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Abstract

Aims—Islet autoantibody screening of infants and young children in the Northern Hemisphere,
together with semi-annual metabolic monitoring, is associated with a lower risk of ketoacidosis
(DKA) and improved glucose control after diagnosis of clinical (stage 3) type 1 diabetes (T1D).
We aimed to determine if similar benefits applied to older Australians and New Zealanders
monitored less rigorously.

Methods—DKA occurrence and metabolic control were compared between T1D relatives
screened and monitored for T1D and unscreened individuals diagnosed in the general population,
ascertained from the Australasian Diabetes Data Network.

Results—Between 2005 and 2019, 17,105 relatives (mean (SD) age 15.7 (10.8) years; 52%
female) were screened for autoantibodies against insulin, glutamic acid decarboxylase and
insulinoma-associated protein 2. Of these, 652 screened positive to a single and 306 to multiple
autoantibody specificities, of whom 201 and 215, respectively, underwent metabolic monitoring.
Of 178 relatives diagnosed with stage 3 T1D, 9 (5%) had DKA, 7 of whom had not undertaken
metabolic monitoring. The frequency of DKA in the general population was 31%. After correction
for age, sex and T1D family history, the frequency of DKA in screened relatives was >80% lower
than in the general population. HbAlc and insulin requirements following diagnosis were also
lower in screened relatives, consistent with greater beta cell reserve.

Conclusions—T1D autoantibody screening and metabolic monitoring of older children and
young adults in Australia and New Zealand, by enabling pre-clinical diagnosis when beta cell
reserve is greater, confers protection from DKA. These clinical benefits support ongoing efforts
to increase screening activity in the region and should facilitate the application of emerging
immunotherapies.

Keywords

Adolescent; Australasian Diabetes Data Network; beta cell; child; diabetic ketoacidosis; HbA1lc;
IDAALc; insulin dose; Intranasal Insulin Trial; islet autoimmunity; screening; TrialNet; type 1
diabetes

Introduction

Insulin therapy for type 1 diabetes (T1D) carries a large treatment burden and does not
fully alleviate the risks of vascular disease and premature death (1). To improve outcomes,
immune therapies targeting islet autoimmunity to prevent progression from pre-clinical
(stage 1 and 2) to clinical (stage 3) disease are being developed (2). Prevention is critically
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dependent on identifying high-risk individuals with circulating islet autoantibodies. This
presents a challenge requiring a paradigm shift in clinical practice, given that the disease has
traditionally been diagnosed in its end-stage as a metabolic disorder and a rationale for early
pre-clinical diagnosis is not generally recognised (3).

Autoantibodies against insulin (IAA), glutamic acid decarboxylase (GADA), and
insulinoma-associated protein-2 (IA-2A) reliably identify children and young adults destined
to develop insulin-requiring (stage 3) T1D (4, 5). In birth cohort studies of genetically at-risk
European and North American children, early diagnosis through autoantibody screening and
metabolic monitoring every 6—12 months is associated with a significantly lower frequency
of diabetic ketoacidosis (DKA) at diagnosis of stage 3 disease (~5% compared to 30-50%

in the general population) and, over the first year, with better glucose control and a lower
insulin requirement (6-9). Studies of young children (age 2 to 6 years) in Germany have also
shown that islet autoantibody screening affords protection from DKA irrespective of familial
risk (10, 11).

In older populations, the effect of screening on DKA, glycaemia and insulin requirement

is less certain. The Diabetes Prevention Trial — Type 1 (DPT-1) demonstrated a low DKA
frequency of 4% in antibody-positive children and young adults (mean age 10 years) who
were screened and then monitored closely for progression to stage 3 disease (12). However,
it is not known whether screening older children without mandating rigorous clinical trial
monitoring protects against DKA. Demonstration of such a clinical benefit is particularly
relevant to older children and young adults, whose ongoing participation in screening
programs and immunotherapy trials will be essential for the development of more effective
interventions (13).

