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Abstract
Globally, the proportion of new diagnoses of youth-onset diabetes represented by type 2 diabetes is increasing, and youth with
type 2 diabetes commonly have complications and comorbidities, as well as a higher rate of mortality. In this review, we
summarise what is known about the natural progression of youth-onset type 2 diabetes from published clinical trials and
large-scale prospective epidemiological studies. It is important to note that the robust pathophysiological and treatment data
specifically related to individuals with a diabetes onset at ≤20 years of age largely hails from the USA. Youth-onset type 2
diabetes is characterised by pathophysiological heterogeneity and inadequate glycaemic control, highlighting the need for new
treatment approaches and innovative study designs in populations of varied genetic and cultural backgrounds.
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Abbreviations
ADOPT A Diabetes Outcome Progression Trial
DKA Diabetic ketoacidosis
GLP-1 Glucagon-like peptide-1
MOST Multiphase optimisation strategy
RISE Restoring Insulin SEcretion
SEARCH SEARCH for Diabetes in Youth
SGLT2 Sodium–glucose cotransporter 2
SMART Sequential multiple-assignment trial
TODAY Treatment Options for Type 2 Diabetes in

Adolescents and Youth

Background epidemiology

While there was a time that the term ‘juvenile diabetes’ was
synonymous with type 1 diabetes, the global picture of youth-
onset diabetes has changed significantly over the past 30 years.
Overall, the incidence of paediatric-onset type 1 diabetes is

still greater than paediatric type 2 diabetes. However, particu-
larly among adolescents, the proportion of newly diagnosed
youth-onset diabetes represented by type 2 diabetes is increas-
ing, with estimated incidence rates ranging from 0.72/100,000
in the UK [1] to 2.56/100,000 in Kuwait [2] and 3.45/100,000
in Canada [3]. Moreover, in many countries, including Qatar
[4], the USA [5], the UK [1], Canada [3] and China [6], the
incidence is currently rising several percentage points per
year. Youth-onset type 2 diabetes is a disease of adolescent
onset occurring almost universally in youth who are over-
weight or obese, most of whom have a strong family history
of type 2 diabetes and/or exposure to gestational diabetes in
utero [7]. It should be noted that the global prevalence of being
overweight and obese in adolescence is high, ranging from
8% to 40%, depending on the country [8], but youth-onset
type 2 diabetes is still rare in comparison. The incidence of
youth-onset type 2 diabetes also varies widely by genetic and
cultural background (e.g., being more common in youth with
Hispanic ethnicity and in indigenous populations in the USA
and Canada). In the western world, youth-onset type 2 diabe-
tes is almost twice as common in girls as in boys, whereas
Asian countries report no differences in incidence by sex [9].

Diagnosis of type 2 diabetes at a young age has a signifi-
cant impact on risk of mortality: data from Sweden demon-
strate that mortality rates are three times higher in young
adults with type 2 diabetes compared with the general popu-
lation after a mean follow-up of 8 years [10]. Data from the
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SEARCH for Diabetes in Youth (SEARCH) study in the USA
show similarly elevated mortality rates, 2.4 times higher than
in the general population, for youth with type 2 diabetes after
an average of only 5 years of follow-up [11]. Both of these
studies, as well as data fromAustralia [12], demonstrate great-
er risk of mortality for youth with type 2 diabetes than with
type 1 diabetes, despite a shorter disease duration. Because
youth-onset type 2 diabetes is still a relatively new disease
affecting a small proportion of the population, there is still
much to be learned about its pathophysiology and effective
treatments. The goal of this review is to summarise the lessons
from the largest studies and clinical trials of youth-onset type
2 diabetes and to discuss challenges and future directions.

What do we know about treatment effects
from current studies?

