ANNALS OF MEDICINE
2023, VOL. 55, NO. 1, 2198255

https://doi.org/10.1080/07853890.2023.2198255

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ ) Checkforupdates‘

ORIGINAL ARTICLE

Protocol for a nested case-control study design for omics investigations
in the Environmental Determinants of Islet Autoimmunity cohort

Helena Oakey? (), Lynne C. Giles® (), Rebecca L. Thomson? (), Kim-Anh Lé Cao¢ (®, Pat

Ashwood? (®, James D. Brown? (®, Emma J. Knight* (®, Simon C. Barry? (®, Maria E. Craigc (®,
Peter G. Colman®d (@, Elizabeth A. Davis" (», Emma E. Hamilton-Williams' (%, Leonard C.
Harrison* @, Aveni Haynes' (®, Ki Wook Kim?¢ (), Kylie-Ann Mallitt™" @, Kelly McGorm? (@, Grant
Morahan® @@, William D. RawlinsonP @, Richard O. Sinnott? (¥, Georgia Soldatos', John M.
Wentworth® @, Jennifer J. Couper®s (), Megan A. S. Penno?® (®» and the ENDIA Study Group

aAdelaide Medical School, Robinson Research Institute, University of Adelaide, Adelaide, South Australia, Australia; °School of Public
Health, The University of Adelaide, Adelaide, South Australia, Australia; “Melbourne Integrative Genomics, School of Mathematics and
Statistics, University of Melbourne, Melbourne, Victoria, Australia; YSchool of Women’s and Children’s Health, Faculty of Medicine,
University of New South Wales, Sydney, New South Wales, Australia; ¢Institute of Endocrinology and Diabetes, The Children’s Hospital
at Westmead, Sydney, New South Wales, Australia; ‘Department of Diabetes and Endocrinology, Royal Melbourne Hospital,
Melbourne, Victoria, Australia; 9Department of Medicine, University of Melbourne, Melbourne, Victoria, Australia; "Telethon Kids
Institute Centre for Child Health Research, The University of Western Australia, Perth, Western Australia, Australia; Faculty of
Medicine, Frazer Institute, The University of Queensland Translational Research Institute, Brisbane, Queensland, Australia; JPopulation
Health and Immunity Division, Walter and Eliza Hall Institute of Medical Research, Melbourne, Victoria, Australia; Department of
Medical Biology, University of Melbourne, Melbourne, Victoria, Australia; 'Telethon Kids Institute, The University of Western Australia,
Perth, Western Australia, Australia; ™Faculty of Medicine and Health, Sydney School of Public Health, The University of Sydney,
Sydney, New South Wales, Australia; "School of Clinical Medicine - Psychiatry and Mental Health, University of New South Wales,
Sydney, New South Wales, Australia; °Centre for Diabetes Research, Harry Perkins Institute of Medical Research, The University of
Western Australia, Perth, Western Australia, Australia; PVirology Research Laboratory, Serology and Virology Division, South Eastern
Area Laboratory Services Microbiology, Prince of Wales Hospital, Sydney, New South Wales, Australia; ‘Melbourne eResearch Group,
School of Computing and Information Services, University of Melbourne, Melbourne, Victoria, Australia; 'Diabetes and Vascular
Medicine Unit, Monash Health, Melbourne, Victoria, Australia; *Endocrinology and Diabetes Centre, Women'’s and Children’s Hospital,
Adelaide, South Australia, Australia

ABSTRACT

Background: The Environmental Determinants of Islet Autoimmunity (ENDIA) pregnancy-birth
cohort investigates the developmental origins of type 1 diabetes (T1D), with recruitment between
2013 and 2019. ENDIA is the first study in the world with comprehensive data and biospecimen
collection during pregnancy, at birth and through childhood from at-risk children who have a
first-degree relative with T1D. Environmental exposures are thought to drive the progression to
clinical T1D, with pancreatic islet autoimmunity (IA) developing in genetically susceptible
individuals. The exposures and key molecular mechanisms driving this progression are unknown.
Persistent |A is the primary outcome of ENDIA; defined as a positive antibody for at least one
of IAA, GAD, ZnT8 or IA2 on two consecutive occasions and signifies high risk of clinical T1D.
Method: A nested case-control (NCC) study design with 54 cases and 161 matched controls
aims to investigate associations between persistent IA and longitudinal omics exposures in
ENDIA. The NCC study will analyse samples obtained from ENDIA children who have either
developed persistent |A or progressed to clinical T1D (cases) and matched control children at
risk of developing persistent IA. Control children were matched on sex and age, with all four
autoantibodies absent within a defined window of the case’s onset date. Cases seroconverted
at a median of 1.37years (IQR 0.95, 2.56). Longitudinal omics data generated from approximately
16,000 samples of different biospecimen types, will enable evaluation of changes from pregnancy
through childhood.
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Conclusions: This paper describes the ENDIA NCC study, omics platform design considerations
and planned univariate and multivariate analyses for its longitudinal data. Methodologies for
multivariate omics analysis with longitudinal data are discovery-focused and data driven. There
is currently no single multivariate method tailored specifically for the longitudinal omics data
that the ENDIA NCC study will generate and therefore omics analysis results will require either

cross validation or independent validation.

