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BACKGROUND & AIMS: Screening for celiac disease (CD) is
recommended in children with affected first-degree relatives
(FDR). However, the frequency of screening and at what age
remain unknown. The aims of this study were to detect variables
influencing the risk of CD development and develop and validate
clinical prediction models to provide individualized screening
advice. METHODS: We analyzed prospective data from the 10
years of follow-up of the PreventCD-birth cohort involving 944
genetically predisposed children with CD-FDR. Variables signifi-
cantly influencing the CD risk were combined to determine a risk
score. Landmark analyses were performed at different ages. Pre-
dictionmodels were created usingmultivariable Cox proportional
hazards regression analyses, backward elimination, and Harrell’s
c-index for discrimination. Validation was done using data from
the independent NeoCel cohort. RESULTS: In March 2019, the
median follow-up was 8.3 years (22 days–12.0 years); 135/944
children developed CD (mean age, 4.3 years [range, 1.1–11.4]).
CD developed significantly more often in girls (P ¼ .005) and in
Human Leukocyte Antigen (HLA)-DQ2 homozygous individuals
(8-year cumulative incidence rate of 35.4% vs maximum of the
other HLA-risk groups 18.2% [P < .001]). The effect of homo-
zygosity DR3-DQ2/DR7-DQ2 on CD development was only pre-
sent in girls (interaction P ¼ .04). The prediction models showed
good fit in the validation cohort (Cox regression 0.81 [0.54]). To
calculate a personalized risk of CD development and provide
screening advice, we designed the Prediction application https://
hputter.shinyapps.io/preventcd/. CONCLUSION: Children with
CD-FDR develop CD early in life, and their risk depends on
gender, age and HLA-DQ, which are all factors that are important
for sound screening advice. These children should be screened
early in life, including HLA-DQ2/8–typing, and if genetically
predisposed to CD, they should get further personalized
screening advice using our Prediction application.
Trial Registration Number: ISRCTN74582487 (https://www.
isrctn.com/search?q=ISRCTN74582487).

Keywords: Prediction Models; Risk Factors; Individualized
Screening Advice; High-Risk Birth Cohort; Prediction Application.

eliac disease (CD) is a common autoimmune disor-
Cder caused by the ingestion of gluten in genetically
susceptible individuals. It is characterized by CD-specific anti-
bodies and Human Leukocyte Antigen (HLA)–DQ2 and/or
HLA-DQ8 haplotypes.1 CD affects as many as 1%–3% of the
general population.2,3 Among first-degree relatives (FDR) of
patients with CD, the disease prevalence is much higher, being
approximately 10%–20% depending on the HLA-DQ and gen-
der.4–6 This has been prospectively evaluated among others in
the PreventCD cohort, consisting of 944 children with at least 1
FDR with CD and HLA-DQ2 and/or HLA-DQ8. The children
were enrolled at birth between 2007 and 2010 in Croatia,
Germany, Hungary, Israel, Italy, the Netherlands, Poland, and
Spain. Initially, a randomized, double-blind, placebo-controlled
dietary intervention was performed and the results, published
in 2014 in the New England Journal of Medicine, showed that
the early introduction of small quantities of gluten and/or
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Current guidelines recommend screening for celiac
disease (CD) in first-degree relatives of patients. This
study aimed to detect variables that influence the risk of
CD and determine the optimal age and frequency for
CD screening.

NEW FINDINGS

CD risk depends significantly on gender, age, and Human
Leukocyte Antigen–DQ phenotype and is significantly
higher in Human Leukocyte Antigen–DQ2 homozygous
girls. Based on these variables, prediction models for
CD development were created and validated.

LIMITATIONS

Due to the variable intervals of anti-tissue
transglutaminase antibodies determination on which
the prediction models are based, the performance of the
models should be evaluated in clinical setting.

