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Objective: Earlier research suggests that birth weight may be associated with celiac disease
(CD), but the direction of association has been unclear potentially due to confounding effect
from genetic and intrafamilial factors. Through within-twin analyses, we aimed to minimize
confounding effects such as twins that share genetic and early environmental exposures.
Materials and methods: Using the Swedish Twin Registry, we examined the birth weight of
146,830 twins according to the CD status. CD was defined as having villous atrophy according
to a small intestinal biopsy reports.

Results: The prevalence of diagnosed CD was 0.5% (n=669), and we included 407 discordant
pairs of CD-non-CD twins. Comparing the 669 CD patients with non-CD twins, the associa-
tion between birth weight and future CD was not statistically significant (odds ratio [OR] per
1000 g increase in birth weight: 1.16; 95% confidence interval [CI]=0.97-1.38). In males, the
association was positive and statistically significant (OR=1.50; 95% CI=1.11-2.02). However,
the association was not significant in within-pair analyses for both dizygotic and monozygotic
twins and for both sexes.

Conclusion: This population-based study found that in male twins, higher birth weight was
associated with higher risk of CD. However, when comparing discordant twin pairs in within-twin
pair analyses, there was no statistically significant association between birth weight, intrauterine
growth, and future risk of CD.
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Introduction
Celiac disease (CD) is a chronic immune-mediated disorder triggered by the exposure
to gluten in genetically predisposed individuals. On gluten exposure, the individual
typically develops small intestinal villous atrophy (VA) and mucosal inflammation.'
Individuals with CD are at increased risk of a number of disorders? including lym-
phoproliferative disease®* and adverse pregnancy outcome,* and in most populations
also death.’ Up until recently, both age at gluten introduction and breastfeeding were
regarded as important risk factors for future CD,%’ but two large randomized clini-
cal trials have reported a null association between duration of breastfeeding, age at
gluten introduction, and the risk of later CD.3° Since heritability cannot explain all
the variance in risk for CD,'" other environmental factor(s) are likely to contribute to
the celiac pathogenesis.!!

Considering that CD often debuts at young age, perinatal conditions may contribute
to CD pathogenesis. In one of the first studies on newborn characteristics and later CD,
Sandberg-Bennich et al'? found a negative association between birth weight and CD
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(low birth weight [£2499 g] increased the risk of CD [odds
ratio {OR }=1.27; 95% confidence interval {CI}=1.07-1.52]).
In contrast, two recent studies have reported a positive
association between birth weight and CD. In the Norwegian
study by Emilsson et al,'* both low birth weight (<2500 g;
OR=0.79) and “very” low birth weight (<1500 g; OR=0.45)
were linked to a lower risk of future CD. However, none
of the risk estimates reached statistical significance (the
analysis of very low birth weight only contained one case of
CD), and z-scores for birth weights were similar in patients
with CD and their controls. In a Swedish dataset, Namatovu
et al'* found an inverse relationship between very low birth
weight and CD, but this relationship failed to reach statistical
significance after adjustment for covariates (OR=0.8; 95%
CI=0.5-1.2). Meanwhile, Marild et al* found that a very low
birth weight may protect against future CD (OR=0.87; 95%
CI=0.63—1.21), while their study showed a neutral relation-
ship between low birth weight and CD (adjusted OR=1.02).
Interestingly, Marild et al'> observed an increased risk of
CD in small for gestational age (SGA) children (OR=1.21;
95% Cl=1.09-1.35).

The Swedish Twin Registry (STR) collects data on all
twins in Sweden.!'® Through zygosity data (where monozy-
gotic [MZ] twin pairs share 100% of their genes and dizygotic
[DZ] twin pairs on average 50% of the genome), it allows
researchers to disentangle genetic and environmental factors
in the etiology of complex diseases. In this study, we exam-
ined the association between birth weight and CD in twins
with biopsy-verified CD.

Materials and methods

CD

In 2006-2008, we contacted all 28 pathology departments in
Sweden and obtained data on small intestinal biopsies per-
formed in 1969—2008. We then updated the data collection in
2013 to include individuals undergoing biopsy up until this
year. Data included date of biopsy, biopsy site (duodenum and
jejunum), VA (Marsh grade I1I), and personal identity number. !’
We defined CD as having VA in the duodenum or jejunum at
histopathology examination. This definition has been validated,
and in a Swedish setting,'® 95% of all individuals with VA have
CD (this is in fact higher than having a physician-assigned
diagnosis in the National Patient Register'®). The histopathology
examination was based on an average of three small intestinal
specimens® which should detect 95% of all CD patients.
Additional details on the collection of biopsy data have been
published previously. In total, 39,935 individuals with CD
were identified and then matched to the STR. This study was

approved by the regional ethics review board in Stockholm on
June 14,2006 (2006/633-31/4). This was a registry-based study,
and for this reason, no participant was contacted.?® The study
did not include any identifying information.

The STR

The STR started in the 1950s and contains information about
twins born in Sweden since 1886.° Zygosity is determined
through questionnaire data about intrapair similarities in
childhood, being of opposite sex, or DNA analyses, and has
an estimated accuracy of >98%.2!

