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ABSTRACT
Background: High gluten intake is associated with increased risk
of celiac disease (CD) in children at genetic risk.
Objectives: We aimed to investigate if different dietary
gluten sources up to age 2 y confer different risks of celiac
disease autoimmunity (CDA) and CD in children at genetic
risk.
Methods: Three-day food records were collected at ages 6, 9, 12,
18, and 24 mo from 2088 Swedish genetically at-risk children
participating in a 15-y follow-up cohort study on type 1 diabetes and
CD. Screening for CD was performed with tissue transglutaminase
autoantibodies (tTGA). The primary outcome was CDA, defined
as persistent tTGA positivity. The secondary outcome was CD,
defined as having a biopsy specimen showing Marsh score ≥ 2 or an
averaged tTGA level ≥ 100 Units. Cox regression adjusted for total
gluten intake estimated HRs with 95% CIs for daily intake of gluten
sources.
Results: During follow-up, 487 (23.3%) children developed CDA
and 242 (11.6%) developed CD. Daily intake of ≤158 g porridge
at age 9 mo was associated with increased risk of CDA (HR:
1.53; 95% CI: 1.05, 2.23; P = 0.026) compared with no intake.
A high daily bread intake (>18.3 g) at age 12 mo was associated
with increased risk of both CDA (HR: 1.47; 95% CI: 1.05, 2.05;
P = 0.023) and CD (HR: 1.79; 95% CI: 1.10, 2.91; P = 0.019)
compared with no intake. At age 18 mo, milk cereal drink was
associated with an increased risk of CD (HR: 1.16; 95% CI: 1.00,
1.33; P = 0.047) per 200-g/d increased intake. No association was
found for other gluten sources up to age 24 mo and risk of CDA
or CD.
Conclusions: High daily intakes of bread at age 12 mo and of
milk cereal drink during the second year of life are associated with
increased risk of both CDA and CD in genetically at-risk children.
Am J Clin Nutr 2022;116:394–403.
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Introduction
Celiac disease (CD) affects the intestinal epithelium and

is caused by an immunologic response against gluten in
individuals carrying the risk-haplotypes human leucocyte antigen
(HLA)-DQA1∗05:01-DQB∗DQ02:01 (DQ2.5), DQA1∗02:01-
DQB∗DQ02:01 (DQ2.2), and DQA1∗03:01-DQB1∗DQ03:02
(DQ8) (1). The global incidence of CD is increasing (2) and has
been reported to be particularly high in countries with high wheat
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consumption (3), indicating that a high gluten intake confers
increased risk of CD in individuals at genetic risk. Observations
from prospective birth cohorts also demonstrate associations
of increased risk of CD with higher amounts of gluten intake
in early childhood in some (4–6), but not in all studies
(7).

Gluten is a storage protein that belongs to the family of
prolamins found in wheat, rye, and barley. The type and
amount of gluten depend on the growing conditions and genetic
polymorphism of the grain (8, 9). In the food industry, gluten
is an important compound added and modified to enhance
desired properties in specific foods, for example, to increase
leavening in bread (10). Gluten is partly or fully resistant to
enzymatic degradation in the human gut, where residual peptides
may pass the small intestinal barrier and trigger the specific
immunologic reaction observed in people with CD (11). The
intestinal digestibility of gluten varies depending on the food
matrix, content of water, and if other components, such as dietary
fibers, are present (12–17).

The international observational TEDDY (The Environmental
Determinants of Diabetes in the Young) study has demonstrated
that Swedish children at genetic risk are more likely to
develop CD than children in the United States (18). There
could be several reasons for these phenomena, not necessarily
attributable to variations in childhood gluten feeding. Yet, it is
striking that Swedish children reported the highest gluten intake
amounts in early childhood among the participating sites in
TEDDY (4). Although no difference in CD risk was observed
in a previous retrospective study comparing Swedish infants
introduced to gluten in solid foods or in follow-on formula (19),
it has not been studied if the risk of CD is associated with
certain gluten-containing foods consumed in early childhood
(20).

