesity Task Force (IOTF) [172]. Age- and sex- specific cut-off points corresponding
to the adult BMI value of <18.5 (defined as underweight) and > med 25 (defined as
overweight) were used. As a reference, adult BMI 25 corresponds to 21.22 for 12-year-
old boys and to 21.68 for 12-year-old girls and adult BMI 18.5 corresponds to 15.35
for 12-year-old boys and to 15.62 for 12-year-old girls [172, 173].

A nested case-control design within the ETICS study
on thyroid autoimmunity and thyroid function

(Paper I and IV)

Among the 12632 children who had their blood sampled in the ETICS study described
above (69% of those invited), we identified 335 celiac disease cases (200 girls) whereof

93 had previously diagnosed celiac disease and 242 (139 girls) were screening-detected
within the ETICS-study.
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A nested case-control design was used to evaluate the risk of thyroid autoimmunity
related to the treated, i.e. the previously diagnosed celiac disease cases and untreated
screening-detected celiac disease cases, respectively. The main analyses of papers Il and
IV were hence based on 335 celiac disease cases as described above and 1695 controls,
matched for sex and age. The controls were randomly selected from all cohort members
free of celiac disease at the time of diagnosis, with a final ratio of 5 controls per case.
The mean age at diagnosis among the previously diagnosed celiac disease cases was
4.7 and the median was 2.8 years. At 12 years of age (i.e. the age of the screening-
detected and the controls when the screening was performed), the previously diagnosed
cases had thus been on a gluten-free diet approximately 8 years. The majority of the
previously detected (83/93) had a normal tTG at the time of the screening and the rest
had a slightly raised tT'G (range 4.1 to 29.9). The total number of celiac disease cases
formed our celiac disease case group. This group was used as a basis for screening of

thyroid autoimmunity and thyroid function.

Thyroid autoimmunity and thyroid function

Autoantibodies of IgG type directed against TPO were measured in blood samples
and used as an indicator of thyroid autoimmunity and expressed as arbitrary units per
milliliter (U/mL). The cut-off value for TPO positivity was set to 100 U/mL (Varelisa
TPO Antibodies, Phadia GmbH, Freiburg, Germany). TSH and T4, used as markers
of thyroid function, were determined with reagents from Roche (Roche Diagnostics,
Mannheim, Germany) on Cobas e602. The TSH assay is standardized against the 2nd
International Reference Preparation (IRP) WHO Reference Standard 80/558. The
limit of detection and functional sensitivity of the TSH assay are 0.005 and 0.014
mlIU/L, respectively. Reference range (normal) for the test was 0.51-4.3 mIE/L. The
standardization of the fT4 assay is traceable to an equilibrium dialysis method. The fT'4
assay has a measuring range of 0.3-100 pmol/L. Reference range (normal) for the test
was 12-22 pmol/L.

Thyroid function was classified using the American Thyroid Association guidelines
[174]. Overt hypothyroidism was demonstrated by an increase in TSH serum
concentration above the reference range described above and a significant decrease in
fT4 serum levels below the reference range. Subclinical hypothyroidism was noted by
an increase in TSH serum concentration and normal fT4. Overt hyperthyroidism was
noted by a decrease in TSH serum levels below the reference range and an increase of

fT4 above the reference range; subclinical hyperthyroidism was indicated by a decrease

of TSH serum levels and normal fT4.
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Statistical Analyses

Power of the ETICS study and estimation of sample size

The same total celiac disease prevalence in the two birth cohorts was our prespecified
null hypothesis. The acceptable limit for a Type I error was set at 5% (0=0.05), and
for a Type II error at 10% (B=0.10), corresponding to a statistical power (1-f) of 90%.
Considering an assumed difference in prevalence between the cohorts of 0.5%, it was
necessary to have a sample size of approximately 7 000 children, with approximately

5 000 consenting to participate, from each cohort.

The same statistical significance was set in all four studies, defined as an odds ratio
(OR) with a confidence interval (CI) not including 1, or a two-tailed P<0.05. Microsoft
Access 2010 (Microsoft, Redmond, WA) was used for handling the ETICS database,
and statistical analysis was performed using SPSS Statistics for Windows (Version 21.0,
IBM Corp, Armonk, NY).

Paper I

Prevalence was reported as cases per 1000 individuals with a 95% confidence interval
(CI) and percentages. Prevalence comparisons between cohorts were calculated by
using the log-transformation method (Open Access program WinPepi 11.8) [175] and
expressed as prevalence ratios with a 95% CI and P values. Comparisons for proportions
and medians were performed by using the chi-square test and the Mann-Whitney U

test, respectively.

Paper 11

Continuous variables were reported as the median and interquartile range (IQR) because
of unequal sample size and skewed distributions. The 25th and 75th percentiles are
described in the text. Categorical variables were reported as the number and percentage
of subjects with the characteristic of interest. Between-group comparisons were
performed with the Mann-Whitney U test for continuous variables and with chi-square
or Fisher’s exact test for categorical variables as appropriate. These tests were performed
on the whole group as well as after stratifications. Univariate logistic regression models

tested the odds of having celiac disease while being underweight or being overweight.
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Paper III and IV
The relation between celiac disease and TPO Abs positivity and between TPO Abs

positivity and hypothyroidism were analyzed with logistic regression. Results were
presented as odds ratios (OR) with 95% confidence intervals (CI) and the 95% CI not

including 1.0 were considered statistically significant.

Ethical considerations

The Regional Ethical Review Board of Umed University, Umed, Sweden, approved the
ETICS study [Dnr UmU 04-156M]. All studies complied with Swedish legislation
(e.g., the Personal Data Act; SES 1998:204 and the Biobanks in Medical Care Act;
SES 2002:297) and the Helsinki declaration. The established personal register within
the study was listed at Umea University [dor UmU 101-2496-04]. Written informed
consent was obtained from the parents or legal guardians of all children participating

in the screening.
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Results

Prevalence of childhood celiac disease and changes in

infant feeding (Paper I)

Comparison between birth coborts

The screening procedure revealed a total celiac disease prevalence of 29 in 1000 in
the 1993 cohort, including both clinically and screening-detected cases [3] and 22 in
1000 in the 1997 cohort. A significantly lower risk for celiac disease in children born
after the celiac disease epidemic (1997) compared with during the epidemic (1993)
was observed at 12 years of age (prevalence ratio: 0.75; 95% CI: 0.60-0.93; P = 0.01;
Figure 9). Comparison between birth cohorts of clinically detected cases resulted in
a prevalence ratio of 0.68 (95% CI: 0.45-1.0; P = 0.07), showing a trend towards
significance. We found a significantly lower prevalence of positive serological markers

in the 1997 cohort compared with the 1993 cohort (prevalence ratio: 0.74; 95% CI:

3.0 Clinically Positive  Total prevalence

detected serology
Prevalence
(%)
2.0+

1.0+ B Cohort of 1993

[ Cohort of 1997

Screening-detected
P=0.01 celiac disease cases

0.0~

P=0.07 P=0.01

N
Prevalence- 1.0

ratio with
95 % CI 0.8+
0.6~
04

Figure 9 - Comparison of the two cohorts. A statistically significant difference in the celiac disease

prevalence is shown.
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0.58-0.94; P = 0.01), and the difference remained in biopsy-verified cases (prevalence
ratio: 0.78; 95% CI: 0.6-1.0; P = 0.006), approaching statistical significance (Figure
9). There was no difference between the birth cohorts in the proportion of clinically
vs. screening-detected cases (30% vs. 28% clinically detected cases; P = 0.59). Among
the clinically detected cases, there was a significantly lower median age at diagnosis
for the birth cohort of 1993 than the cohort of 1997 (1.7 vs. 5.5 years; P = 0.04).
Considering both cohorts together, celiac disease was more common among girls than
boys (prevalence ratio: 1.6; 95% CI: 1.3-2.0; P < 0.001), but the difference was more
pronounced in the 1997 cohort (prevalence ratio: 1.8 vs. 1.4).

