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Chapter 5

ABSTRACT

BACKGROUND AND 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. Aims: to detect variables influencing the risk of CD-devel-
opment and develop and validate clinical prediction models to provide individualized
screening advice.

METHODS: Analysis of prospective data from the ten years follow-up of the PreventCD-
birth cohort involving 944 genetically predisposed children with CD-FDR. Variables
significantly influencing the CD-risk were combined to determine a risk score. Landmark
analyses were performed at different ages. Prediction models were created by multivari-
able 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 (1.1-11.4). CD developed significantly
more often in girls (p=0.005) and in HLA-DQ2 homozygous individuals (8-year cumula-
tive incidence 35.4% versus maximum of the other HLA-risk groups 18.2% [p<0.001]).
The effect of homozygosity DR3-DQ2/DR7-DQ2 on CD-developing was only present in
girls (interaction p=0.04). The prediction models showed good fitting 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: all factors which are important for a sound screening advice.
These children should be screened early in life, including HLA-DQ2/8-typing, and if
genetically predisposed to CD, should get further personalized screening advice using
our Prediction app.
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Prediction models for celiac disease development in children from high-risk families

INTRODUCTION

Celiac disease (CD) is a common autoimmune disorder caused by the ingestion of glu-
ten in genetically susceptible individuals. It is characterized by CD-specific antibodies
and HLA-DQ2 and/or HLA-DQ8 haplotypes.' CD affects as many as 1-3 % of the general
population.”® Among first-degree relatives (FDR) of CD patients, the disease prevalence
is much higher, being approximately 10-20% depending on the HLA-DQ and gender.**
This has been prospectively evaluated among others in the PreventCD cohort, consist-
ing of 944 children with at least one 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 breastfeeding did not reduce the risk of CD at three
years of age.” The data of the follow-up of the PreventCD cohort at the mean age of ten
years offers a unique opportunity to study the natural development of CD in children
from high-risk families. The aims of this study were, (i) to detect variables that influence
the age-dependent risk of CD development in children with affected FDR, and (ii) 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 29" March 2019. All children were assessed regularly from birth
onwards for CD development at pre-defined intervals, including seven times during the
first three years of age and thereafter annually or at least once between March 2016 and
March 2019.° We monitored parent-reported health status, weight and height, gluten
consumption (up until the age of three years, quantified using standardized question-
naires) and serum IgA 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 were highest.
Given that TGA 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.
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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 (SAP) was published online on 29 March 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%20Analy-
Sis%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 univariate compari-
son of cumulative incidences of CD between groups, the log-rank test (two-sided) was
used.

Prediction models
To develop the models, all the factors that significantly influenced the risk of CD devel-
opment were combined into a risk score.

Baseline model

Multivariable Cox proportional hazards regression analysis of the baseline was per-
formed in two steps. In the first step, three 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 significance. In accordance with our previous
publication, we analyzed the risk for CD in five groups according to HLA-DQ genotype
(see Supplementary Appendix).” 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,
as the affinity of gluten peptides is higher for DR3-DQ2 than for DR7-DQ2 receptors.™®
Because of the low number of children with 3 or more affected FDRs (7), these were
considered together in one 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 (AIC), thus guarding against overfitting.>"

Landmark prediction models

Analyses for variables occurring after birth (duration of breastfeeding, duration of exclu-
sive breastfeeding, rotavirus vaccination, infections as reported by parents and gluten
intake) were performed at one, two and three years of age (infections until six years
of age) (Supplementary Appendix). For each analysis, the information available at the
landmark time point was used. Models’ backward elimination based on AIC was used.
Since quantification of daily gluten intake is usually unknown in the standard medi-
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Table 1. Distribution of the baseline variables in the PreventCD cohort (n =944)

PRIMARY VARIABLES

1.Gender 0.005
Male 490 (51.9) 944 (100) 56 (11.4)
Female 454 (48.1) 79 (17.4)

2. HLA risk group™ <0.001
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)

3.Number of affected FDR 0.01
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

