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Abstract

Objectives: To determine the association between childhood growth prior to the development of
celiac disease (CD) and CD autoimmunity (CDA) identified by periodic serological screening.

Study design: The Diabetes Autoimmunity Study in the Young cohort includes 1979 genetically
at-risk children from Denver, Colorado, with annual growth measurements from age nine months
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until ten years. Between 1993 and February 2019, 120 children developed CDA defined by
persistent positive tissue transglutaminase autoantibodies (TGA); among these, 71 met our criteria
for CD based on histopathological findings or high TGA levels. Age- and sex-specific z-scores of
weight, body mass index (BMI), and height prior to seroconversion were derived using US
reference charts as standards. Joint modeling of serial growth measurements was used to estimate
adjusted hazard ratios (aHRs) accounting for celiac-associated human leukocyte antigens, early-
life feeding practices, and socio-demographics.

Results: In the first 10 years of life, there were no significant associations between the child’s
current weight, BMI and height and the risk of screening-detected CDA or CD, neither was the
weight nor BMI velocity associated with CDA or CD as identified by screening (all aHRs
approximated 1). Increased height velocity was associated with later CD, but not CDA,
development (aHR per 0.01-z score/year, 1.28; 95% confidence interval [C1] 1.18-1.38 and 1.03;
0.97-1.09, respectively).

Conclusions: In the first 10 years of life, from prospectively collected serial growth
measurements, we found no evidence of impaired childhood growth before CD and CDA
development as identified through early and periodic screening.

Keywords
Height; weight; body mass index; anthropometric measures

Introduction

Celiac disease (CD) is an autoimmune condition affecting 1% of children worldwide [1].
The human leukocyte antigen (HLA) locus is the major genetic determinant of CD; HLA-
DQ2 and/or -DQ8 is considered necessary, but not sufficient, for disease development. In
CD, gluten intake leads to small-intestinal villous atrophy. The flattening of small-intestinal
mucosa in CD can lead to a variety of symptoms including malnutrition and impairment of
growth, which has long been considered a cardinal sign of untreated CD in children [2].
However, over the past decades, the clinical presentation of CD has changed and today many
children have few or no symptoms at disease onset, in particular when identified through
targeted serological screening of the disease [3,4]. With increasingly milder presentations
and identification through screening, less is known on how longitudinal growth may be
affected or predict present-day screen-detected CD [5].

While growth has been linked to CD, only four studies have examined longitudinal data of
childhood growth in CD. Three of these studies demonstrate that early growth faltering is
associated with later CD and suggested that these differences may be antecedent to
seroconversion [6-8]. However, these studies were mostly restricted to either clinically
detected CD, prompted by symptoms or signs of the disease, or CD identified through
single, cross-sectional antibody screening for which there may be varying periods of
autoimmunity preceding the diagnosis. From these studies, it is therefore largely unknown
how growth prior to seroconversion relates to CD development. The only study with periodic
autoantibody screening found no association between growth and CD development, but in
that study, the data was restricted to the first 4 years of life [9]. We will address these
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challenges through prospectively collected, long-term follow-up data on growth from a large
cohort of children genetic ally at risk for CD who have undergone repeated serological
screening. We aimed to test whether longitudinal growth prior to seroconversion would
predict future screen-detected CD and CD autoimmunity (CDA), a pre-clinical manifestation
of CD.

The Diabetes Autoimmunity Study in the Young (DAISY) is a prospective cohort study
conducted in Denver, CO, which follows children genetically at-risk for type 1 diabetes and
CD [10]. Children were screened to detect CD and CDA Annual growth measurements were
conducted from age nine months until 10 years. Details on the formation of the DAISY
cohort and its follow-up have previously been reported [11]. The Colorado Multiple
Institutional Review Board approved all study protocols. Parental informed consent was
obtained and assent was obtained from children aged 7 years and older.

Study sample

Starting in 1993, children were recruited from two groups: (i) general-population newborns
that through mass screening were found to have CD-permissive HLA genotypes. Children
were born in 1993-2009 at Saint Joseph Hospital, Denver; (ii) unaffected children with a
first-degree relative with type 1 diabetes. These children were recruited irrespective of their
HLA genotype. Of the 2547 DAISY participants, this study restricted participation to 1979
children who were screened for CD and had at least one record of paired height and weight
measurements until age 10 years (Figure 1, Flowchart).