In this study, we identified all twins alive in 2007
(N=146,830 from 80,296 pairs) and born since 1906 (so that
participants were <100 years at the end of the study) whose
birth year and sex were known, out of whom 669 (0.5%) had
a diagnosis of CD (VA; Table 1). In addition to birth weight,
we obtained information on sex, birth length, birth year,
and zygosity from the STR. The study was not restricted to
Caucasians. Swedish regulations prohibit registers on religion
or race.

Swedish Medical Birth Registry

This registry started in 1973 and contains data on >98% of all
births. Data were collected on standardized forms. Only birth
weights 2300 g and <7000 g were accepted in the registry
to decrease errors. Through this register, we obtained data
on birth weight and gestational length (in days). When the
information was not available in the Medical Birth Registry,
we retrieved the corresponding data from the STR, collected
through questionnaires. The Medical Birth Registry is regu-
larly audited and has a high quality.??

Birth weight and z-scores
Data on birth weight were available, from either the Medical
Birth Registry or the STR, for 102,384 twins. We calculated

Table | Descriptive information, number (percentage of non-
missing values within each variable) if not else stated

Characteristics CD, n (%) No record of
(yes) CD, n (%) (no)
Total 669 (0.5) 146,161 (99.5)
Sex
Female 446 (66.7) 74,057 (50.7)
Male 223 (33.3) 72,104 (49.3)
p-value? <0.001
Birth weight
Mean (SD), g 2662 (552) 2638 (543)
p-value? 0.349
<1499 g 12 (2.5) 2519 (2.5)
(Continued)
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Table | (Continued)

CD, n (%) No record of
(yes) CD, n (%) (no)

15002499 g 151 (32.0) 35,651 (35.0)
2500-3499 g 281 (59.5) 58,628 (57.5)
>3500 g 28 (5.9) 5112 (5.0)
p-value? 0.508
Missing 197 (29.4) 44,249 (30.3)
p-value? 0.673

z-score mean® 0.07 (0.99) 0.00 (1.00)
p-value® 0.252
Missing 378 (56.5) 99,104 (67.8)
p-value? <0.001

Birth length
Mean (SD), cm 47.28 (2.82) 4722 (2.92)
p-value® 0.689
<39 cm 5(L.I) 1440 (1.4)
40—44 cm 61 (13.6) 13,591 (13.7)
4549 cm 290 (64.6) 63,427 (63.8)
>50 cm 93 (20.7) 20,931 (21.1)
p-value? 0.937
Missing 220 (32.9) 46,772 (32.0)
p-value? 0.654

Gestational age

Mean (SD), days 259.22 (17.42) 259.08 (18.45)

p-value? 0.892
<27 weeks 2(0.7) 401 (0.8)
28-31 weeks 15 (5.1) 1958 (4.1)
32-36 weeks 91 (31.1) 16,236 (34.3)
37-40 weeks 179 (61.1) 27,738 (58.6)
>4 weeks 6 (2.0 978 (2.1)
p-value® 0.741
Missing 376 (56.2) 98,823 (67.6)
p-value? <0.001

Birth years
<1944 88 (13.2) 19,860 (13.6)
1945-1954 61 (9.1) 17,930 (12.3)
1955—-1964 43 (6.4) 16,277 (11.1)
1965-1974 49 (7.3) 15,930 (10.9)
1975-1984 57 (8.5) 14,729 (10.1)
1985-1994 206 (30.8) 23,832 (16.3)
19952004 148 (22.1) 26,908 (18.4)
2005-2008 17 (2.5) 10,695 (7.3)
p-value? <0.001

Zygosity
MZ 152 (27.3) 32,285 (27.2)
Same-sexed DZ 200 (35.9) 36,812 31.1)
Opposite-sexed DZ 205 (36.8) 49,420 (41.7)
p-value? 0.025
Missing 112 (16.7) 27,644 (18.9)
p-value? 0.167

Complete twin pairs
Yes 615 (91.9) 132,453 (90.6)
No 54 (8.1) 13,708 (9.4)
p-value? 0.275

Notes: *p-values from either a Student’s t-test (continuous) or a Pearson chi-square
test (categorical) for difference between the group with CD and the group without
CD. The p-values refer to variables presented above each p-value row. °z-score
refers to sex and gestational age-standardized birth weight.

Abbreviations: CD, celiac disease; DZ, dizygotic; MZ, monozygotic.

gestational age-standardized birth weight, henceforth called
z-scores; separately for males and females, we standardized
birth weight for each gestational day by subtracting the ges-
tational day-specific mean and dividing by the gestational
day-specific SD. Where fewer than five observations were
available in a gestational day, we combined adjoining days
until at least five observations were accumulated before
calculating the z-score.

Descriptive

We summarized all variables in the groups with and without
CD. Specifically, we counted the number of twins of each
sex, calculated the mean birth weight, categorized birth
weight into very low (£1499 g), low (1500-2499 g), normal
(2500-3499 g), and high (23500 g), and calculated mean
z-scores. We calculated the mean birth length and gestational
age, as well as categorized according to predefined groups.
Furthermore, we categorized twins as birth year, zygosity, and
based on whether the twin had an observed co-twin (i.e., rep-
resenting a complete pair). We plotted observed proportions
of CD by birth weight (as a histogram in 250 g increments
from 1200 to 3950 g) and added a modeled effect from a
logistic regression model, where birth weight was included
as a linear predictor on the log-odds scale — first on the total
sample, then for males and females separately (Figure 1).
Finally, we plotted a similar plot using the z-scores (in 0.5
increments from —2.5 to 2.5 SD; Figure 2).