IMPACT

The prediction models for CD facilitate tailored risk
estimation for children from families with CD and
individualized screening schedule, which could easily be
incorporated in the clinical setting by using the
Prediction application.
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breastfeeding did not reduce the risk of CD at 3 years of age.5

The data of the follow-up of the PreventCD cohort at the mean
age of 10 years offer a unique opportunity to study the natural
development of CD in children from high-risk families. The
aims of this study were (1) to detect variables that influence
the age-dependent risk of CD development in children with
affected FDR, and (2) to build clinically applicable prediction
models for CD development among these children to allow for
personalized advice for their CD screening.
Materials and Methods
PreventCD Cohort

CD diagnosis. Data was frozen on March 29, 2019. All
children were assessed regularly from birth onward for CD
development at predefined intervals, including 7 times during
the first 3 years of age and thereafter annually or at least once
between March 2016 and March 2019.5 We monitored parent-
reported health status, weight and height, gluten consumption
(up until the age of 3 years, quantified using standardized
questionnaires) and serum immunoglobulin (Ig)A against anti-
transglutaminase (TGA) (Supplementary Appendix).

Parents of children with elevated TGA and/or CD symptoms
suggestive of CD were offered small bowel biopsies to confirm
the diagnosis. The date of CD diagnosis was defined as the date
of small bowel biopsy or as the date on which TGA levels were
highest. Given that TGAs were determined at variable intervals
starting from 3 years of age, we considered the age of CD
development to be midway between the age at which the last
negative TGA was determined and the date of CD diagnosis.

The study was approved by all medical ethics committees of
the participating centers. All the authors had access to the study
data and had reviewed and approved the final manuscript.
Statistical Methods
The statistical analysis plan was published online on March

29, 2019 before the analyses were performed using R version
3.6.1 (Supplement 2, pages 83–90 and https://www.preventcd.
com/images/stories/Downloads/2019-0402%20Statistical%
20Analysis%20Plan_PreventCD_final.pdf).

In case a child was lost to follow-up, the child was treated as
censored on the date of last visit/TGA determination. For uni-
variate comparison of cumulative incidences of CD between
groups, the log-rank test (2-sided) was used.
Prediction Models
To develop the models, all the factors that significantly

influenced the risk of CD development were combined into a
risk score.

Baseline model. Multivariable Cox proportional hazards
regression analysis of the baseline was performed in 2 steps. In
the first step, 3 primary variables already known at the child’s
birth (gender, HLA-risk group, number of affected FDR; Table 1)
were entered into the model, irrespective of statistical signifi-
cance. In accordance with our previous publication, we analyzed
the risk for CD in 5 groups according to HLA-DQ genotype
(Supplementary Appendix).5 In addition, we also exploratively
analyzed the risk for CD in children with DR3-DQ2/DR3-DQ2
separately from those with DR3-DQ2/DR7-DQ2 because the af-
finity of gluten peptides is higher for DR3-DQ2 than for DR7-DQ2
receptors.7,8

Because of the low number of children with 3 or more
affected FDRs (7 children), these were considered together in 1
category.

The second step consisted of adding the secondary
variables (country of origin, type of affected FDR, maternal diet,
delivery mode, and early intervention with gluten or placebo;
Table 1) to the model using backward elimination based on
Akaike Information Criterion, thus guarding against
overfitting.9,10

Landmark prediction models. Analyses for variables
occurring after birth (duration of breastfeeding, duration of
exclusive breastfeeding, rotavirus vaccination, infections as
reported by parents, and gluten intake) were performed at 1, 2,
and 3 years of age (infections until 6 years of age)
(Supplementary Appendix). For each analysis, the information
available at the landmark time point was used. Models back-
ward elimination based on Akaike Information Criterion was
used. Because quantification of daily gluten intake is usually
unknown in the standard medical settings in which the pre-
diction models are meant to be used, model building was
repeated without quantity of daily gluten intake.

For baseline and landmark prediction models, risk scores
were calculated by adding the regression coefficients from
the multivariable Cox models. The risk scores were divided
into low, low-medium, high-medium, and high risk groups
and Kaplan-Meier estimates were calculated. Harrell’s c-index
was calculated to quantify discrimination of the resulting
models.
Validation Cohort
Validation analysis of the produced models was performed

using data of the independent NeoCel cohort, in which
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Table 1.Distribution of the Baseline Variables in the PreventCD Cohort (n ¼ 944)

Variable Values N (%) Total (%) CD (%)
P-value,

univariate analysis

Primary variables
Gender .005

Male 490 (51.9) 944 (100) 56 (11.4)
Female 454 (48.1) 79 (17.4)

HLA risk groupa <.001
Group 1 129 (14.2) 911 (96.5) 40 (31.0)
Group 2 88 (9.7) 14 (15.9)
Group 3 417 (45.8) 58 (13.9)
Group 4 66 (7.2) 8 (12.1)
Group 5 211 (23.2) 13 (6.2)

