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Tailored Strategies Should be Used to Classify and Manage T1D in Older Adults
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ARTICLE HIGHLIGHTS

® Why did we undertake this study?
We undertook this study because type 1 diabetes diagnosed after age 30 years is common yet frequently misclassified, and the clinical needs of
older adults remain insufficiently defined.

® What is the specific question(s) we wanted to answer?
We sought to determine how age at onset and aging influence the biology and clinical course of type 1 diabetes and how these factors should
inform classification, risk prediction, and management in adults and older individuals.

® What did we find?
We found that age-related differences reflect a phenotype shaped by the biological context of autoimmunity and that much apparent adult
heterogeneity results from misclassification in the absence of robust biomarkers.

® What are the implications of our findings?
Our findings support biomarker-informed diagnostic pathways and age-tailored strategies for screening, prevention, and management.
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This article highlights how age and type 1 diabetes interact to shape clinical onset
and treatment, emphasizing the need for tailored strategies in classifying and
managing type 1 diabetes across the lifespan, particularly in later life. This article
represents an expert perspective based on selected literature. In considering
type 1 diabetes in adults, distinction is needed between incident cases, where bi-
ological age influences underlying pathophysiology, and prevalent cases, captur-
ing both adult-onset type 1 diabetes and long-standing childhood-onset type 1
diabetes in individuals reaching older age. Type 1 diabetes diagnosed after age 30
years presents diagnostic and management challenges. Diagnosis remains diffi-
cult due to high prevalence of type 2 diabetes and frequent misclassification.
When adult-onset type 1 diabetes is rigorously defined, key clinical features, in-
cluding progression from dysglycemia and early f-cell decline, more resemble
those in younger individuals. Differences across ages are best interpreted as an age-
related phenotype arising from the biological context in which autoimmunity oc-
curs, immune remodeling, insulin resistance, and pancreatic changes, rather than
distinct pathogenic mechanisms. While incidence of adult-onset type 1 diabetes is
largely static, prevalence is increasing, especially among those ages =65 years,
largely due to improved outcomes with declining mortality and disability-adjusted
life-years. While type 1 diabetes management should not intrinsically alter with age,
older adults face elevated risks of comorbidities, including frailty and cognitive and
visual impairment, which can complicate management and impact glucose levels,
particularly hypoglycemia risk; individualized glycemic targets are needed with a fo-
cus on safety and quality of life. Moving forward integrating adults into pre-type 1
diabetes screening and prevention efforts will be essential to refine prediction, re-
duce misclassification, and guide disease-modifying interventions.

Type 1 diabetes is an autoimmune disease mediated by autoreactive T cells that
selectively destroy pancreatic -cells, leading to insulin deficiency and hyperglyce-
mia (1). Traditionally considered a disorder of childhood and early adulthood, type 1
diabetes is increasingly recognized in older adults, including individuals diagnosed
after age 30 years (2). Throughout this article, we use the term “adult-onset type 1
diabetes” to refer to diabetes diagnosed after age 30 years, while reserving the
term “older adults” with type 1 diabetes exclusively for individuals aged >65 years,
in accord with American Diabetes Association definitions (3). In contrast to extensive
research in pediatric and young adult populations, the epidemiology, progression,
and management of type 1 diabetes in older adults remain largely underexplored.
Classification of type 1 diabetes in adults increasingly relies on biomarker-based ap-
proaches. Among islet autoantibodies, GAD65 autoantibodies are predominant in
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adult-onset disease, whereas IA-2 and
ZnT8 autoantibodies are more frequent
in childhood-onset type 1 diabetes (4). In
the context of a clinical suspicion of type 1
diabetes, the presence of islet autoanti-
bodies shows very high specificity (typically
>95% with modern assays), particularly
when multiple autoantibodies are detected
(5). However, in unselected adult popula-
tions with diabetes, the positive predictive
value of single autoantibody positivity is
limited, reflecting both the low prior prob-
ability of type 1 diabetes and the not in-
significant rate of incidental autoantibody
positivity in nonautoimmune diabetes (6).
For this reason, multivariable diagnostic
strategies integrating age at diagnosis, au-
toantibody status, HLA or type 1 diabetes
genetic risk scores, BMI, and family history
can improve discrimination between auto-
immune and nonautoimmune diabetes in
adults and reduce misclassification (2,5,7,8).
In this article, we initially focus on the
unique clinical, genetic, and immune fea-
tures of type 1 diabetes diagnosed after
age 30 years, with particular attention to
where type 1 diabetes is defined by ro-
bust biomarkers, particularly the pres-
ence of multiple islet autoantibodies and
loss of endogenous insulin secretion. We
then discuss management of prevalent
older adult type 1 diabetes cases irre-
spective of onset age. Here we highlight
that while increasing age should not di-
rectly impact management, its association
with comorbidities including frailty and
cognitive impairment brings key therapeu-
tic considerations relevant to this growing
but underinvestigated population. This ar-
ticle is an expert opinion piece; references
were selected based on the authors’ ex-
pertise to highlight studies most relevant
to the conceptual framework discussed.

PHENOTYPES OF ADULT-ONSET
TYPE 1 DIABETES

Classification of Adult-Onset Type 1
Diabetes

Although type 1 diabetes incidence peaks
during adolescence, it remains substantial
across all early decades of life, and a con-
siderable proportion of cases are diag-
nosed after age 30 years. However, much
less is known about the characteristics
of adult-onset disease, predominantly due
to difficulties in robust case definition (2).
This challenge of classifying diabetes grows
with age, as type 2 diabetes becomes in-
creasingly prevalent, lowering the prior

likelihood that adult-onset diabetes is
type 1 (5). While >90% of children with
diabetes have an autoimmune form, the
pattern is reversed in adults, where >90%
have type 2. Adding further complexity, a
nonobesity phenotype of type 2 diabetes
is increasingly recognized in older age, likely
reflecting age-related changes in body com-
position (e.g., sarcopenia and visceral adi-
posity) rather than low cardiometabolic
risk (9). As in the general population,
among adults with type 1 diabetes there
is increasing prevalence of overweight and
obesity, approaching population levels in
several cohorts (10-12).