Statistical analyses

Birth weight: all twins

We performed logistic regression with CD as outcome and
birth weight as exposure, where birth weight was assumed
to have a linear effect on the log-odds scale. We then fitted
a model where we adjusted for the potentially confounding
effect of the covariates sex and birth year (in the same cat-
egories as for the descriptive; Table 1).

Intrauterine growth: all twins

We added the covariate gestational age (same categories as
given in Table 1) to the abovementioned model. We then
continued to perform logistic regression using z-scores
(gestational age-standardized birth weight), first crudely and
then with adjustment for sex and birth year.

Low birth weight

We then performed all mentioned analyses using low birth
weight (£2499 g, including individuals with very low birth
weight) as predictor in a logistic regression model.
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Figure | Observed proportion with CD by birth weight.

Notes: Percentiles refer to the percentage of individuals with a birth weight lower than indicated. Linear refers to a modeled proportion in a logistic regression with an effect
that is linear on the log-odds scale. 95% Cl refers to 95% bootstrap Cls of modeled proportion with CD based on 10,000 repeats.

Abbreviations: CD, celiac disease; Cl, confidence interval.
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Figure 2 Observed proportion with CD by gestational age-standardized birth weight (z-scores).

Notes: Percentiles refer to the percentage of individuals with a birth weight lower than indicated. Linear refers to a modeled proportion in a logistic regression with an effect
that is linear on the log-odds scale. 95% Cl refers to 95% bootstrap Cls of modeled proportion with CD based on 10,000 repeats.

Abbreviations: CD, celiac disease; Cl, confidence interval.

Within-twin pair analyses between the twins; specifically shared confounders and
To investigate whether potential associations seen were  shared mediators are adjusted for in the analyses.* We ana-
due to factors shared by the two twins within each pair, lyzed birth weight, z-scores, and low birth weight, separately
we performed the so-called within-pair analyses. In these  for DZ and MZ twins, representing increased adjustment of
analyses, each pair is considered a cluster in a conditional  genetic factors.

logistic regression; thus, each twin’s co-twin acts as a control Finally, we performed all statistical analyses stratified
and is matched on (and thus adjusted for) all factors shared by sex.
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Sensitivity analyses

To investigate whether the association between birth weight
and CD differed between MZ and DZ twins, we estimated
the associations separately, and by sex, with continuous birth
weight as predictor. We used this approach since causes of
differences in birth weight between twins who are MZ and DZ
may differ due to differences in intrauterine environment —
where MZ twins may share placenta and/or amniotic sac,
while DZ twins do not. If MZ and DZ twins do not have a
similar association between birth weight and CD, an analysis
combining the subpopulations may not be advisable.

Since birth weight has increased with time, and practice
in diagnosing CD has changed, we performed analyses on
the subsample born in 1980-2004 — a population where
CD was primarily diagnosed in childhood since CD used to
be regarded as a pediatric diagnosis. In this subsample, we
plotted the observed proportion of CD by birth weight and
analyzed the crude and sex and birth year-adjusted associa-
tion between birth weight and CD using logistic regression,
for both sexes combined and stratified by sex.

To ensure that inclusion of opposite-sexed DZ twin pairs
did not bias the results, we performed an analysis of birth
weight and CD excluding twins from opposite-sexed pairs,
stratified by sex. Finally, we stratified our analyses according
to the following: if twin pairs were complete or incomplete.

All statistical analyses were performed in a generalized
estimation equation setting, using a cluster—robust sandwich
estimator to adjust the precision of the estimates (CIs) by
eliminating distributional assumptions and accounting for
dependencies between twins in pairs. To this end, we used
the gee function from the drgee package* in R.%

Results

Descriptive

Descriptive information on the study population is presented
in Table 1. Of the 146,830 twins included in the study, 669
(0.5%) had biopsy-verified CD, with an overrepresentation of
females (66.7% of CD cases were females versus 50.7% of
non-CD twins; p<0.001). The mean birth weight was 2662 g
in CD twins and 2638 g in non-CD twins. The z-scores did not
differ significantly (p=0.252). The lengths at birth, 47.3 cm
and 47.2 cm, respectively, were also similar (p=0.689). The
gestational age did not differ significantly between CD and
non-CD twins (p=0.741). While the majority of twins with
CD were born in 1985-2004, likely reflecting that the diag-
nosis of CD used to take place primarily in childhood and
computerized data on VA are scarce before this period, the
birth years of non-CD twins were more evenly distributed.

Zygosity was similar in CD and non-CD twins. When plot-
ting the proportions of CD cases against categorized birth
weight, no clear pattern was observed in the total sample
and among females, but a positive association was detect-
able among males (Figure 1); the pattern was similar when
plotting against z-scores (Figure 2).

Main results

Birth weight: all twins

For each 1000 g increase in birth weight, the odds of CD
increased by a factor of 1.08 (crude OR=1.08; 95% CI=0.91—
1.30; Table 2). This association was stronger, and statistically
significant in males (OR=1.51; 95% CI=1.12-2.04) and
practically null for females (OR=0.98; 95% CI=0.79-1.23).
Adjustments for sex and birth year changed the association
somewhat (OR=1.16; 95% CI=0.97-1.38), but not notably
so in the sex-specific analyses.