KEY MESSAGES

+ The ENDIA nested case-control study will utilize longitudinal omics data on approximately
16,000 samples from 190 unique children at risk of type 1 diabetes (T1D), including 54 who
have developed islet autoimmunity (IA), followed during pregnancy, at birth and during early
childhood, enabling the developmental origins of T1D to be explored.

Introduction
Background and rationale

The clinical presentation of type 1 diabetes (T1D) fol-
lows an extended period of months to years during
which the immune system attacks and destroys
insulin-producing cells in the islets of the pancreas.
The presence of autoantibodies targeting beta cell
antigens, referred to as islet autoimmunity (IA), signals
a high risk of clinical T1D.

The Environmental Determinants of Islet
Autoimmunity (ENDIA) cohort study is the first and
largest study in the world with meta-data and pro-
spective sample collection from women commencing
in early pregnancy, at the delivery and immediate
post-partum period and from at-risk children from
birth and continuing throughout childhood [1]. ENDIA
addresses the hypothesis that modifiable environmen-
tal exposures in the prenatal and early postnatal
period increase the penetrance of T1D risk genes and
drive the development of IA progressing to clinical
T1D in children. As the onset of islet autoimmunity at
a young age [2], predicts progression to T1D, there is
high interest in the gestational environment exposures
and maternal - child transmission at birth. ENDIA is
positioned amongst other large at-risk cohorts [3-6]
that have recruited from three months onwards after
birth, to provide a unique perspective on the signifi-
cance of early-life antecedent factors in childhood T1D,
by investigating exposures during pregnancy and the
perinatal period in accordance with the Developmental
Origins of Health and Disease (DOHaD) [7] paradigm.

Many of the environmental exposures investigated
in ENDIA will involve characterization of various omes,
that is, the totality of certain classes of biological mol-
ecules or analytes in a range of samples and cell types
and their association with the development of IA.
Omics studies take a holistic approach to the identi-
fication and quantification of analytes that characterize
the structure and function of biological systems. Omics

technologies hold great potential for elucidating dis-
ease mechanisms and identifying new early-stage bio-
markers of risk. While several international cohorts
have reported on omics outcomes [8-10], the ENDIA
NCC has the capacity to track the expression of ana-
lytes, and their precursors, across the antenatal and
postnatal environments.

Here we describe a case-control study design nested
within the ENDIA cohort study, also known as a nested
case-control (NCC) study design [11], that will enable
elucidation of how omics change over time and relate
to progression to persistent IA. A NCC study design is
a retrospective observational design that includes all
individuals who have experienced an outcome of inter-
est (known as cases) and matches them using inci-
dence density sampling [12] to individuals at-risk at
the time of the case event, but who have not yet
experienced the defined event (known as controls)
[13]. The ENDIA NCC study was planned when the
number of children who developed persistent |IA (the
primary outcome) reached approximately half the pro-
jected number of seroconverters in the total cohort.
The NCC study analysis of omics data represents an
interim analysis within the context of the long-term
ENDIA cohort study.

NCC studies with correctly matched representative
controls can yield efficient and unbiased estimates of
the odds ratio that would be obtained from a full
cohort analysis. Their benefits include savings in time
and cost, particularly with regard to omic investiga-
tions that may be infeasible in the entire cohort [14-
16]. Using high-throughput platforms, the ENDIA study
will comprehensively generate omics data from sam-
ples collected during pregnancy and from children
since birth. Omics investigations undertaken in the
ENDIA study will characterize the epigenome for mod-
ifications of gene activity, transcriptome for gene
expression, proteome for proteins, lipidome for lipids,
glycome for glycans and glycoconjugates, virome for
viruses, metabolome for small molecules and microbi-
ome metagenome for bacteria and fungi.



Profiling individuals across different omics platforms
and sample types in the ENDIA NCC study will com-
pare hundreds to thousands of analytes in parallel,
allowing the identification of those analytes that
underlie and interact in the development of persistent
IA and thus contribute to T1D pathogenesis. This
discovery-focused, hypothesis generating approach will
complement targeted analyses and will be refined in
validation studies conducted on the completed ENDIA
cohort and other international cohorts.

In addition, because ENDIA has prospectively col-
lected longitudinal samples it provides an opportunity
to explore how omics analytes change over time, how
they interact at different stages of the life-course and
how this contributes to the development of per-
sistent |A.

Objectives and research question

The purpose of this paper is to: (1) describe the selection
of participants in the ENDIA NCC design; (2) describe
baseline characteristics of the NCC cohort; (3) discuss the
design of omics studies within the NCGC; (4) discuss issues
and potential solutions when using the NCC design for
single time and longitudinal omics data and (5) outline
principles for the statistical analysis to be used for single
time and longitudinal omics data when generated in
accordance with the NCC design.

Hypotheses and aims

The main hypotheses associated with omics investiga-
tions utilizing the ENDIA NCC design are that expo-
sures to environmental factors result in perturbations
in the omes and are associated with the outcome of
persistent A, reflecting critical aspects of biology that
underpin T1D risk.