In Australia and New Zealand, autoantibody screening for families was introduced in

1988 in Melbourne (14) and expanded in 2005 to cover Australian and New Zealand

sites participating in international studies administered by TrialNet (15) and the Intranasal
Insulin Trials (INITs) (16-18). In 2019, in response to the closure of INIT screening

and funding cuts to TrialNet, TypelScreen (ACTRN12620000510943) was established to
provide ongoing autoantibody screening for Australasian families. In the present study, we
aimed to determine the frequency of DKA at diagnosis and the subsequent trajectories of
HbA1c, insulin use and beta cell function of children and young adults screened by TrialNet
and INIT, compared to these outcomes in the individuals with T1D in the general population
enrolled in the Australasian Diabetes Data Network (ADDN) (19).

Adult participants and guardians gave informed consent and children gave assent to join
TrialNet, INIT and ADDN. Study protocols were approved by the relevant human research
ethics committees and carried out in accordance with the Declaration of Helsinki as revised
in 2008. In 2021, the Melbourne Health Human Research Ethics Committee approved the
study protocol and a waiver of consent to allow linkage of date of birth, sex and postcode
information between TrialNet, INIT and ADDN.
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Study populations

Data linkage

Clinical sites that contributed to TrialNet, INIT and ADDN are listed in the Table S1.
Autoantibody assays used for TrialNet and INIT are included in the Islet Autoantibody
Standardisation Program (20).

Established in 2005, TrialNet enrolled first-, second- and third-degree relatives aged 1 to 45
years in Australia and New Zealand to be screened for IAA, GADA and IA-2A by a central
laboratory based in the U.S.A. Data for 8,769 screened relatives were obtained in September
2019. Participants who screened negative and were aged under 18 years were, until 2017,
offered follow-up with annual telephone contact to ask about hyperglycaemia symptoms
and to offer repeat autoantibody testing. Participants who tested positive to one or more
autoantibodies and a small subgroup who screened negative were also offered metabolic
monitoring by semi-annual HbAlc and oral glucose tolerance testing.

The INIT 1l randomised trial showed that a year of treatment with intranasal insulin

did not decrease the risk of disease progression from stage 1 to stage 3 T1D (18).

Screening for INIT was performed for first- or second-degree relatives aged 4 to 30 years
between April 2006 and May 2016. Autoantibodies were measured by the Royal Melbourne
Hospital Endocrine Laboratory, which participates in the Islet Autoantibody Standardization
Program. Data for 9,715 individuals screened in Australia and New Zealand were obtained
in January 2020. Participants who tested positive to a single autoantibody were offered
repeat autoantibody testing annually and those with multiple autoantibodies were invited to
join the INIT intervention study and undertake eligibility testing. Ninety-four participants
enrolled in the intervention (nasal insulin or placebo) and were monitored with semi-annual
HbA1c and oral glucose tolerance test (OGTT).

The ADDN database collates routine clinic data from people with T1D attending clinical
centers in Australia and New Zealand, including most of the sites that enrolled for TrialNet
and INIT (Table S1) (19). All participants provided consent for their data to be used for
unspecified research. ADDN data were current up to October 2019.

To identify individuals who participated in both TrialNet and INIT, we considered those
with matching sex, date of birth, geographical region (Australian State/Territory or New
Zealand North or South Island) and date of sample collection as the same individual
(N=1379 duplicate screens). TrialNet/INIT participants were linked to ADDN on the basis
of matching sex, date of birth, geographical region and, if available, postcode. The accuracy
of data linkage was assessed for 25 relatives screened for TrialNet/INIT at Royal Melbourne
Hospital and registered with ADDN through the hospital clinic after diagnosis of stage 3
T1D; all were correctly matched.