Intrauterine growth: all twins

The association with birth weight remained similar when
adjusting for gestational age (OR=1.15; 95% CI=0.85—
1.54), while it became stronger in males (OR=2.09; 95%
CI=1.39-3.15) and with a lower risk for CD in females
(OR=0.86; 95% CI=0.59-1.24; Table 2). However, the crude
estimates were covered by the Cls from the adjusted analyses
and vice versa. In the analysis of z-scores, the association
of a one SD increase in z-score was not significant, in both
crude (OR=1.07; 95% CI=0.95—1.21; Table 3) and adjusted
(OR=1.06; 95% CI=0.93—1.19) analyses. Similar to analyses
of birth weight, the association was positive and significant
for males (OR=1.40; 95% CI=1.17-1.67) and close to null
for females (OR=0.95; 95% CI=0.82-1.10).

Low birth weight

In analyses with low birth weight (<2499 g) as binary expo-
sure, the patterns of results were similar; low birth weight
was associated with a lower risk of CD, particularly in males
(Table 4). However, the power was lower in this analysis, and
no estimate was significantly different from zero.

Within-twin pair analyses

In the within-twin pair analyses, no ORs differed significantly
from 1, neither in combined nor in sex-specific analyses and
neither in DZ nor in MZ twin pairs (Tables 2—4). This may
reflect that genetic and/or shared environmental factors con-
found the association between birth weight and CD, at least
among males. However, the CIs were wide since the informa-
tive pairs for within analysis are those who are discordant on
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Table 2 Analyses of the association between birth weight and CD, estimate (95% ClI)

ORs per 1000 g Crude Adjusted for sex Adjusted for sex, birth Within DZ* Within MZ
increase in birth and birth year year, and gestational
weight age
Both sexes 1.08 (0.91-1.30) 1.16 (0.97-1.38) 1.15 (0.85-1.54) 1.26 (0.69-2.29) 0.95 (0.26-3.41)
N=102,384 N=102,384 N=47,348 N=66,871; from CD- N=28,318; from CD-
discordant pairs=670 discordant pairs=144
Males® 1.51 (1.12-2.04) 1.50 (1.11-2.02) 2.09 (1.39-3.15) 0.85 (0.20-3.71) 0.17 (0.01-2.10)
N=49,655 N=49,655 N=23,006 N=15,713; from CD- N=12,987; from CD-
discordant pairs=104 discordant pairs=48
Females® 0.98 (0.79-1.23) 1.00 (0.81-1.24) 0.86 (0.59-1.24) 1.22 (0.47-3.16) 2.22 (0.32-15.46)
N=52,729 N=52,729 N=24,342 N=34,294; from CD- N=15,331; from CD-

discordant pairs=208

discordant pairs=96

Notes: Birth year and gestational days are treated as categorical variables. The number of observations differs between columns because of missing data in variables adjusted

for.?Adjusted for sex where applicable.*Twins from same-sexed and opposite-sexed pairs. Bold figures indicate statistically significant (p<0.05).
Abbreviations: CD, celiac disease; Cl, confidence interval; DZ, dizygotic; MZ, monozygotic; OR, odds ratio.

Table 3 Analyses of the association between z-score (birth weight standardized per gestational age) and CD, estimate (95% ClI)

ORs per | SD Crude Adjusted for sex Within DZ* Within MZ
increase in z-score and birth year
Both sexes 1.07 (0.95-1.21) 1.06 (0.93-1.19) 1.03 (0.75—1.41) 1.44 (0.70-2.96)
N=47,348 N=47,348 N=29,081; from CD-discordant pairs=276 N=15,196; from CD-discordant
pairs=58
Males® 1.40 (1.17-1.67) 1.38 (1.15-1.65)  0.82 (0.36—1.90) 1.47 (0.47-4.56)
N=23,006 N=23,006 N=7179; from CD-discordant pairs=44 N=701I; from CD-discordant
pairs=20
Females® 0.95 (0.82-1.10) 0.94 (0.81-1.09) 0.86 (0.53-1.39) 1.42 (0.59-3.45)
N=24,342 N=24,342 N=6994; from CD-discordant pairs=98 N=8185; from CD-discordant

pairs=38

Notes: Birth year is treated as categorical variable. ?Adjusted for sex where applicable. *Twins from same-sexed and opposite-sexed pairs. Bold figures indicate statistically

significant (p<0.05).

Abbreviations: CD, celiac disease; Cl, confidence interval; DZ, dizygotic; MZ, monozygotic; OR, odds ratio.