Clinical trials focusing on paediatric type 2 diabetes are limited.
In 2007, Gottschalk et al. published results of a 26 week
randomised trial of the sulfonylurea glipizide vs the biguanide
metformin in 285 youth with type 2 diabetes [13]. They found a
similar short-term reduction in HbA1c in both groups but signif-
icantly greater weight gain with glipizide. Other non-industry-
sponsored clinical trials specific to youth-onset type 2 diabetes
include the Treatment Options for Type 2 Diabetes in
Adolescents and Youth (TODAY) study [14] and the paediatric
arm of theRestoring Insulin SEcretion (RISE) study [15] (both of
which were only in the USA and partly designed to study the
pathophysiology of type 2 diabetes in youth), and an open-label
study of metformin in Japan [16]. The Japanese metformin study
did note improvements in HbA1c over 24 weeks without signif-
icant adverse effects; however, therewas no comparison group in
this study. While many industry-sponsored clinical trials are
underway, only one study has published results to date. In this
study of 135 US youth with type 2 diabetes, aged 10–16 years,
the glucagon-like peptide-1 (GLP-1) agonist liraglutide resulted
in a treatment difference for HbA1c of 11.6 mmol/mol (95% CI
−18.0, −5.0) (−1.06% [95% CI −1.65, −0.46]), but no treatment
effect onBMI at the end of the 26week placebo-controlled phase
[17]. However, the dose was titrated up only if fasting glucose
was elevated, which limited the number of participants reaching
a full 1.8 mg dose, possibly curtailing weight loss effects, and
there was a reduction in BMI by −0.18 kg/m2 (95% CI −0.33,
−0.03) after the 52 week open-label extension. The safety and
efficacy data from this trial resulted in US Food and Drug
Administration approval of liraglutide for treatment of youth-
onset type 2 diabetes.

TODAY study The TODAY study was a multi-site randomised
clinical trial designed with the underlying hypothesis that
early, aggressive intervention to improve insulin sensitivity
would prolong glycaemic control, defined as persistent

HbA1c ≥ 64 mmol/mol (≥8.0%) or failure to wean from insu-
lin after starting due to metabolic decompensation. This study,
which began before sodium–glucose cotransporter 2 (SGLT2)
inhibitors or GLP-1 agonists were approved in the USA,
compared treatment with metformin vs two add-on therapies
(intensive lifestyle intervention and the thiazolidinedione
rosiglitazone), with a primary outcome of loss of glycaemic
control [18]. Participants (N = 699) were aged 10–17 years at
baseline, had been diagnosed with type 2 diabetes <2 years
and had BMI equal to or greater than the 85th percentile. The
cohort was 64.7% female sex, 39.7% Hispanic, 32.5% non-
Hispanic Black, 20.3% non-Hispanic White, 5.9% American
Indian and 1.6% Asian. The run-in phase of the trial demon-
strated that a large majority (~90%) of youth with recent onset
of diabetes can be weaned from insulin and achieve glycaemic
control on metformin monotherapy alone, regardless of
presenting HbA1c [19, 20]. However, by the end of the trial,
almost half (45.6%) of the participants reached the primary
outcome, with a mean time to failure of 3.86 years [13]. The
TODAY study demonstrated a beneficial add-on effect of
rosiglitazone (failure rate 38.6% vs 51.7% with metformin
alone), which was most notable in girls. Furthermore, it
demonstrated that metformin monotherapy is particularly
ineffective in non-Hispanic Black youth, with a 66.2% failure
rate. Of note, rosiglitazone has since been withdrawn from the
European market and only has very limited availability in the
USA; pioglitazone, another thiazolidinedione, is still avail-
able. There was a decline in beta cell function over time in
the TODAY study, regardless of treatment group, though
there was a beneficial effect of rosiglitazone use during the
first 6 months [21]. When compared with similar trials in
adults, glycaemic control failure rates and decline in beta cell
function were more than two times higher in the TODAY
study, despite a shorter disease duration in youth [22]. For
example, in the A Diabetes Outcome Progression Trial
(ADOPT), failure rates in adults taking metformin alone were
12% as compared with 51.7% in participants who took
metformin for the same duration in the TODAY study [23].

The incidence of glycaemic failure in the TODAY study
plateaued over time, suggesting that there are subgroups of
adolescents with type 2 diabetes who rapidly lose glycaemic
control and others who can maintain good control over a
longer period of time. In the TODAY study, residual beta cell
function, not insulin sensitivity, was identified as the primary
determinant of glycaemic control. However, of clinical rele-
vance, a baseline (i.e. following run-in during which partici-
pants were treated with metformin monotherapy) HbA1c ≥
45.4 mmol/mol (≥6.3%) predicted glycaemic failure over the
first 48 months [24], suggesting that escalation of treatment
may be needed in youth even earlier than current American
Diabetes Association targets recommend (HbA1c ≥
53.0 mmol/mol [≥7%]). Once participants reached the prima-
ry outcome in the TODAY study, metformin was continued,
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rosiglitazone (if present) discontinued and insulin initiated.
Importantly, there was only a modest improvement in
HbA1c (<5.5 mmol/mol [<0.5%]) 6 months after insulin initi-
ation, and no significant improvement in 1 year, such that
mean HbA1c was still 85.8 mmol/mol (10.0%) [25], highlight-
ing the difficulty in achieving glycaemic control with only
metformin and insulin once beta cell function has declined.