Screening of the 1993 Cohort
The main findings are summarized in Table 2 and Figure 10. Clinically detected

celiac disease was identified in 66 cases, all but one had their diagnosis confirmed with
a duodenal biopsy. The non-biopsied case had EMA 1/320, family history of celiac
disease, and clinical response to a gluten-free diet. Positive tTG-IgA and enteropathy
were found in 151 screening-detected cases, all carrying the HLA-DQ2/DQ8 haplotype
(Table 2).

Cohort of 1993 Cohort of 1997

% 10041 Invited 8284 F
7208 (72%) Blood sampled 5424 (65%)
187 (2.6%) Positive serology 104 (1.9%)

Biopsy-verified

screening-
151 (Zj‘l%) detected celiac 89 (lj'(’%)

disease
Clinically Ej
66 (0.89%) detected celiac 34 (0.60%)
disease

Total celiac

217 (2.9%) disease 123 (2.2%)

prevalence

Figure 10 - Cross-sectional screenings of celiac disease in two birth cohorts. Numbers are given in the
boxes with the percentage shown in brackets.
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Table 2 - Celiac disease screening outcome with respect to serological markers, biopsies and HLA
genotyping in two birth cohorts of 12-year-olds.

1993 Cohort 1997 Cohort
n (%) (%) n (%)
Positive serological markers
tTG-IgA >4 U/mL 167 (89) 85 (82)
{TG-IgA 2—4 U/mL and EMA-IgA >1:5 20 (11) 19 (18)
Total 187 104
Girls 100 68
Small intestinal biopsy evaluation
Marsh type 3 139 (92) 88 99)
Marsh type 2 2 (1.3) 0
Marsh type 1 and symptoms/signs' 9 (6.0) 1 (1.0)
Non-interpretable 1 (0.7)? 0
Total number of cases 151 89
Girls 80 57
HLA genotyping
DQ2 113 (75) 71 (80)
DQ2/DQ8 23 (15) 8 9.0)
DQ8 15 9.9) 9 (10)
Non-DQ2/DQ8 0 0
Not available 0 1 (1.0)°

! Symptoms included gastrointestinal complaints, deviation in weight or height, anemia, fatigue, heredity
for celiac disease and other autoimmune disorders. 2 Diagnosis based on tTG>100 after gluten-challenge,
biopsy non-interpretable and parents declined repiobsy. > Diagnosis based on tT'G >100 U/mL and
Marsh type 3 enteropathy

Screening of the 1997 Cohort

Clinically detected celiac disease, confirmed with a duodenal biopsy, was identified in
34 cases, of which 22 were girls and 12 were boys, corresponding to a prevalence of
6.0 in 1000 (95% CI: 4.1-8.3; Figure 10). Positive serological markers were found in
104 children, corresponding to a prevalence of 19 in 1000 (95% CI: 16-23). Small
intestinal biopsies and mucosal evaluation were performed in 99 children (95%). Five
families declined additional investigation. We identified 89 children who fulfilled the
diagnostic criteria (Table 2). The prevalence of biopsy-verified screening-detected
celiac disease was 16 in 1000 (95% CI: 13— 20). The total celiac disease prevalence in
the 1997 cohort was 22 in 1000 (95% CI: 18-26; Fig 9), with a prevalence of 28 in
1000 (95% CI: 22-35) among girls and a prevalence of 15 in 1000 (95% CI: 11-20)
among boys. All successfully genotyped screening-detected cases (99%) carried the
HLA-DQ2/DQ8 haplotype (Table 2).
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Infant Feeding in the Study Population

Duration of breastfeeding was seven and nine months in the 1993 and 1997 cohort,
respectively (P < 0.001), which is in agreement with the proportion of infants breastfed
at six months of age in the Swedish population (Table 2). Median age at gluten
introduction was five months in both cohorts; nevertheless, the proportion of infants
with breastfeeding continuing beyond gluten introduction was significantly larger in
the later cohort (70% vs. 78% in the 1993 and 1997 cohort, respectively, P < 0.001).
Comparable infant feeding patterns were observed for the celiac disease cases and the

respective study population in each cohort (data not shown).

Participants

B .

12632

L% |

Excluded-
previously detected
celiac disease

Children without
celiac disease

| 12204

Biopsy-verified
screening-detected
celiac disease

242

| 127

239

Available growth
parameters

Figure 11 - Flowchart depicting the screening procedure. Cross-sectional screenings performed in
12-year-old children across Sweden to investigate the prevalence of celiac disease and to assess the growth
parameters in comparison with healthy children. The numbers of children are given in the boxes.

56



Body mass index is not a reliable tool in predicting celiac

disease in children (Paper II)
In total, 12632 children (69% of those invited) participated as described earlier. Out of

these, 242 newly detected celiac disease cases were identified within the study as a result
of the screening. Weight and height were available in 239 (99%) children with newly
detected celiac disease (57.3% girls) and in 12227 (99%) of the study participants
without celiac disease (48.5% girls) (Figure 11).

The children with screening-detected celiac disease weighed on average less compared
to the children without celiac disease (median weight 45.2 kg, IQR 41.1- 54.4 kg vs.
47.0 kg, IQR 40.2-52.2 kg, p = 0.01) (Table 3). There was no statistically significant
difference in weight between girls and boys within the celiac disease group (p = 0.86). The
children with screening-detected celiac disease were also significantly shorter compared
to the children without celiac disease (median height 156.5 cm, IQR 151.0-162.0
cm vs. 157.5 cm, IQR 152.0-163.0 cm, p = 0.04). The distribution of underweight,
normal weight, and overweight differed significantly between the groups. Among the
patients with screening-detected celiac disease, 4.2% were underweight, 82.0% were
of normal weight, and 13.8% were overweight. In the group of healthy children, the
proportions were 5.2%, 72.8% and 21.9%, respectively (Table 3 and Figure 12). Using

children with normal weight as a reference group, there was no association between

i Overweight
CELIAC DISEASE & Normalweight

“ Underweight

W Overweight
NONCELIAC DISEASE

i Normalweight

© Underweight

Figure 12. The distribution between overweight, normal-weight and underweight differed between the
celiac disease patients and their healthy peers.
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Table 3 - Comparison of BMI, weight and height between children without celiac disease (CD) and

children with screening-detected celiac disease.