Table 4 Analyses of the association between low birth weight (<2499 g) and CD, estimate (95% ClI)

ORs if low birth weight Crude Adjusted for sex  Adjusted for sex, birth Within DZ* Within MZ
compared with no low birth and birth year year, and gestational

weight age

Both sexes 0.88 (0.72-1.07)  0.84 (0.69-1.03) 0.85 (0.63-1.15) 1.02 (0.59-1.75) 1.17 (0.39-3.47)
Males® 0.73 (0.51-1.03)  0.74 (0.52-1.05) 0.53 (0.28-1.03) 1.40 (0.44—4.41)  2.00 (0.37-10.92)
Females® 0.91 (0.71-1.15)  0.90 (0.71-1.14) 0.99 (0.70-1.38) 1.00 (0.43-2.31)  0.75 (0.17-3.35)

Notes: Birth year and gestational days treated as categorical variables. The number of observations differs between columns because of missing data in variables adjusted for
(sample sizes equal to Table 2).*Adjusted for sex where applicable. *Twins from same-sexed and opposite-sexed pairs.
Abbreviations: CD, celiac disease; Cl, confidence interval; DZ, dizygotic; MZ, monozygotic; OR, odds ratio.

outcome, as well as on exposure, making it difficult to draw
any decisive inferences from the analyses.

Sensitivity analyses
The association appeared similar in DZ and MZ twins as
indicated by the CI of the estimate in one zygosity overlap-
ping the CI of the other (Table S1).

Results from analyses of subsample born in 1980-2004
are presented in Table S2 and Figure S1. The results were
very similar as in the full cohort.

Analyses excluding the opposite-sexed DZ twins showed
similar estimates as in the main analysis, but with wider CIs
(Table S3).

Data stratified for complete versus incomplete twin pairs
were similar to those in the main analyses (Table S4).

Discussion

In this nationwide cohort of twins, we found no overall asso-
ciation between birth weight, intrauterine growth, or low birth
weight (£2499 g) and later CD. While a statistically significant
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association was found between birth weight and intrauterine
growth and later CD among males, that association disappeared
in within-twin analyses. Within-twin analyses allowed us to
consider shared environmental and genetic factors, but with
limited statistical power. While several individuals in our study
may also have been included in earlier Swedish studies'*'* (all
three studies took place in Sweden), the current study used a
larger dataset, identifying cases through biopsy registers, and
used an innovative twin method to minimize the confounding
effect from genetic and early environmental factors.

In a recent Swedish study by Namatovu et al'* based
on 6596 children with CD, low birth weight (<1499 g)
was inversely associated with later CD (p=0.01), but this
association was not statistically significant after adjustment
for potential confounders.!* Furthermore, that study also
found protective effects of high maternal age, high income,
and average body mass index of the pregnant woman (25—
29 years). Several of these factors may covary with child
birth weight, and therefore confound relationships with CD.
Comparing twins with the same mother, and especially MZ
twins with identical genetic background, allowed us to elimi-
nate the influence of maternal background characteristics.

As opposed to Namatovu et al,'* two other Scandinavian
studies'>!> have explored the influence of SGA. In the first
and so far largest study on pregnancy outcome and CD,"
Mearild et al found a small excess risk of CD in SGA children.
No similar increase was seen in the Norwegian study by
Emilsson et al.’* Although the authors of these studies used
slightly different definitions, risk estimates were actually
similar in the two most similar analyses on SGA (Sweden:
OR=1.21; 95% CI=1.09-1.35, and Norway: OR=1.12; 95%
CI=0.70-1.80).">!5 None of the two studies did however find
any association between birth weight and future CD.

We used two approaches when examining birth weight
and intrauterine growth and risk of CD. First, we examined
our “full twin cohort” and observed a borderline increased
risk of CD with increasing birth weight (a positive association
among males). A positive association between birth weight
and CD in males was also seen in the study by Namatovu
et al.'"* Several studies have demonstrated sex differences
with regard to prevalence,””-?® clinical presentation,” and
histopathological features*® of autoimmune disease, and the
immune system is not identical in males and females®' poten-
tially due to differences in sex hormones.?? Either or several
of these factors may contribute to an increased susceptibility
to CD in males with high birth weight. But the association
could also be a chance finding due to multiple comparisons
and should be explored in future larger analyses.

Second, we examined birth weight within twins to control
for potential shared genetic and environmental confounders.
Considering that an increase in birth weight was not asso-
ciated with CD in our male within-twin analyses (neither
among DZ nor among MZ twins), we find it unlikely that
birth weight plays more than a marginal role for CD patho-
genesis in either sex, although we acknowledge the limited
power of our within-twin analyses. Median birth weights are
similar within Europe,** while the prevalence of CD varies
substantially.** This supports our findings that, on a popula-
tion level, birth weight is unlikely to influence the prevalence
of CD more than marginally, if at all.

Among the strengths of our study is the large number of
affected twins (n=669), of which 140 belonged to 106 MZ
twin pairs. By comparison, the study by Nistico et al** on
twin genetics was based on 23 MZ twin pairs, but neither
that study™ nor any other twin study has to our knowledge
evaluated the importance of perinatal factors in CD develop-
ment. In our study, data on zygosity, birth weight, and CD
status were collected independently, thereby decreasing the
risk of bias.

We used biopsy record data to identify CD. Biopsies were
up until 2012 the reference standard for diagnosis in both
adults and children®® and has remained so in adults'*” (but
with an option to abstain from biopsy in a subset of children).
Earlier validation has shown that small intestinal biopsies
have a high sensitivity for CD (96% of gastroenterologists and
100% of pediatricians reported performing a biopsy before
assigning the CD diagnosis during the study period),'® and
when examining patient charts of 114 patients with VA, 108
had CD (95%)."® Even though we did not require a positive
serology for the CD diagnosis, 88% of VA individuals with
available data were positive for transglutaminase, endomy-
sium, or gliadin antibodies."’