Reflecting these challenges, for many
adults with autoimmune diabetes misclas-
sification occurs, becoming more common
with increasing onset age. For example,
biomarker testing in a Scottish type 1 dia-
betes clinic resulted in reclassifying from
type 1 to type 2 diabetes in the case of
7.2% of adults diagnosed between ages
18-30 years and 14.2% of those diagnosed
at age >30 years (13). Conversely, a sub-
stantial proportion of autoimmune diabe-
tes remains unrecognized at diagnosis,
with ~38% of individuals aged >30 years
initially misclassified as having type 2 dia-
betes (14,15). Accurate type 1 diabetes
classification is critical: in clinical practice
to guide treatment and in research to de-
fine disease etiology. In cohorts of adults
with clinically diagnosed type 1 diabetes,
which include a mixture type 1 and mis-
classified 2 diabetes, characteristics will
have been observed reflecting the mix-
ture of the two disease etiologies.

Classification in adults can be enhanced
by using biomarker definitions of type 1
diabetes. In this context, a biochemical
diagnosis of type 1 diabetes should rely
on the presence of multiple islet autoan-
tibodies or compatible clinical character-
istics confirmed by either single islet
autoantibody positivity or evidence of se-
vere insulin deficiency (e.g., low C-peptide
levels). It has been shown that in adults
islet autoantibodies are highly sensitive
and specific for type 1 diabetes in the
context of a clinical diagnosis (5). Accord-
ingly, international guidelines now recom-
mend confirmatory islet autoantibody
testing in all adults with a clinical diagno-
sis of type 1 diabetes, with consideration
of alternative diagnoses and noninsulin
management if an individual is antibody
negative (16). The importance of robust
classification is increasingly critical as new
disease-modifying immunotherapies for

type 1 diabetes emerge. Additionally,
glucagon-like peptide 1 receptor ago-
nists and SGLT2 inhibitors are increas-
ingly recommended as early therapies
for type 2 diabetes because of their gly-
cemic and cardiorenal benefits, but sub-
stantial caution continues to be advised
regarding their safety in individuals with
type 1 diabetes (17,18).

While islet autoantibodies are confir-
matory in the context of a clinical diag-
nosis of type 1 diabetes, their predictive
utility is reduced in unselected adults with
diabetes. This reflects Bayes’ theorem and
the fact that the prior probability of type 1
diabetes among all adults with diabetes is
low, meaning the positive predictive value
of any imperfect test will also be low (5,6).
In this setting, the prevalence of islet
autoantibodies among those with nonau-
toimmune (type 2) diabetes will approxi-
mate that seen among control participants,
equal to 1 — the assay specificity. For ex-
ample, when cutoffs are defined at the
97.5th centile, ~2.5% of individuals with-
out autoimmune diabetes, including those
with monogenic diabetes, test positive
(5). Because nonautoimmune diabetes is
~20 times more common than type 1 in
adults, even highly specific assays yield a
substantial proportion of “incidental pos-
itive” results, such that many single islet
autoantibody—positive adults actually have
nonautoimmune diabetes. This can help
explain the intermediate phenotype of la-
tent autoimmune diabetes in adults, which
is most evident in older populations where
the prior likelihood of a case of diabetes
being type 1 diabetes is lowest. This di-
agnostic overlap is further highlighted by
data-driven subclustering approaches in
type 2 diabetes, where severe insulin-
deficient diabetes (SIDD) closely resem-
bles severe autoimmune diabetes (SAID),
except for the absence of islet autoanti-
bodies, underscoring the limitations of
purely clinical classification in adults (19).
Together, these findings reinforce that ap-
parent heterogeneity across ages is best
interpreted within an age-related phe-
notype model, shaped by the biological
context in which autoimmunity occurs.

Accordingly, for the remainder of this
article we focus on “conventional type 1
diabetes,” here referring to autoimmune
diabetes defined according to established
clinical and biochemical criteria. Within
this framework, we specifically examine
how adult-onset disease may differ from
childhood-onset type 1 diabetes. To help
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interpret the heterogeneity observed in
adult cohorts, Table 1 summarizes how
the apparent clinical, genetic, immune,
and metabolic features of adult-onset type
1 diabetes differ when cases are defined
on the basis of conventional clinical criteria
versus use of biomarker-based definitions.

Incidence and Prevalence of Type 1
Diabetes and Islet Autoimmunity in
Older Adults

While incidence data in older adults re-
main limited and do not consistently
show age-related increases, the preva-
lence of type 1 diabetes among indi-
viduals aged >65 years is rising. This
increase likely reflects improved survival
and long-term outcomes rather than a
true rise in incident cases at older ages.
Type 1 diabetes can develop at any
age, and ~42% of cases are diagnosed
after age 30 years, representing <4%
of all diabetes cases in people aged
30-60 years (2). While a sharp increase

in type 1 diabetes incidence has been ob-
served in young children (age <5 years)
(20), recent data also point to a growing
prevalence in individuals aged >65 years,
with the highest rates reported among
those aged 70-74 years (21). Between
1990 and 2019, the age-adjusted preva-
lence in this age-group rose by 28%,
from 400 to 514 per 100,000, corre-
sponding to an average annual increase
of 0.86% (21). This growing prevalence of
type 1 diabetes in adults and older adults
underscores the need for the scientific
and clinical community to reconsider cur-
rent paradigms of care.