4. Country 0.06
Netherland 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)

5. Type of affected FDR 0.01
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+sib(s) 46 (4.9) 15 (32.6)
Father+sib(s) 14 (1.5) 3(21.4)
Multiple sibs 19 (2.0) 1(5.3)
Other 2(0.2) 1 (50.0)

6. Gluten consumption by the mother during pregnancy 0.04
No 509 (53.9) 944 (100) 61(12.0)
Yes 435 (46.1) 74 (17.0)

7. Mode of delivery 0.6
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)

8. Early intervention** 0.4
Placebo 469 (49.7) 944 (100) 63 (13.4)
Gluten 475 (50.3) 72 (15.2)

CD=celiac disease. C. Section= caesarean delivery. FDR= first degree relative. HLA= human leucocyte antigen. N.=number.
Sib=sibling.

* data on the HLA risk group were available for 911 of 944 children with HLA typing performed by means of single-nu-
cleotide 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: DRT-
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.

** Early intervention consisted of 100 mg of gluten per day or placebo between 4-6 months of age (Vriezinga 2014).
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cal settings in which the prediction 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 mul-
tivariable 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 inde-
pendent NeoCel cohort, in which all children were assessed regularly from birth for
CD development at pre-defined 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 one of the four risk groups.
A univariate Cox model with the (continuous) risk score was fitted in the NeoCel cohort.
Ideally, this should give a regression coefficient of 1; values significantly smaller than 1
indicate overfitting of the original risk score. Kaplan-Meier estimates were calculated for
each of the four risk groups. Harrell’s c-index was calculated to quantify discrimination.

RESULTS

PREVENTCD-COHORT

The mean age of the children (n=944) was 10.3 years (range 8.4-12.0), 52% male, inter-
quartile range (IQR) 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 celiac disease

In total, 135 children were diagnosed with CD, including five without small-bowel
biopsies according to the non-biopsy ESPGHAN criteria (Figure S1, Supplementary Ap-
pendix)." In total, 8363 TGA determinations were performed (Figure S2, Supplementary
Appendix) with 563 children (59.6%) having at least one determination between March
2016 and March 2019. Mean age at diagnosis was 4.3 years (range 1.1-11.4). The cumula-
tive incidence of CD was 7.5%, 16.6% and 17.5% at three, eight and ten years of age,
respectively (Figure S3 Supplementary Appendix).
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Variables related to CD development

CD developed significantly more frequently in girls (n=79, 59% vs n=56, 41%) (p=0.005)
(Figure S4 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 eight years of 35.4% (n =40) versus maximum 18.2% (HLA risk group 2, n
= 14) (P<0.001) (Figure S5 Supplementary Appendix). This difference was even more
significant when analysed separately for children with DR3-DQ2/DR3-DQ2 (n=21; 45.0%)
compared to those with DR3-DQ2/DR7-DQ2 (n=19; 28.9%) (overall p<0.001) (Figure S6
Supplementary Appendix).

The interaction between gender and HLA risk group was not significant (p=0.10) with
hazard ratios for HLA-DQ2 homozygous (DR3-DQ2/DR3-DQ2 and DR3-DQ2/DR7-DQ2)
being 13.3 for girls (95% confidence interval [Cl], 4.7-38.1; p<0.001)) and 2.4 for boys
[95%Cl, 1.0-5.7; p = 0.14) (Figures 1a and 1b).
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Figure 1a. Cumulative Incidence of celiac disease in the PreventCD cohort (n = 911) at selected ages, according to five
HLA-haplotype and male gender (n=472).