Number of affected FDR .01
1 863 (91.4) 944 (100) 115 (13.3)
2 74 (7.8) 19 (25.7)

3 or more 7 (0.7) 1 (14.3)

Secondary variables
Country .06

Netherlands 133 (14.1) 944 (100) 22 (16.5)
Italy 139 (14.7) 20 (14.4)

Poland 64 (6.8) 5 (7.8)
Spain 249 (26.4) 25 (10.0)

Germany 113 (12.0) 13 (11.5)
Israel 95 (10.1) 19 (20.0)
Croatia 13 (1.4) 0 (0)
Hungary 138 (14.6) 31 (22.5)

Type of affected FDR .01
Mother only 407 (43.1) 944 (100) 62 (15.2)
Father only 89 (9.4) 10 (11.2)
One sib only 367 (38.9) 43 (11.7)

Mother þ sib(s) 46 (4.9) 15 (32.6)
Father þ sib(s) 14 (1.5) 3 (21.4)
Multiple sibs 19 (2.0) 1 (5.3)

Other 2 (0.2) 1 (50.0)
Gluten consumption by the

mother during pregnancy
.04

No 509 (53.9) 944 (100) 61 (12.0)
Yes 435 (46.1) 74 (17.0)

Mode of delivery .6
Vaginally 398 (42.2) 569 (60.3) 57 (14.3)
C. section 171 (18.1) 27 (15.8)
Unknown 375 (39.7) 51 (13.6)

Early interventionb .4
Placebo 469 (49.7) 944 (100) 63 (13.4)
Gluten 475 (50.3) 72 (15.2)

C. section, caesarean delivery; Sib, sibling.
aData on the HLA risk group were available for 911 of 944 children with HLA typing performed by means of single-nucleotide
polymorphisms (SNPs) on the basis of the tag-SNP approach. From 2 children who developed CD no HLA risk group was
known; HLA risk groups: 1: DR3–DQ2/DR3–DQ2 (DQ2.5/DQ2.5) and DR3–DQ2/DR7–DQ2 (DQ2.5/DQ2.2); 2: DR7–DQ2/DR5–
DQ7 (DQ2.2/DQ7); 3: DR3–DQ2/DR5–DQ7 (DQ2.5/DQ7), DR3–DQ2/DR4–DQ8 (DQ2.5/DQ8), and DR3–DQ2/other (DQ2.5
other); 4: DR7–DQ2/DR7–DQ2 (DQ2.2/DQ2.2), DR7–DQ2/DR4–DQ8 (DQ2.2/DQ8), and DR4–DQ8/DR4–DQ8 (DQ8/DQ8); 5
DR7–DQ2/other (DQ2.2/other), DR4–DQ8/DR5–DQ7 (DQ8/DQ7), and DR4–DQ8/other (DQ8/other); “other”: any HLA-DQ
haplotype except DR3–DQ2, DR7–DQ2, DR4–DQ8, or DR5–DQ7.
bEarly intervention consisted of 100 mg of gluten/d or placebo between 4 and 6 months of age (Vriezinga et al5).
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all children were assessed regularly from birth for CD devel-
opment at predefined intervals, in a similar way as in the
PreventCD cohort (Supplementary Appendix).

The risk score as developed in the PreventCD cohort was
calculated for every child in the NeoCel cohort. The children
/
:

were subsequently allocated to 1 of the 4 risk groups. A uni-
variate Cox model with the (continuous) risk score was fitted in
the NeoCel cohort. Ideally, this should give a regression coef-
ficient of 1; values significantly <1 indicate overfitting of the
original risk score. Kaplan-Meier estimates were calculated for



HLA risk
CD/N children at risk at ages

0 years 2 years 4 years 6 years 8 years 10 years

Group 1 0/67 6/57 2/48 4/40 0/31 0/10
Group 2 0/48 0/44 5/34 2/29 0/24 0/12

Group 3 0/208 3/190 8/165 8/137 2/107 1/38
Group 4 0/34 0/30 2/50 2/21 1/17 0/7
Group 5 0/115 1/106 6/93 1/82 1/60 0/20