Clinical Phenotypes of Adult-Onset
Type 1 Diabetes

At diagnosis, adults with adult-onset type 1
diabetes are often reported to have higher
BMI and less severe features in compari-
son with children and younger adults, in-
cluding lower HbA,, reduced weight loss,
and lower rates of diabetic ketoacidosis

Petrelli and Associates

(DKA) (4,22). However, as these cohorts
rely on clinical diagnosis, there is risk of
circularity: clinical features being used to
both define and describe the disease.
Studies with use of biomarker-based
definitions are rare, but in those with
long-standing type 1 diabetes defined
by C-peptide deficiency or genetics,
comparable clinical characteristics (BMI,
sex, HbA, insulin dose, DKA) have been
shown regardless of onset age (2,14).
Similarly, in newly diagnosed adult co-
horts classified on the basis of two or
more positive islet autoantibodies, pre-
sentation is typically severe, with weight
loss in >80%, DKA in >20%, and osmotic
symptoms in >90%, with no difference
between those diagnosed at age <35 vs.
>35 years (23).

Despite similar presentations, initial
management varies by age, likely reflect-
ing lower recognition of type 1 diabetes
at diagnosis in older adults. Older adults
are less likely to be admitted or started

Table 1—Conceptual framework illustrating how misclassification in clinically defined adult cohorts contributes to the
apparent heterogeneity of adult-onset type 1 diabetes

Feature

Adult-onset T1D (clinical criteria)

Adult-onset T1D (biochemical definition)

Diagnostic definition

Clinical diagnosis based on clinician judgment

or rapid insulin requirement

Risk of misclassification

Islet autoantibodies

High, increasing with age

Variable; often single or absent due to

inclusion of nonautoimmune diabetes

Predominant autoantibody

Apparent GAD65 predominance but

heterogeneous

T1D genetic risk (HLA/T1D GRS)

Reduced on average, reflecting loss of

protective HLA and likely misclassification

T2D genetic risk

BMI and insulin resistance

Often elevated

Often higher; reflects inclusion of

nonautoimmune diabetes

Progression to insulin dependence

Heterogeneous; delayed insulin initiation

common

p-Cell decline

Apparent slower decline reflects inclusion of

nonautoimmune diabetes

Immune phenotype

Pancreatic pathology

Clinical management implications

Poorly defined; confounded by misclassification

Not well characterized

Missed opportunities for noninsulin therapies

where T2D is misclassified as T1D

Implications for endotype definition

Apparent heterogeneity largely driven by

misclassification

Presence of islet autoantibodies and/or severe

insulin deficiency (low C-peptide)

Low, but increasing with lower assay specificity

High prevalence. Multiple autoantibodies

common

GADG65 predominant; IA-2A and ZnT8A less

frequent than in childhood-onset T1D

Preserved T1D genetic susceptibility; protective

HLA effects maintained

Generally lower, though metabolic traits may

contribute

Variable; insulin resistance acts as a modifier

rather than a primary driver

Rapid and near-universal insulin requirement

Largely similar decline once dysglycemia

develops

Age-related differences. Limited data in adults

age >65 years

Limited adult data. Insulitis generally less

extensive than in children

Management aligned with that in autoimmune

T1D, individualized on the basis of age,
duration, and function

Supports an age-related phenotype; insufficient

evidence for a distinct adult-specific
endotype

GRS, genetic risk score; T1D, type 1 diabetes; T2D, type 2 diabetes; ZnT8A, ZnT8 antibodies.
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on insulin at diagnosis, and more often
noninsulin therapies are received (14,23).
Early treatment failure with noninsulin
agents and insulin requirement within
3 years are strongly predictive of diag-
nosis with underlying type 1 diabetes
and should prompt autoantibody testing
(16). Longitudinal studies with ge-
netic or C-peptide criteria confirm
that >85% of adults with type 1 diabe-
tes require insulin within 1 year of diag-
nosis (2,14).

Age-Related Patterns of
Autoimmunity and Clinical
Presentation

Preclinical Autoimmunity and Early Progres-
sion to Diabetes Development

Type 1 diabetes develops over a prolonged
preclinical phase marked by islet autoim-
munity (25). Most childhood cases arise
from autoimmunity initiated early in life,
yet more than half of all type 1 diabetes di-
agnoses occur in adults, and the timing of
seroconversion in this group remains un-
certain. Because nearly all children with
multiple autoantibodies progress by age
18 years, it follows that some adults
must develop autoimmunity de novo
later in life (26).

Although population-level data in adults
remain limited, emerging evidence in-
dicates that preclinical autoimmunity
in adulthood is clinically relevant. In the
population-based Autoimmunity Screening
for Kids (ASK) study, 3.9% of adults tested
positive for one or more islet autoantibod-
ies and 0.6% for multiple autoantibodies,
with GAD65 autoantibodies (GADA) pre-
dominating (27). In at-risk cohorts, up to
one-half of the autoantibodies detected
before age 50 years are first identified in
adulthood (22). However, these data do
not derive from prospective follow-up of
autoantibody-negative adults, and the tim-
ing of seroconversion in adulthood there-
fore remains uncertain. Indirect evidence
comes from longitudinal studies showing
that ~50% of adults positive for multiple
autoantibodies aged >20 years progress to
stage 3 diabetes within 10 years (28), dem-
onstrating that adult-onset islet auto-
immunity carries substantial long-term
risk. Although progression appears slower
than in children, where ~50% progress
within 5 years of seroconversion (29,30),
the overall trajectory remains clinically
meaningful.

Prospective studies (Diabetes Preven-
tion Trial-Type 1 [DPT-1], Type 1 Diabetes

TrialNet) consistently show faster progression
from islet autoantibody positivity to stage 3
diabetes in children, with risk declining after
age 20 years (31,32). However, once
dysglycemia (stage 2) emerges, subse-
quent progression to stage 3 appears
similar across age-groups (33). Impor-
tantly, these cohorts include few indi-
viduals >60 years of age, and direct
evidence describing preclinical progres-
sion in older adults remains limited.