GROUPS, n (%) No CD CD P-value®
n=12227 n=239
Girls, n (%) 5932(48.5) 137(57.3)
Age-and sex-adjusted BMI, n (%)
<18.5 kg/m* 641(5.2) 10(4.2)
18.5-24.9 kg/m? 8906(72.8) 196(82.0)
225 kg/m? 2680 (21.9) 33(13.8) 0.01*
BMI (kg/m?*) median (IQR)
All 18.8(3.85) 18.6(3.15) 0.05*
Girls 18.8(3.84) 18.6(3.37) 0.22
Boys 18.8(3.88) 18.6(2.67) 0.13
Weight (kg) median (IQR)
All 47.0(13.3) 45.2(12.0) 0.01*
Girls 47.1(12.9) 44.9(13.0) 0.07
Boys 47.0(13.6) 46.2(11.0) 0.09
Height (cm) median (IQR)
All 157.5(11.0) 156.5(11.0) 0.04*
Girls 158.0(9.9) 156.0(10.4) 0.04*
Boys 157.0(11.2) 157.0(12.6) 0.32

* Statistical significance defined as P<0.05 and marked with *

being underweight and the risk of having undiagnosed celiac disease (OR 1.3, 95%
CI 0.7-2.4). However, the risk of having celiac disease was significantly lower among

overweight children (OR 0.56, 95% CI 0.4-0.8).

BMI was slightly lower among the children with screening-detected celiac disease
compared to their healthy peers (median 18.6 kg/m?, IQR 17.1-19.8 kg/m? vs.
18.8 kg/m?, IQR 17.2-21.1 kg/m?, p = 0.05).

Among the girls with screening-detected celiac disease (n = 137), 2.2% were underweight,
83.9% were of normal weight, and 13.9% were overweight compared to 6.6%, 73.8%,
and 19.8% of their healthy peers, respectively (p = 0.02). The girls with screening-
detected celiac disease were also significantly shorter compared to their healthy peers
(median height 156.0 cm, IQR 151.6-162.0 cm vs. 158.0 cm, IQR 153.0-162.9 cm,
p = 0.039). Among the boys with screening-detected celiac disease (n = 102), 6.9% were

underweight, 79.4% were of normal weight, and 13.7% were overweight compared
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Table 4 - Comparison of BMI between girls and boys without celiac disease (CD) and girls and boys

with screening-detected celiac disease.

GROUPS, n (%) No CD CD p-value
Age- and sex-adjusted BMI
Girls 5932(48.5) 137(57.3)

<18.5 kg/m? 391(6.6) 3(2.2)

18.5-24.9 kg/m? 4376(73.8) 115(83.9)

225 kg/m? 1165(19.6) 19(13.9) 0.02*
Boys 6295(51.5) 102(42.7)

<18.5 kg/m? 250(4.0) 7(6.9)

18.5-24.9 kg/m? 4530(72.0) 81(79.4)

225 kg/m? 1515(24.0) 14(13.7) 0.03*

* Statistical significance defined as P<0.05 and marked with *

to 4.0%, 72.0%, and 24.1%, respectively, among their healthy peers (p = 0.03).
Overall, the distribution of underweight, normal weight, and overweight in sex-

stratified subgroups showed a similar pattern as the whole group (Table 4).

Thyroid autoimmunity and thyroid function in children

with celiac disease compared to healthy 12-year-olds
(Paper I1I and 1V)

Thyroid autoimmunity

TPO status was obtained in 2023 (99.7%) out of the 2030 children in our nested
case-referent study. A higher proportion of the children with celiac disease than their
healthy peers showed signs of thyroid autoimmunity, defined as high titers of TPO Abs
(17/242 (7.0%) (OR 2.6, 95% CI 1.5-4.6) vs. 7/93 (7.5%) (OR 2.8, 95% CI 1.2-6.4)
vs. 48/1695 (2.8%), screening detected vs. previously detected vs. healthy. Thus, the
proportion having positive TPO Abs was equally high in both celiac disease groups.

Thyroid function

TSH, T4 and TPO status for determination of thyroid disease classes were obtained in
1949 (96.1%) out of the 2030 patients. In 80 patients (3.9%) insufficient blood sample
volume precluded laboratory analysis. Among the 72 patients with TPO positivity,
TSH status was obtained in 70 children.
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Table 5. Thyroid involvement and thyroid disease classification of the study participants with and
without thyroid autoimmunity, respectively.

Thyroid function in the No CD Screening CD Previously CD
TPO Abs-positive group® n=46 (%) n=14 (%) n=7 (%)
Overt hypothyroidism 1(2.2) 2 (14.3) 1(14.3)
Subclinical hypothyroidism 11(23.9) 5 (35.7) 2 (28.6)
Euthyroidism 34 (73.9) 7 (50.0) 2 (28.6)
Subclinical hyperthyroidism --- --- 2 (28.6)
Overt hyperthyroidism --- --- -
Thyroid function in the No CD Screening CD Previously CD
TPO Abs-negative group® n=1585 (%) n=202 (%) n=82 (%)
Overt hypothyroidism - - -
Subclinical hypothyroidism 99 (6.2) 18 (8.9) 6 (7.3)
Euthyroidism 1484 (93.6) 184 (91.1) 75 (91.5)
Subclinical hyperthyroidism 1(0.1) --- 1(1.2)
Overt hyperthyroidism 1(0.1) --- ---

* Three children could not be classified according to the American Thyroid Association guidelines and
were excluded in the table above. ® Ten children could not be classified according to the American
Thyroid Association guidelines and were excluded in the table above.

Of those children with TPO positivity, 18 (25.7%) had subclinical hypothyroidism
and four (5.7%) had overt hypothyroidism. Nobody had overt hyperthyroidism but
two (2.8%) showed signs of subclinical hyperthyroidism. Among children without
TPO Abs, 123 (6.3%) showed subclinical hypothyroidism and no one had overt
hypothyroidism whereas two (0.1%) had subclinical hyperthyroidism and one (0.1%)
had overt hyperthyroidism. Detailed information describing the thyroid disease classes
in each celiac disease group and among their healthy peers, with and without signs of
thyroid autoimmunity respectively is shown in table 5. Overall the group with TPO
Abs positivity (with or without CD) showed an odds ratio of 7.2 (95% CI 4.2-12.2,
p < 0.001) for hypothyroidism.

Hypothyroidism was more common in children with celiac disease and TPO Abs
positivity than in children without celiac disease but with TPO Abs (10/21 (47.6%)
vs. 12/46 (26.1%), thus an increased risk for children with celiac disease + TPO Abs
compared to healthy children + TPO Abs (OR 3.1, 95% CI 1.03-9.6, p = 0.044).