Covariates Coeff Se (coef) Mul variate
hazard ra o

95%
confidence
interval

p-value

HLA risk
group (ref:
group 5)

Group 1 0.8799 0.4416 2.4108 1.01-5.73 0.14
Group 2 0.6752 0.5040 1.9644 0.73-5.28
Group 3 0.3130 0.3957 1.3676 0.63-2.97
Group 4 0.4962 0.6014 1.6424 0.51-5.34

A

Figure 1. (A) Cumulative Incidence of celiac disease in the PreventCD cohort (n ¼ 911) at selected ages, according to 5 HLA-
haplotype and male gender (n ¼ 472). (B) Cumulative Incidence of celiac disease in the PreventCD cohort (n ¼ 911) at selected
ages, according to 5 HLA-haplotype and female gender (n ¼ 439). CI, confidence interval; CD, celiac disease; Coeff, coef-
ficient; HLA, human leucocyte antigen; N, number. HLA risk group: 1: DR3–DQ2/DR3–DQ2 (DQ2.5/DQ2.5) and DR3–DQ2/
DR7–DQ2 (DQ2.5/DQ2.2); 2: DR7–DQ2/DR5–DQ7 (DQ2.2/DQ7); 3: DR3–DQ2/DR5–DQ7 (DQ2.5/DQ7), DR3–DQ2/DR4–DQ8
(DQ2.5/DQ8), and DR3–DQ2/other (DQ2.5/other); 4: DR7–DQ2/DR7–DQ2 (DQ2.2/DQ2.2), DR7–DQ2/DR4–DQ8 (DQ2.2/DQ8),
and DR4–DQ8/DR4–DQ8 (DQ8/DQ8); and 5: DR7–DQ2/other (DQ2.2/other), DR4–DQ8/DR5–DQ7 (DQ8/DQ7), and DR4–DQ8/
other (DQ8/other); ”other” refers to any HLA-DQ haplotype except DR3–DQ2, DR7–DQ2, DR4–DQ8, or DR5–DQ7.
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each of the 4 risk groups. Harrell’s c-index was calculated to
quantify discrimination.
Results
PreventCD Cohort

The mean age of the children (n ¼ 944) was 10.3 years
(range, 8.4–12.0), 52% male, inter-quartile range follow-up
from 5.9 to 9.7 years. In total 227 (24%) children stopped
participation (Supplementary Appendix). The distribution
of the baseline variables of the cohort is presented in
Table 1.
Diagnosis of CD
In total, 135 children were diagnosedwith CD, including 5

without small-bowel biopsies according to the nonbiopsy
European Society of Paediatric Gastroenterology, Hepatology



HLA risk
CD/N children at risk at ages

0 years 2 years 4 years 6 years 8 years 10 years

Group 1 0/62 10/49 6/52 9/33 3/20 0/4
Group 2 0/40 3/34 9/61 4/27 0/19 0/8
Group 3 0/209 8/181 21/320 13/155 3/97 2/38
Group 4 0/32 1/27 2/50 1/24 1/10 0/3
Group 5 0/96 0/83 7/166 1/73 0/53 1/12

Covariates Coeff Se (coef) Mul variate
hazard ra o

95%
confidence
interval

p-value

HLA risk
group (ref:
group 5)

Group 1 2.5903 0.5352 13.3342 4.67-38.07 <0.001
Group 2 1.5156 0.6269 4.5521 1.33-15.55
Group 3 1.4424 0.5271 4.2310 1.51-11.89
Group 4 1.1180 0.7077 3.0587 0.76-12.25

B

Figure 1. (continued).
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and Nutrition criteria (Supplementary Figure 1,
Supplementary Appendix).1 In total, 8363 TGA de-
terminations were performed (Supplementary Figure 2,
Supplementary Appendix) with 563 children (59.6%) having
at least 1 determination between March 2016 and March
2019. Mean age at diagnosis was 4.3 years (range, 1.1–11.4).
The cumulative incidence of CD was 7.5%, 16.6%, and 17.5%
at 3, 8, and 10 years of age, respectively (Supplementary
Figure 3, Supplementary Appendix).
Variables Related to CD Development
CD developed significantly more frequently in girls (n ¼