In adults, both the number and the spe-
cificity of autoantibodies remain strong
predictors of progression: GADA, the most
frequent autoantibody in adult-onset dis-
ease, is associated with slower progres-
sion to stage 3 type 1 diabetes, whereas
IA-2 antibody (IA-2A) positivity confers
consistently higher risk (31,34). Therefore,
although the initiation of autoimmunity
differs between adults and children, the
later phases of preclinical progression
(stage 2 — stage 3) are broadly similar
across age-groups (35). Similarly, where
type 1 is diagnosed robustly, age of onset
appears to have limited impact on early
postdiagnosis decline rate in C-peptide
but adults and older children start from
a far higher point, possibly reflecting re-
cently reported differences in the under-
lying architecture of the very young
pancreas (5,36,37) (Fig. 1). Although in-
vestigators for some earlier studies re-
ported slower loss of B-cell function in
recently diagnosed autoantibody-positive
adults (38), recent analysis of other cohorts
in the same study showed that type 2 dia-
betes genetic risk was associated with clini-
cal progression only in adults positive for a
single autoantibody (39), suggetsing poten-
tial for inclusion of some individuals whose
diabetes does not have a type 1 etiology,
but further clarification of observed differ-
ences between studies is needed.

Genetic and Autoantibody Features of Adult-
Onset Type 1 Diabetes at Clinical Onset

Type 1 diabetes genetic predisposition
decreases with increasing age of onset
(7,12,21-28). Among adults with clini-
cally diagnosed type 1 diabetes lower
polygenic risk scores are seen, as well as
reduced monozygotic twin concordance
(40,41), and a diminished prevalence of
high-risk HLA class Il genotypes, particu-
larly DR3-DQ2/DR4-DQ8, in comparison
with childhood-onset cases (4,42—45). In
these adult cohorts, the protective effect
of DR15-DQ6 also appears attenuated
(4,42—-45). Genetic analyses further show

increasing overlap with type 2 diabetes
susceptibility loci in clinically diagnosed
adult-onset cohorts, especially in older
adulthood (46).

In contrast, when adult-onset type 1
diabetes is confirmed by autoantibody
positivity, genetic risk appears far more
stable across adult ages. Adult autoanti-
body-positive individuals maintain a pre-
served protective effect of DR15-DQ6
(23,47), and the modest reduction in
type 1 diabetes genetic risk score rela-
tive to children is largely attributable to
lower frequency of high-risk HLA class Il
genotypes rather than a fundamentally
different genetic architecture (4,42—-45).
Importantly, among adults with a clini-
cal diagnosis but who test negative for
autoantibodies, markedly reduced type 1
diabetes genetic susceptibility is seen,
a pattern not observed in children and
strongly suggestive of nonautoimmune
diabetes in a substantial proportion of
these cases (48).

Autoantibody profiles at onset appear
to differ substantially by age of diagnosis.
Although several reports suggest lower
autoantibody prevalence in adults than
in children (4,49,50), many rely on clini-
cal diagnostic criteria, where misclassifi-
cation is common in older adults. When
type 1 diabetes is defined by biochemical
insulin deficiency (C-peptide <200 pmol/L),
autoantibody positivity remains high
(~80%) even in individuals age >30 years,
although autoantibody measurement was
performed after a longer diabetes duration
in those diagnosed at younger versus older
ages (26 vs. 13 years after diagnosis, re-
spectively), a factor known to reduce de-
tectable autoantibody positivity over time
(14). Genetic analysis for 1,778 clinically
diagnosed cases (After Diagnosis Dia-
betes Research Support System-2
[ADDRESS-2]) supports this: among clini-
cally diagnosed cases in adults >30 years
old who were antibody negative, 77%
were genetically more consistent with
type 2 diabetes, compared with 45% in
those aged 18-30 years. After exclu-
sion of misclassified cases, autoanti-
body positivity does not decline with
older onset (48,51).

The type and number of autoantibodies
also differ across ages. 1A-2A positivity is
common in children but far less frequent in
adults, where GADA predominates across
ethnic groups (22,50,52,53). Single autoanti-
body positivity is more common with older
onset, 35% among adults vs. 19% in
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Figure 1—Type 1 diabetes progression rates defined by urine C-peptide—to—creatinine ratio as reported by Thomas et al. (23) in Diabetes Care
(2023) and Shields et al. in Diabetes Care (2018) (24), highlighting the progression in a well-defined cohort of adult (age >35 years) type 1 diabetes
in comparison with children and young adults (age <35 years).

children, and rises further among those di-
agnosed at >30 years of age (40% vs. 30%
among those diagnosed at <30 years)
(4,22,49,50,52).

Age-Related Modulation of Immune
and Pancreatic Features of Adult-
Onset Type 1 Diabetes

Nonspecific and Islet-Specific Immune
Responses in Adult-Onset Type 1 Diabetes
The immunopathology of type 1 diabe-
tes shows age-related variation between
children and adults, reflecting differences
in immune context rather than a funda-
mentally distinct process. In children, the
immune response is typically characterized
by strong activation of innate immune
cells, including monocytes with increased
cytokine secretion and enhanced HLA-DR
expression early in the disease process
(54,55). This is accompanied by a highly
inflammatory adaptive response domi-
nated by Thl and Th17 activity and marked
effector T-cell activation at disease on-
set (56-58).

In contrast, adult-onset disease develops
within the same fundamental autoimmune
framework but in the context of age-
related immune remodeling shaped by
immunosenescence and “inflammaging”
(59). Regulatory control is diminished,
with impaired Treg function and reduced
checkpoint activity, and the immune
repertoire shifts toward an expanded
pool of memory and exhausted T cells
(60,61). These changes occur alongside

contraction of the naive T-cell compartment,
impaired B-cell and antigen-presenting cell
function, and a proinflammatory cytokine
milieu (62-64), creating a distinct immuno-
logical environment compared with the
acute inflammatory response typically
observed in children.