Outcomes: screen-detected celiac disease and celiac disease autoimmunity

As previously described [12], tissue transglutaminase autoantibodies (TGA) were used to
screen for CD. Participants were tested at nine, 15 and 24 months of age, and annually
thereafter. A positive test (TGA index >0.05) was repeated within three to six months. The
primary outcome of this study was CDA defined as a positive TGA on two consecutive
visits; CD was defined by small-intestinal biopsy showing crypt hyperplasia or villous
atrophy (Marsh score =2) [13]. For the purpose of this study, we also defined CD by the
presence of repeated TGA tests with an index of 0.5 (i.e., 10 times the upper limit of
normal). A TGA index >0.5 has previously been shown to have a positive predictive value of
96% for biopsy-confirmed CD [14]. All children with CD also had CDA.

Direct measurements of childhood growth

Trained research staff measured growth at nine, 15 and 24 months of age, and annually
thereafter. Weight was recorded to the nearest 0.1 kg. Recumbent length was recorded for
infants and toddlers; height was obtained with a stadiometer once the child was able to
cooperatively stand (recorded to the nearest 1 mm). From paired height and weight
measurements, we derived the body mass index (BMI, the weight divided by the square of
height in meters [kg/m2]). We calculated age- and sex-specific zscores of height, weight and
BMI using the Centers for Disease Control and Prevention growth charts as standards [15].
To reduce the impact of erroneously recorded data, seven paired growth measurements
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(0.7% of total growth measurements) were excluded based on published recommendations
for biologically implausible values [16].

The onset of puberty (Tanner stage 2) and its further development (Tanner stage 3 and 4)
varies considerably between individuals and has a strong impact on their growth velocity
[17]. To rule out the impact on the results from differences in pubertal timing, this study
only considered growth and CDA/CD development up to age 10 years. This was deemed as
a conservative age cut-off for pre-pubertal growth based on data of self-assessed Tanner
staging in a subset of DAISY participants (n7=629) aged 8 years and older (see Results)
[17]. The age cut-off of 10 years was also motivated by the fact that, in genetically
susceptible children, CD typically develops before that age [18].

As previously described [18], HLA DR, DQ genotyping was performed in DAISY to
identify children with DR3-DQ2.5 and DR4-DQ8.1 (designated as DQ2 and DQS8,
respectively) [19]. We categorized children into one of the following groups: DQ2/DQ?2,
DQ2/X, DQ2/DQ8, DQ8/DQ8, DQ8/X, and X/X, where X is neither DQ2.5 nor DQ8.

Other variables

Based on previous literature and available data [6,9,10], we pre-selected adjustment
variables that may be associated with growth and CD development. Information on sex,
birth-weight, gestational age, parent-reported race-ethnicity, maternal education level, and
family history of CD were obtained from enroliment questionnaires. Structured quarterly
interviews were conducted from age three months through 15 months of age to determine
any breastfeeding duration and age of gluten introduction. Total caloric intake was
calculated from validated semi-quantitative food-frequency questionnaires (FFQs)
administered annually beginning at age 2 years. The FFQs reflected the child’s usual diet
over the last year [20].

By study design, children in DAISY were screened for the onset of islet autoimmunity, a
preclinical stage of type 1 diabetes. We considered islet autoimmunity as a potential
confounder because it has been associated with both growth and CDA development [21,22],
and its appearance may influence study retention and the ascertainment of growth
measurements in DAISY. Covariates were categorized as shown in Table 1.

Statistical methods

Joint longitudinal exposure-survival models were employed to longitudinally examine the
association of childhood growth with the risk of CDA and CD. Briefly, joint models account
for potential correlation between the trajectory of longitudinal exposure measurements and
the time-to-event data (i.e., a possible interrelationship between growth and CDA/CD
development) [23,24]. In this approach, longitudinal and survival data are linked through
shared random effects. Joint modeling has previously been used for analysis of DAISY data
and has been described elsewhere in detail [11]. In this model, zscores of height, weight and
BMI were separately treated as time-varying exposures.
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Based on the Akaike Information Criterion (AIC), we modeled childhood growth data using
a linear mixed-effects model [25]. A piecewise exponential distribution with three internal
knots was found to be the best fit for our time-to-event sub-model based on AIC. The
longitudinal and survival sub-models were linked using a current-value association structure
which allowed estimation of the hazard ratios (HRs) for CDA and CD at observed event
times according to the z-score of weight, BMI, and height at those times [24]. We also
estimated the association between growth velocity over time (per 0.01 zscore/year increase)
and the subsequent risk of developing CDA and CD. Participants were followed until the
appearance of CDA, defined by the timing of the first positive TGA test, or else until the
time of the last negative TGA measurement by age 10 years. We used SAS JM Macro (V9.4,
SAS Institute, Cary, NC) for statistical analyses.

