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Emerging data suggest that type 1 diabetes is a more aggressive disease in children
than in adults, with important differences in pathophysiology and clinical course.
Therefore, the efficacy of disease-modifying therapies may be different in the two
populations. Understanding the developmental and regulatory pathways for type 1
diabetes–modifying therapies in children will enable industry, academia, funders,
advocacy groups, and regulators to translate new science to clinical care. This con-
sensus report characterizes the fundamental differences in type 1 diabetes between
children and adults and proposes a thoughtful approach to better understand the
development and regulatory pathways for type 1 diabetes therapies.

Despite advances in the treatment of type 1 diabetes, the disease remains a significant
burden for individuals, especially for children and their families. Preventing or halting
b-cell destructiondthat is, using disease-modifying therapy, instead of just managing
symptoms of hyperglycemiadcould alleviate this burden. In recent years, potential
treatments to alter the course of the disease via targeting the immune response or
directly impacting b-cell health have multiplied. The challenge remains to bring such
disease-modifying therapies into clinical use, particularly in children.
For diseases that occur in both children and adults, the pathway of pediatric drug

development often relies on the concept that the impact of the disease, disease
pathophysiology, clinical course, and response to therapy are essentially the same in
the adult and pediatric populations. Under this assumption, clinical trials are usually
conducted in adults first, with the intent of protecting children from the risks of new
therapies. This approach could lead to delays in getting these therapies to children.
In addition, if the outcome of such trials successfully leads to approval in the adult
population, clinical use in children may occur prior to definitive studies demonstrat-
ing safety and efficacy in the pediatric population. Conversely, if the outcome of
such trials in the adult population is negative, a therapy that could be efficacious in
the pediatric population may never be tested.
Emerging data have increasingly highlighted the differences between type 1 diabe-

tes diagnosed in children as comparedwith those in adults. Such differences imply that
the requirement to first demonstrate efficacy and safety in adults may not be appro-
priate for type 1 diabetes, indicating that a different pathway should be considered
when developing disease-modifying therapies in children with type 1 diabetes.
The American Diabetes Association (ADA), in conjunction with JDRF, the T1D

Exchange, and the Benaroya Research Institute, convened a consensus conference
in January 2015 entitled “Defining Pathways for Development of Disease-Modifying
Therapies in Children With Type 1 Diabetes” to consider how differences in
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pediatric- and adult-onset disease should
be incorporated when weighing the risks
and benefits of each potential clinical trial
and therapy. Speakers described the cur-
rent understanding of the burden of the
disease, its clinical course, and responses
to therapy in the context of differences in
pediatric- and adult-onset type 1 diabetes.
Additional speakers discussed the ethical
and regulatory framework for conducting
studies and developing therapies in chil-
dren. The meeting concluded with an
open session in which all participants dis-
cussed pathways to engage children in
clinical research as well as unmet research
needs. This discussion resulted in a series
of recommendations for future research
directions.

CLINICAL BURDEN OF TYPE 1
DIABETES

Epidemiology
Continued increases in the global inci-
dence and prevalence of type 1 diabetes
indicate that the disease is an expanding
problem. As defined by the U.S. popula-
tion-based SEARCH for Diabetes in Youth
(SEARCH) study, approximately 22 out of
every 100,000 children aged ,20 years
develop type 1 diabetes annually in the
U.S. (1). Incidence rates in most countries
are steadily rising, particularly in the youn-
gest children (2,3); data from the U.S. sug-
gest that this increase is ;2.7% per year
(4). The prevalence of type 1 diabetes in
U.S. children aged ,20 years is approxi-
mately 1 per 526 children (4), translating
to just less than 200,000 affected youth
(5).Modeling suggests that the number of
children with type 1 diabetes will nearly
triple between 2010 and 2050 (6).
Data on type 1 diabetes incidence in

adults are less clear due to difficulties in
defining and recognizing type 1 diabetes
in adults. It has been estimated that 5% of
all cases of diabetes diagnosed in adults
may be type 1 diabetes (7). As is true for
incidence data, precise prevalence esti-
mates in adults are lacking. According to
survival data and estimates of incident
cases, when both children and adults are
considered, 900,000 to 1.25 million Amer-
icans live with type 1 diabetes (7,8).

Glycemic Control
Glycemic control is the foundation of type
1 diabetes care due to its role in preven-
tion of acute and long-term complications.
The ADA recommends an HbA1c target

of ,7.5% (,58 mmol/mol) for youth

aged ,18 years and an HbA1c target of
,7.0% (,53 mmol/mol) for adults (9).
Unfortunately, these targets are infre-
quently met. Data from the T1D Ex-
change clinic registry, which includes
;26,000 participants with type 1 diabe-
tes seen at ;70 adult and pediatric di-
abetes specialty centers in theU.S., show
mean HbA1c levels well above targets at
all ages, particularly in teenagers (Fig. 1)
(10). Population-based data from the
SEARCH study also reflect significant hy-
perglycemia; nearly 17% of youth with
type 1 diabetes have HbA1c .9.5%
(.80 mmol/mol), with higher HbA1c lev-
els observed in children from ethnic mi-
nority populations (4). Data from other
countries indicate suboptimal glycemic
control as well (11). These rates persist
despite the availability of comprehen-
sive care recommendations and ad-
vanced technology.