RISE study Given the high rates of beta cell deterioration seen
in the TODAY study, the RISE Consortium examined the
effect of interventions designed to preserve or improve beta
cell function in adults and children with prediabetes (impaired
glucose tolerance and fasting glucose ≥5.0 mmol/l) or recently
diagnosed type 2 diabetes [26]. The RISE paediatric clinical
trial compared 3 months of insulin glargine followed by
9 months of metformin vs 12 months of metformin, with a
primary outcome of beta cell function, assessed by the gold-
standard hyperglycaemic clamp, 12 months after initiation of
treatment and again at 15 months, after 3 months of washout.
Participants (aged 10–19 years) had prediabetes (60%) or type
2 diabetes diagnosed within the last 6 months (40%). By
12 months, beta cell function declined significantly compared
with baseline in both groups, without any significant treatment
differences [15]. Transient reductions in HbA1c were observed
in both groups, though HbA1c increased back to baseline by
12 months. There was no effect of treatment on fasting or 2 h
OGTT glucose at 12 or 15 months. Thus, the RISE study
extended the findings of the TODAY study to show that insu-
lin and metformin were ineffective in preventing beta cell
deterioration in youth with prediabetes or type 2 diabetes,
even when initiated early in the disease course.

The RISE study protocols were the first to allow for direct
phenotypic comparison of adults and youth with prediabetes
or type 2 diabetes. At baseline, clamp-based insulin sensitivity
was 46% lower in youth than in adults, and youth had higher
acute, steady-state and maximal C-peptide and insulin
responses. Despite initially robust beta cell response, youth
showed beta cell decline during first 12 months, whereas
adults treated with metformin or insulin showed improvement
in beta cell response and HbA1c, as well as weight loss, during
that time period. Taken together, the RISE study demonstrates
a different phenotype in youth vs adults at type 2 diabetes
onset, with greater insulin resistance and higher beta cell
response; further, youth did not experience improvements
with the only two US Food and Drug Administration-
approved treatments at the time of the study.

SEARCH study SEARCH is a large epidemiological study
designed to describe the incidence and prevalence of diabetes
in the USA. It also includes longitudinal cohorts to better
characterise youth with type 1 and type 2 diabetes. Thus,
results from the SEARCH study are more representative of
real-world experience with youth-onset type 2 diabetes. In line

with the TODAY study, baseline cross-sectional analysis in
the SEARCH study (2002–2005) revealed that more than
50% of youth with a type 2 diabetes duration of at least 2 years
had poor glycaemic control (HbA1c > 63.9 mmol/mol [>8%])
[27].Most participants were treated with lifestyle intervention,
metformin, insulin or a combination of these. After a mean of
7 years of follow-up, a significant proportion of participants
changed their treatment regimen, adding or taking away
metformin and/or insulin. A few took alternative glucose-
lowering drugs, primarily thiazolidinediones or sulfonylureas,
and only 35% were meeting glycaemic targets (HbA1c <
53.0 mmol/mol [<7%]) [28]. It is important to note that this
follow-up time period occurred prior to publication of the
TODAY study results. However, registry data from the US
Pediatric Diabetes Consortium suggest that very few youth
were treated with agents other than insulin and metformin in

Major trials/studies of treatment 

for youth with type 2 diabetes

TODAY [14]

N=699 participants, 10–17 years of age, with type

2 diabetes duration <2 years and BMI ≥85th per-

centile. 

Participants were randomised to metformin alone,

metformin+rosiglitazone or metformin+lifestyle

modification, over a study period of 2–6 years.

In total, 45.6% reached the primary outcome of

prolonged loss of glycaemic control. Once partici-

pants reached the primary outcome, metformin

was continued, rosiglitazone (if present) discon-

tinued and insulin initiated. Metformin+insulin was

ineffective in preventing beta cell deterioration.

RISE [15]

N=91 participants, 10–19 years of age, with pre-

diabetes or new-onset type 2 diabetes. 

Participants were randomised to insulin glargine

for 3 months followed by metformin for 9 months

or metformin for 12 months and followed over 15

months. 

Metformin±insulin was ineffective in preventing

beta cell deterioration.