The aim is to identify any differences in analytes
between cases and controls at the time of develop-
ment of persistent IA in the child, across the preg-
nancy, birth and early childhood time trajectory.
Individual analytes will be considered independently
as well as looking at interactions between analytes.

Methods
ENDIA study

Recruitment of 1214 women during pregnancy or early
postpartum to the Australia-wide ENDIA study [1],
commenced in February 2013 and concluded in
December 2019 [17]. Informed written consent was
obtained from study participants. The eligibility criteria
were unborn children, or children less than sixmonths
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of age, who had at least one first-degree relative
(mother, father or sibling) with T1D (known as a pro-
band). Children are followed every three months until
aged 2 years, then six-monthly thereafter until aged
10years.

The primary outcome of ENDIA is the development
of persistent |A defined as positivity to one or more
islet autoantibodies on consecutive tests at least
three months apart (i.e. the case definition).
Autoantibodies to insulin (IAA), glutamic acid decar-
boxylase (GAD), insulinoma antigen-2 (IA2) and the
Zinc transporter 8 (ZnT8) were measured.

Rationale and participants for the NCC study

The ENDIA study commenced with intention to
recruit 1400 eligible mother-child dyads. By the end
of 2017, 813 ENDIA children had been born with
14 children having seroconverted to persistent IA.
Based on those data, the future seroconversion rate
was simulated (Supplementary Material A). Given
the estimate that close to 100 ENDIA children would
develop persistent IA by the end of 2024, it was
determined that the NCC study would commence
at the end of 2019 when approximately half the
projected number of cases (i.e. 50) had emerged.
ENDIA children developing persistent IA from 1
January 2020 will eventually form a ‘validation’ set
for discoveries from the NCC study.

There were 1307 children eligible for this NCC study,
who were born before 30 September 2019 (inclusive)
and eligible for their first islet autoantibody testing by
the cut-off date of 31 December 2019 (inclusive).

Power considerations

Odds ratio (OR) estimations were based on 50 children
and 150 matched controls. Given a Type | error of 0.05,
power of 0.8 and a two-sided test, the detectable odds
ratio can be calculated [18] for the ENDIA NCC study.
Assumptions for the correlation (¢) between matched
case and control children and the probability of expo-
sure of (p,) to a particular omics analyte amongst the
control children, are required for OR estimation.
Dupont [18] suggests when no estimate of the cor-
relation is available, a value of 0.2 can be used. ORs
have been calculated for the ENDIA NCC study assum-
ing that the correlation can vary between 0 and 0.3
and the probability of exposure is between 0.01 and
0.3 (Supplementary Material A, Table A3). The function
epi.sscc from the R software [19] package epiR (v
2.0.38) [20] was used for this calculation.
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As expected, the detectable OR increases as the
correlation increases and decreases as the probability
of exposure in the controls increases. For the ENDIA
NCC study, with a sample size of 50 cases plus 150
matched controls (i.e. 3 controls for each case), the
study is estimated to be powered to detect an OR of
2.9 (p,=0.2 and ¢ =0.2) or higher. This is a conservative
estimate based on a cross-sectional analysis at a single
time point; that is undertaking the primary analysis
for the NCC study at the time of IA onset using a
conditional logistic regression model. It does not take
into consideration the increased power that would be
obtained from multiple samples from the same child
across time [21].

Cases

In the ENDIA NCC study, cases were defined as chil-
dren who had either developed persistent IA or had
progressed to clinical T1D. The development of per-
sistent islet autoantibodies was defined as having at
least one positive antibody result for any one of IAA,
GAD, I1A2 and ZnT8 on two consecutive occasions. To
be included in the NCC study, the first positive must
have occurred by 31 December 2019 (inclusive), with
the second positive antibody result confirmed by 30
June 2020 (inclusive). Confirmation with a second pos-
itive result was required at least three months from
the initial visit. While not recorded as such, when
determining seroconversion missing samples are by
default assumed not positive. It is possible that once
defined, a case may serorevert, that is, have a single
or persistently negative antibody results after being
defined as a case.

Autoantibodies to IAA were measured by a radio-
binding assay. Prior to October 2017, autoantibodies
to GAD, I1A2 and ZnT8 were measured by immuno-
precipitation of 355-methionine-labelled recombinant
human proteins. From October 2017, autoantibodies
to GAD, IA2 and ZnT8 were initially assayed by the
ELISA RSR 3-screen ICA kit; samples exceeding the
positive threshold were re-tested in separate ELISA
RSR kits for autoantibodies to GAD, IA2 and ZnT8.

Results were expressed in arbitrary units (U) in
comparison with positive and negative controls. The
threshold for autoantibody positivity was IAA
>=0.7 U. Prior to October 2017, autoantibody posi-
tivity was defined as GAD = 5U, 1A2=13U and
ZnT8=3.1U. From October 2017, autoantibody pos-
itivity was defined as ELISA RSR 3-screen ICA > 20U,
ELISA RSR GAD = 5U, IA2>7.5U and ZnT8=15U.
Positive results prior to October 2017 were con-
firmed by repeat testing in ELISA assays. The assays

had 100%, 98%, 100%, 94% specificity and 36%,
84%, 72%, 76% sensitivity for 1AA, GAD, 1A2 and
ZnT8 autoantibodies respectively, in the 2020 Islet
Autoantibody Standardization Program (University
of Florida).