Antigen specificity also shows age-
related patterns. In childhood-onset disease,
insulin and proinsulin are the predominant
T-cell targets (65,66), whereas in adult-onset
disease, GAD65-reactive T cells are more
frequently observed (56,67). Immunophe-
notyping studies, largely conducted in chil-
dren and young adults, suggest differences
in cytotoxic effector memory T-cell expan-
sion at diagnosis, but comparable data in
individuals aged >65 years are lacking.

Histopathological studies provide further
evidence of age-dependent differences in
pancreatic immune infiltration. Most his-
topathological data derive from children,
adolescents, or young adults, and direct
pancreatic evidence in individuals aged
>65 years remains limited. Therefore, these
observations are extrapolated to older ages
with caution. In younger children (<7 years
old), pancreatic lesions often display cp20™
B-cell-rich insulitis and broad antigen tar-
geting, whereas in those diagnosed after
age 13 years infiltrates are typically CD20°
and dominated by T cells and macrophages
(68). Insulitis in adults also appears more
focal and less extensive than in younger
children (69-71). Notably, immune-cell in-
filtration of the exocrine pancreas has

been described in adult-onset type 1
diabetes (72-74), and reduced circulat-
ing exocrine enzymes levels have been
reported in adults with preclinical type 1
diabetes (75,76), although some markers
show similar alterations across age-groups
(77).

Taken together, these observations sug-
gest that adult-onset type 1 diabetes
develops within the same fundamen-
tal autoimmune framework described
in childhood-onset disease, but in a biolog-
ical context shaped by immune aging and
pancreatic maturity. This environment may
modulate the tempo and expression of au-
toimmunity, potentially through mecha-
nisms such as bystander activation and
epitope spreading (78). In addition, adult-
onset disease arises in a mature pancreas,
whereas childhood-onset autoimmunity
affects an organ still undergoing growth
and remodeling (36), which may contrib-
ute to quantitative rather than categori-
cal differences in pathological patterns.
Dedicated, age-stratified analyses of well-
characterized pancreatic donor cohorts
with detailed immune phenotyping will
be essential to clarify whether specific
immunopathological signatures differ mean-
ingfully across the lifespan.

The Role of Insulin Resistance

Although B-cell autoimmunity is the defin-
ing feature of type 1 diabetes, insulin resis-
tance acts as a clinically relevant disease
modifier, with potentially greater impact in
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adults. Proinflammatory cytokines such as
IL-6 and TNF-a impair insulin signaling,
promoting p-cell stress and apoptosis (79).
Lifestyle-related factors, including weight
gain, obesity, and physical inactivity, further
exacerbate insulin resistance (80). Notably,
direct measurement of insulin resistance
using gold standard methods such as the
hyperinsulinemic-euglycemic clamp has not
been performed in individuals with preclini-
cal type 1 diabetes, and current evidence is
therefore largely indirect. Several prospec-
tive studies have shown that higher BMI
and indices of insulin resistance are asso-
ciated with progression to autoantibody
development or symptomatic type 1 dia-
betes (81,82).

One conceptual framework for these ob-
servations is the accelerator hypothesis,
which proposes that type 1 and type 2 dia-
betes lie on a continuum where genetic pre-
disposition and metabolic stress converge
to drive B-cell failure (83,84). However, an
alternative interpretation is that insulin resis-
tance may not directly accelerate autoimmu-
nity and, rather, lowers the clinical threshold
for hyperglycemia, thereby advancing the
timing of type 1 diabetes onset in individuals
with increased metabolic stress (85).

We performed a subanalysis of the Trial-
Net Pathway to Prevention Study (TNPTP)
cohort (82) examining age-specific patterns
of progression to stage 3 across tertiles of

A Children (age <18 years)
1.0

0.9  t1vs. t2 p-value <0.0001
08  t1vs. 13, p-value <0.0001
07 t2 vs. t3 p-value=0.0002
06

05

04

0.3

0.2

0.1

0.0
0 1 2 3 4 5 6 7 8 9 10

Predicted Proportion T1D

Follow-up time in years

w

1.0
0.9 t1 vs. t2 p-value <0.0001
0.8 t1 vs. t3, p-value <0.0001
07 12 vs. t3 p-value <0.0001
08
05
04
03

Predicted Proportion T1D

02
0.1
0.0

Fallow-up time in years

HOMA of insulin resistance (HOMA-IR) and
Matsuda index (Fig. 2). In children (age
<18 years), both markers showed a clear
dose-response relationship: higher insulin
resistance (higher HOMA-IR) or lower
insulin sensitivity (lower Matsuda index)
was strongly associated with increased pro-
gression risk. In young adults (18-30 years),
this association was weaker and evident
only in comparing the lowest with the
highest tertile. In adults age >30 years,
the pattern became binary, with increased
risk confined to those in the highest
HOMA-IR or lowest Matsuda tertile.