The aim of this study was to extend previous studies and
examine whether intakes of different gluten-containing foods ≤2
y of age confer different risks of celiac disease autoimmunity
(CDA) and CD in children at genetic risk.

Methods

Study population

TEDDY study is a longitudinal birth cohort study with
prospectively collected data from children born between 2004
and 2010 and with a genetic risk of type 1 diabetes and CD, as
described elsewhere (21, 22). At the Swedish site, parents of 2528
(68%) eligible infants agreed to participate in the 15-y follow-up.
Written informed consent was collected from primary caregivers
for both the genetic screening and the follow-up study. TEDDY
study was approved by local ethical review boards in each country
(21). Included in the present cohort study were follow-up data
collected at clinic visits as of 30 November, 2020, from 2088
(82.6%) Swedish children who had ≥1 completed 3-d food record
≤24 mo of age, and ≥1 sample analyzed for measurement of
tissue transglutaminase autoantibodies (tTGA) (Figure 1).

Dietary assessment

Intake of gluten-containing foods and grains was assessed
in grams per day by using 3-d food records collected at clinic

visits at ages 6, 9, 12, 18, and 24 mo. Parents were instructed
to document detailed information on foods and drinks consumed
by the child, on 2 consecutive weekdays and 1 weekend day.
Habitual food intake was encouraged. Parents were instructed to
estimate portion sizes using household measures. To improve the
estimations, a booklet with pictures of foods and shapes of food
was provided, to be used both at home and in day-care. All food
records were reviewed and entered into a food database by trained
dietitians and nutritionists (23, 24).

Reported composite foods and dishes with gluten were broken
down on both ingredient level (e.g., wheat, rye, barley) and food
group level (e.g., white bread, pasta, porridge). Food groups were
sorted into 7 main food groups and 26 subgroups. The gluten
content in wheat, rye, and barley was estimated by multiplying
the protein content in each grain by a factor of 0.8 (the gluten
content in wheat) (4, 25).

For the purpose of this study, gluten-containing subgroups
were combined into larger food groups. Subgroups with low
proportions (<10%) of consumers (a consumer was defined as
having an intake >0 g/d of a given food) and low intake levels
(gluten-containing foods <10% of total intake) were combined
with subgroups with a similar type of included gluten-containing
grain, proportion of flour, and culinary use. For composite dishes,
such as pizza, pie, and filled crêpes, a conversion factor based
on Swedish standard recipes was applied to assess only the
intake of the gluten-containing part of the dish. After excluding
3 subgroups not feasible for aggregation owing to few reporters
and no similar food groups (dishes based on bread, pudding, and
commercial baby fruit cereal), 8 gluten-containing food groups
remained: porridge, milk cereal drink (a type of follow-on for-
mula composed of skimmed milk powder and flour from different
grains), bread, pasta, cookies and crackers, pancakes, sweet
baked goods, and breakfast cereals (Supplemental Table 1). In
total, 9432 three-day food records were reported within the frame
of the study. All expected five 3-d food records were reported in
1485 (71.1%) of the children, and 41 children (2%) reported only
1 food record (Supplemental Table 2). The descriptive intake
data of gluten-containing grains and foods presented excluded
food records where the child had CDA or CD at the visit to reflect
the dietary habits of healthy children in the cohort.

Assessment of CDA and CD

Annual screening for CD started at the age of 24 mo
using tTGA as previously described (18). In children with a
positive tTGA result (≥1.3 U), previously collected samples
in TEDDY (26) were analyzed to find the closest time point
of seroconversion to tTGA positivity. The primary outcome
was CDA, defined as being persistently tTGA positive in 2
consecutive samples. All children with CDA were followed by
a pediatric gastroenterologist at a tertiary hospital in the south of
Sweden. The decision to perform an intestinal biopsy was outside
the TEDDY study protocol but was recommended in children
with tTGA levels ≥ 30, and in symptomatic children with CDA
regardless of the tTGA level. Because not all children with CDA
progress to CD (27–29), the secondary outcome was CD, defined
either as having an intestinal biopsy specimen showing a Marsh
score ≥ 2, or, if not performed, as a mean tTGA level ≥ 100 U in
2 consecutive samples (18).
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FIGURE 1 Flowchart of Swedish children in TEDDY study with ≥1 measure for tTGA and ≥1 three-day food record collected at age 6–24 mo. CD, celiac
disease; CDA, celiac disease autoimmunity; HLA, human leucocyte antigen; TEDDY, The Environmental Determinants of Diabetes in the Young; tTGA, tissue
transglutaminase autoantibodies.