In all groups, the OR of developing hypothyroidism with a positive TPO Abs titer was:
(a) 5.3 (CI2.7-11.0) in healthy 12-year olds; (b) 10 (CI 3.2-32.0) in screening-detected
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Table 6 - The Odds Ratio of having thyroid dysfunction in the different celiac disease groups using
healthy children as a reference.

Groups n OR 95 % CI p-value
Healthy 1631 1.0 -

Previously detected CD 89 2.1 1.1-4.0 0.023
Screening detected CD 216 1.8 1.1-2.8 0.016
All CD 305 1.9 1.3-2.7 0.002

Abbreviations: OR=o0dds ration; CI=confidence interval CD=celiac disease

celiac disease cases; (c) 19 (CI 2.6-135.0) in previously detected celiac disease cases;
(d) 12 (CI 4.4-32.0) in the celiac disease case group. In general, (without consideration
to TPO Abs status), having celiac disease almost doubled the risk of having thyroid
dysfunction (Table 6).

TPO Abs-negative children with celiac disease did not have an increased risk of
hypothyroidism compared to their healthy peers without TPO Abs (24/284 (8.4%) vs.
(99/1585 (6.2%), all CD vs. healthy, OR 1.4, 95% CI 0.87-2.2, p = 0.17).
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Discussion

Methodological considerations

Research designs

Randomized controlled trials are often considered the gold standard in evidence-based
medicine and optimal for e.g. pharmaceutical trials. However, many research questions
cannot be approached by such a design due to practical and ethical constraints, and in
addition the generalizability of the results to the real world can be limited. On the other
hand, observational study designs involve individuals in their natural environment
both with respect to exposures (e.g. infant feeding) and outcomes (e.g. celiac disease),
taking advantage of the variation in exposures between individuals and sometimes also

changes in exposure over time [177, 178].

The key difference between the two designs is that in the randomized controlled trial
the exposure is by purpose and randomly allocated to different individuals (as an
experiment), while the observational designs take advantage of variation in exposure
between individual that occurs outside the control of the researcher. The latter implies
that potential confounding needs to be taken care of in the stage of analyses instead.
Irrespective of study design - experimental or observational — each step of the study

needs to be scrutinized with respect to quality [179].

Cross-sectional studies: A cross-sectional study is an observational study in which
exposure and outcome are determined simultaneously for each subject [180]. In this
research project, the celiac disease screening of the adolescents had a population based
cross-sectional design, considered preferable for determining the prevalence. The primary
limitation of the cross-sectional study design is that because the exposure and outcome
are simultaneously assessed, there is generally no evidence of a temporal relationship
between exposure and outcome. Consequently, as we aimed to discern whether the
prevalence of celiac disease (including both clinically detected and screening-detected
cases, the latter previously unrecognized) had changed over time, we conducted two
large cross-sectional screening studies consecutively with four years apart and otherwise
with a methodology that was as similar as possible. Including all the children in the
same age group added more strength to the study. As it previously had been shown that
infant feeding had changed over time [162, 171, 181] this implies that we approached
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two birth cohorts with different exposures, but with the same follow-up time for both
(i.e. up to 12 years of age). Thus, our design could be described as quasi-experimental
taking advantage of changes that has been imposed on the population from outside,

but not by the researchers.

Cohort studies: The identifying feature of a cohort study design is that the subjects are
followed over time. Cohort studies begin with all individuals of a certain group, thus
contains individuals that are exposed and not exposed to a factor of interest, respectively,
and then evaluate the subsequent development of outcomes in both groups [182].
When a prospective cohort design is used, these studies are typically time consuming
and expensive, although historical cohort studies for example based on registers bypass
these challenges. Both a cross-sectional study and a cohort study can be used as the
sampling frame for a nested case-control study as in paper III and IV in this research
project. The cases and controls are both chosen from a defined group and in this project
from the two cohorts of children born 1993 and 1997. By utilizing data previously
collected from our screening study, the time and cost of beginning a new case-control
study is avoided. The case control design is often used when the exposure of interest is

difficult or expensive to obtain and when the outcome is rare [179].

Potential errors in observational studies

Sources of errors in epidemiology can be random or systematic. Before concluding that
an individual study’s conclusions are valid, one must consider the following sources of

error that might provide an alternative explanation for the findings.

An example of random error is sampling error and the best way to reduce this is to
increase sample size. Sample size in turn affects precision [179, 182]. Sample size must
be large enough to reach statistical significance if there is an existing difference between
the compared groups. In this project, we had enough statistical power to determine
the difference in prevalence of celiac disease in the different cohorts, paper I (see under
Method Section). In the case-control study (paper III and IV) the number of cases was
pre-determined, however, the statistical power was increased by selecting more than one
control per case and by a procedure of matching for certain characteristics, as age and
sex. The sample size was large enough to be convincing with respect to the variables
studied although the statistical power was not sufficient enough to detect smaller
effects or to perform stratified analyses. The precision of the study was improved by an

appropriate ratio of matched controls selected for each case. Whereas precision refers
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to lack of random error, validity refers to a lack of systematic error [182]. We will first

describe systematic error before mentioning validity.

In contrast to random error, bias refers to systematic errors in any type of epidemiologic
study that result in an incorrect estimate of the association between exposures and

outcomes [179].

Selection bias appears when there is a systematic differences between the people
included in the study and those not participating in the study. In both study cohorts,
we invited nearly 10% of the total Swedish birth cohort, and the study sites were
selected to represent the country from north to south. Participation rate was high in
both cohorts with only marginal differences between the sites. The populations in the
sites had similar consumption of health resources per capita and unemployment rates
as the national population (www.scb.se). For these reasons, we consider the samples as
likely to be representative of the country. We also consider the children from the birth
cohort 1993 representative for the birth cohorts from the decade of the epidemic period.
The participating students’ ethnic origin was considered representative of the different
ethnicity in Sweden as the ETICS study was school-based. Thus, it did not affect the
proportion of invited children with a specific genetic predisposition. Preliminary results
of genotyping for HLA-DQ2/DQ8 in a random sample in the 1993 and 1997 cohorts,
respectively, suggest that the proportion of children predisposed to celiac disease was
somewhat larger in the 1997 cohort, thus not explaining the lower prevalence seen in

this cohort.

Sample selection in a case-control study is complex. The most important issue to
consider is the process by which controls were selected and the resulting comparability
of cases and controls. The controls in our studies were different compared to the cases
with respect to the celiac disease diagnosis, but matched for age and sex to increase

similarity and thereby handling some aspects of potential confounding.