Among the limitations of our study is the risk of misclas-
sification. Undiagnosed CD (now classified as absent) in
discordant twin pairs will drive the difference in birth weight
toward null. This is similar to all studies based on diagnosed
CD, and our prevalence of diagnosed CD (0.5%) is consistent
with previous reports from other European countries. A sec-
ond limitation is our limited statistical power. Despite taking
advantage of the nationwide STR with almost 150,000 twins,
Cls for within-twin analyses were wide.

Conclusion

Our population-based study found that in male twins higher
birth weight was associated with higher risk of CD. However,
when comparing discordant twin pairs in within-twin pair
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analyses, there was no association between birth weight,
intrauterine growth, and future risk of CD.

Acknowledgments

JFL was supported by grants from the Swedish Society of
Medicine and the Swedish Research Council. None of the
funders had any influence on this study.

Author contributions

Agreed with the manuscript’s results and conclusion and
approved the final version of the manuscript: JFL, RK-H, BL,
JH, LE, and PKM. Designed the study: JFL, RK-H, LE, and
PKM. Analyzed the data: RK-H. Wrote the first draft of the
manuscript: JFL and RK-H. Contributed to the revision of
the paper: BL, JH, LE, and PKM. Contributed to the design
of the study and interpretation of the data analyses: BL and
JH. Responsible for data integrity: JFL, RK-H, and PKM.
Obtained funding: JFL. All the authors approved the final
version of the manuscript.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Ludvigsson JF, Leffler DA, Bai JC, et al. The Oslo definitions for coeliac
disease and related terms. Gur. 2013;62(1):43-52.

2. Abenavoli L, Delibasic M, Peta V, Turkulov V, De Lorenzo A, Medic-
Stojanoska M. Nutritional profile of adult patients with celiac disease.
Eur Rev Med Pharmacol Sci. 2015;19(22):4285-4292.

3. Elfstrom P, Granath F, Ekstrom Smedby K, et al. Risk of lymphoprolif-
erative malignancy in relation to small intestinal histopathology among
patients with celiac disease. J Natl Cancer Inst. 2011;103(5):436-444.

4. Ludvigsson JF, Montgomery SM, Ekbom A. Celiac disease and risk of
adverse fetal outcome: a population-based cohort study. Gastroenterol-
ogy. 2005;129(2):454-463.

5. Ludvigsson JF, Montgomery SM, Ekbom A, Brandt L, Granath F.
Small-intestinal histopathology and mortality risk in celiac disease.
JAMA. 2009;302(11):1171-1178.

6. Ivarsson A, Hernell O, Stenlund H, Persson LA. Breast-feeding protects
against celiac disease. Am J Clin Nutr. 2002;75(5):914-921.

7. Akobeng AK, Ramanan AV, Buchan I, Heller RE. Effect of breast feed-
ing on risk of coeliac disease: a systematic review and meta-analysis of
observational studies. Arch Dis Child. 2006;91(1):39-43.

8. Vriezinga SL, Auricchio R, Bravi E, et al. Randomized feeding
intervention in infants at high risk for celiac disease. N Engl J Med.
2014;371(14):1304-1315.

9. Lionetti E, Castellaneta S, Francavilla R, et al; SIGENP (Italian
Society of Pediatric Gastroenterology, Hepatology, and Nutrition)
Working Group on Weaning and CD Risk. Introduction of gluten,
HLA status, and the risk of celiac disease in children. N Engl J Med.
2014;371(14):1295-1303.

10. Kuja-Halkola R, Lebwohl B, Halfvarson J, Wijmenga C, Magnusson PK,
Ludvigsson JF. Heritability of non-HLA genetics in coeliac disease: a
population-based study in 107 000 twins. Gut. 2016;65(11):1793-1798.

11. Lebwohl B, Ludvigsson JF, Green PH. The unfolding story of celiac
disease risk factors. Clin Gastroenterol Hepatol.2014;12(4):632-635.

12. Sandberg-Bennich S, Dahlquist G, Kallen B. Coeliac disease is associ-
ated with intrauterine growth and neonatal infections. Acta Paediatr.
2002;91(1):30-33.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Emilsson L, Magnus MC, Stordal K. Perinatal risk factors for devel-
opment of celiac disease in children, based on the prospective Nor-
wegian Mother and Child Cohort Study. Clin Gastroenterol Hepatol.
2015;13(5):921-927.

Namatovu F, Olsson C, Lindkvist M, et al. Maternal and perinatal
conditions and the risk of developing celiac disease during childhood.
BMC Pediatr. 2016;16(1):77.

Marild K, Stephansson O, Montgomery S, Murray JA, Ludvigsson JF.
Pregnancy outcome and risk of celiac disease in offspring: a nationwide
case-control study. Gastroenterology. 2012;142(1):39-45.e3.
Magnusson PK, Almqvist C, Rahman I, et al. The Swedish Twin Reg-
istry: establishment of a biobank and other recent developments. Tiwin
Res Hum Genet. 2013;16(1):317-329.