Adjusted analyses—In the survival sub-model, we included as covariates the child’s sex,
parent-reported race-ethnicity, HLA genotype, breastfeeding duration, maternal education
level, and family history of CD. In the longitudinal sub-model, total caloric intake, timing of
islet autoimmunity, gestational age, and birthweight were included as covariates.

Subanalyses—Based on previous DAISY findings on the age of gluten introduction [10],
additional analyses were performed including this covariate in our adjusted model. We
decided not to include this in our main adjustment model because that would greatly
diminish our statistical power (complete data available for 7= 985 children).

We also performed subanalyses restricted to 936 children enrolled before age 2.1 years and
screened for TGA at least every 2.1 years. This was done to reduce misclassification and to
limit the analysis to children with a more accurate estimation of time to seroconversion. This
age cut-off of 2.1 years was selected to include the subset of later recruited DQ2/X general
population children, but to exclude the first degree relatives of T1D patients recruited at an
older age without earlier growth measurements.

Out of the 1979 study participants, 954 (48%) were girls and 1467 (75%) were non-Hispanic
white (Table 1). Over a total follow-up of 16,004 person-years, 120 children developed
CDA, out of whom 71 also met criteria for CD. Median age of CDA/CD development was
5.2 years. In total, we had data on 10,748 recorded paired height and weight z-scores.
Supplementary Figure 1 shows pre-diagnostic, age- and sex-specific zscores of height,
weight, and BMI in children with versus without later CDA/CD development. In the subset
of our sample with self-assessed Tanner staging, the median age of pubertal onset was 10.5
years old for girls (interquartile range, 9.7-11.5 years) and 11.1 years old for boys (10.1-
12.0 years).

Childhood growth prior to screen-detected celiac disease and celiac disease autoimmunity

In the first 10 years of life, z-scores of weight at observed event times (“current value’) was
not associated with screen-detected CDA and CD (HR 1.15 [95% CI 0.95-1.39]; 1.26 [0.97-
1.62]; Figure 2); adjustment for potential confounders yielded largely unchanged results: for
CDA, adjusted (a) HR 1.17 (95% CI 0.92-1.48); for CD, aHR 1.35 (95% CI 0.98-1.86).
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There was also no significant association of the current z-score of BMI with screen-detected
CDA and CD (aHR 1.06 [95% CI 0.83-1.36] respectively 1.25 [95% CI 0.89-1.73]). The
aHR for CDA according to current height was 1.19 (95% CI 0.93-1.51); the corresponding
aHR for CD was 1.23 (95% CI 0.90-1.70).

Furthermore, neither annual velocity of weight and BMI were associated with the screen-
detected CDA (aHR 1.01 [95% CI 0.96-1.03] respectively 1.00 [95% CI 0.98-1.03]) or CD
(aHR 1.01 [95% C1 0.97-1.05] respectively 0.97 [95% CI 0.92-1.03]) (Figure 2). In the
unadjusted model, height velocity was non-significantly associated with CD (per 0.01 =
score/year, HR 1.10; 95% CI 0.95-1.28). However, in the adjusted model, for every 0.01 z
score increase in height per year, there was a 28% increased hazard of subsequently
developing CD (aHR 1.28; 95% CI 1.18-1.38).

Subanalyses

Adding age of gluten introduction to our main adjustment model, the association between
the change in height and CD was largely unchanged (aHR 1.28, 95%CI 1.18-1.39, p-value
<.001).

Compared with our main analyses reported above, we found largely an unchanged
association between growth and CD development when limiting our analyses to the 936
children enrolled by 2.1 years old and screened for TGA at least every 2.1 years (data not
shown).