Statistical analyses

Correlations between daily intake of a given gluten-containing
food and total daily gluten intake were calculated using Spearman
rank correlation coefficients to examine the contribution of gluten
from each food group to the total daily gluten intake.

Cox regression was used to examine the associations of gluten-
containing food groups and grains with the risks of the 2 study
outcomes. Time to CDA was the age at the first of the 2
consecutive positive tTGA samples, and the right-censoring time
was the age at the last negative tTGA sample. Time to CD was
defined as the age at the diagnosis and the right-censoring time
was the age at the last clinic visit.

Intake of gluten-containing foods and grains in absolute
amounts at each visit was analyzed separately and modeled as
follows: 1) if <10% were consumers, the food or grain was
excluded from analysis; 2) if ≥10% and ≤50% were consumers,
intakes were modeled as binary variables (0 g/d, >0 g/d);
and 3) if >50% were consumers, intakes were modeled as
categoric variables (0 g/d, median intake or less in consumers
without CDA or CD at the visit, greater than median intake
in consumers without CDA or CD at the visit), to represent
no, low, and high intake. Foods and grains with ≥75% as
consumers were in addition modeled as continuous variables.
To account for differences in energy requirement and to reduce
extraneous variation, Cox regressions were performed separately
with food intakes standardized according to the nutrient density
method to grams per 1000 kcal/d (food intake/energy intake ×
1000 kcal) (30, 31). Modeling dietary intake data in absolute
amounts or standardized to per 1000 kcal had small effects on
the estimates, which were in the same direction, and resulted

in similar precision. The results for food intakes were therefore
presented in absolute amounts.

Analyses were adjusted for risk factors previously associated
with CD in TEDDY (18): HLA risk genotypes [high- (homozy-
gous for DQ2), moderate- (heterozygous for DQ2), and low-risk
group (others)], female sex, and having a family history of CD
(collected at the 9-mo visit) (18). Total energy intake (kcal/d)
and total gluten intake (g/d) assessed from the corresponding food
record were included to control for confounding by energy intake
(30), and for gluten intake (4), respectively.

The Schoenfeld residuals from each Cox regression model
were plotted and examined to evaluate the model fit. Two-
sided nominal P values were presented and those < 0.05 were
considered to be statistically significant. No adjustment in type
1 error was made for multiple comparisons because it was an
exploratory study. Statistical analyses were performed in IBM
SPSS Statistics for Windows, version 27.0 (IBM Corp., 2020).

Results

Characteristics of the study population

During follow-up to a mean ± SD age of 11.6 ± 3.3 y,
487 (23.3%) children developed CDA at median age 3.0 y
(IQR: 1.9–5.0 y) and 242 (11.6%) were diagnosed with CD at
median age 4.5 y (IQR: 2.9–6.7 y) (Table 1). Intestinal biopsy
verified the diagnosis of CD in 239 children (98.8%). The median
time from CDA onset to CD diagnosis was 13.9 mo (IQR:
10.5–18.9 mo).
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TABLE 1 Descriptive data of Swedish children at genetic risk of CD enrolled in The Environmental Determinants of Diabetes in the Young study1

Cohort
(n = 2088)

Free of CDA
(n = 1601, 76.7%)

CDA
(n = 487, 23.3%)

CD
(n = 242, 11.6%)