Ludvigsson JF, Otterblad-Olausson P, Pettersson BU, Ekbom A. The
Swedish personal identity number: possibilities and pitfalls in healthcare
and medical research. Eur J Epidemiol. 2009;24(11):659-667.
Ludvigsson JF, Brandt L, Montgomery SM, Granath F, Ekbom A.
Validation study of villous atrophy and small intestinal inflammation
in Swedish biopsy registers. BMC Gastroenterol. 2009;9(1):19.
Ludvigsson JE, Andersson E, Ekbom A, et al. External review and vali-
dation of the Swedish national inpatient register. BMC Public Health.
2011;11(1):450.

Ludvigsson JE, Brandt L, Montgomery SM. Symptoms and signs in
individuals with serology positive for celiac disease but normal mucosa.
BMC Gastroenterol. 2009;9:57.

Lichtenstein P, De Faire U, Floderus B, Svartengren M, Svedberg P,
Pedersen NL. The Swedish Twin Registry: a unique resource for clini-
cal, epidemiological and genetic studies. J Intern Med. 2002;252(3):
184-205.

The Swedish Medical Birth Register: A Summary of Content and Quality.
Stockholm, Sweden: Swedish National Board of Health and Welfare;
2003. Available from: http://www.socialstyrelsen.se/Lists/Artikelk-
atalog/Attachments/10655/2003-112-3_20031123.pdf. Accessed
October 13, 2017.

Sjolander A, Zetterqvist J. Confounders, mediators or colliders — what
types of shared covariates does the sibling comparison design control
for? Epidemiology. 2017;28(4):540-547.

Zetterqvist J, Sjolander A, Ploner A. Drgee: Doubly Robust Generalized
Estimating Equations. 1.1.0 ed. R Package; 2015.

R Core Team. R: A Language and Environment for Statistical Comput-
ing. Vienna, Austria: R Foundation for Statistical Computing; 2013.
ISBN 3-900051-07-0.

Ludvigsson JF, Haberg SE, Knudsen GP, et al. Ethical aspects of registry-
based research in the Nordic countries. Clin Epidemiol. 2015;7:491-508.
Eaton WW, Rose NR, Kalaydjian A, Pedersen MG, Mortensen PB.
Epidemiology of autoimmune diseases in Denmark. J Autoimmun.
2007;29(1):1-9.

Ngo ST, Steyn FJ, McCombe PA. Gender differences in autoimmune
disease. Front Neuroendocrinol. 2014;35(3):347-369.

Ciacci C, Cirillo M, Sollazzo R, Savino G, Sabbatini F, Mazzacca
G. Gender and clinical presentation in adult celiac disease. Scand J
Gastroenterol. 1995;30(11):1077—-1081.

Fairweather D, Frisancho-Kiss S, Rose NR. Sex differences in
autoimmune disease from a pathological perspective. Am J Pathol.
2008;173(3):600-609.

McCombe PA, Greer JM, Mackay IR. Sexual dimorphism in autoim-
mune disease. Curr Mol Med. 2009;9(9):1058-1079.

Trigunaite A, Dimo J, Jorgensen TN. Suppressive effects of androgens
on the immune system. Cell Immunol. 2015;294(2):87-94.

Hemming K, Hutton JL, Glinianaia SV, Jarvis SN, Platt MJ. Differences
between European birthweight standards: impact on classification of
“small for gestational age”. Dev Med Child Neurol.2006;48(11):906-912.
Mustalahti K, Catassi C, Reunanen A, et al; Coeliac EU Cluster,
Project Epidemiology. The prevalence of celiac disease in Europe:
results of a centralized, international mass screening project. Ann Med.
2010;42(8):587-595.

Nistico L, Fagnani C, Coto I, et al. Concordance, disease progression, and
heritability of coeliac disease in Italian twins. Gut. 2006;55(6):803—808.

submit your manuscript

574

Dove

Clinical Epidemiology 2017:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Birth weight in twins with celiac disease

36. Husby S, Koletzko S, Korponay-Szabo IR, et al; ESPGHAN Working 37. Ludvigsson JF, Bai JC, Biagi F, et al; BSG Coeliac Disease Guidelines

Group on Coeliac Disease Diagnosis; ESPGHAN Gastroenterology Development Group; British Society of Gastroenterology. Diagnosis
Committee; European Society for Pediatric Gastroenterology, Hepatol- and management of adult coeliac disease: guidelines from the British
ogy, and Nutrition. European Society for Pediatric Gastroenterology, Society of Gastroenterology. Gut. 2014;63(8):1210-1228.

Hepatology, and Nutrition guidelines for the diagnosis of coeliac
disease. J Pediatr Gastroenterol Nutr. 2012;54(1):136-160.

Clinical Epidemiology 2017:9 submit your manuscript 575

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Kuja-Halkola et al

Dove

Supplementary materials

Table S| Analyses of the association between birth weight and CD, estimate (95% Cl)

ORs per 1000 g increase Crude Adjusted for sex Adjusted for sex, birth year,
in birth weight and birth year and gestational age
Both sexes

DZ cohort 1.01 (0.80-1.28) 1.08 (0.86—1.35) 1.16 (0.80-1.68)

MZ cohort 1.21 (0.88-1.66) 1.28 (0.93-1.74) 1.05 (0.61-1.80)
Males?