Once confirmed persistent, the date of the first pos-
itive was established as the onset date, or event time.
For children whose autoimmune status was deter-
mined around the time of clinical diagnosis of T1D
with no prior testing for persistent islet autoantibodies,
the time of case onset corresponded to the earlier of
either the date of the first blood draw where one or
more islet autoantibodies were detected, or the diag-
nosis date of T1D. To be included in the NCC, clinical
T1D status had to be identified by 31 December 2019
(inclusive).

There were 54 individuals who met the definition of
a case. Of these, 35/54 children were positive for a
single islet autoantibody and 19/54 children were
positive for two or more islet autoantibodies at the
time of onset. There were seven children whose
autoimmune status was determined at the clinical
diagnosis of type 1 diabetes (median age years 1.4,
IQR 0.79, 1.93) as no prior testing for persistent
antibodies had been undertaken, with 13 individuals
progressing to T1D before the NCC study cut-off
date. It is noteworthy that the case median age at
IA seroconversion in the ENDIA NCC study was close
to 17months of age (median age years 1.37, IQR
0.95, 2.56). While the persistent IA outcome includes
single IA and multiple IA, children as young as this
would be expected to progress to T1D more fre-
quently than older children with single IA [2] as
reported in analyses of rates of progression accord-
ing to the number of islet autoantibodies [22,23].

Controls

Children eligible to be controls were initially matched
on sex and age, as these are known risk factors for
T1D [24,25]. An eligible child’s date of birth had to
be within 45days (inclusive) of the case’s. Eligible
children matched on sex and age, also had to have
a negative autoantibody test for all four autoanti-
bodies within a defined window of the case’s onset
date. For cases aged <2years, negative tests were
required to be within 45days (inclusive) of case
onset and within 90days (inclusive) of case onset
for cases aged >2years. This corresponded with the
ENDIA study visit timetable of three-monthly visits
until age two years and six-monthly visits thereafter.
The target ratio of matching was three controls to
one case.



Matching of eligible controls to cases was per-
formed (Figure 1) using incidence density sam-
pling [12].

Eligible controls also required consistently neg-
ative tests in all islet autoantibody tests prior to
the case event time. Children who had one or more
autoantibodies identified at a single visit that did
not persist at the subsequent visit were defined as
children with transient autoantibodies. While chil-
dren with transient antibodies were excluded as
eligible controls from the date of their first transient
autoantibody (inclusive), they were eligible to be
controls to cases if the case event time was prior
to their transient autoantibody visit. This ensured
that all samples from the same eligible child had
negative tests, enabling longitudinal comparisons
between the control and their case. Eligible controls
could be matched to multiple cases as long as they
were at-risk at the date of case onset and met
matching criteria. Cases were eligible to be controls
up until their event time.

Eligible control children with autoantibodies that
had been transferred across the placenta from their
mothers (i.e. not host derived), were included.

Relevant literatures on the
diagnostic value of 11 blood
indexes in HCC inrecent 5
years retrieved from the
database n=1751
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Transplacental transfer was defined as a positive
result at the first autoantibody test during the first
year of life with regressing titres at subsequent vis-
its until testing negative. Any child who tested pos-
itive during the first year of life after a previously
negative result, or with an increasing titre relative
to the previous visit, was deemed to have devel-
oped independent IA. There was a pool of 380 age,
sex and autoantibody negative matched children
that were eligible to be controls.

The numbers of eligible matched controls for cases
ranged from two to 19. For cases with six or less eligible
controls, all are initially chosen. For cases with more than
six eligible controls, six were randomly selected. A hier-
archical stepwise selection strategy was then applied
based on optimal sample availability (i.e. a non-random
selection) until three matched controls per case could
be definitively selected. This strategy was based on the
NCC design utilized by the TEDDY study [26] as follows:

i. most stool samples matched between the con-
trol and case up to and including IA onset,

ii. largest number of stool samples overall until IA
onset,

excluded
620
> duplicates
y
Titles and
abstracts sceened
n=1131

excluded 20 with non serum samples;

> 784 unrelated to the subject;

| 7 non-human related studies;
192 reviews and meta-analysis.

Full text screened
n=128

excluded

6 with less than 20 sample;
23 with incomplete date;
6 with other maligancies in the control

Figure 1. Flow chart for inclusion of children in the nested case control study: matching of controls to cases. Note: Cases are
eligible to be controls up until their date of onset of persistent IA. Fifty-three cases had three matched controls, one case had

two matched controls.
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iii. most serum samples matched between the con-
trol and case up to and including IA onset,

iv. largest number of serum samples overall until
IA onset.