SEARCH [27]

N=474 participants, 10–20 years of age.

Participants were randomised to lifestyle modifi-

cation, metformin, insulin, or a combination of

these (study ongoing). 

After 7 years of follow-up, only 35% met glycae-

mic targets (HbA1c <53.0 mmol/mol [<7%]).
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paediatric specialty centres in the years following the TODAY
study, despite inadequate glycaemic control in >54% and fail-
ure of the TODAY study to show improvement in blood
glucose levels after adding insulin. Together, the results of
these studies demonstrate that new approaches and therapies
are required for youth-onset type 2 diabetes, potentially
including bariatric surgery, which appears to bemore effective
than the treatments used in the TODAY study [29].

Comorbidities and complications

Most of what is known about the prospective evolution of
comorbidities and complications in youth-onset type 2 diabe-
tes comes from the TODAY (and its observational extensions)
and SEARCH studies. Both studies demonstrate that comor-
bidities and complications are common, evenwithin 2 years of
diagnosis. Data from the SEARCH study estimate that 72% of
youth with type 2 diabetes experience at least one comorbidity
or complication by early adulthood [30].

Microvascular complications Microvascular complications,
including diabetic kidney disease, retinopathy and neuropathy,
have been described during adolescence in both the TODAY
and SEARCH studies. These studies suggest a frequency of
elevated albumin excretion in youth with recently diagnosed
type 2 diabetes of 6.3–7.8%, increasing to 18.2–16.6% in early
adulthood [31, 32]. Hyperfiltration, an early marker of risk for
chronic kidney disease, increased in the TODAY study partic-
ipants from 7% at baseline to 13.3% by 5 years [33]. In the
TODAY and SEARCH studies, retinopathy was assessed using
retinal photography and was found to be prevalent in 13.7%
and 9.1%, respectively [30, 34]. In the TODAY study, retinop-
athy was associated with older age, longer duration of diabetes
and poorer glycaemic control [34]. Early-onset retinopathy and
nephropathy have also been described in Pima Indians, partic-
ularly compared with those with adult-onset type 2 diabetes
[35]. Finally, peripheral neuropathy, as assessed by the
Michigan Neuropathy Screening Inventory Examination, was
present in 17.7% of SEARCH study participants [29].
Furthermore, data from the SEARCH study [30] and others
[12, 36–40] show that these three microvascular complications
are more common in youth with type 2 diabetes than in those
with type 1 diabetes, despite a shorter disease duration on aver-
age in those with type 2 diabetes, even after adjusting for obesi-
ty, blood pressure and glycaemic control. It is important to note
that these complication data were collected during the initial
treatment phase of the TODAY study, whereas, in the
SEARCH study, they were collected during the follow-up
portion of the study, by which time participants were all late
adolescents or young adults. Early-onset microvascular compli-
cations have also been described in population-based studies in
relation to youth-onset diabetes inManitoba (Canada) and India

[41] and in young-onset diabetes in China [37] and Australia
[42].More information is needed on the early evolution of these
complications as they relate to diabetes treatment in youth-onset
type 2 diabetes in other cultural and genetic backgrounds.