Population-level data indicate that over-
weight and obesity rates in type 1 diabetes
mirror those of the general population
(86,87). Thus, although overall adiposity is
not disproportionately elevated in type 1
diabetes, a meaningful subset of adults,
particularly in midlife, have excess BMI.
Taken together, these observations sug-
gest that insulin resistance in preclinical
type 1 diabetes may advance the timing of
clinical onset by lowering the p-cell func-
tional reserve needed for symptoms to
manifest, without clear evidence that it
accelerates the underlying autoimmune
process. In other words, insulin resistance
appears to modulate when the disease be-
comes clinically evident—rather than how
quickly it progresses biologically.
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Age-Dependent Heterogeneity and the Pro-
posed Concept of an “Aged” Type 1 Diabetes
Phenotype
The endotype framework has been pro-
posed to explain heterogeneity in type 1
diabetes across the lifespan (88,89). Early
models distinguished an aggressive early-
childhood form (endotype 1 [T1DE1])
from a slower, more indolent subtype
appearing in adolescence and young
adulthood (endotype 2 [T1DE2]) (90),
and a more recent six-category schema
(T1DE1-6) incorporates age at onset, im-
mune and genetic features, C-peptide
trajectories, and environmental exposures
(91). Additional analytical approaches also
suggest further subgrouping (92). How-
ever, multi-omics analyses in children
have not identified distinct circulating en-
dotypes, implying that divergence may
emerge later in the disease course (93).
Within this context, a recurring constel-
lation of clinical, immunological, genetic,
and metabolic features has been described
in adult-onset type 1 diabetes. These
include lower genetic loading, greater
environmental and metabolic pressures,
immune remodeling, and structural pan-
creatic differences. Importantly, much of
the supporting evidence derives from
studies in adults <60 years old, and mech-
anistic data in individuals aged >65 years
remain scarce.
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Figure 2—Predicted cumulative incidence of type 1 diabetes over time (years) by tertiles of baseline HOMA-IR (A) and Matsuda index (B) based on
a Cox regression with adjustment for Index60 and age (curves based on median values of Index60 = 0.04). A: HOMA-IR tertile 1 (t1), gray; tertile 2,
blue; tertile 3, red. B: Matsuda index tertile 1, gray; tertile 2, blue; tertile 3, red.
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At present, these observations are best
interpreted as representing an age-related
phenotype within a continuous etiopatho-
logical spectrum rather than a distinct age-
specific endotype. Moreover, part of the
heterogeneity reported in adult cohorts
likely reflects misclassification inherent to
clinically defined populations. When adult-
onset type 1 diabetes is rigorously defined
using biochemical markers, many qualitative
differences in comparison with childhood-
onset disease become less pronounced,
suggesting that age-related variation is
largely quantitative rather than mecha-
nistically distinct.

This conceptual distinction has clinical
relevance. Adult-onset disease arises in a
biological context shaped by immune re-
modeling, inflammaging, and greater in-
sulin resistance, whereas individuals with
long-standing childhood-onset disease who
reach older age carry the cumulative con-
sequences of prolonged p-cell loss and dec-
ades of insulin exposure. These differing
biological trajectories help explain why age
at onset and disease duration confer dis-
tinct vulnerabilities in later life, influencing
risks of frailty, hypoglycemia, cognitive de-
cline, and therapeutic priorities. Recogniz-
ing this continuum is essential to guiding
individualized management strategies across
the lifespan.

CLINICAL MANAGEMENT OF
TYPE 1 DIABETES IN OLDER
ADULTS IRRESPECTIVE OF ONSET
AGE

Of all people living with type 1 diabetes,
15% are aged >65 years and 2.8%
>80 years (21,52). Chronological age alone
should not guide clinical decision-making
in later life. Many older adults retain good
cognitive and physical function and should
be offered best practice management.
However, consideration is needed of inter-
action of current age, diagnosis age, dis-
ease duration, and comorbidities (2).
Although evidence on the relationship
between older age at onset and long-
term outcomes remains limited, represent-
ing an important knowledge gap, individuals
diagnosed with type 1 diabetes in adult-
hood typically reach older age with a
shorter duration of disease and therefore
have had less time to develop diabetes-
related complications, although they may
have accumulated other comorbidities un-
related to diabetes. In contrast, those
with long-standing childhood-onset type 1

diabetes who are now reaching older age
are more likely to present with comor-
bidities arising from prolonged insulin
deficiency and lifetime exposure to hy-
poglycemia, particularly among those
diagnosed before the advent of more
modern diabetes management approachs
(53). Type 1 diabetes self-management
becomes increasingly complex in the
presence of age-related comorbidities
and a decline in physical and cognitive
health, not least the ability to continue
to independently self-manage. Although
there is no universal definition of frailty, it
is closely associated with these changes
and can contribute to shifting treatment
priorities.

In older adults with preserved func-
tional status, management will largely
follow local best practice. Therefore, the
following section focuses on key consid-
erations for older adult type 1 diabetes
management where age-related comor-
bidities are present, summarizes current
guidance, and highlights critical priori-
ties for future research.

Impact of Frailty on Managing Type 1
Diabetes

Frailty is a highly heterogeneous concept,
with individual circumstances and needs
differing and evolving over time. Two dis-
tinct concepts of frailty exist:

1. Increased vulnerability to stressors
because of decreased physiological
reserve, causing limited capacity to
maintain homeostasis (e.g., in type 1
diabetes managing hyperglycemia and
avoiding hypoglycemia). Assessments
incorporating this concept include the
Fried Frailty Phenotype; the Fatigue,
Resistance, Ambulation, llinesses, and
Loss of Weight (FRAIL) scale; and
the Short Physical Performance Bat-
tery (94).

2. Accumulation of “deficits” that can lead
to poor clinical outcomes, thus incorpo-
rating functional status (e.g., capacity
for self-management). The Rockwood
Clinical Frailty Scale, Lawton Instru-
mental Activities of Daily Living, and
Barthel Index for Activity of Daily Liv-
ing scores incorporate this concept
(95).

There is not yet consensus on which
tool(s) to use to identify frailty in type 1
diabetes, even though incorporation of

Petrelli and Associates

frailty into management discussions and
decisions is essential.

Cognitive Decline

Type 1 diabetes is a recognized risk factor
for dementia, with a recent meta-analysis
reporting ~50% higher risk among those
with type 1 diabetes compared with risk
for those without diabetes (96). Cognitive
decline can impact many aspects of dia-
betes management, e.g., absorbing new
information or skills (such as incorporat-
ing alterations to insulin regimens or us-
ing continuous glucose monitoring [CGM]
or pumps). Missed or mistakenly re-
peated insulin doses can occur in the
context of cognitive impairment, and
cognitive decline further complicates
recognition and management of hypo-
glycemia. Dementia increases both the
likelihood of hypoglycemia and the risk
of serious consequences such as falls
and fractures (53,97), while recurrent
hypoglycemia can in turn further impair
cognition (98). Finally, episodes of delir-
ium may precipitate an acute deteriora-
tion in glycemic control, or, conversely,
arise because of poor glucose regulation.