Boys
- — Group1
a — Group 2
o 24 — Grow3
G — Group 4
= | — Group5
® o
o
o _
o |
R e e L A R e B R B —
o1 2 3 4 5 6 7 8 9 10
Age (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
HLA risk Group 1 0.8799 0.4416 2.4108 1.01-5.73 0.14
group (reft  “Group2 0.6752 0.5040 1.9644 0.73-5.28
group 5)
Group 3 0.3130 0.3957 1.3676 0.63-2.97
Group 4 0.4962 0.6014 1.6424 0.51-5.34

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 differ-
ent with respect to gender (p=0.04). In girls, the risk to develop CD was significantly
increased in both groups of HLA-DQ2 homozygosity, with hazard ratios of 14.8 [95%Cl
4.8- 46.0] and 12.5 [95%Cl 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%Cl 2.0-12.6) and 1.0 (95%Cl 0.3-3.5) respectively (Figures S7a and S7b Supple-
mentary Appendix).
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Figure 1b. Cumulative Incidence of celiac disease (CD) in the PreventCD cohort (n = 911) at selected ages, according to
HLA-haplotype divided into five HLA groups and female gender (n = 439).

Girls
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Age (years)
Group 1 0/62 10/49 6/52 9/33 3/20 0/4
Group 2 0/40 3/34 9/61 4/21 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
HLA risk Group 1 2.5903 0.5352 13.3342 4.67-38.07 <0.001
group (ref:  “Group2 1.5156 0.6269 4.5521 1.33-15.55
group 5)
Group 3 1.4424 0.5271 4.2310 1.51-11.89
Group 4 1.1180 0.7077 3.0587 0.76-12.25

CD= Celiac disease, No=number, CI= confidence interval. Coeff: coefficient. 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/DQT), and DR4-DQ8/other (DQ8/other); “other” refers to any HLA-DQ haplotype except DR3-DQ2, DR7-DQ2, DR4-
DQ8, or DR5-DQ7.

In multivariate analysis, no secondary variable, including early intervention with small
quantities of gluten or breastfeeding, showed a significant association with CD develop-
ment . In the landmark analyses, only a higher amount of average daily gluten intake
duringthefirst three years of age was associated with a higher risk to develop CD (p=0.07,
p=0.03 and p=0.05 respectively) (Table S1 Supplementary Appendix). The prediction
models built with and without the gluten intake per age showed similar results (Table 2).
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Prediction models for celiac disease development in children from high-risk families

Figure 2a. 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.

Histogram of prognostic index
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Figure 2b. Cumulative incidences of celiac disease (CD) at different ages for the four risk groups.
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CD=celiac disease. N=number. HLA=human leucocyte antigen. HLA risk groups: group 1= DR3-DQ2/DR3-DQ2 (DQ2.5/
DQ2.5) and DR3-DQ2/DR7-DQ2 (DQ2.5/DQ2.2); group 2= DR7-DQ2/DR5-DQ7 (DQ2.2/DQ7); group 3 = DR3-DQ2/DR5-DQ7
(DQ2.5/DQ7), DR3-DQ2/DR4-DQ8 (DQ2.5/DQ8), and DR3-DQ2/other (DQ2.5/other); group 4 = DR7-DQ2/DR7-DQ2 (DQ2.2/
DQ2.2), DR7-DQ2/DR4-DQ8 (DQ2.2/DQ8), and DR4-DQ8/DR4-DQ8 (DQ8/DQ8); and group 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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05  0/190 0 0/243 0 0/65 0 0/377 0
1 1/188  0.5(0-1.5)  0/238 0 0/62 0 0/368 0
15 4/182  27(0.3-49) 2/235  0.8(0-2.0) 0/62 0 2/360  0.6(0-1.3)