Measurement bias occurs when the individual measurements or classifications of
disease or exposure are inaccurate and recall bias, a differential recall of information by
cases and controls, is one of the most important to consider here [179]. Recall bias can
be reported either in a baseline questionnaire as in our screening studies, or in a case
control study where subjects with disease may remember past exposures differently than
those who do not have the disease. In the screening studies, we used questionnaires to

collect infant feeding data about breastfeeding duration and age at gluten introduction.
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The questionnaires were completed before knowing the screening results, thus, even if
this was a cross-sectional design, this part can be considered as prospective, minimizing
recall bias. The recall time was 12 years, and the parents might have difficulties in
remembering infant feeding data. However, the parents in both cohorts are likely to
remember equally poorly and non-differential misclassification might underestimate
a potential difference. Difficulties with remembering age at gluten introduction were
reflected by 13% missing answers in otherwise completed questionnaires. We have
previously shown that approximately 70% of the parents during the epidemic followed
the infant feeding recommendations and another study have shown that 60% of the
parents to children born after the epidemic [64] followed the revised recommendation.
Overall, there could have been a difference in age at gluten introduction but it might

not be evident after 12 years.

Our screening strategy with serological markers prioritized high sensitivity in order to
identify as many potential cases as possible, but in order to avoid non-cases misclassified
as cases, a small intestinal biopsy evaluating the mucosa and the presence of HLA-
DQ2/DQ8 were required for celiac disease diagnosis. To reduce the number of children
undergoing an unnecessary small intestinal biopsy (false positive markers) we used two
serological markers in sequence for some of the children; first tTG with a lowered
cut-off to increase sensitivity, and then EMA for all children with intermediate values.
The mucosal evaluation was also blinded for two and in some cases where the mucosa
was difficult to classify, even three different pathologists. The screening procedure was

identical in both the cohort of children born 1993 and in the children born 1997.

We used criteria for celiac disease that also included minor enteropathy (Marsh type 1
and type 2). However, restricting the diagnostic criteria to villous atrophy (Marsh type
3), as proposed in the recent European guidelines [89] did not alter the conclusion

(prevalence ratio, 0.79; 95% CI:0.63-0.98; P = 0.03).

In the BMI study, the weight and height measurements were performed according to
standard procedures (as opposed to self-reported), and this makes them very reliable

and comparable, thus minimizing measurement bias.

Confounding comes from the Latin word ‘confundere’ meaning ‘to mix together’ and
is a major challenge in epidemiological research [179, 182]. For a variable to be a
confounder it must be a risk factor for the outcome on its own and it may create a
cause-effect relationship that is not true. Confounding by age and gender in this project

was dealt with by matching, as performed in our nested case-control study. There are
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several methods in the analytical phase to handle confounding, such as stratification

and multivariate methods.

Validity means that a test measures what it is intended to measure, that is, there should
be no systematic error and the random error should be as small as possible [179].
Observational studies are evaluated in terms of both internal and external validity.
External validity is the ability to generalize study results to a more universal population
and internal validity is a prerequisite for external validity. We believe that our large birth
cohorts in the cross sectional screening studies are highly representative for the 12-year-
old children in the country in general. The internal validity of a study is defined as
the extent to which the observed difference in outcomes between the two comparison
groups can be attributed to the intervention rather than other factors. By minimizing

the bias as described above, we believe that the studies in this thesis all have high validity.

Findings and implications

The main finding in this thesis is a surprisingly high total celiac disease prevalence
among 12-year-olds in Sweden and the majority of the cases were unrecognized prior
to the screening in both cohorts. The Swedish celiac disease epidemic was observed
among clinically detected cases below two years of age. We have now shown that this
difference in clinically detected disease remained at 12 years of age. The prevalence
among children born 1997 was 2.2%, thus, a statistically significant decrease in total
prevalence compared to the children born 1993, during the epidemic, where the
prevalence of celiac disease was 2.9%. The finding of a difference in total prevalence
(ratio 0.75; 95% CI, 0.60-0.93, figure 10) in two similar birth cohorts four years apart
leads us to believe that celiac disease, to some extent, can be prevented by changing
environmental- and/or lifestyle factors. The main difference between the cohorts was
the infant feeding practices, as shown by the population data ascertained through
questionnaires, and our findings suggest that introduction of gluten-containing foods
during ongoing breastfeeding is favorable with respect to celiac disease risk. With the
exception of infant feeding, no other major changes in environmental- or lifestyle

factors in Swedish society were found during this time period.

Moreover, we found that, at a population level, children with celiac disease weigh less,
are shorter, and have a lower BMI compared to their peers without celiac disease, and
this emphasizes the importance of early recognition and treatment of the condition.
However, at an individual level, growth parameters are not reliable in predicting celiac

disease. Nonetheless, celiac disease has been associated with several other diseases,
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increased morbidity, and moderately increased mortality and diagnosis and treatment
are regarded as beneficial [147, 183-185].

The association with other autoimmune conditions, among them insulin dependent
diabetes mellitus and thyroid diseases such as Hashimoto thyroiditis, are well known
[102-104]. However, the role of gluten in associated autoimmune disorders is still
unclear and other studies have shown contradictory results [117-119]. We found the
prevalence of thyroid autoimmunity among 12-year-old children with celiac disease to
be almost three times higher than in the age- and sex- matched control group of children
without celiac disease. We did not find any difference in the prevalence of thyroid
autoantibodies in the group of children with previously diagnosed (treated) celiac
disease compared to the screening-detected (untreated) cases. Having celiac disease in
addition to TPO Abs, increased the risk of thyroid dysfunction, mainly presented as
subclinical hypothyroidism. Below are the individual papers discussed separately.

Prevalence of celiac disease and changes in infant feeding

(Paper I)

Our screening verifies that the epidemic pattern in celiac disease incidence seen in
Sweden between 1984 and 1996 represents a change in the actual disease occurrence and
not only a change in clinical presentation [162, 164]. Previous studies have indicated
that infant feeding affects the clinical presentation and/or age at disease onset [186,
187]. In line with these findings, we found a higher median age at diagnosis among the

clinically detected cases born after the epidemic compared to those born before.

Infant feeding recommendations The beginning and the end of the Swedish
epidemic of celiac disease were preceded by changes in infant feeding recommendations
and more specifically, regarding the age for introduction of gluten-containing
complementary food. The changes were implemented through the well-baby clinics
that are attended by almost all infants (99%, www.socialstyrelsen.se). In 1982, the
recommendation was changed to introduce gluten-containing food at six months of age
instead of four, and in 1996 the recommendation was revised again, now recommending
that gluten could be introduced from four months of age. From the questionnaires
completed before awareness of the screening results, no difference in age at gluten
introduction could be observed. Nonetheless, we found a difference between the cohorts
in the proportion of infants being introduced to gluten during ongoing breastfeeding,

probably a combined effect of the revised infant feeding recommendation and the
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increase in duration of breastfeeding (Table 1). Contemporaneously, but independently
of the revised feeding recommendations, the gluten content of Swedish milk and
cereal-based follow-on formulas was first substantially increased and later decreased
again [162]. The current Swedish infant feeding recommendation, revised as a result
of the celiac disease epidemic, implies both the aspects of gluten introduction in small
amounts and concomitant breastfeeding. Our findings suggest that this is favorable
with respect to celiac disease risk. In both European and US infant populations, similar

infant feeding practices have been recommended [188-190].