Females 1021 (48.9) 747 (46.7) 274 (56.3) 144 (59.5)
HLA risk group

High (DR3-DQ2/DR3-DQ2)2 450 (21.6) 240 (15.0) 210 (43.1) 116 (47.9)
Moderate (DR3-DQ2/DR4-DQ8)3 868 (41.6) 709 (44.3) 159 (32.6) 73 (30.3)
Low (others)4 770 (36.9) 652 (40.7) 118 (24.2) 53 (21.9)

Family history of CD5 39 (1.9) 25 (1.6) 14 (2.9) 7 (2.9)
Breastfeeding duration,6 mo 7.3 [4.0–10.0] 7.1 [3.4–10.0] 7.6 [5.0–10.0] 7.3 [5.0–9.3]
Age at introduction of gluten, mo 5.0 ± 1.0 5.0 ± 1.0 5.0 ± 1.0 4.9 ± 1.0

1Values are n (%), median [IQR], or mean ± SD. Some percentages may not add up to 100 because of rounding. CD, celiac disease; CDA, celiac disease
autoimmunity; HLA, human leucocyte antigen.

2HLA risk group “high” includes genotype DR3∗0501/0201∗DR3∗0501/0201.
3HLA risk group “moderate” includes genotype DR4∗030X/0302∗DR3∗0501/0201.
4HLA risk group “low” includes genotypes DR4∗030X/0302∗DR4∗030X/0302, DR4∗030X/0302∗DR4∗030X/020X,

DR4∗030X/0302∗DR8∗0401/0402, DR4∗030X/0302∗DR1∗0101/0501, DR4∗030X/0302∗DR13∗0102/0604, DR4∗030X/0302∗DR4∗030X/0304,
DR4∗030X/0302∗DR9∗030X/0303, and DR3∗0501/0201∗DR9∗030X/0303.

5Parent or sibling.
6Of the cohort, 99.1% were breastfed.

Intake of food groups and grains with gluten

At the age of 6 mo, 71.6% of the children reported gluten
consumption in the 3-d food records. At 9 mo of age and onwards,
>99% reported daily gluten consumption. Wheat was the main
source of gluten and the intake increased with age. From age 12
mo, most children consumed rye, although the intake was lower
than that of wheat intake. The intake of barley was consistently
low. Both the number of consumers and intake of the gluten-
containing food groups differed with age. Porridge and milk
cereal drink consumption dominated during the first year of life,
whereas other gluten-containing food groups were more common
in the older age groups (Table 2).

Spearman correlations between food groups and total gluten
intake

Bread and pasta both strongly correlated with total gluten
intake ≤24 mo of age (for bread, ρ: 0.44–0.34, P < 0.001;
and for pasta, ρ: 0.72–0.63, P < 0.001). Milk cereal drink was
less correlated with total gluten intake by age (ρ: 0.17–0.10,
P < 0.05). Porridge correlated more strongly with total gluten
intake before 12 mo of age (ρ: 0.51–0.27, P < 0.001) than after
12 mo of age (ρ: 0.05 to −0.04, P < 0.05) (Supplemental
Table 3).

Cox regression estimates of sources of dietary gluten and
association with CDA

At the age of 9 mo, a low daily intake of porridge for the
age (i.e., ≤158 g/d) was associated with an increased risk of
CDA (HR: 1.53; 95% CI: 1.05, 2.23; P = 0.026) compared with
reporting no intake of porridge (Figure 2, Supplemental Table
4A–E). A high daily intake of bread for the age (i.e., >18.3 g/d)
at 12 mo was associated with an increased risk of CDA (HR:
1.47; 95% CI: 1.05, 2.05; P = 0.023), compared with reporting
no intake of bread. No association between daily intake of other

gluten-containing food groups or grains and risk of CDA was
found at other ages when total gluten intake was controlled for.

Cox regression estimates of sources of dietary gluten and
risk of CD

A high daily intake of bread for the age (i.e., >18.3 g/d) at 12
mo was associated with an increased risk of CD (HR: 1.79; 95%
CI: 1.10, 2.91; P = 0.019) compared with reporting no intake of
bread (Figure 3, Supplemental Table 4A–E). At the age of 18
mo, milk cereal drink was associated with an increased risk of
CD (HR: 1.16; 95% CI: 1.00, 1.33; P = 0.047) per every 200-
g/d (corresponding to 1 bottle) increased intake. No association
between daily intake of other gluten-containing food groups or
grains and risk of CD was found for other ages when total gluten
intake was controlled for.