Discussion

In this at-risk cohort, we used a unique data set of serial growth measurements from nine
months through 10 years of age to examine if growth trajectories predict later CDA and CD
as detected by periodic screening. Despite data from >10,000 paired height and weight
measurements and >16,000 person-years of follow-up, we found no significant association
between the child’s current weight, BMI and height and the risk of screening-detected CDA
and CD; neither was the weight and BMI velocity associated with CDA and CD identified
by screening. However, at odds with an intuitive interpretation, greater height velocity was
after adjustment for pre-selected covariates positively associated with screen-detected CD,
but not CDA development.

Most [6-8], but not all [9], previous longitudinal studies in this field have, in contrast to our
findings, suggested that growth impairment may precede serological markers of CD
(previous literature are summarized in Supplementary Table 1). While our study identified
CD and CDA through periodic screening, previous studies have mostly considered growth
prior to CD as detected clinically (prompted by symptoms or signs of the disease) or through
a single time-point TGA measurement. Hence, it is conceivable that, compared to our study,
previous works have identified children with an, on average, longer disease duration before
diagnosis leading to an impact on growth. The Generation R study in Rotterdam,
Netherlands, observed impaired growth of early childhood in those who were later found to
have celiac disease autoimmunity [8]. However, this study did not screen children for TGA
until 6 years of age, a time point at which many children in the DAISY study had already
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seroconverted. These growth differences, therefore, may be more of a reflection of untreated
CD. A Norwegian study found a reduced annual height velocity in children later clinically
diagnosed with celiac disease starting at 12 months of age [6]. This prompted the hypothesis
that growth differences may be seen even prior to seroconversion. However, our study and
the negative findings from the international, multicenter prospective cohort, The
Environmental Determinants of Diabetes in the Young study, which is similar in design to
DAISY, suggest that there overall do not seem to be growth differences prior to
seroconversion. Consequently, the lack of a preceding growth impairment in this cohort
undergoing frequent screening for CD may suggest that the previous observed association
with poor growth relates to a prolonged paucisymptomatic period of undetected and thus
untreated CDA. Other large, cross-sectional pediatric population studies have demonstrated
that, on a population level, children with untreated, screening-identified CD were shorter and
weighed less than their peers [26,27]. With cautious interpretation, this might suggest that
early identification of CD through periodic screening may avoid the potential negative
consequences on growth from later-diagnosed disease. However, it also must be considered
that growth impairment could be independent of the time period of untreated CD and rather
related to whether or not the child suffers from malabsorptive disease manifestations [5,28].
This study also highlights that the absence of growth impairment should not preclude
screening for CDA in children at genetic risk of the disease.

We found greater height velocity to be associated with later development of CD. To our
knowledge, a similar association has not previously been reported in CD. There may be
several explanations to this finding, including that it may have transpired by chance from
multiple comparisons. As in any observational study, we also cannot rule out that residual or
unmeasured confounders, such as socioeconomic status and parental height, may have
influenced our results. However, our findings also parallel previous results demonstrating
that increased height velocity in childhood may be positively associated with the risk of
developing type 1 diabetes [21,29], a disease that shares epidemiological and etiological
traits with CD [22]. In regards to the risk for type 1 diabetes, it has been suggested that
increased linear growth may be due to increased Insulin-like Growth Factor 1 (IGF1) which
in turn may augment insulin secretion and pancreatic B-cell demand. As IGF1 also changes
the kinetics and growth of the small-intestinal mucosa [30], it is interesting to speculate
whether such an effect may mediate an association between increased linear growth and
celiac enteropathy. Importantly, the observed association between increased height velocity
and CD development of our study was independent from the possible confounding effect of
islet autoimmunity.

This study has several strengths, including its prospectively collected serial growth
measurements from nine months through 10 years of age (total >10,000 paired height and
weight records). Growth data were collected by trained research professionals, which, as
compared to self-reports, reduces the risk of erroneously recorded data [31]. The early and
frequent serological screening for CD should ensure a higher sensitivity for CD and earlier
disease detection than previously used clinical case finding strategies [6,7]. This distinction
is important as periodic CD screening minimizes the risk of reverse causality, i.e., growth
impairment caused by the disease. The power of this study was increased by its frequent
growth measurements [32] and long follow-up period, and it is one of few that has examined
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growth in later stages of childhood (by age 10 years) with the development of CDA or CD.
The detailed data on potential confounders and predictors for CD, including celiac-
associated HLA genotypes and early-life feeding practices, are additional strengths.