The hypothesis that early exposures influence celiac disease development is supported
by our previous pilot screening study, performed on the same birth cohorts, suggesting
a difference in celiac disease prevalence as early as 2.5 years of age [191] Oral tolerance
to an antigen develops early in life, and celiac disease can be viewed as a failure to
develop oral tolerance to gluten, or a later loss of this tolerance. The development of
oral tolerance is a complex immunologic process involving interactions between genetic

factors and environmental and lifestyle exposures, such as bacterial gut colonization

and infant feeding [73, 192].

Breastfeeding Breastfeeding has been associated with reduced risk for several
autoimmune diseases and for allergy [189]. With respect to celiac disease, we have
previously shown a protective effect of concomitant breastfeeding and introduction
of gluten-containing complementary foods [165], an effect also seen in other studies
but not in all [69, 193]. The current study suggests that this protective effect prevails
up to 12 years of age. Introducing gluten during ongoing breastfeeding may increase
the chance of developing oral tolerance through immune-modulating factors in breast
milk and/or influence on the gut maturation and colonization [192]. Differences in
the microbiota composition between formula-fed and breastfed infants have been
shown, which might involve an increased celiac disease risk because differences in gut
microbiota between individuals with and without celiac disease have been reported
[194, 195]. Furthermore, breastfeeding has been associated with a reduced risk of

gastrointestinal infections, an additional risk factor for celiac disease [62, 63, 189].

Age at gluten introduction As mentioned above, there might be a certain age
interval that provides a window of opportunity with respect to developing oral tolerance
[73, 192]. This window has been suggested to occur between four and six months of age
[70]. However, evidence concerning the most favorable age to introduce gluten is still
inconclusive [193, 196, 197]. Whether age between four and six months is preferable

69



for gluten introduction, in contrast to gluten avoidance until 12 months of age, has been
under investigation in a prospective intervention study. The primary outcome was the
prevalence of celiac disease autoimmunity and overt celiac disease among the children
at five years of age. Neither the delayed introduction of gluten nor breast-feeding was
found to modify the risk of celiac disease among at-risk infants, although the later
introduction of gluten was associated with a delayed onset of disease. A high-risk HLA
genotype was an important predictor of disease [198]. Another intervention study had
the primary outcome to study the frequency of biopsy-confirmed celiac disease at three
years of age after 475 participants had received 100 mg of immunologically active gluten
daily, and 469 received placebo from 16 to 24 weeks of age. Breast-feeding, regardless
of whether it was exclusive or whether it was ongoing during gluten introduction,
did not significantly influence the development of celiac disease or the effect of the
intervention. As compared with placebo, the introduction of small quantities of gluten
at 16 to 24 weeks of age did not reduce the risk of celiac disease by three years of age
in this group of high-risk children [199]. The general opinion is that introduction of
large amounts of gluten should be discouraged. Earlier data has shown that exposure to
gluten before four months of age increases the risk for celiac disease autoimmunity and
is not recommended [188]. The interventional studies show that early introduction of
gluten in genetically at-risk children may lead to earlier development of celiac disease
autoimmunity and celiac disease even if it does not seem to be preventable [198]. The
early occurrence of celiac disease may have an adverse effect on children’s growth and

nutritional status.

We have previously shown an increased celiac disease risk associated with gluten
consumption in larger compared with smaller amounts two weeks after its introduction
[165], and this is supported by our current findings because the cohorts differed in
the amount of gluten ingested during weaning (Table 1). In agreement, a correlation
between national celiac disease prevalence and wheat consumption has been shown
[29], and celiac disease cases seem to react to gluten ingestion in a dose-response fashion
[200, 201].

There are a few important differences in the intervention studies described above
and our studies. First, our studies are observational which means that we perform a
direct observation of individuals in their natural environment, exposed to ‘real’ gluten
in contrast to the gluten in the intervention study. Also, we studied children at an
intermediate risk for celiac disease while both the intervention studies focused on
high-risk children. In the intervention studies, there was also a mixture of genetic risks

with different HLA types and no assessment of non-HLA genes. Other environmental
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factors except from gluten consumption, age at introduction and breastfeeding were

not controlled for.

In our study, the majority of the participants did not have a relative with celiac disease.
Thus, one can hypothesize that the participants in the intervention studies are already
at high risk and have such a strong autoimmune predisposition where breastfeeding
is not protective as opposed to the ‘intermediate risk’ participants in our studies.
It is shown that the genotype of infants at family risk of developing celiac disease,
carrying the HLA-DQ2 haplotypes, influences the early gut microbiota composition.
Furthermore, it is suggested that a specific disease-biased host genotype may also select
for the first gut colonizers and could contribute to determining celiac disease risk
[202]. The participants in the intervention studies had one first-degree relative with
celiac disease and it is not specified whether it is the mother or the father. The feeding
patterns between children to mothers with celiac disease do not seem to vary compared
with the offspring to those without celiac disease [203]. However, a breastfeeding child
where the nursing mother has celiac disease and is currently on a gluten free diet is
not exposed to gluten via the breast milk. These children have been shown to have
a different microbiota compared to breastfeeding children to mothers who are on a
regular diet [204]. Moreover, the same study showed that breast-feeding reduced the
genotype-related differences in microbiota composition, which could partly explain the
protective role attributed to breast milk in celiac disease [204]. Maybe breastfeeding and
the gradual introduction of gluten are protective against celiac disease only in the group
of children, carrying an intermediate risk but not in the high-risk group? In our study,
the cohorts differed in infant feeding, as shown on a population level and ascertained
through questionnaires. Because the infant feeding exposure pattern changed in the
whole population, the proportion of children with the proposed worst combination
(large amounts of gluten after discontinued breastfeeding) decreased, which could be
associated with the reduced prevalence in the 1997 cohort. Although this so called
“population experiment” was not intentional, it bears resemblance to an intervention
study, and the relationship between infant feeding and celiac disease risk can thus be

evaluated on a population level.

One disadvantage of our observational design is that the observed associations do not
allow us to establish causality, and confounding factors can only be partially reflected
on. Thus, our conclusion can be incorrect. However, to the best of our knowledge, there
has not been any other major change in lifestyle- or environmental- factors during this
time period, with the exception of infant feeding. Other explanations for the difference

in the results between our study and the intervention trials could be factors such as
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genetic susceptibility or environmental aspects specific for our country. For example,
compared to many other countries, Sweden has a higher prevalence of celiac disease
in children in general. Often, disparities in findings between the Swedish and non-

Swedish populations are being observed [3, 34].