Diagnosis of diabetes, ketoacidosis and insulin dose-adjusted HbAlc

TrialNet and INIT used the standard definition of stage 3 T1D (21), namely fasting glucose
>7.0 mmol/L orrandom glucose =11.1 mmol/L orglucose two hours following oral glucose
challenge (1.75g/kg to a maximum of 75g) 211.1 mmol/L or HbAlc =48mmol/mol (6.5%).
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In the absence of symptoms of hyperglycaemia, two or more abnormal measures were
required to confirm the diagnosis. Individuals who had been diagnosed with diabetes by an
external practitioner were identified by telephone or email follow-up as part of TrialNet and
INIT, or through data linkage with ADDN. DKA in TrialNet, INIT and ADDN was defined
according to ISPAD criteria (22): venous blood pH<7.3 or venous bicarbonate <15 mmol/L
and blood beta-hydroxybutyrate >3 mmol/L or moderate to large ketonuria on urinalysis.
The DKA status of 105 screened relatives was also recorded in ADDN. In all cases, the
DKA classifications in TrialNet/INIT agreed with those in ADDN.

Insulin dose-adjusted HbAlc (IDAALc) was calculated as 4 x daily insulin dose per
kilogram body weight added to HbAlc (in percentage units) (23).

Statistical methods

To compare outcomes between TrialNet/INIT and ADDN, ADDN data were restricted to
participants who were diagnosed in either Australia or New Zealand at a comparable age (2
to 48 years) and during the same epoch (2006 to 2019).

The DKA analysis compared 6627 ADDN registrants to 175 relatives screened in TrialNet/
INIT for whom DKA status (2 missing) and sex (1 missing) were known. Data for relatives
screened in TrialNet/INIT were removed from the ADDN dataset before the two groups
were compared. To compare frequencies of DKA at diagnosis, a generalised linear model
with a binomial distribution and a log link (log-binomial model) was fitted. The exposure
variable was participant group (TrialNet/INIT versus ADDN) and the response was presence
or absence of DKA, with adjustment for age at diagnosis and sex. To determine an effect of
family history of T1D, DKA frequency in a subset of 142 ADDN registrants identified as
having a first-degree relative with T1D (and who were not screened in TrialNet/INIT) was
compared to that of the 175 TrialNet/INIT participants.

To determine HbAlc, insulin use and IDAALc outcomes over the three years following
diagnosis of stage 3 T1D we used data from 7395 ADDN registrants, 91 of whom had been
screened for autoantibodies in TrialNet or INIT. Where an individual had two or more visits
within a single month, values were averaged to ensure no more than one record in each
visit period (Table S2). To compare groups over time, a linear mixed model was fitted. The
outcome was HbALc, insulin dose or IDAALc and the exposure variables were participant
group (TrialNet/INIT or ADDN) and month since diagnosis both fitted as factors, and their
interaction. A random term for participant ID was included to allow for correlation between
visits for the same participant. Outcomes were adjusted for age at diagnosis, sex and age at
visit. If a significant interaction was found, comparison of trial means at a specific month
were made using a Tukey test.

A total of 3378 relatives were re-screened for autoantibodies in TrialNet and INIT. In this
group, the incidence of stage 3 T1D, stratified for autoantibody number (zero, one, two or
more) at the initial screen was compared using logrank tests.
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R software (v4.0.4; www.r-project.org) was used for all analyses except for logrank tests
performed with Prism Software (v9.0.0; Graphpad, San Diego, CA). A significance level of
5% was used for all analyses.

Between 2005 and 2019, TrialNet and INIT performed islet autoantibody screening on
17,105 T1D relatives aged between 1 and 45 years living in Australia and New Zealand
(Figure 1). The mean (SD) age of participants at screening was 15.7 (10.8) years, 52%
were female, and their geographical distribution reflected that of the general population
(Figure S1). An autoantibody against either insulin, GAD or 1A-2 was detected in 652
(3.8%) participants and another 306 (1.8%) were positive for multiple autoantibodies.
Follow-up with repeat autoantibody testing was performed for most multiple autoantibody-
positive participants (224 of 306; 73%), and for a lower proportion of those with a single
autoantibody (332 of 652; 51%) or who were autoantibody-negative (2,822 of 16,147;
17%). Repeat autoantibody testing identified 100 participants who developed multiple
autoantibodies subsequent to their first screening test. However, most individuals with
multiple autoantibodies (306/406 or 75%) were identified at their first screening visit (Figure
1).