Of the 54 cases, 53 had three matched eligible
controls and one had only two matched controls,
so that in total there were 161 matched controls.
There were 190 unique children included in the
ENDIA NCC study: 50 were included only as cases;
116 were controls matched to a single case; 19 were
controls to two different cases; 1 was a control to
three different cases and 4 were included as both
controls and cases because of their time-varying
outcome status (i.e. were matched as a control to
a different case, who had an earlier onset date).
Each case and their matched controls formed a sam-
pled risk-set.

Matching was done with reproducible sample code
written in the R software environment [19]
(Supplementary Material B, C, D and E).

Notably, two of the cases of the same sex not only
had a date of birth but also an event time within
two days of each other. For these cases, the controls
sampled at the date of onset are identical and the
initial random selection had five of the six controls
overlapping for these two cases. Therefore, these
two cases and selected controls will form a single
risk-set in the analysis. There were 15 sets of sib-
lings in the NCC as no restriction was imposed on
the inclusion of siblings. However, siblings were not
from the same pregnancy (i.e. not a twin or triplet)
and none were in the same risk-set. There was one
individual in the NCC who was a twin, but the sib-
ling of the twin was not chosen as a control.

Baseline participant characteristics

The characteristics of the NCC study participants are
outlined in Table 1 and compared to the eligible cohort.

Samples

Childhood samples are collected at scheduled study vis-
its:--birth, three monthly until twoyears of age and six
monthly thereafter. Pregnancy samples can include sam-
ples from Trimester 1, 2 and 3, depending on recruitment.

Details of total sample numbers for the different
sample types, as well as the mean and median num-
bers of samples per individual that are available for
the omics studies, during childhood and for pregnancy
are shown in Tables 2 and 3, respectively.

Table 1. Characteristics of the NCC study participants.
Cases Matched controls

Eligible cohort

(N=54) (N=161)2 (N=1307)°
Child sex
Female 28 (51.9%) 84 (52.2%) 633 (48.4%)
Male 26 (48.1%) 77 (47.8%) 673 (51.5%)
Missing 0 (0%) 0 (0%) 1 (0.1%)
Proband relationship
Mother 17 (31.5%) 87 (54.0%) 787 (60.2%)
Father 19 (35.2%) 45 (28.0%) 342 (26.2%)
Sibling 9 (16.7%) 21 (13.0%) 137 (10.5%)
Multiple 9 (16.7%) 8 (5.0%) 36 (2.8%)
Other 0 (0%) 0 (0%) 5 (0.4%)
Child HLA®
DR3,4 17 (31.5%) 14 (8.7%) 140 (12.0%)
Not DR3,4 36 (66.7%) 142 (88.2%) 1023 (88.0%)
Indeterminant 0 (0%) 4 (2.5%) 4 (0.3%)
Missing 1 (1.9%) 1 (0.6%) 140 (10.7%)
Gestational age at
birth (weeks)
Median (Q1-Q3) 38.5 38.0 (36.9-39.4) 37.9
(37.2-39.4) (36.6-38.7)
Missing 0 (0%) 0 (0%) 4 (0.3%)
Mode of birth
Caesarean 33 (61.1%) 89 (55.3%) 766 (58.6%)
Vaginal 21 (38.9%) 72 (44.7%) 533 (40.8%)
Missing 0 (0%) 0 (0%) 8 (0.6%)
Birth weight (grams)
Mean (SD) 3540 (480) 3580 (535) 3500 (656)
Missing 0 (0%) 0 (0%) 8 (0.6%)
Plurality of pregnancy
Singleton 53 (98.1%) 161 (100%) 1269 (97.1%)
Twins 1 (1.9%) 0 (0%) 35 (2.7%)
Triplets 0 (0%) 0 (0%) 3 (0.2%)
Any breastfeeding®
Yes 53 (98.1%) 156 (96.9%) 1206 (98.2%)
No 0 (0%) 5 (3.1%) 22 (1.8%)
Missing 1 (1.9%) 0 (0%) 79 (6.0%)
Apgar score at 5min
Median (Q1-Q3) 9.00 9.00 (9.00-9.00) 9.00
(9.00-9.00) (9.00-9.00)
Missing 0 (0%) 0 (0%) 14 (1.1%)

aThere are 161 matched controls (Figure 1), includes duplicated information
from individuals that are controls to more than one case and controls
that later become cases.

bEligible children (Figure 1).

For those count variables with >5% missing, the % of Yes and No are
based on those children with data (i.e. exclude missing).

Longitudinal availability of matched serum sam-
ples for cases and controls by risk-set is shown in
Supplementary Material F. The longitudinal distri-
bution of other sample types will be similar, as
collection of all samples from an individual gener-
ally occurs at the same scheduled visit. Standard
operating procedures for quality control of sample
collection, processing and biobanking are briefly
described in Supplementary Material G.

Omics laboratory design

The aim of laboratory design in omics investigations
is to ensure that laboratory variation is not confounded
with sample variation. A general discussion of appro-
priate designs for omics studies is included in
Supplementary Material H.
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Table 2. Childhood (including birth) total numbers of samples,
mean (standard deviation) and median (interquartile range)
number of samples per child, by sample type for cases and
controls of the ENDIA nested-case control study.
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Table 3. Pregnancy total numbers of samples, mean (standard
deviation) and median (interquartile range) number of samples
per mother, by sample type for cases and controls of the
ENDIA nested-case control study.