79 [59%] vs n ¼ 56 [41%]; P ¼ .005; Supplementary
Figure 4, Supplementary Appendix). Moreover, the
frequency of CD development was significantly higher in
children homozygous for HLA-DQ2 (DR3-DQ2/DR3-DQ2
and DR3-DQ2/DR7-DQ2), than children with other HLA-DQ
haplotypes, with a cumulative incidence at 8 years of 35.4%
(n ¼ 40) vs maximum 18.2% (HLA risk group 2; n ¼ 14; P <
.001; Supplementary Figure 5, Supplementary Appendix).
This difference was even more significant when analyzed
separately for children with DR3-DQ2/DR3-DQ2 (n ¼ 21;
45.0%) compared with those with DR3-DQ2/DR7-DQ2 (n ¼
19; 28.9%; overall P < .001; Supplementary Figure 6,
Supplementary Appendix).

The interaction between gender and HLA risk group was
not significant (P ¼ .10) with hazard ratios for HLA-DQ2
homozygous (DR3-DQ2/DR3-DQ2 and DR3-DQ2/DR7-
DQ2) being 13.3 for girls (95% confidence interval [CI],



Table 2.Hazard Ratios for the Prediction Models With and Without Gluten Consumption During the First 3 Years of Life in
Children From Families With CD Based on Data From the PreventCD Cohort (n ¼ 944)

Age (y) 1 2 3

With gluten
consumption

Without gluten
consumption

With gluten
consumption

Without gluten
consumption

With gluten
consumption

Without gluten
consumption

Gender (reference male)
Female 1.65 (1.15–2.36) 1.64 (1.15–2.34) 1.48 (0.99–2.23) 1.47 (0.98–2.21) 1.27 (0.79–2.05) 1.26 (0.78–2.03)

HLA risk group (reference group 5)
Group 1 6.70 (3.48–12.89) 5.95 (3.10–11.41) 4.68 (2.26–9.71) 3.97 (1.92–8.21) 4.33 (1.80–10.41) 3.60 (1.51–8.61)
Group 2 2.92 (1.31–6.51) 2.76 (1.24–6.15) 2.77 (1.17–6.52) 2.58 (1.10–6.07) 2.73 (0.99–7.54) 2.55 (0.92–7.03)
Group 3 2.51 (1.34–4.68) 2.34 (1.25–4.36) 2.28 (1.18–4.41) 2.07 (1.07–4.00) 2.34 (1.08–5.08) 2.12 (0.98–4.58)
Group 4 2.26 (0.92–5.53) 2.20 (0.90–5.38) 2.22 (0.86–5.73) 2.13 (0.83–5.50) 3.16 (1.14–8.72) 3.00 (1.09–8.30)

Number of FDR (reference 1)
�2 1.64 (1.01–2.67) 1.60 (0.99–2.59) 1.75 (1.00–3.05) 1.69 (0.97–2.94) 1.80 (0.94–3.45) 1.72 (0.90–3.31)

Gluten intakea

Per g intake 1.28 (1.09–1.50) – 1.41 (1.15–1.72) – 1.43 (1.13–1.82) –

aUp to a maximum of 5 g gluten (see Supplementary Figure 9).
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4.7–38.1; P < .001) and 2.4 for boys (95% CI, 1.0–5.7;
P ¼ .14; Figures 1A and 1B).

In addition, in the exploratory analysis separating the
HLA-DQ2 homozygosity in HLA DR3-DQ2/DR3-DQ2 from
DR3-DQ2/DR7-DQ2, the interaction was significantly
different with respect to gender (P ¼ .04). In girls, the risk
to develop CD was significantly increased in both groups
of HLA-DQ2 homozygosity, with hazard ratios of 14.8
(95% CI, 4.8–46.0) and 12.5 (95% CI, 4.2–37.4) for DR3-
DQ2/DR3-DQ2 and for DR3-DQ2/DR7-DQ2, respectively.
In boys, the risk to develop CD was also significantly
increased in those with DR3-DQ2/DR3-DQ2, but not in
those with DR3-DQ2/DR7-DQ2 with hazard ratios of 5.0
(95% CI, 2.0–12.6) and 1.0 (95% CI, 0.3–3.5), respectively
(Supplementary Figures 7A and 7B, Supplementary
Appendix).

In multivariate analysis, no secondary variable, including
early intervention with small quantities of gluten or
breastfeeding, showed a significant association with CD
development. In the landmark analyses, only a higher
amount of average daily gluten intake during the first 3
years of age was associated with a higher risk to develop CD
(P ¼ .07, P ¼ .03, and P ¼ .05, respectively; Supplementary
Table 1, Supplementary Appendix).