DZ cohort 1.39 (0.80-2.42) 1.40 (0.81-2.42) 1.75 (0.80-3.81)

MZ cohort 1.55 (0.94-2.56) 1.56 (0.94-2.58) 1.54 (0.83-2.86)
Females®

DZ cohort 0.87 (0.65-1.16) 0.90 (0.68-1.18) 0.83 (0.44-1.55)

MZ cohort 1.21 (0.81-1.79) 1.18 (0.81-1.73) 0.93 (0.47-1.82)

Notes: Length, birth year, and gestational days are treated as categorical variables. The number of observations differs between columns because of missing data in variables
adjusted for. *“Twins from same-sexed and opposite-sexed pairs.
Abbreviations: CD, celiac disease; Cl, confidence interval; DZ, dizygotic; MZ, monozygotic; OR, odds ratio.

Table S2 Analyses of the association between birth weight and CD in subsample born in 1980-2004 (N=58,771), estimate (95% Cl)

ORs per 1000 g increase Crude Adjusted for sex and birth Adjusted for sex, birth year,
in birth weight year and gestational age

Both sexes 1.08 (0.86-1.36) 1.15 (0.91-1.45) 1.20 (0.88-1.63)

Males® 1.80 (1.18-2.74) 1.79 (1.18-2.72) 2.28 (1.52-3.41)

Females® 0.94 (0.72-1.23) 0.94 (0.72-1.23) 0.87 (0.59-1.29)

Notes: Birth year and gestational days are treated as categorical variables. The number of observations differs between columns because of missing data in variables adjusted
for.*Twins from same-sexed and opposite-sexed pairs.
Abbreviations: CD, celiac disease; Cl, confidence interval; OR, odds ratio.

Table S3 Analyses of the association between birth weight and CD among same-sexed twin pairs, estimate (95% CI)

ORs per 1000 g increase Crude Adjusted for birth Adjusted for birth year Within DZ Within MZ

in birth weight year and gestational age

Males 1.51 (1.01-2.27) I.51 (1.01-2.26) 1.71 (0.98-2.97) 0.85 (0.20-3.71) 0.17 (0.01-2.10)
Females 1.12 (0.85-1.47) 1.13 (0.86—1.47) 0.89 (0.56—1.41) 1.22 (0.47-3.16) 2.22 (0.32-15.46)

Notes: Birth year and gestational days are treated as categorical variables. The number of observations differs between columns because of missing data in variables adjusted
for.

Abbreviations: CD, celiac disease; Cl, confidence interval; DZ, dizygotic; MZ, monozygotic; OR, odds ratio.

Table S4 Analyses of the association between birth weight and CD stratified by whether twin pair was complete, estimate (95% ClI)

ORs per 1000 g Crude Adjusted for Adjusted for sex, Within DZ* Within MZ
increase in birth sex and birth birth year, and
weight year gestational age
Complete twin pairs
Both sexes 1.08 (0.90-1.31) 1.16 (0.96—1.39) 1.51 (0.85-1.55) 1.26 (0.69-2.29) 0.95 (0.26-3.41)
N=93,764 N=93,764 N=43,528 N=60,665; from CD- N=26,721; from CD-
discordant pairs=670 discordant pairs=144
Males® 1.43 (1.04-1.97) 1.42 (1.04-1.95) 2.04 (1.34-3.10) 0.85 (0.20-3.71) 0.17 (0.01-2.10)
N=45,547 N=45,547 N=22,568 N=14,314; from CD- N=12,210; from CD-
discordant pairs=104 discordant pairs=48
Females® 1.02 (0.81-1.29) 1.04 (0.83-1.30) 0.87 (0.60—1.26) 1.22 (0.47-3.16) 2.22 (0.32-15.46)
N=48,217 N=48,217 N=23,916 N=30,912; from CD- N=14,511; from CD-

discordant pairs=208

discordant pairs=96

(Continued)
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Table S4 (Continued)

ORs per 1000 g Crude Adjusted for Adjusted for sex, Within DZ* Within MZ
increase in birth sex and birth birth year, and
weight year gestational age
Incomplete twin pairs
Both sexes I.11 (0.60-2.04) 1.16 (0.64-2.10) 1.08 (0.19-6.12) NA NA
N=8620 N=8620 N=864 N=6206 N=1597
Males® 2.44 (1.09-5.48) 2.43 (1.06-5.60) 8.44 (2.36-30.23) NA NA
N=4108 N=4108 N=438 N=1399 N=777
Females® 0.55 (0.27-1.12) 0.61 (0.30-1.25) 0.55 (0.08-3.97) NA NA
N=4512 N=4512 N=426 N=3382 N=820

Notes: The within estimates cannot be calculated in incomplete pairs. Birth year and gestational days treated as categorical variables. The number of observations differs
between columns because of missing data in variables adjusted for.*Adjusted for sex where applicable.*Twins from same-sexed and opposite-sexed pairs.
Abbreviations: CD, celiac disease; Cl, confidence interval; DZ, dizygotic; MZ, monozygotic; NA, not applicable; OR, odds ratio.
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Figure S| Observed proportion with CD by birth weight in subsample born in 1980-2004.

Notes: Percentiles refer to the percentage of individuals with a birth weight lower than indicated. Linear refers to a modeled proportion in a logistic regression with an effect
that is linear on the log-odds scale. 95% Cl refers to 95% bootstrap Cls of modeled proportion with CD based on 10,000 repeats.

Abbreviations: CD, celiac disease; Cl, confidence interval.
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