Cardiovascular complications Early cardiovascular disease risk
markers also appear to be prevalent early in the disease course
of paediatric type 2 diabetes, including hypertension,
dyslipidaemia, vascular and cardiac dysfunction and cardiac
structural abnormalities. At baseline, more than 25% of youth
with type 2 diabetes had blood pressure above the 90th percen-
tile in the TODAY [43] and SEARCH [44] studies. In addition,
in the TODAY study, 11.6% of participants were hypertensive
(blood pressure ≥ 130/80 or ≥95th percentile) at baseline,
increasing to 33.8% after a mean of 3.9 years of follow-up
[31]; male sex and higher BMI increased the risk of hyperten-
sion. Other cardiovascular disease risk markers were also
common in youth-onset type 2 diabetes in the TODAY and
SEARCH studies. Low HDL-cholesterol was most common,
affecting 44–80% of youth, whereas 10–42% had elevated
triacylglycerols and 5–14% had elevated LDL-cholesterol
[43, 45]. During follow-up in the TODAY study, the preva-
lence of elevated LDL-cholesterol more than doubled over time
(between baseline and end of study) [46]. In the TODAY study,
echocardiograms were performed during the last year of the
randomised trial, at a median of 4.5 years after diagnosis, and
again several years later during observational follow-up. Initial
findings included high/normal mean left ventricular mass and
adverse left ventricular geometry in 16.2% [47]; higher left
ventricular mass was positively associated with male sex,
non-Hispanic Black race/ethnicity, BMI, systolic blood pres-
sure, antihypertensive medications, blood glucose levels and
smoking, and was inversely related to heart rate. The follow-
up echocardiograms demonstrated reduced ejection fraction
(<52%) in 11.7% of male TODAY study participants and a
higher frequency of cardiac structural abnormalities, such as
left ventricular hypertrophy, was seen in the TODAY partici-
pants (15.8%) as compared with age, race/ethnicity and sex-
matched control individuals with similar BMI (5.7%) and
participants with normal weight (0%) [48]. At a mean type 2
diabetes duration of 7.6 ± 1.5 years, arterial stiffness was iden-
tified in up to 50% of TODAY study participants, correlating
with older age, race/ethnicity, female sex, higher HbA1c, blood
pressure and BMI [49]. Moreover, 7 years after randomisation,
the TODAY study participants showed, on average, reduced
heart rate variability with parasympathetic loss and sympathetic
overdrive vs control participants; cardiac autonomic dysfunc-
tion was present in 8% of the TODAY participants and corre-
lated with higher HbA1c [50]. The SEARCH study additionally
described a high prevalence of cardiovascular autonomic
neuropathy (15.7%) and arterial stiffness (47.4%), after a mean
diabetes duration of 7.9 years; arterial stiffness was more
common than in youth with type 1 diabetes (11.6%, p <
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0.001) [30]. Thus, cardiovascular disease risk is prevalent early
in the course of youth-onset type 2 diabetes and appears to be
worse than in peers with type 1 diabetes and peers with obesity
but without diabetes. This is particularly foreboding in terms of
early-onset cardiovascular events and the potential impact on
healthcare costs and quality of life. Since these and other
complications are directly related to glycaemic control and
insulin resistance, it is critical to develop more effective treat-
ments for diabetes and obesity in these youth.

Psychosocial comorbidities Psychosocial comorbidities were
also relatively common in the TODAY study, including binge
eating behaviours (26%), clinically significant depressive
symptoms (14.8%) and exposure to stressful life events (67%)
[51, 52]. Furthermore, while little is known about diabetes
distress (negative feelings that are specifically related to having
and treating diabetes) in youth-onset type 2 diabetes, diabetes
distress is known to be common in youth with type 1 diabetes
[53] and in adults with type 2 diabetes [54]. These psychosocial
comorbidities may substantially contribute to challenges in
maintaining glycaemic control in youth-onset type 2 diabetes.

Future directions and clinical trial
opportunities

Current data demonstrate that the therapies most widely used
for treatment of youth-onset type 2 diabetes are inadequate for
maintaining glycaemic control and preventing diabetes

complications. Newer agents, such as SGLT2 inhibitors and
GLP-1 agonists, have been shown to be clinically effective
and safe, and to have additional benefits of providing modest
weight loss and cardiorenal protection in adults; however,
there are many barriers to completing trials of these agents
in youth [22]. Furthermore, the fact that glycaemic control
did not improve even after initiation of insulin in the
TODAY study suggests that barriers to treatment and adher-
ence also play a significant role in youth-onset diabetes.
Future trials should also examine the effect of treating psycho-
logical comorbidities in youth with type 2 diabetes, who
almost universally have undertreated psychosocial barriers to
treatment [55], which can lead to non-adherence [51]. In the
TODAY study, 14.8% of participants reported clinically
significant depressive symptoms at baseline, although a recent
review suggests that the prevalence of elevated depressive
symptoms in youth-onset type 2 diabetes may be closer to
20% [56]. TODAY study participants with lower medication
adherence were more likely to have clinically significant
depression at baseline [57]; however, depressive symptoms
were not related to glycaemic control [58]. Similarly, in
SEARCH study participants with type 2 diabetes, baseline
depression and changes in depressive symptoms were not
associated with HbA1c; however, decreases in diabetes-
specific quality of life predicted higher HbA1c, suggesting that
youth with type 2 diabetes need effective coping and problem-
solving skills [59]. Depression and diabetes distress may have
effects on blood glucose through factors such as disordered
eating and poor sleep behaviours, or through interactions with
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Add IPT

At 12 weeks, HbA1c  

>47.5 mmol/mol (>6.5%)

At 12 weeks, HbA1c  

≤47.5 mmol/mol (≤6.5%)