Discussion
The present study on intake of gluten-containing foods and

grains during the first 2 y of life found associations between
intake of several gluten-containing foods and CDA and CD in
Swedish children at genetic risk. This is in contrast to a previous
retrospective Swedish study, which could not identify specific
dietary sources of gluten that when introduced into infants’ diet
conferred a subsequent risk of CD (19). However, the present
study investigated gluten-containing foods up to age 2 y. Children
reporting a high daily intake of bread for the age (corresponding
to a gluten intake >1 g), compared with those with no bread
consumption at age 12 mo, were at an almost 2-fold increased
risk of developing CD. In addition, an association with increased
risk of CD was also found for every additional bottle (i.e., 200 g)
of daily intake of milk cereal drink (liquid infant cereals, with
a gluten content ≤1.5 g/bottle) at age 18 mo. At the age of 9
mo, an intake up to the equivalent of 1.3 portions of porridge
(i.e., ≤158 g, with a gluten content of ≤1.2 g), compared with
no intake, was associated with a 50% increased risk of CDA.
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FIGURE 2 Summary plot of the estimated HRs and their related 95% CIs by Cox regressions of the association between daily intake of gluten-containing
food groups assessed from 3-d food records at ages 6–24 mo and CDA (n = 487) in Swedish children (n = 2088) at genetic risk. Depending on the percentage
of consumers (having an intake >0 g/d) at each age, intake variables were modeled as binary (if ≤50% were consumers; 0 g/d, >0 g/d) or categoric (if >50%
were consumers; 0 g/d, median intake or less in participants without CDA or CD at the visit, greater than median intake in participants without CDA or CD
at the visit) to represent no, low, and high intake. Included covariates in the analyses were human leucocyte antigen risk group, sex, having a parent or sibling
with CD, and energy and gluten intake assessed by the respective food record. ∗Statistically significant result. Supplemental Table 4A–E summarizes detailed
results. CD, celiac disease; CDA, celiac disease autoimmunity.

High intake of porridge at age 9 mo was associated with
CDA with a similar magnitude as for low intake, although not
statistically significantly so. Together with the risk estimates for
low and high intake and porridge at age 6 mo, the pattern suggests
that the risk of CDA from the exposure of porridge in infancy may
be irrespective of the amount consumed. For milk cereal drink,
there was no association with CD when modeling the intake as
a categoric variable at age 18 mo, although the risk estimates
followed a dose-response pattern consistent with the result for
the continuous intake. However, this may be the result of lost

statistical power when categorizing data compared with modeling
the continuous intake.

The associations found were not consistent over time,
suggesting different effects of specific gluten-containing foods
depending on age. However, another explanation may be that the
diet interacts with other risk factors present at different ages.

Gluten-rich bread is a common staple food in the Swedish food
culture, typically containing both wheat and rye. Whereas the
gluten content in wheat is estimated to be 80% of the total protein,
the gluten content is lower in rye (65% of the protein) and barley
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FIGURE 3 Summary plot of the estimated HRs and their related 95% CIs by Cox regressions of the association between daily intake of gluten-containing
food groups assessed from 3-d food records at ages 6–24 mo and CD (n = 242) in Swedish children (n = 2088) at genetic risk. Depending on the percentage
of consumers (having an intake >0 g/d) at each age, intake variables were modeled as binary (if ≤50% were consumers; 0 g/d, >0 g/d) or categoric (if >50%
were consumers; 0 g/d, median intake or less in participants without CDA or CD at the visit, greater than median intake in participants without CDA or CD
at the visit) to represent no, low, and high intake. Included covariates in the analyses were human leucocyte antigen risk group, sex, having a parent or sibling
with CD, and energy and gluten intake assessed by the respective food record. ∗Statistically significant result. Supplemental Table 4A–E summarizes detailed
results. CD, celiac disease; CDA, celiac disease autoimmunity.