The prediction models built with and without the gluten
intake per age showed similar results (Table 2).
Prediction Models
Based on the variables’ regression coefficients in this

multivariate model, a risk stratification score was con-
structed for each child (Table 3). Median (1.12) and first and
third interquartile range (IQ1 ¼ 0.90 and IQ3 ¼ 1.44) were
used as cut-off values for dividing the risk groups into low
(0–0.90 points), low-medium (0.91–1.12 points), high-
medium (1.13–1.44 points), and high (�1.45 points) risk
score (Figure 2A). The total points score is mapped as a
corresponding risk of CD probability (Figure 2B).
Validation of the Prediction Model in the NeoCel
Cohort

The distribution of the variables in the NeoCel cohort
contributing to the risk scores and probability for CD is
presented in Table 4. Supplementary Figure 8
(Supplementary Appendix) shows the estimated cumula-
tive incidence of CD for each risk group in the NeoCel
cohort. Cox regression with the continuous risk score yiel-
ded a regression coefficient of nearly 1.0 (0.81 [0.54]; P ¼
.13), indicating good fit despite the nonsignificance, with the
risk scores based on the data of the PreventCD cohort.
The Harrell’s c-index of 0.608, somewhat smaller than in
the PreventCD cohort, is not surprising, considering the
contribution of the factors could be estimated to optimize
discrimination in the original PreventCD cohort.
Discussion
Although long-term follow-up cohorts of children geneti-

cally predisposed for CD have been reported before,11 we
here present the longest follow-up data from a birth cohort of
genetically predisposed children with FDR with CD. Based on
this prospective data, we developed prediction models for CD
development in children from families with CD to facilitate
their individualized screening advice for CD.

Our results show first that the risk to develop CD for
children with affected FDR during the first 10 years of life is
significantly higher than previously assumed.6 Until
recently, the lifetime risk of CD for FDR of CD patients was
considered to be 5%–10%, yet our data show that at the age
of 8 years this is as high as 17%, emphasizing the impor-
tance of sound advice for early screening.6,12–17 We also
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confirm that CD develops in children with affected FDR at a
very young age because the mean age of diagnosis in our
cohort was 4 years of age. This early development has also
been shown in screening studies among the general pedi-
atric population, and we can assume that, in general, this
can be accepted as part of the natural history of CD.18–23 We
additionally confirm that, as previously reported by us in
the same cohort at the age of 3 years, the risk of CD in these
children during their first 10 years of life is strongly related
to their gender and HLA-DQ phenotype.5 In total, at the age
10 years, girls have a 7.7% higher cumulative incidence
compared with boys (21.5% vs 13.8%). The increased risk
for CD in HLA-DQ2 homozygotes as well as the predomi-
nance of female gender is well known.7,8 However, the sig-
nificant additional effect of the interaction between female
gender and certain HLA-DQ2 homozygosity has not been
reported before. Contrary to HLA-DR3-DQ2 homozygosity,
the increased risk in HLA-DR3-DQ2/DR7-DQ2 homozygosity
is only present in females. This different effect of gender
appears very early in life and it persists and increases
during the first 10 years of age (cumulative incidence 8.0%
for boys and 51.3% for girls) (Supplementary Figure 7A and
7B, Supplementary Appendix). The reason for this difference
is unknown and intriguing and possible explanations are
offered in the Supplementary Appendix.

In contrast to previously reported results by our group, the
present results show that the quantity of early gluten intake is
associated with a significantly higher risk of CD development,
with an increased hazard ratio of 1.07 per gram increase in daily
gluten intake.24 Plausible explanations for the discrepancy are
the different statistical methods used to analyze the data
because we now have used landmark analyses to avoid
immortal time bias.24 Because the prediction models with and
without adding the amount of gluten intake per age show
similar results, we have chosen to use the models without
gluten intake because this is generally unknown in standard
clinical setting. Our present findings are in accordance with
those from the TEDDY (The Environmental Determinants of
Diabetes in the Young) and DAISY (Diabetes Autoimmunity
Study in the Young) studies,25,26 suggesting that the quantity of
gluten ingestion may be a preventive factor for CD. Indeed, the
plots of the average daily gluten intake by the children in our
study suggest that the risk of CD increases linearly until
approximately 5 g per day, and that more gluten consumption
per day does not further increase the risk of CD (Table 2 and
Supplementary Figure 9, Supplementary Appendix). However, it
is important to keep in mind that these data are observational
and no causality may be concluded. These observations do not
allow us (or others) at this moment to give recommendations to
the parents on the prevention of CD in their children. To develop
such recommendations, the results of randomized controlled
trials (RCTs) with different quantities of ingested gluten as
intervention are needed.
Screening Advice
Screening for CD is recommended in children with FDR