A total of 178 screened relatives were observed to develop clinical (stage 3) T1D, most

of whom had been re-tested for autoantibodies and subsequently monitored with one or
more OGTTs (Figure 1). Twenty-six cases, comprising just 0.02% of 16,147, occurred in
registrants who had initially screened negative to autoantibodies. A higher frequency of
stage 3 T1D was observed in those who screened positive for a single autoantibody (46; 7%)
or for multiple autoantibodies (106; 35%).

Using data for the 3,378 screened relatives who underwent autoantibody re-testing with or
without metabolic monitoring, the risk of disease progression to stage 3 T1D progressively
increased with detection of 0, 1 or =2 autoantibodies on the first screening test (p <0.001
for each comparison, Figure 2), the five-year frequencies being 0.3%, 8.5% and 33%,
respectively. Disease progression was not different between TrialNet and INIT (data not
shown).

Information on DKA at diagnosis was available for 176 of the 178 relatives who developed
stage 3 T1D after being screened; nine (5%) had DKA (Figure 1). Three were female

and all were under 16 years of age, their mean (SD) age of diabetes diagnosis with DKA
being 13.5 (3.1) years. DKA occurred more frequently in the 55 relatives who had not
undertaken metabolic monitoring by OGTT compared to the 123 who did (7 [13%] vs 2
[2%]; p=0.0042).

In screened relatives, the mean (SD) age of diagnosis was 13.4 (7.3) years compared to 10.0
(5.8) years in the general population, with 44 and 48% females respectively. The frequency
of DKA in the ADDN general population was 31%. After adjustment for age of diagnosis
and sex, the risk of DKA remained markedly lower at 5.4 (95%CI 2.9 to 10.3) per cent in
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screened relatives compared to 30.7 (95%CI 29.6 to 31.8) per cent in the general population,
or a decrease in DKA frequency of 82% (p<0.001).

To determine if a family history of T1D may have contributed to the lower frequency of
DKA in TrialNet/INIT participants, we calculated DKA frequency in a subgroup of 142
within the ADDN general population group (46% female) who had a first-degree relative
with T1D but were not screened in TrialNet/INIT. The mean (SD) age of this group of 9.6
(5.5) years. In this comparison, the risk of DKA after adjusting for age of diagnosis and sex
was 4.5 (95%CI 2.3 to 8.9) per cent in TrialNet/INIT and 26.3 (95%CI 19.0 to 36.5) per cent
for ADDN, equivalent to an 83% risk reduction (p<0.001).

A total of 7,395 ADDN registrants had data for HbAlc and/or insulin use recorded on at
least one occasion during the three years and one month following diagnosis, including

91 who had been screened for T1D in TrialNet/INIT. To compare their HbAlc, insulin
requirement and beta cell function (IDAALc) following diagnosis of stage 3 T1D, linear
mixed models were fitted (Figure 3 and supplemental Table S2). Significant interactions
between visit and participant groups were found for HbAlc (p<0.001), insulin dose
(p<0.001) and IDAALc (p<0.001). At one month following diagnosis, HbAlc in mmol/mol
(68 (95%CI 63 to 73) c.f. 97 (95%CI 96 to 97)) and daily insulin dose in units/kg (0.33
(95%CI 0.21 to 0.44) c.f. 0.74 (95%CI 0.73 to 0.75)) were significantly lower in screened
relatives compared to the general population. IDAALc was significantly lower in screened
relatives at months 1 and 2 following diagnosis of stage 3 T1D, consistent with greater
residual beta cell function early after diagnosis of stage 3 T1D. However, no significant
differences in either HbAlc, insulin requirement or IDAALc were observed beyond the first
two months.