Case Control Case Control

Sample type (N=54) (N=161) Sample type (N=39) (N=135)
Serum Serum

Total samples 210 863 Total samples 66 266

Mean (SD) 3.89 (2.81) 5.36 (3.15) Mean (SD) 1.69 (0.800) 1.97 (0.872)

Median (Q1-Q3) 3.00 (2.00-5.00) 4.00 (3.00-7.00) Median (Q1-Q3) 2.00 (1.00-2.00) 2.00 (1.00-3.00)
Plasma Plasma

Total samples 189 794 Total samples 66 265

Mean (SD) 3.50 (2.56) 4,93 (3.03) Mean (SD) 1.69 (0.800) 1.96 (0.867)

Median (Q1-Q3) 3.00 (2.00-4.00) 4.00 (3.00-6.00) Median (Q1-Q3) 2.00 (1.00-2.00) 2.00 (1.00-3.00)
Stool Stool

Total samples 252 1000 Total samples 51 235

Mean (SD) 4.67 (2.44) 6.22 (2.84) Mean (SD) 1.31 (0.800) 1.74 (0.969)

Median (Q1-Q3) 4.00 (3.00-6.00) 6.00 (4.00-8.00) Median (Q1-Q3) 1.00 (1.00-2.00) 2.00 (1.00-3.00)
Urine Urine

Total samples 202 782 Total samples 65 271

Mean (SD) 3.74 (2.84) 4.86 (3.05) Mean (SD) 1.67 (0.838) 2.01 (0.806)

Median (Q1-Q3) 3.00 (2.00-4.00) 4.00 (3.00-6.00) Median (Q1-Q3) 1.00 (1.00-2.00) 2.00 (1.00-3.00)
Throat swab Throat swab

Total samples 265 1050 Total samples 68 272

Mean (SD) 4,91 (2.86) 6.53 (3.21) Mean (SD) 1.74 (0.818) 2.01 (0.810)

Median (Q1-Q3) 4.00 (3.00-6.00) 6.00 (4.00-9.00) Median (Q1-Q3) 2.00 (1.00-2.00) 2.00 (1.00-3.00)
Tongue swab Tongue swab

Total samples 273 1070 Total samples 69 275

Mean (SD) 5.06 (2.82) 6.62 (3.21) Mean (SD) 1.77 (0.777) 2.04 (0.796)

Median (Q1-Q3) 4.00 (3.25-6.00) 6.00 (4.00-9.00) Median (Q1-Q3) 2.00 (1.00-2.00) 2.00 (1.00-3.00)
Buccal swab Buccal swab

Total samples 270 1060 Total samples 69 275

Mean (SD) 5.00 (2.87) 6.60 (3.22) Mean (SD) 1.77 (0.810) 2.04 (0.796)

Median (Q1-Q3) 4.00 (3.25-6.00) 6.00 (4.00-9.00) Median (Q1-Q3) 2.00 (1.00-2.00) 2.00 (1.00-3.00)
Nasal swab Nasal swab

Total samples 271 1070 Total samples 70 275

Mean (SD) 5.02 (2.82) 6.65 (3.21) Mean (SD) 1.79 (0.767) 2.04 (0.796)

Median (Q1-Q3) 4.00 (3.25-5.75) 6.00 (4.00-9.00) Median (Q1-Q3) 2.00 (1.00-2.00) 2.00 (1.00-3.00)
Skin swab Skin swab

Total samples 301 1180 Total samples 37 128

Mean (SD) 5.57 (2.90) 7.30 (3.24) Mean (SD) 0.949 (0.223) 0.948 (0.223)

Median (Q1-Q3) 5.00 (4.00-6.00) 6.00 (5.00-10.0) Median (Q1-Q3) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
Breastmilk Vaginal swab

Total samples 137 533 Total samples 36 118

Mean (SD) 2.54 (1.92) 3.31 (2.04) Mean (SD) 0.923 (0.270) 0.874 (0.333)

Median (Q1-Q3) 2.00 (1.00-4.00) 3.00 (2.00-5.00) Median (Q1-Q3) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
Total Total

Total samples 2370 9402 Total samples 597 2380

Mean (SD) 43.9 (24.9) 58.4 (27.1) Mean (SD) 15.3 (5.97) 17.6 (6.54)

Median (Q1-Q3)

37.5 (28.3-48.8)

52.0 (38.0-73.0)

Median (Q1-Q3)

16.0 (10.0-18.0)

18.0 (10.0-25.0)

Note: Case:control ratio was 1:3 (Figure 1). Childhood samples are col-
lected at scheduled study visits:-birth, three monthly until twoyears of
age, then six monthly. Samples from a case included those up until the
date of onset of persistent |A (inclusive). Samples from a control included
those available until it's matched case onset time.