2 15/162 10.8(6.2-152) 6/224  3.4(11-57)  1/59  16(0-48  1/35  0.8(0-1.8)
25  4/156 13.0(8.0-17.8) 3/219  47(20-74)  0/59  16(0-48  3/347  1.7(0.3-3.0)
3 8/145 17.5(11.8-22.8) 7/205 7.8(42-11.1)  0/55  1.6(0-48)  5/335 3.1(1.3-4.9)
3.5  4/130 19.9(13.9-25.6) 1/196 82(4.6-11.7) 1/53  3.5(0-8.1)  2/318 3.7(1.7-5.6)
4 1/128 20.6(14.4-26.3) 7/186 11.5(7.2-156) 0/53  3.5(0-8.1)  4/311  4.9(2.6-7.2)
45  1/126 21.2(14.9-27.0) 0/185 11.5(7.2-15.6) 0/52  35(0-8.1)  4/301  6.2(3.6-8.7)
5 8/117 26.2(19.3-32.5) 4/179 13.4(8.8-17.8) 2/48  7.2(0.1-13.8) 2/294 6.8 (4.1-9.4)
55  1/113 26.8(19.9-33.1) 3/171 14.9(10.1-19.5) 2/43 11.2(2.3-19.4) 2/276 7.4(4.6-10.2)
6 1/108 27.5(20.5-33.9) 4/159 16.9(11.8-21.8) 0/40 11.2(2.3-19.4) 2/267 8.1(5.1-11.0)
6.5  0/104 27.5(20.5-33.9) 2/137 18.0(12.7-23.0) 1/36 13.5(3.6-22.3) 1/246 8.5(5.4-11.4)
7 0/104 27.5(20.5-33.9) 1/134 18.6(13.2-23.7) 1/32 15.9(5.0-25.6) 0/236 8.5(5.4-11.4)
75  2/89 29.0(21.8-35.5) 1/127 19.3(13.7-245) 0/31 15.9(5.0-25.6) 0/224 8.5(5.4-11.4)
8 1/85 29.8(22.5-36.4) 0/118 19.3(13.7-24.5) 0/29 15.9(5.0-25.6) 1/206 8.9 (5.7-12.0)
85  1/70 30.8(23.3-37.5) 1/110 20.0(14.3-253) 0/25 15.9(5.0-25.6) 1/166 9.4(6.1-12.7)
9 0/53 30.8(23.3-37.5) 0/90 20.0(14.3-253 0/20 15.9(5.0-25.6) 1/130 10.0(6.5-13.4)
9.5  0/37 30.8(23.3-37.5) 0/65 20.0(14.3-253 0/16 159(5.0-25.6) 0/92 10.0(6.5-13.4)
10 0/29 30.8(233-37.5) 0/50 20.0(143-253 0/8 15.9(5.0-25.6) 0/65 10.0(6.5-13.4)

CD= celiac disease; childr.=children; CI= confidence interval; HLA= Human Leukocyte Antigen; n=number of children

Prediction models

Based on the variables’ regression coefficients in this multivariate model, a risk stratifi-
cation score was constructed for each child (Table 3). Median (1.12) and first and third
IQR (1Q1=0.90 and 1Q3=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 corre-
sponding 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. Figure S8 (Supplementary Appendix) shows
the estimated cumulative incidence of CD for each risk group in the NeoCel cohort.
Cox regression with the continuous risk score yielded a regression coefficient of nearly
1.0 (0.81 (0.54); p=0.13), indicating good fitting despite the non-significance, with the
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Table 4. Distribution of the variables in the Neocel cohort contributing to the risk scores and prediction models for CD
(n=162)

Variable Values N Total CcD
(%) (%) (%)
1 Gender Male 79 (48.8) 162 6(7.6)
Female 83(51.2) (100) 7(8.4)
Group 1 3 (2.6) 1(33.3)
Group 2 13(11.1) 4(30.8)
2. HLArisk group* Group 3 13(11.1) (7121.72) 0(0)
Group 4 54 (46.2) 5(9.3)
Group 5 34(29.1) 2(5.9)
3. Number of i 137 (84.6) 162 13 (9.5)
affected FDR 2 or more 12 (7.4) (100) 0 (0)
High 19 (16.3) 4(21.1)
4, Risk score High-medium 12(10.3) 117 1(8.3)
groups Low-medium 49 (41.2) (100) 5(10.2)
Low 37 (31.6) 2 (5.4)

CD=celiac disease. FDR= first degree relative. HLA= human leucocyte antigen. N=number; * HLA risk group known in 117/
162 children (n 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.