In addition to the failure to meet glyce-
mic targets, current care also fails to pre-
vent severe hypoglycemic episodes. In
2015, the T1D Exchange found that up to
6%of individuals had reported a seizure or
loss of consciousness attributable to hypo-
glycemia in the previous 3 months (10).
The previously well-recognized relation-
ship between better glucose control and
higher rates of hypoglycemiawas not seen
in the T1D Exchange clinic registry data;

similar rates of severe hypoglycemia
were seen across all HbA1c values (Sup-
plementary Table 1) (10). These data in-
dicate that factors beyond glycemic
control, such as endogenous insulin se-
cretion, may be important in preventing
severe hypoglycemia.

Diabetic ketoacidosis (DKA) also
remains a common acute complication.
In the U.S., the SEARCH study reported
that ;30% of participants younger than
20 years of age with type 1 diabetes pre-
sented with DKA (12). Recent data noted
that 46% of newly diagnosed children had
DKA at onset in 2012 (13). Outside of di-
abetes onset, 3% of the T1D Exchange par-
ticipants reported experiencing at least
one episode of DKA requiring a visit to a
hospital or othermedical facilitywithin the
prior 3 months. DKA rates were generally
highest in children (10).

Neurocognitive Effects
Studies have shown that both children
and adults with type 1 diabetes may
have evidence of cognitive dysfunction
and structural changes within the central
nervous system. Differences between
people with and without diabetes are
most apparent on measures of psycho-
motor speed, cognitive flexibility, intelli-
gence, attention, and visual perceptual
ability, whereas learning, memory, and

Figure 1—Mean HbA1c levels by age. Circles represent mean HbA1c values for each year of age
from 16,057 T1D Exchange registry participants. Participants aged,4 years were grouped as age
4 and those aged$75 years were grouped as age 75. Shaded area represents the 95% CI around
smoothed line. Numbers next to circles are theN for each year of age. Reprinted with permission
from Miller et al. (10).
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language skills are usually unaffected.
Effect sizes are moderate (14) and are
somewhat lower in children (15), with
one important exception. Some children
who developed type 1 diabetes early in
life, before the age of 6 or 7 years, not
only perform more poorly on virtually all
cognitive testsdincluding measures of
learning and memorydbut also are
more likely to meet diagnostic criteria
for clinically significant impairment (16).
Dysfunction may appear soon after the

diagnosis. For example, young children
who had diabetes for less than 2 or 3
years, were diagnosed early in life, and
had elevated HbA1c values performed
poorly on multiple cognitive tests and
manifested widely distributed microstruc-
tural white matter changes (17,18). A re-
cent report demonstrated that older
children and adolescents studied within
3 days of the diagnosis performed signifi-
cantly below average on tests of psycho-
motor speed, and those scores predicted
HbA1c values 1 year later (19).
Longitudinal studies have demonstrated

that cognitive function may decline some-
what over time when children with type 1
diabetes are followed from childhood into
early adulthood (20). Over a 12-year pe-
riod, children followed since diagnosis
showed only a 1-point decrease in intelli-
gence quotient scores compared with de-
mographically similar subjects without
diabetes. However, when patients with
an earlier onset of diabetes were com-
pared with those with a later onset, a
greater decline over time was observed
(;4 points), and when those who experi-
enced severe hypoglycemia at any age
were compared with those who never ex-
perienced hypoglycemia, an even greater
decline was seen (;6 points) (21).
The pathophysiological basis for neuro-

cognitive changes in children with type 1
diabetes remains poorly understood, but
it appears that thedevelopmentofdiabetes
early in life is an important risk factor, as is a
history of chronically elevated hyperglyce-
mia and/or severe hypoglycemia. Interven-
tions that can delay the onset of diabetes
(for example, shift its onset beyond the first
6–7 years of life) or that can reduce the
occurrence of glycemic extremes may lead
tomarked reductions in the risk of cognitive
dysfunction in children and adolescents.

Long-term Consequences
The long-term prognosis for those with
childhood-onset type 1 diabetes has

greatly improved over the last 30 years
(22). Advanced chronic complications
are now rarely seen in the U.S. during
childhood or adolescence, although
early signs of complications can still be
detected (4).

Indeed, recent data from the Pitts-
burgh Epidemiology of Diabetes Compli-
cations (EDC) study suggest that for
those who were diagnosed with type 1
diabetes in childhood between 1965
and 1980 life expectancy is now only
3.8 years less than what might be ex-
pected (23). Furthermore, as suggested
by the Finnish Diabetic Nephropathy
Study (FinnDiane) (24) and confirmed
in the EDC over a 20-year follow-up
(25), there appears to be no excess mor-
tality in those who avoid increased albu-
minuria. Although rare, when death
does occur in children with diabetes, it
is usually (;80% in one recent analysis
[26]) due to acute complications (hypo-
glycemia or DKA).