In ENDIA, processing of samples in the omics stud-
ies will be undertaken in batches. Where possible,
longitudinal samples from individuals in the same
risk-set will be analysed in the same batch to minimize
variation within risk-set and maximize the potential to
detect biologically meaningful differences. Related
risk-sets, which have individuals in common, because
individuals are controls for more than one case or are
both a control and case, will be processed in the same
batch where possible. This ensures unique samples
from those individual cases and controls that appear

Note: Case:control ratio was 1:3. Mothers of siblings will appear in the
table multiple times. Pregnancy samples can include samples from
Trimester 1, 2 and 3. There are 26 control children with no maternal
samples, 25 of these were postnatal recruits and 1 was recruited during
pregnancy but had no maternal samples. There are 15 case children with
no maternal samples, 13 of these were postnatal recruits and 2 were
recruited during pregnancy but had no maternal samples.

more than once in the NCC design in different risk-sets,
will only be processed once and creates linkages
between different risk-sets, inducing confounding of
risk-sets and batches.

Limitations

The NCC study will be used for omics analyte discovery
and the cases that emerge for persistent |IA between
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2020 and 2024/5 for validation. The estimated propor-
tion of exposure to analytes in control children of 20%
is of a reasonable size that will enable common expo-
sures to be found. Related ORs greater than 2.9 have
been reported for analytes, for example cytokines in
children with IA versus persistently negative children
[27] as well as in recent viral metagenomics analyses
performed in the TEDDY study [28]. The opportunity
for finding rarer exposures will be limited as indicated
by the larger ORs under proportions of exposures of
1% to 5% (Supplementary Material A, Table A3).

The time of onset of persistent IA has been based
on the first antibody positive sample. Seroconversion
is therefore assumed to develop between the last neg-
ative and first positive serum sample, with the exact
time of onset of autoantibodies between these dates
unknown. The time between these samples, will also
vary depending on the age of the child (due to the
sampling regime —three monthly before twoyears; six
monthly thereafter), and if samples are unavailable for
testing due to missed visits. Bias may be introduced
as the recorded age at onset is the last possible time
and therefore potentially inflated. These limitations
however, apply to all at - risk cohorts with interval
testing of islet autoimmunity.

Limitations relating to the design of omics studies
are discussed (Supplementary Material H), including
the potentially prohibitive cost of sample processing,
the quantity of sample available given these samples
represent a precious limited resource and the sample
quality.

The persistent |IA outcome includes children with
single and multiple IA, and children that have pro-
gressed to T1D, however, there is insufficient power
in the ENDIA NCC study to separate these groups.

Analysis approaches

Univariate and multivariate approaches to the analysis
of omics data are considered (Table 4). Here, a univar-
iate omics analysis is used to refer to a model in which
a single omics analyte is considered in isolation and
therefore assumes that analytes are acting inde-
pendently. Multivariate approaches refer to methods
that consider omics analytes simultaneously and there-
fore take a holistic approach. Both approaches consider
analytes from a single omics platform only. Multi-omics
approaches that consider the complexity of the entire
‘biomolecular system’ (i.e. interactions of analytes from
multiple omes) are not considered in Table 4.
Adjustment will be made for design factors and
confounders in all approaches (Table 5). Models will
be fitted with and without confounders; while

Table 4. Summary of univariate and multivariate analysis
approaches considered and those to be implemented for a
single time and longitudinal omic data in the ENDIA study.

Univariate? Multivariate®
Single time Unweighted Principal component analysis
conditional (PCA)
logistic Partial least
regression® square-discriminant
Weighted logistic analysis (PLS-DA)
regression®
Weighted
conditional
logistic
regression®
Longitudinal Linear or N-way PLS-DA
generalized Clustering
linear mixed Network analysis
models¢ methods
IA status as response
IA status as
explanatory
factor

aUnivariate methods will require false discovery rate (FDR)?* adjustment
with <0.1 cut-off.

bDiscussed in Supplementary Material I.

This is the primary analysis, weight calculations are in Supplementary
Material J and example of R code to fit models in Supplementary Material
K.

9The hierarchy of models fitted are discussed in Supplementary Material
N.

®Multivariate approaches will use adjusted analyte values (Table 3) and
are discussed in Supplementary material O.

design variables will be kept in all models. Where
appropriate, robust variance estimators will be cal-
culated [29].

For univariate (including longitudinal) models, false
discovery rate (FDR) [30] adjustment with a cut-off of
less than 0.1 will be used to reduce the likelihood of
type | errors when examining multiple models (i.e. one
for each analyte in a omics platform).

Primary analyses

For the ENDIA study, the primary analysis is a weighted
conditional logistic regression analysis [31] for each
measured analyte independently (Supplementary
Material 1).

For samples other than serum, matching control
samples may not be available at the case time of onset
(i.e. within the 45 or 90days cut-off). In this situation,
the closest control sample within 12months will
be used.

Secondary analyses

Longitudinal univariate data

The matching of controls to cases in the ENDIA NCC
design is based on a single time point - the onset of
persistent IA. In a longitudinal study such as ENDIA,
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Table 5. Summary of potential variables included in the uni-
variate and multivariate models.