BMI and celiac disease (Paper II)

Children with untreated celiac disease were moderately shorter, weighed less, and had a
slightly lower BMI compared to their healthy peers. Even though having undiagnosed
celiac disease was not associated with being underweight, only a few were overweight
and the majority of the children with screening-detected celiac disease had a normal
weight. Our findings are in line with other studies. In 2004, an American study
found that children with ¢T'G-positive screening-identified celiac disease weighed less
compared to healthy children and other recent studies have found that children with
celiac disease are less frequently overweight or obese and more often underweight than
controls [91, 93]. Some studies in patients with celiac disease have also found other
factors associated with low BMI such as the extent of mucosal injury, presentation
with diarrhea and female sex [79]. Studies performed in adults have shown similar
results as in this study with regard to BMI [77, 205]. Even if celiac disease is classically
associated with malabsorption and weight loss, one must bear in mind that children
with undiagnosed celiac disease can have different body compositions. The fact that
the proportion of underweight children with celiac disease in our study was only 4.2%
emphasizes that celiac disease should not be considered primarily as a malabsorption
disorder. In addition, although celiac disease was found in this study to be distinctly
less common among overweight children, being overweight does not necessarily rule

out celiac disease.

Gender differences In some studies, overweight has been found to be more common
in boys with celiac disease than in girls [79, 200]. In contrast, in the present study, the
same weight pattern was found to apply to both boys and girls and no indications of
any gender differences in the proportion of overweight within the celiac disease group
were found. In the current study, girls with celiac disease were significantly shorter
than their healthy peers. This is consistent with other studies, including one study
conducted in Finland where the screening-detected adolescent celiac disease subjects
were not only shorter but one third also had nutritional abnormalities [92, 207]. Even
more extensive nutritional deficiencies were found in a recently conducted Dutch study

in which 7.5% of the individuals with celiac disease were found to be underweight but
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the nutritional deficiencies were present even in obese patients [208]. This is important
to keep in mind when considering the need for more active case finding of celiac disease

in order to prevent the progression of nutritional deficiencies.

Height The results regarding height are more inconsistent than those for weight.
In some studies, adult men with celiac disease have been found to be shorter [205,
209], but another study indicated that the mean adult height of patients with celiac
disease was the same as that of the general population. In a subgroup analysis, reduced
height was observed in the older, but not younger, birth cohorts with celiac disease
[210]. Some other studies found that celiac disease diagnosed in childhood results in
catch-up growth once a gluten-free diet is introduced, but still others found that men
and women with celiac disease were shorter compared to controls [211-213]. Part
of the differences found regarding height in the above-mentioned studies might be
explained by differences in the investigated age span in the study populations. In the
present study, it is likely that a majority of the girls at 12 years of age have reached the
onset of puberty and that they are in the middle of their growth spurt. The onset of
puberty corresponds to a biological (i.e., skeletal) age of approximately 11 years in girls
and 13 years in boys. The timing of the pubertal growth spurt occurs earlier in girls
and tends not to reach the same magnitude as that of boys. Girls average a peak growth
velocity of 9 cm/year at age 12 and a total gain in height of 25 cm during the pubertal
growth period. Boys attain an average peak growth velocity of 10.3 cm/year — which
occurs about 2 years later than in girls — and gain 28 c¢m in height during the pubertal
growth period [214-216]. This means that the majority of the girls participating in this
study were in the middle of their peak height velocity when the study took place. It is
possible, therefore, that untreated celiac disease gives them worse preconditions for the
growth spurt or that the disease influences the onset of puberty and results in a delay
in peak growth velocity. Additional epidemiologic research is needed to confirm these
results, and more research needs to be done to understand the pathogenesis of short

stature in patients with celiac disease.
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Thyroid autoimmunity and thyroid function in children
with celiac disease compared to their healthy peers

(Paper III and IV)

We found the prevalence of thyroid autoimmunity among 12-year-old children
with celiac disease to be almost three times higher than in the age- and sex- matched
control group of children without celiac disease. Having celiac disease in addition to
TPO Abs increases the risk of thyroid dysfunction among 12-year-olds. The most
prevalent manifestation of thyroid dysfunction when having celiac disease in addition
to TPO Abs was hypothyroidism. The majority of the children presented with
subclinical hypothyroidism. The proportion of children having hypothyroidism was
substantially higher in the celiac disease case groups compared to the children with
thyroid autoimmunity but without celiac disease (OR 3.1). In children with celiac
disease but without TPO Abs, there was no increased risk of having hypothyroidism
compared to their healthy peers. Accordingly, the increased prevalence of TPO Abs
among children with celiac disease, seems to be an important factor in explaining why
thyroid dysfunction is twice as common in children with celiac disease compared to

their healthy peers.

Gluten Treatment with a gluten-free diet did not appear to change the course of the
autoimmune affection since there was no difference in the prevalence of TPO Abs among
treated and untreated celiac disease patients [176]. The group of previously detected
celiac disease patients in our study had been treated for several years with a gluten-free
diet, on average 8 years. Adherence to a gluten-free diet among children is generally
good as was adherence in the current study [176, 217-219]. Nevertheless, many celiac
patients develop autoimmune disorders despite strict adherence to a gluten-free diet.
The results are in accordance with other studies. The period of gluten exposure does not
seem to be of compelling importance regarding development of autoimmune diseases
[96, 117]. In fact, in one of the studies, the patients developed other autoimmune
diseases to a lesser extent the longer the gluten exposure [96]. Conceivably, these
patients, who were diagnosed with celiac disease at a later age, might be generally less
prone to develop autoimmune diseases. This is also supported by another study where
it was shown that a late diagnosis of celiac disease was associated with a decreased
risk of autoimmunity. The same researchers found that the risk of development of an
autoimmune disease in celiac patients was increased in patients with a family history
of autoimmune diseases when celiac disease was diagnosed early in childhood or

adolescence compared to adulthood [217]. A recent meta-analysis found that about 6%
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of individuals with type 1 diabetes had celiac disease [220]. The association of celiac
disease and type 1 diabetes is partly explained by shared HLA genes. Loci within the
HLA region are also shared with thyroid autoimmunity. It supports the theory about
a linkage disequilibrium between the genes responsible for celiac disease and those
responsible for the co-expressed autoimmune diseases [221]. Moreover, above 60%
of celiac disease-associated loci outside the HLA region identified by GWAS studies
are shared with at least one other autoimmune disease [222]. This is in line with our

findings and advocates a common genetic susceptibility to the autoimmune conditions.

Contrary to the above-mentioned findings, Ventura et al showed that patients with
celiac disease had a high prevalence of both insulin dependent diabetes mellitus
autoantibodies and thyroid-related serum autoantibodies. These autoantibodies were
supposed to be gluten-dependent, since they disappeared during treatment with a
gluten-free diet [115]. They also observed that the prevalence of autoimmune disorders
in children in whom celiac disease was diagnosed before the age of two years, and
who were treated with a gluten-free diet, was comparable to that of controls [114]. In
our study, the distribution of TPO positivity at 12 years of age among the previously
diagnosed celiac disease cases was equal among those diagnosed before two years of age
and after two years of age. It was also equally distributed regardless of the degree of

mucosal damage in the entire celiac disease cohort.