(50% of the protein) (32). We therefore further tested whether the
grain source of gluten modified the risk of the study outcomes.
Using the Swedish TEDDY cohort, we observed that the overall
main grain consumed by 2 y of age was wheat. However, neither
wheat nor rye were associated with a higher risk of CDA or
CD beyond the content of gluten, which is in line with previous
findings (33).

As expected, the bread food group with its high gluten content
and common addition of extra gluten (10) was highly correlated

with total gluten intake across all visits, which suggests that
bread is a main source of gluten in the diet of Swedish children.
Conversely, milk cereal drink was the food group that correlated
least with total gluten intake but was still associated with an
increased risk of CD at age 18 mo. In contrast, porridge was
strongly correlated with gluten intake in the first years of life.
These food groups mainly consisted of commercial infant cereals
with various contents of different grains and gluten levels, thus
with varying contributions to the total daily gluten intake. In the
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late 1990s, after the “Swedish celiac epidemic,” the content of
wheat in commercial infant cereals in Sweden overall decreased,
and thus also the amount of gluten (34).

Children eligible for and enrolled in the TEDDY study are
genetically susceptible to type 1 diabetes and CD. So, there may
be a risk that the dietary habits found in the present study may
not reflect those of the general population. However, the reported
intakes of the studied cohort were in line with those of healthy
4-y-old children according to the most recently performed
Swedish national survey of dietary food habits (35). Previously
performed studies have also reported that commercial infant
cereals, including milk cereal drink and porridge, are common
foods in the dietary habits of Swedish infants and toddlers (36–
38). Moreover, among Swedish children born during and after
the “Swedish celiac epidemic,” the intake of flour from milk
cereal drinks in children younger than age 2 y was 38 g/d
and 24 g/d, respectively (39). In the present study performed
in children born 20 y later, we observed a similar daily intake
of flour equivalent to 35 g/d by 2 y of age from milk cereal
drink.

A major strength of this study is the repeated dietary
assessments, which clearly reveal the transition in dietary
intake and food habits from infancy to early childhood. The
prospective study design is another strength, which allowed
for investigating dietary factors before development of CDA
when parents were unaware of their child’s antibody status.
However, in TEDDY, data from national food databases were
harmonized on the ingredient level but not on the level of
composite foods and dishes (40). This limited us to only including
Swedish children and not the full TEDDY cohort, consisting
of children from Finland, Germany, and the United States.
Therefore, more studies on cohorts of other nationalities are
warranted to validate our findings. Another limitation was that
the amounts of gluten in individual foods were not estimated,
albeit the total daily gluten intake was adjusted for in the analyses.
Adjusting for the gluten amount in each food is a more precise
measure and could potentially change the results. Because no
adjustment for multiple comparisons was done in this exploratory
study, findings should be interpreted as hypothesis-generating
(41).

Dietary interventions have been suggested as primary preven-
tion strategies in CD (42). The findings from this study propose
that an intake of porridge, high intake of bread for the age,
and intake of milk cereal drink during the second year of life,
besides the effect of gluten in these foods, may modify the risk
of CDA and CD. Together with previous findings in TEDDY
on gluten amounts (4), it remains to be studied if replacing
gluten-containing foods, such as breads and infant cereals, with
nutritionally equivalent foods containing less gluten to reduce the
total gluten intake consequently decreases this risk or only delays
the age at onset of CD in children at genetic risk.

In conclusion, this prospective study in genetically at-risk
Swedish children assessed for dietary sources of gluten during the
first 2 y of life found that intake of porridge, high intakes of bread
and milk cereal drink, but not pasta, breakfast cereals, pancakes,
sweet baked goods, or cookies and crackers, may modify the
risk of CDA and CD. Dietary intervention studies are therefore
warranted to test the hypothesis that reduced intake of these foods
in early childhood may be preventive of CD in children at genetic
risk.
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