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 genetically predisposed for CD have
been reported before', 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 CD families 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 ten years of life is significantly higher than previously assumed.® 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 eight years, this is as high as 17%, emphasizing the importance
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of a sound advice for early screening.®***" We also confirm that CD develops in children
with affected FDR at a very young age, as the mean age of diagnosis in our cohort was
four years of age. This early development has also been shown in screening studies
among the general pediatric population, and we can assume that, in general, this can be
accepted as part of the natural history of CD."** We additionally confirm that, as previ-
ously reported by us in the same cohort at the age of three 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.’ In total, at the age ten years, girls have a 7.7% higher cumulative incidence
compared to boys (21.5% vs 13.8%). The increased risk for CD in HLA-DQ2 homozygotes
as well as the predominance of female gender is well known.”® However, the significant
additional effect of the interaction between female gender and certain HLA-DQ2 homo-
zygosity 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 ten years of age (cumulative incidence 8.0% for boys and 51.3% for girls) (Figure
S7a 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.* Plausible explanations for the discrepancy are the different statistical methods
used to analyse the data, since we now have used landmark analyses to avoid immortal
time bias.** Since 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, as this is generally unknown in standard clinical setting. Our present findings

are in accordance with those from the TEDDY and DAISY studies,”?®

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 in-
creases linearly until approximately 5 grams per day, and that more gluten consumption
per day does not longer increases the risk of CD (Table 2 and Figure S9, 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 recommendation to the parents on the prevention of CD in their
children. To develop such recommendations the results of RCTs with different quantities

of ingested gluten as intervention are needed.
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Screening advice

Screening for CD is recommended in children with FDR with this condition, but the
frequency of screening and at what age remains unknown.”””® Based on our prediction
models of CD, an individualized screening advice for children with FDR with CD can be
provided (Figure 2b). Childrenin 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
upon the current age of the child, since the risk of CD changes accordingly (Table 3). To
calculate the child-tailored risk and give a 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 centres taking care of families with
CD, which is comprised 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 app. If the prediction for CD development is higher than 10% in the next two
years, we advise to repeat the screening after six months. If the prediction is between
5-10%, the advice is to repeat the screening after one year and if the prediction is lower
than 5%, to repeat the screening after two years. For example, if we assume the case of
a l-year-old girl HLA-DR3-DQ2 homozygous with normal IgA and negative TGA, we will
advise her to repeat the screening at 18 months and two years of age (prediction 18.9%
in the next two years). For more examples concerning the use of the Prediction app 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 multicentre collaboration with a long follow-up time.
All children have been followed in a homogenous manner, with centralized TGA de-
terminations (nine of the ten centres) 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 multicentre, multinational
involvement in the PreventCD cohort, and therefore the plausible influence of differ-
ent environmental factors in the results and consequently in the produced prediction
model, make it applicable in different countries. Lastly, the validation of the prediction
model in an external independent high-risk CD cohort with good fitting, supports the
implementation to improve medical care and continuously optimize the model. Al-
though individualized screening advice for CD has been reported before,” as far as we
know, we are the first to provide it including age of initiation and frequency of screen-
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ing, in the form of a clinically easy-to-use Prediction app (https://hputter.shinyapps.io/
preventcd/).

Possible shortcomings of our study are the variable intervals of TGA determination after
the age of three years, implying that the CD development may occur sometime prior
to TGA determination. We have taken this into account by averaging the time of CD de-
velopment between the last negative TGA result and the date of CD diagnosis. Another
possible shortcomingis that TGA determination was done in 563/944 children during the
last three years of follow up (59.6%).From the 154 children who had no TGA determina-
tion during the last three years, we have negative TGA results till a mean age of 5.1 years
(3.0 - 8.2 years). However, from the 167 children whose parents withdrawn consent for
the study we have negative TGA results till a mean age of 3.2 years (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 analysed 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 app and screening advice have been
developed for children from CD families and should therefore not be applied in children
from the general 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 which are important for a sound screening advice.
These children should be screened early in life, including HLA-DQ2/8 typing, and if
genetically predisposed to CD, should get a further personalized screening advice using
our Prediction app (https://hputter.shinyapps.io/preventcd/).
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