Discussion

In T1D relatives in Australia and New Zealand, we demonstrate that islet autoantibody
screening is associated with a lower risk of DKA, particularly when combined with
metabolic monitoring by OGTT. Screening was also associated with lower HbAlc and
insulin requirement at diagnosis of stage 3 T1D, consistent with greater beta cell function.
To our knowledge, this is the first time these benefits of early pre-clinical diagnosis

have been demonstrated in an older population screened for autoantibodies and monitored
infrequently by OGTT. This population will continue to be critically important for the
development of preventative immunotherapies by contributing the majority of participants to
phase Il clinical trials.

DKA at T1D diagnosis is a potentially life-threatening complication that has increased

in frequency over the last decade (24-26) to affect around one in three children with
newly-diagnosed T1D (27). We found that participation in islet autoantibody screening

and metabolic monitoring programs in our region was associated with >80% lower risk of
this serious complication irrespective of family history of T1D. This degree of benefit is
similar to that observed in genetically at-risk children followed from birth with autoantibody
testing and metabolic monitoring, whose DKA frequencies ranged from 3-15% compared
to 17-36% for age-matched children who were not screened (7, 10, 28). In contrast to these
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birth cohort studies, the participants in our study were first screened for islet autoantibodies
at a much older age (mean (SD) 15.7 (10.8) years) and were less frequently re-tested

and monitored for progression to stage 3 disease. Although autoantibody screening and
metabolic monitoring is not currently considered cost-effective (29), our demonstration that
less intense follow-up can provide comparable protection from DKA suggests that even
simpler, less costly care pathways could be developed to provide economic justification for
T1D screening, particularly if combined with cheaper autoantibody assays (30) and more
effective immunotherapy (13).

Because beta cell function declines rapidly during progression from stage 2 to stage 3 T1D
(31), pre-clinical diagnosis by islet autoantibody screening is expected to identify incipient
stage 3 individuals who have relatively high beta cell reserve. This ‘lead time” effect has
been directly confirmed by the demonstration that C-peptide concentrations are higher in
children who developed stage 3 disease in the TEDDY birth cohort study compared to
age-matched children diagnosed in the community (6) and is supported by several other
studies of young children which show that screening is associated with lower HbAlc and
insulin requirements at diagnosis (8—10). We extend this finding to an older population by
demonstrating in our cohort that HbAlc, insulin requirement and the IDAALc measure of
beta cell function are superior at diagnosis in screened populations. Within the first two
months from diagnosis, a majority of screened individuals and only a minority of those in
the general population entered partial disease remission, defined as an IDAALc value of less
than 9 (23). Although this metabolic benefit did not endure beyond two months, this time
window is sufficiently wide to provide immunotherapy, which is currently most effective
when there is significant residual beta cell function to rescue from ongoing autoimmune
attack (31). Early diagnosis to identify individuals with preserved beta cell function also
has important implications for future trials of immunotherapy in stage 3 T1D. Previous
trials, summarised in (2), have mostly recruited individuals presenting with symptomatic
hyperglycaemia and limited beta cell function. None of the immunotherapies that met

the primary outcome of preserving C-peptide in stage 3 T1D actually delivered sufficient
clinical benefit to justify regulatory approval. It is interesting to speculate whether these
trials might have been more successful had they been conducted in individuals diagnosed
with asymptomatic (‘silent”) stage 3 T1D through a screening program. Preservation of
beta cell function with a delay in the need to initiate insulin therapy would provide
stronger evidence to support regulatory approval of immune therapy and might also provide
opportunities to use adjunctive therapies such as SGLT inhibitors (32) or GLP-1 agonists
(33) to achieve acceptable glucose control in the longer term without the complexity and
risks of insulin therapy.