This study also has some limitations. First, we limited this study to pre-pubertal growth by
age 10 years because information on pubertal timing and progression was only available on
a subset of our study sample. It is therefore unknown if our findings also relate to growth
and CD development after that age. While a robust set of covariates are included in the joint
model, there were certain covariates, such as parental height, that were not available.
Another potential limitation is that growth was typically measured once per year. We
therefore cannot rule out that sudden changes in growth, such as a transient effects on
weight, may be associated with the risk of CD or be preceded by impaired growth metrics
not captured by this study. This, as well as possible errors in measuring and recording
growth, may increase the risk of conducting a type 2 error (i.e., to erroneously accept a false
null-hypothesis). On the other hand, few previous studies in this field have such detailed
long-term follow-up data on growth as the current study, which greatly improved the power
to observe a true difference in growth.

This study was restricted to children genetically at-risk for CD. Hence, it is therefore
unknown how our findings relate to children from the general population. Finally, we could
not evaluate whether our results may differ across clinical phenotypes of CD, specifically the
presence of malabsorptive symptoms, which commonly has been suggested to mediate
growth differences in children with clinically identified CD [28].

In conclusion, from prospectively collected serial growth measurements, we found no
evidence of impaired childhood growth before CD/CDA development as identified through
early and periodic screening. In light of previous studies, these findings indicate that growth
impairment in CD is likely a consequence of, rather than an antecedent to the disease.
Conversely, increased height velocity was associated with later CD, a novel finding that
should be carefully corroborated by other studies before non-causal explanations are
excluded.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DASIY COHORT
2,547 genetically at risk children

Excluded due to absent TGA Data
n=179

Excluded due to inadequate growth data
n=389

ANALYSIS COHORT
Longitudinal Growth throughout
childhood
n=1979, out of whom 120 developed CDA,
71 developed CD

Figurel.
Flowchart of sample formation. Abbreviations: CDA: celiac disease autoimmunity; CD:

celiac disease; DAISY: Diabetes Autoimmunity Study in the Young; TGA: tissue
transglutaminase autoantibody. Genetically susceptible children refers to the presence of
celiac-associated human leukocyte antigen (HLA) haplotypes or having a first-degree
relative with type 1 diabetes. Among the 49 children who developed CDA, but not CD, 37
children had fluctuating or transient autoantibody levels, 10 children had persistently
elevated TGA levels, and 2 children went on a gluten-free diet without a biopsy.
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Current Weight z-score
BMI z-score Change®
Height z-score Change
Weight z-score Change
Celiac Disease
Current BMI z-score
Current Height z-score
Current Weight z-score
BMI z-score Change
Height z-score Change

Weight z-score Change

Figure2.

I 1.01 (0.82-1.25) 1.06 (0.83-1.36)
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———i
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Hed
h

o
|
|_|_.—|

1.08 (0.82-1.43) 1.25 (0.89-1.73)

]
o | 7 1.27 (0.98-1.67) 1.23 (0.90-1.70)
|
———
1 N 2 1.26 (0.97-1.62) 1.35(0.98-1.86)
I-i 1.00 (0.97-1.03) 0.97 (0.92-1.03)
o ,
| 1.10 (0.95-1.28) 1.28 (1.18-1.38)
I-t 1.01 (0.98-1.04) 1.01(0.97-1.05)
I
I | T | I
0.7 1.0 1.3 1.6 1.9

HR (95%Cl)
aHR (95%CI)*

Adjusted hazard ratios for celiac disease (CD) and CD autoimmunity (CDA) according to
current and change rate in z-scores of height, weight and body mass index. Abbreviations:
aHR: adjusted hazard ratio; BMI: body mass index; CI: confidence interval; HR: hazard
ratio. AUnadjusted HRs and corresponding 95% Cls are depicted in gray; adjusted (a) HRs

with 95% Cls are depicted in

black. BHR per increase in z-score at observed event times

(‘current value’). CHR per 0.01-zscore/year increase in weight, BMI, and height,

respectively.
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