TPO Antibodies 'TPO Abs are indicators of autoimmune susceptibility. The clinical
significance of these antibodies in celiac disease is still not clear but our results are
consistent with previous findings that there is a higher propensity overall for both
children and adults with positive TPO markers to develop autoimmune thyroiditis,
defined as TPO Abs-positivity in combination with goiter and/or hypothyroidism
[223]. In the present study, having TPO Abs regardless of celiac disease status increased
the risk of having signs of hypothyroidism (OR 7.2). No one without TPO Abs
had overt hypothyroidism. Thus, having TPO Abs substantially increases the risk of
becoming hypothyroid and that risk is even higher if you also have celiac disease. This
is consistent with a recently conducted Italian study where the researchers found that
in children with Hashimoto’s thyroiditis, having celiac disease, elevated TSH and TPO
Abs at presentation were some of the predictive factors for thyroid failure in these

patients [120]. Similar results have been shown in both adults and children with celiac

disease [118, 224].
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Hypothyroidism The majority of the children in our study with signs of hypo-
thyroidism had subclinical disease. Among studies in adults, it has been shown that
the presence of TPO Abs in serum is an independent risk factor for the development
of overt hypothyroidism in patients with subclinical hypothyroidism [112, 225]. The
Whickham study demonstrated that the presence of antithyroid microsomal (TPO is
the antigen involved in the ‘microsomal’ response) antibodies, or elevated serum TSH
alone, was associated with a significant increased risk of developing hypothyroidism at
20 years [112]. The same study also showed that women with thyroid autoantibodies
(11% of the population) had an eight-fold higher likelihood of developing overt
hypothyroidism over 20 years than did antibody-negative women. In women with
both thyroid autoantibodies and isolated thyrotropin elevation, the risk of progression
to overt hypothyroidism was 38 times higher with a 4% annual risk of developing
overt hypothyroidism. On the contrary, studies in children indicate that autoimmune
thyroiditis in children and adolescents seem to show a very low cytotoxic activity with a
tendency to develop overt hypothyroidism only in few of the cases and it did not seem
to worsen the situation if the children had celiac disease in addition to thyroid disease
[223, 226]. The rate of progression to overt hypothyroidism ranged between 0% and
12.8% during the follow-up period in three studies [223, 227, 228]. Nonetheless,
the researchers above could not find reliable prognostic factors to predict disease
evolution in children and they therefore suggested that a regular screening for thyroid
function should be performed in all patients with celiac disease who have positive anti-
thyroid antibody titers. Altogether, it appears likely that subclinical hypothyroidism
in children is a benign and remitting process with low risk of progression toward
overt hypothyroidism. A longitudinal follow-up study is warranted in order to address
the clinical significance of having subclinical hypothyroidism in 12-year-olds and in
particular in children with subclinical hypothyroidism in addition to celiac disease. In
conclusion, children with celiac disease, even if well treated, have a higher prevalence
of thyroid autoimmunity than their healthy peers. Having TPO Abs in addition to
celiac disease increases the risk of thyroid dysfunction, mainly expressed as subclinical

hypothyroidism.
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Concluding remarks
and future perspectives

We have used different epidemiological designs to gain knowledge about a disease that
is becoming a major public health issue. Through celiac disease screening (paper I), we
found the highest celiac disease prevalence (2.9%) reported in Europe or the US in a
birth cohort of the epidemic period (1993). Furthermore, we found a lower but still
unexpectedly high prevalence (2.2%) in a birth cohort of the post-epidemic period
(1997). In comparison with findings in previous studies, this prevalence indicates that
celiac disease has increased over time in Sweden. When comparing the prevalence of
these two cohorts we found a statistically significant difference in total celiac disease
prevalence, including both clinically- and screening-detected cases. Thus, it seems as if
celiac disease can be prevented in some cases, at least up to 12 years of age. We believe that
the differences in celiac disease prevalence can be explained by changes in infant feeding
during the period. Our findings suggest that gradual introduction of gluten-containing
foods, preferably during ongoing breastfeeding, is favorable. Studies are warranted to
further distinguish between duration of breastfeeding, gluten introduction with respect
to age and amount and the overlap between breastfeeding and gluten introduction.
The recently published randomized controlled trials regarding gluten introduction
and breastfeeding among high-risk children are very interesting [198, 199]. Similar
population based intervention studies among children with intermediate risk for celiac

disease would be highly appreciated.

The majority of the children with screening-detected celiac disease were of normal
weight and there was no association between being underweight and the risk of having
undiagnosed celiac disease (paper II). At a population level, the 12-year-old children
with screening-detected celiac disease weighed less and were shorter compared to their
peers without celiac disease, and this indicates a need to detect and treat celiac disease.
However, at the individual level growth parameters are not reliable in predicting celiac
disease. Although celiac disease is less common in the overweight subgroup, being
overweight does not rule out celiac disease. The growth parameters, and thus the BMI,
of the children were available only at the time of the screening. Repeated weight and
height measurements following the initiation of a gluten-free diet would permit an
evaluation of the effect of the diet on the nutritional status of the children and would

be interesting to do as a follow-up study.
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Children with celiac disease are at an increased risk of other autoimmune conditions and
in this thesis we have focused on thyroid disorders (paper III and IV). In conclusion,
children with celiac disease, even if well treated, have a higher prevalence of thyroid
autoimmunity than their healthy peers. Having TPO Abs in addition to celiac disease
increase the risk of thyroid dysfunction, mainly expressed as subclinical hypothyroidism.
It seems reasonable to conclude that measuring TPO Abs in euthyroid subjects in
specific risk groups, such as celiac disease patients, can be used to identify subjects with
increased risk for hypothyroidism. TPO Abs can be used as a first triage: screening by
TSH measurement could be done only in the TPO Abs-positive subjects in a certain
group. We did not find any difference in thyroid autoimmunity among the treated
and untreated celiac disease cases but further research is warranted to evaluate gluten
ingestion and its role in autoimmunity in general. Our results favor a common genetic
susceptibility to the conditions. One of the most striking observations from GWAS
results is this overlap in signals between different diseases [229] and it would be of
particular interest to find out more about the connection between different autoimmune

diseases.

Screening for thyroid disorders among celiac disease patients is briefly mentioned
above and people with celiac disease have an increased risk of autoimmune disorders as
compared with the general population. However, the relationship between associated
autoimmune disease and celiac disease goes in both directions and for example, among
those who have a family history of celiac disease, among those with Down syndrome,
Turner’s syndrome, or type 1 diabetes, there is an increased prevalence of celiac disease
[1]. There is also an increased risk of non-celiac autoimmune disease in first-degree
relatives of celiac disease patients [98]. Accordingly, it is highly recommendable to be
aware of celiac disease as well and to test for the disease at wide indications. Serologic
tests for celiac disease are easily available and provide accurate information about celiac
disease status. As described above, celiac disease is a very heterogeneous disorder with
many associated autoimmune conditions and inflammatory disorders. Future possible
complications and what it means to have potential celiac disease (positive serology but
a normal intestinal biopsy) still have to be ruled out [140]. The general perception is
that arguments do not justify screening for celiac disease in the population. However,
screening in high-risk groups may have a better cost-effectiveness and in such
populations, such as those mentioned above, the higher prevalence of celiac disease will

result in fewer false-positive serologic results [156, 157].
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