Our data identified many individuals who were not followed-up with metabolic testing
after their initial screen, even if it returned multiple islet autoantibodies. Such individuals
were more likely to develop DKA than their counterparts who underwent monitoring. This
highlights a deficiency in care pathways that must be rectified to maximise the ability of
screening to protect from DKA and to ensure most at-risk individuals have opportunities
to access timely immunotherapy. The TypelScreen program in our region aims to improve
retention and follow-up of screened relatives by employing dedicated nurse educators and
communications personnel.
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For the 224 multi-antibody individuals followed in TrialNet or INIT, the 5-year incidence

of stage 3 T1D of 33% was comparable to that observed in the entire TrialNet Pathway

to Prevention Study cohort, which mostly comprises children and young adults from North
America (32). This rate of disease progression is somewhat lower than the rate of ~40%
observed in younger children (4) and for individuals who enrolled in the TrialNet oral
insulin study, which involved a slightly younger population (mean age 8 years) who had
tested positive for IAA (34). The lower rate of progression in older multi-autoantibody
children has implications for the design of future immunotherapy trials, which for reasons of
safety and feasibility will continue to recruit individuals who are screened as adolescents or
adults.

A clear limitation of our study design was its inability to identify all known cases of T1D,
which is particularly relevant for TrialNet/INIT participants who were not re-tested for
autoantibodies or metabolically monitored after their initial screen, and for those whose
diabetes was managed outside of the ADDN network. Such individuals may have been less
attuned to symptoms of diabetes or less able to seek help if symptoms developed, which

in turn may have placed them at greater risk of DKA. It is also possible that unmeasured
differences between families that participated in TrialNet/INIT and those in the general
ADDN population, such as T1D knowledge or access to medical care, could have accounted
for the higher frequency of DKA in ADDN registrants who had a first degree relative. In
addition, although screening is being extended into the general population (2), whether our
findings from screening relatives also apply to screening individuals without a family history
will require further study. In this regard, it is encouraging that the Frlda general population
screening study reported only two cases of DKA in 62 cases of stage 3 T1D (11).

In summary, in a large representative population of Australia and New Zealand, islet
autoantibody screening of children and young adults, combined with metabolic monitoring,
was associated with protection from DKA and greater beta cell function. These findings

add support to recent efforts to offer screening to the Australian general population.
Communicating these clinical benefits to clinicians, at-risk individuals and regulators should
help encourage recruitment into screening programs and increase enrollment into clinical
trials that will be needed to deliver prevention therapies to the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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9 (5%) DKA

112 registered with ADDN, of whom
105 had DKA status and 91 had insulin
dose and/or HbA1lc recorded in ADDN

Figure 1. Participant flow diagram
Ab: autoantibody; T1D: diagnosed with stage 3 type 1 diabetes; DKA: presence of diabetic

ketoacidosis at diagnosis; ADDN: Australasian Diabetes Data Network; OGTT: oral glucose
tolerance test; * DKA status unknown for 1 individual.
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Figure 2. Incidence of stage 3 type 1 diabetes after thefirst screening test
Data are for 3378 participants who were re-tested for autoantibodies in TrialNet and

INIT, stratified for autoantibody status at the initial screen, with grey lines indicating 95%
confidence boundaries.
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Figure 3. Insulin requirement, HbA1c and beta cell function over three yearsfollowing diagnosis
of stage 3type 1 diabetes.

Monthly measures of HbAlc (A), insulin dose (B) and IDAALc (C) for relatives screened in
TrialNet/INIT (open circles) and the general population registered in ADDN (filled squares)
are shown as predicted mean and 95%CI. The number of individuals contributing to each
6-month data point is provided, with values for each month provided in Supplemental Table
S2, with different individuals potentially contributing to different time points. * indicates
significant difference (Tukey<0.05) between ADDN and TrialNet/INIT groups at that time
point.
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