Physical Challenges

Declines in dexterity and vison and trem-
ors may impair glucose checking, insulin
administration, hypoglycemia treatment,
sensor application, and use of CGM or
pump controls (99), while hearing loss
may compromise CGM alarm detection
(100). Sarcopenia can impair insulin sensi-
tivity, thus affecting insulin requirements,
while also increasing risks associated with
falls (101). Reduced mobility can add an
additional risk in responding to hypoglyce-
mia and affect attendance at appointments.
Although remote reviews can reduce travel
risks, communication challenges can make
such interactions less constructive. Health
care professionals should be aware of this
and make proactive efforts to ensure re-
views are high quality; how best to do this
remains unclear (102).

Specific Management Considerations
in the Context of Frailty

Glycemic Targets and Objectives of
Management

Impaired counterregulation mechanisms
with advancing age and longer disease
duration add to the well-recognized risks
of hypoglycemia in tight glycemic control.
In older adults, hypoglycemia avoidance
is often prioritized for safety reasons,
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although patients long-standing apprecia-
tion of the value of tight glycemic control
can sometimes be difficult to alter. Many
aspects of frailty, physical or cognitive,
may increase further risk of hypoglyce-
mia. Although guidelines now recommend
assessing frailty in older adults with diabe-
tes, there is little consensus on the tools ap-
plied, with investigators in a recent scoping
review finding that no studies specifically
addressed frailty in type 1 diabetes (98,103),
and no specific guidance for glucose targets
in frail individuals with type 1 diabetes exists.

Most existing recommendations for
modifications of targets in the context of
frailty are focused on type 2 diabetes and
consensus rather than evidence based
(103). However, due to the lack of specific
guidance for type 1 diabetes, these rec-
ommendations are often extrapolated to
adults with type 1 diabetes. This repre-
sents a critical research gap, as glucose
variability, and therefore the risks of DKA
and hypoglycemia, is substantially greater
in type 1 diabetes.

Where possible, glycemic targets should
be discussed with patients and caregivers
and individualized according to frailty,
comorbidities, and hypoglycemia history.
Some guidance suggests HbA;. targets
up to 8.5% (69 mmol/mol) for frail indi-
viduals, although higher levels may be re-
quired to avoid hypoglycemia (104).

Recent guidelines have advocated use
of CGM in all adults with type 1 diabetes
(105). In older adults uptake and use have
been slower to establish but arguably may
confer the greatest benefit, and use of
CGM s likely to have a significant impact
on the identifiable challenges and issues
going forward. With increased uptake of
CGM in this population, expert discussions
have moved more toward consideration
of the concepts of “time in range” and
avoidance of hypoglycemia rather than
HbA, targets per se (106). Given high glu-
cose variability in many people with type 1
diabetes, this approach may ultimately
be safer but still carries the risks of hyper-
glycemia, including dehydration, infection,
and DKA. Ketone testing is often recom-
mended when capillary blood glucose ex-
ceeds 15 mmol/L, and clear guidance is
needed for result interpretation and man-
agement (104). However, incorporating
additional self-management steps can be
challenging at any stage of life, and partic-
ularly in the context of frailty. Establishing
patient priorities and incorporating into
research use of patient-reported outcome

measures are also vital, and again, under-
researched, in frailty.

Insulin Regimens

For reasons previously discussed, traditional
multiple daily injections or continuous sub-
cutaneous insulin infusion regimens can
become unachievable in the context of
frailty. Nutritional intake is frequently var-
iable or poor, which also makes insulin
dosing additionally challenging. Evidence
to guide simplified insulin strategies in
frail individuals is scarce, leaving decisions
to clinician experience, patient preference,
and practical considerations such as once-
or twice-daily community nursing visits. Ex-
pert opinion suggests approaches such as
reducing bolus doses so that most insulin is
basal and giving fixed bolus doses after
meals to mitigate for unfinished food
(104). Although sometimes necessary,
managing severe insulin deficiency when
an individual is on once-daily basal insulin
alone is extremely challenging: hypergly-
cemia is common, and frequent glucose
monitoring and snacks are often required
to prevent hypoglycemia.

Technology

Many international guidelines advocate
for CGM use for older adults with type 1
diabetes, and limited data suggest that
it can reduce hypoglycemia, improve well-
being, and lessen diabetes-related distress
(98,103). Sharing CGM data with health
care staff enables remote reviews, reduces
hospital visits, and can improve glycemic
management. However, effective data
sharing depends on access to appropriate
technology. Many systems require man-
ual downloads or automatic cloud upload
via a smartphone, tools that some older
or frail adults may not own or be comfort-
able using. Additionally, Wi-Fi may be un-
available in residential facilities, and mobile
data coverage can be unreliable, particu-
larly in rural areas, limiting the feasibility of
remote monitoring.

Smart insulin pens can support patients
and caregivers in the management of type 1
diabetes via recording insulin administration
in real time, helping to prevent missed
or duplicate doses. Retrospective dosing
data can aid in interpreting unexpected
episodes of hypo- or hyperglycemia. Addi-
tionally, some devices can be integrated
with dosing algorithms to further opti-
mize insulin management.

Insulin pumps may be a potential op-
tion for managing type 1 diabetes in the

context of frailty. Pump technology has ad-
vanced from stand-alone pumps through
sensor-augmented devices to automated
insulin delivery (AID) systems, currently fa-
vored given their improved glycemic out-
comes. While some studies of AID systems
include older adults, frail participants are
almost universally excluded (104). Poten-
tial challenges of AID use in older adults in-
clude risk of device removal in the context
of cognitive impairment and the exclusive
use of rapid-acting insulin, which increases
vulnerability to rapid-onset DKA if insulin
delivery is interrupted. Robust evidence on
the benefits, risks, and cost-effectiveness
of AID in older adults, particularly those
living with frailty, is urgently needed. Long-
duration diabetes or cognitive impairment
may also reduce individuals’ confidence in
AID systems, leading to difficulties in trust-
ing automated algorithms and a greater
tendency to override them. It remains
unclear whether standalone pumps or
sensor-augmented pump therapy may be
preferable in such situations, or whether
efforts should instead be focused on sup-
porting adaptation to AID systems (102).