Explanatory variables  Design variables  Confounders
Fixed Analyte? Risk-set® (factor)  Confounder
effects  IA status® (factor) Matching variables or
Time¢ variables® propensity
Children’s analysis Age score®”

(continuous)
Mother’s analysis
(factor)
IA status and time
interaction®
Sample ID¢ (factor)

(continuous)
Sex (factor)

Random Laboratory design
effects (factors)®
Mother®f (factor)
Log offset Weights®d

?Primary analysis only, may be either continuous or a factor (e.g. presence/
absence).

bSecondary analyses only.

‘Longitudinal analyses only.

dMultivariate approach only, where adjusted sample analyte values are to
be used which are determined based on a model with an explanatory
variable relating to sample ID, discussed in Supplementary Material O.
eDiscussed in Supplementary Material K.

finduces a correlation between NCC siblings who have the same mother.
9Calculation of weights is shown in Supplementary Material J.
"Discussed in Supplementary Material L.

where testing children for the primary outcome of 1A
occurs over time, with controls matched to cases on
age, this incidentally also ensures matching longitudi-
nally of case and control samples (i.e. a sample-level
matching) [31]. Longitudinal data in an NCC study have
some general considerations for analysis that are not
applicable to single time point analysis (Supplementary
Material M). These include centring time at the case
date of onset; sample allocation to risk-sets for children
that are represented in more than one risk-set and
mothers with children that are siblings participating
in the NCC study and whether to include IA status as
the response or explanatory variable in the analysis.

For children’s univariate longitudinal data, for each
analyte (response variable), a series of linear mixed
models or generalized linear mixed models will be
fitted. A hierarchical approach will be taken, with the
base model including fixed main effects of time and
IA status and their interaction as explanatory variables
so that independent trajectories can be fitted for cases
and controls (Supplementary Material N).

The preferred sample allocation for risk-sets samples
from the same child who is represented in more than
one risk set, will duplicate samples within each risk-set,
so that each risk-set will have the full trajectory of
relevant samples from that child. As there are four
children included as cases and controls, sensitivity
analyses will be undertaken that will (a) exclude the
samples of these children as cases (remove the
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risk-sets), but leave the samples of them as controls,
(b) vice versa and (c) exclude all data of these children.

When only maternal longitudinal data is considered,
there are three time points. The model fitted here will
include main effects and an interaction between time
and IA status, with time as a factor with levels corre-
sponding to trimesters.

For the mothers who have children from different
pregnancies (siblings) participating in the NCC, due to
the age matching, the siblings will be allocated to
different risk-sets. For these maternal samples, alloca-
tion will be to both siblings’ risk-sets. In the majority
of cases, both the siblings are controls or both are
cases. However, for four mothers, one of the siblings
is a case and the other a control. A sensitivity analysis
will be conducted that (a) excludes the samples of the
mother of the case sibling, but leaves the samples of
the control sibling and (b) vice versa and (c) excludes
all data of these mothers (i.e. both as cases and
controls).

Depending on the omics platform, a transformation
of the response variable (omics analyte) may need to
be considered for linear mixed models assuming a
normal error distribution to ensure that model assump-
tions are met. Generalized linear mixed models with
appropriate distributions including a negative binomial
model, quasi-Poisson model or zero inflated models
[10] (e.g. for count data with many zero values in
microbiome data) will be considered.

Multivariate omics analysis

Detailed discussion of multivariate analysis approaches
are in Supplementary Material O. Sample values
adjusted for design factors and confounders (Table 5)
will be used in multivariate analyses. For a single time
point data, partial least square-discriminant analysis
PLS-DA is the preferred method for the ENDIA study
with cross-validation to evaluate the predictive perfor-
mance of the method [32].

Currently methods and software for omics longitu-
dinal data with disease groups (i.e. case versus con-
trol) are critically lacking. Some methods that may be
suitable for exploring data from the ENDIA NCC study
in the context of analysing multivariate longitudinal
data are presented (Table 4). This is underpinned
by the proviso that this is a rapidly expanding field
with methodology and software continually being
updated and developed. New approaches may
emerge to be more suitable for the ENDIA NCC
study at the actual time of analysis, thus taking
advantage of the contemporary tools available [33].
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Cross-validation and/or validation using an inde-
pendent data set, of all results determined from
multivariate approaches will be undertaken. Finally,
multi-omics methods that combine data from dif-
ferent omics platforms (e.g. microbiome and pro-
teome) with clinical and demographic data, may
also be appropriate exploratory approaches. These
could be undertaken as developments in method-
ology emerge and will make better use of the data
generated from the individual omic studies.

Conclusions

We have outlined a framework for the analysis of lon-
gitudinal omics data with disease data within an NCC
study, discussing appropriate design and consider-
ations for analysis. Omics data can deliver benefits for
determining disease aetiology, potentially leading to
translation to personalized medicine solutions and
multi-level clinical trials.

For univariate analysis of omics data, standard meth-
ods can be used. Multivariate approaches are explor-
atory and predictive rather than employing causal
inference. Cross-validation and/or independent valida-
tion cohorts are required to confirm the associations
found. For multivariate and multi-omics analysis, meth-
ods and software for longitudinal data with disease
groups (i.e. case versus control) are critically lacking.
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