with this condition, but the frequency of screening and at
what age remain unknown.27,28 Based on our prediction
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Figure 2. (A) Histogram of the prognostic index for development of celiac disease. 1. low risk: 0-0.90 points; 2. low-medium
risk: 0.91-1.12 points; 3. high-medium risk: 1.13-1.44 points; and 4. high risk: >1.45 points. (B) Cumulative incidences of celiac
disease at different ages for the 4 risk groups. CD, celiac disease; childr, children; CI, confidence interval; Coeff, coefficient;
HLA, human leucocyte antigen; IQ, interquartile; N, number. HLA risk group: 1: DR3–DQ2/DR3–DQ2 (DQ2.5/DQ2.5) and
DR3–DQ2/DR7–DQ2 (DQ2.5/DQ2.2); 2: DR7–DQ2/DR5–DQ7 (DQ2.2/DQ7); 3: DR3–DQ2/DR5–DQ7 (DQ2.5/DQ7), DR3–DQ2/
DR4–DQ8 (DQ2.5/DQ8), and DR3–DQ2/other (DQ2.5/other); 4: DR7–DQ2/DR7–DQ2 (DQ2.2/DQ2.2), DR7–DQ2/DR4–DQ8
(DQ2.2/DQ8), and DR4–DQ8/DR4–DQ8 (DQ8/DQ8); and 5: DR7–DQ2/other (DQ2.2/other), DR4–DQ8/DR5–DQ7 (DQ8/DQ7),
and DR4–DQ8/other (DQ8/other); “other” refers to any HLA-DQ haplotype except DR3–DQ2, DR7–DQ2, DR4–DQ8, or
DR5–DQ7.
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models of CD, an individualized screening advice for chil-
dren with FDR with CD can be provided (Figure 2B). Chil-
dren in the high-risk group should be advised to start
screening for CD earlier in life and more often than children
in other risk groups. This also depends on the current age of
the child because the risk of CD changes accordingly
(Table 3). To calculate the child-tailored risk and give
personalized screening advice, we designed a Prediction
application (https://hputter.shinyapps.io/preventcd/)
based on both the risk group to which the child belongs and
the current age of the child. As basis for our advice, we use
the current standard of care of many centers taking care of
families with CD, which is composed of a yearly screening of
children with FDR with CD based on the assumption of a
10% cumulative incidence among them. As a result, we
advise that every child with a FDR with CD should be
screened at presentation, including total IgA and IgA-TGA
determination, as well as HLA-DQ2 and DQ8 typing. If the
results of the TGA are negative, the risk of developing CD in
the next years should be assessed using our Prediction

https://hputter.shinyapps.io/preventcd/


Table 4.Distribution of the Variables in the Neocel Cohort
Contributing to the Risk Scores and Prediction
Models for CD (n ¼ 162)

Variable Values N (%) Total (%) CD (%)

Gender
Male 79 (48.8) 162 (100) 6 (7.6)
Female 83 (51.2) 7 (8.4)

HLA risk groupa

Group 1 3 (2.6) 117 (72.2) 1 (33.3)
Group 2 13 (11.1) 4 (30.8)
Group 3 13 (11.1) 0 (0)
Group 4 54 (46.2) 5 (9.3)
Group 5 34 (29.1) 2 (5.9)

Number of
affected FDR

1 137 (84.6) 162 (100) 13 (9.5)
2 or more 12 (7.4) 0 (0)