At 12 weeks, HbA1c  

≤47.5 mmol/mol (≤6.5%) 

At 12 weeks, HbA1c  

>47.5 mmol/mol (>6.5%)

Add pharmaRx

Randomise Randomise

Add 

pharmaRx

Add 

MBT

Maintenance 

of IPT

Maintenance 

of pharmaRX

Add new 
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IPT

Fig. 1 Schematic of a possible SMART design trial for youth-onset type
2 diabetes. The figure shows an example of a SMART design for a trial
enrolling adolescents with type 2 diabetes treated with metformin ± insu-
lin, positive for depressive or diabetes distress symptoms, and HbA1c >
47.5 mmol/mol (>6.5%). Interpersonal therapy (IPT) is effective for treat-
ment of depression [62] and is particularly suitable for individuals from
historically disadvantaged racial/ethnic groups [63]. Add-on

pharmacological therapy (Add pharmaRx) involves the addition of a
newer diabetes treatment agent (e.g., GLP-1 agonist, SGLT2 inhibitor),
individualised based on patient characteristics. Mindfulness-based thera-
py (MBT) has been shown to decrease depression and may particularly
target stress-related behaviours that undermine adherence and worsen
outcomes in youth-onset type 2 diabetes [64, 65]. This figure is available
as a downloadable slide
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stress physiology, and these relationships may be bidirectional
[56].

Treatment of youth-onset type 2 diabetes likely requires
multicomponent, biobehavioural interventions, as well as the
more recently available treatments for type 2 diabetes, which
have been shown to be safe and effective in adults. Future
trials need to individualise treatment randomisation, consider-
ing medical, demographic and psychosocial factors, in order
to maximise potential benefit. For example, an individual with
needle phobia may do better on a daily SGLT2 inhibitor than a
weekly injectable GLP-1 agonist. On the other hand, a patient
who struggles to have daily insulin injections and, thus, who is
at greater risk for diabetic ketoacidosis (DKA) and less likely
to monitor ketones, is probably not a good candidate for an
SGLT2 inhibitor, given the potential adverse effect of
euglycaemic DKA with these agents. Furthermore, there is
evidence that race, ethnicity and genetic background influence
response to treatment, but little is known about these factors in
youth, particularly given the lack of clinical trials in youth-
onset type 2 diabetes outside the USA. Finally, in addition to
the impact of depression on diabetes care behaviours, there is
also evidence that mood disorders may exacerbate insulin
resistance and, thus, response to treatment [56]. Therefore,
depressed mood needs to be addressed as a component of
the treatment. Importantly, as was nicely outlined in the
consensus statement by Nadeau et al. [22], the numbers of
youth affected by type 2 diabetes are too limited to study each
agent individually, as was done in adults with type 2 diabetes
to obtain the clinical treatment indication for newer glucose-
lowering agents.

For these reasons, the multiphase optimisation strategy
(MOST) [60] and sequential multiple-assignment trials
(SMARTs) [61] may be useful in developing and testing new
treatment approaches. MOST is a framework for optimising
and evaluating multicomponent, biobehavioural interventions,
while a SMART is a trial aimed at building personalised, adap-
tive interventions that identify tailoring variables indicating the
need for treatment intensification or modification. SMART
designs are particularly useful in settings with pathophysiolog-
ical heterogeneity, as is the case in youth-onset type 2 diabetes,
allowing treatment decisions to be individualised. The factorial
or fractional factorial design used in SMARTs is efficient, ideal
for relatively uncommon diseases, can be used to evaluate inter-
actions between treatments, and asks participants to implement
fewer intervention components at the same time, thus improv-
ing adherence and retention. Particularly relevant to youth-
onset type 2 diabetes, SMART designs are ideal when there is
a need to balance efficacy with treatment burden, when adher-
ence is challenging, and if comorbidities need to be considered
in treatment algorithms. Figure 1 provides an example of a
potential SMART design.

In summary, youth-onset diabetes is associated with inad-
equate glycaemic control and early-onset of complications in

most individuals, resulting in early morbidity and mortality.
Classic randomised trial designs, which fail to address the
heterogeneity and psychosocial components of this disease,
are unlikely to be effective. Thus, innovative clinical trials
are needed to improve the treatment of youth-onset diabetes.

Supplementary Information The online version contains a slide of the
figure for download available at https://doi.org/10.1007/s00125-021-
05480-w.
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