Support With Daily Diabetes Management
Long-standing (often >50 years) self-
management of a highly complex condi-
tion cannot easily be transferred to others,
and understandably significant fear and
anxiety may exist around potentially relin-
quishing self-care as physical or cognitive
frailty develops (102). Family members or
carers can have limited knowledge of type 1
diabetes management, including sick day
rules. District nurse visits may not always
coincide with meals (e.g., to support with
insulin administration), and are usually
limited to twice or even once daily, further
restricting management options. In care
homes, challenges include limited staff
awareness of type 1 diabetes or technolo-
gies, involvement of multiple caregivers,
and the need for care plans that support
recognition and management of hypogly-
cemia and DKA (104,107).

Secondary Prevention of Related Risks

The comorbidity and complication risk as-
sociated with type 1 diabetes makes poly-
pharmacy common. This carries potential
harms, including drug interactions, side
effects, reduced adherence, and, in older
adults, increased risk of falls (108). Regular
medication review and deescalation where
possible are therefore essential; e.g.,
antihypertensive therapies affecting the
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Table 2—Considerations for management of type 1 diabetes in older adults in specific scenarios

Situation

Unmet need

Frailty

Glucose targets

patient priorities

Insulin regimens

Glucose monitoring

A simple, effective screening and assessment tool to identify individuals with frailty and enable personalized care

Frailty-specific type 1 diabetes glycemic targets balancing risks of DKA and hypoglycemia while incorporating

Optimal Alternative insulin regimens, particularly for when insulin is administered by a caregiver

Optimization of supervision and response to CGM data when required

AID Safe use of AID systems and mitigation strategies, including role of combinations with low-dose basal insulin

Diabetes care provision

Impact of age of onset

diabetes vs. in the case of later-onset disease

Training and support for caregivers and optimal approaches to remote diabetes care delivery

Understanding distinct management needs in older adults with long-standing childhood-onset type 1

renin-angiotensin system can exacerbate
hypoglycemia by increasing insulin sensitiv-
ity (109). Evidence suggests no additional
benefit from lowering systolic blood pres-
sure <140 mmHg, while diastolic levels
<70 mmHg are associated with increased
mortality. Statins are generally indicated in
older adults with type 1 diabetes, though
their use should be reconsidered when life
expectancy is limited (110). Considerations
and key research priorities for managing
type 1 diabetes in older adults across spe-
cific clinical scenarios are summarized in
Table 2.

CONCLUSIONS

Type 1 diabetes diagnosed after age 30 years
is increasingly recognized yet remains
substantially less well defined than its
childhood-onset counterpart. Across epide-
miology, genetics, immune mechanisms,
and clinical presentation, evidence indi-
cates age-related variation during the
preclinical phases, with more convergent
features once individuals reach stage 2.
Adult-onset type 1 diabetes develops within
a biological context shaped by immune re-
modeling, inflammaging, metabolic stress,
and structural pancreatic changes, sug-
gesting a constellation of features consis-
tent with an age-related phenotype. The
question of whether this represents a dis-
crete endotype or the late-life expression
of broader disease heterogeneity remains
unresolved. Current evidence does not
support the definition of a discrete adult-
or older adult—specific endotype. Instead,
many reported differences across ages
appear to arise from the interaction of
immune aging, metabolic modifiers, and
frequent misclassification in clinically de-
fined adult cohorts.

Importantly, age at onset and disease
duration represent distinct dimensions that

shape vulnerability later in life. Individuals
with adult-onset type 1 diabetes reach
older age with a shorter duration of auto-
immune disease but greater influence of
metabolic modifiers such as insulin resis-
tance, whereas those with childhood-onset
disease aging into later life carry the cumula-
tive consequences of decades of insulin defi-
ciency and hypoglycemia exposure. These
differing trajectories have direct implications
for risks of frailty, cognitive decline, and func-
tional impairment and should inform individ-
ualized management strategies.

While frailty and multimorbidity repre-
sent important challenges in older adults,
many people aged >65 years years with
type 1 diabetes remain cognitively intact
and functionally independent, achieving
good outcomes, particularly with the sup-
port of modern diabetes technologies.
Clinical management should therefore be
guided not by chronological age alone
but by the interaction of current age, age
at onset, disease duration, comorbidities,
and functional status. Consensus on a tool
to recognize frailty in type 1 diabetes is ur-
gently needed to aid clinical management
as well as for consistency in research ap-
proaches for this understudied population.

The prospect of pre-type 1 diabetes
screening in adults is under active discus-
sion (111,112). While expert consensus
(113) supports population-based screening
in children, how and whether to extend
this strategy to adults remains uncertain.
Screening in older adults could help pre-
vent symptomatic onset and improve un-
derstanding of preclinical disease, but key
guestions remain regarding optimal timing,
expected benefit, and implementation. The
preclinical course in this population is
poorly defined, and the balance of bene-
fit and risk is likely to vary depending on
frailty, comorbidities, and life expectancy.

Careful evaluation of cost-effectiveness
and psychological impact is essential be-
fore widespread adoption.

Given the substantial burden and
frequent misclassification of diabetes in
adults, prioritizing the development and
validation of diagnostic algorithms that
accurately distinguish type 1 from type 2
diabetes is essential, as is designing preven-
tion and disease-modifying trials specifi-
cally tailored to adults across the lifespan.
Addressing these gaps will be critical to ad-
vancing precision prediction, prevention,
and care across the lifespan. Furthermore,
despite growing recognition of adult-onset
and older adult type 1 diabetes, substantial
knowledge gaps remain in both disease
pathogenesis and clinical management.
Closing these gaps should be a priority to
inform evidence-based classification, op-
timize care strategies, and guide future
therapeutic and preventive interventions
in this expanding population.
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