Risk score groups
High 19 (16.3) 117 (100) 4 (21.1)
High-medium 12 (10.3) 1 (8.3)
Low-medium 49 (41.2) 5 (10.2)
Low 37 (31.6) 2 (5.4)

aHLA risk group known in 117/162 children (n ¼ 1 child who
developed CD was not HLA typed). Groups 1: DR3–DQ2/
DR3–DQ2 (DQ2.5/DQ2.5) and DR3–DQ2/DR7–DQ2 (DQ2.5/
DQ2.2); 2: DR7–DQ2/DR5–DQ7 (DQ2.2/DQ7); 3: DR3–DQ2/
DR5–DQ7 (DQ2.5/DQ7), DR3–DQ2/DR4–DQ8 (DQ2.5/DQ8),
and DR3–DQ2/other (DQ2.5/other); 4:DR7–DQ2/DR7–DQ2
(DQ2.2/DQ2.2), DR7–DQ2/DR4–DQ8 (DQ2.2/DQ8), and DR4–
DQ8/DR4–DQ8 (DQ8/DQ8); 5: DR7–DQ2/other (DQ2.2/other),
DR4–DQ8/DR5–DQ7 (DQ8/DQ7), and DR4–DQ8/other (DQ8/
other); “other”: any HLA-DQ haplotype except DR3–DQ2,
DR7–DQ2, DR4–DQ8, or DR5–DQ7.
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application. If the prediction for CD development is >10%
in the next 2 years, we advise to repeat the screening after
6 months. If the prediction is between 5% and 10%, the
advice is to repeat the screening after 1 year and, if the
prediction is <5%, the advice is to repeat the screening after
2 years. For example, if we assume the case of a 1-year-old
girl HLA-DR3-DQ2 homozygous with normal IgA and nega-
tive TGA, we will advise her to repeat the screening at 18
months and 2 years of age (prediction 18.9% in the next 2
years). For more examples concerning the use of the Pre-
diction application for screening advice, see the
Supplementary Appendix.

The strength of our models for CD development and
screening advice is that they are based on prospective data
from multicenter collaboration with a long follow-up time.
All children have been followed up in a homogenous
manner, with centralized TGA determinations (9 of the 10
centers) and assessment of diagnostic biopsies, thereby
minimizing the risk of diagnostic bias. The high number of
CD-diagnosed cases in our cohort benefits also the design of
the prediction model. The multicenter, multinational
involvement in the PreventCD cohort and, therefore, the
plausible influence of different environmental factors in the
results and consequently in the produced prediction model
make it applicable in different countries. Lastly, the valida-
tion of the prediction model in an external independent
high-risk CD cohort with good fit supports the imple-
mentation to improve medical care and continuously opti-
mize the model. Although individualized screening advice
for CD has been reported before,29 as far as we know, we
are the first to provide it including age of initiation and
frequency of screening, in the form of a clinically easy-to-use
Prediction application (https://hputter.shinyapps.io/
preventcd/).

Possible shortcomings of our study are the variable in-
tervals of TGA determination after the age of 3 years,
implying that the CD development may occur sometime
before TGA determination. We have taken this into account
by averaging the time of CD development between the last
negative TGA result and the date of CD diagnosis. Another
possible shortcoming is that TGA determination was done in
563/944 children during the last 3 years of follow-up
(59.6%). From the 154 children who had no TGA determi-
nation during the last 3 years, we have negative TGA results
till a mean age of 5.1 years (range, 3.0–8.2 years). However,
from the 167 children whose parents had withdrawn con-
sent for the study we have negative TGA results till a mean
age of 3.2 years (range, 3 months–9.4 years) and we have
included all these data to develop the prediction models and
application (see the Supplementary Appendix). Taking all
this into consideration, our nearly 60% follow-up rate after
10 years can be considered as quite acceptable.

We have analyzed data till the age of 10 years, and our
prediction application applies till the age of 8 years. This is
inherent to the data available at the time at which the data
was frozen for analysis, when all the participants had
reached the age of 8 year (range, 8.4–12.0). It should be
noted that this Prediction application and screening advice
have been developed for children from families with CD and
should, therefore, not be applied in children from the gen-
eral population until their use has been broadly validated.

To conclude, children with CD-FDR develop CD early in
life, and their risk depends on gender, age, and HLA-DQ, all
factors that are important for sound screening advice. These
children should be screened early in life, including HLA-
DQ2/8 typing, and, if genetically predisposed to CD, they
should get further personalized screening advice using our
Prediction application (https://hputter.shinyapps.io/
preventcd/).
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2022.04.030.
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