In contrast, two national databases in
Scotland (27) and Sweden (28) showed
that mortality rates still appear to be
greatly increased in adults with type 1
diabetes relative to individuals without
diabetes. Interestingly, both of these
studies included those with adult-onset
type 1 diabetes. This raises the issue as
to whether the natural history differs in
childhood- versus adult-onset cases. It
has long been thought by some that
the prepubertal years of type 1 diabetes
are less “damaging” than the years after
the onset of puberty. A recent study
from Sweden supports this concept
(29), but the tenet remains controver-
sial. Death due to DKA or hypoglycemia
among adults with type 1 diabetes is less
common, proportionately, than in chil-
dren and accounts for between 10% (26)
and 18% (30) of all deaths.

The 30-year cumulative incidence of
complications in the Diabetes Control and
Complications Trial (DCCT)/Epidemiology
of Diabetes Interventions and Compli-
cations (EDIC) conventional treatment
group and in the DCCT “eligible” partic-
ipants from the EDC study showed
similar rates (31). In the DCCT conven-
tional treatment group, 50% developed
proliferative retinopathy, 14% had
cardiovascular disease, and 25% had
nephropathy. Despite significant changes
in clinical care, among the major com-
plications, only end-stage renal disease
showed a major fall in the EDC after

30 years’ duration (22). As shown by
the DCCT, improved glycemic control
is likely the most critical risk factor in
terms of reducing complication rates in
type 1 diabetes; the inability to achieve
glycemic targets as outlined above is
therefore one explanation for the persis-
tence of complications in type 1 diabe-
tes. However, even with improved
glucose control and potential reductions
in other factors, such as smoking, insulin
resistance (32), hypertension (33), and
hyperlipidemia (33,34), the increasing
incidence of type 1 diabetes combined
with the increased survival of those di-
agnosed in childhood noted above por-
tends an increasing burden on society
with respect to care of adults with
long-standing type 1 diabetes.

Data from theDCCT highlight the impor-
tant role of residual endogenous insulin
secretion in microvascular complications
and hypoglycemia. For patients receiving
exogenous insulin therapy, measure-
ment of C-peptide reflects endogenous
b-cell secretion. Patients with a stimu-
lated C-peptide .0.2 nmol/L had a 62%
lower risk for severe hypoglycemia and a
79% lower risk for progression of reti-
nopathy (35) (Supplementary Fig. 1), in-
dicating that C-peptide.0.2 nmol/L is a
clinically significant threshold. Even lower,
but measurable, amounts of C-peptide
were recently reported to confer protec-
tion from long-term complications (36).
The value of small amounts of endogenous
b-cell function is also highlighted in islet
transplantation literature. Most patients
undergoing islet transplantation have re-
current severe hypoglycemia as a result
of hypoglycemic unawarenessda se-
verely debilitating consequence of
type 1 diabetes. Although only 44%
of patients remain insulin independent
3 years after transplant, almost all sub-
jects withmodest C-peptide production
after transplant have complete resolu-
tion or significant reduction in severe
hypoglycemia (37).

Quality of Life
Quality of life (QOL) is recognized as a cen-
tral outcome for health care andhealth care
policy and is increasingly considered as an
important outcomemeasure in clinical trials
evaluating interventions to improve diabe-
tes management. The construct includes
both general well-being and health-related
QOL, encompassing the disease state and
physical symptoms, functional status,
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psychological and social functioning, and
neurocognitive functioning.
Factors related to the QOL of individu-

als with type 1 diabetes include medical,
demographic, and psychosocial compo-
nents. In addition, the QOL of parents
andother familymembers is also affected,
particularly for those with childhood type
1 diabetes, because many parents experi-
ence increased psychological distress as
well as the burden of caregiving related
to diabetes management.
There are a number of reliable and

validmeasures of both child self-reported
and parent proxy-reported generic and
diabetes-specific QOL for children and
adolescents with type 1 diabetes (38–40).
These measures typically provide an over-
all score and scale scores for the domains
of QOL, and because they are fairly brief,
they have good utility for use in clinical
trials. Comparisons of QOL cannot be
made between adults and children in
the same studybecause there are no stan-
dardizedQOLmeasures that are appropri-
ate for both populations.
Although some individual studies

showed small to moderate effect sizes
based on several standardized mea-
sures, weighted effect sizes across stud-
ies suggest that scores are more similar
than different across QOL domains be-
tween children with type 1 diabetes and
healthy peers. Interestingly, however,
parents tend to rate their children’s
QOL as lower compared with healthy
peers (41). Numerous studies have
documented that many parents report
significant distress after their child’s di-
agnosis of diabetes, with significant
symptoms of depression and posttrau-
matic stress disorder evident in up to
one-third and with ;20% reporting dis-
tress up to 4 years later (42). Fear of
hypoglycemia is also common among
parents of children with type 1 diabetes
and is related to their own increased
emotional distress as well as poor glyce-
mic control in their children (43,44).
Thus, it is clear that the QOL of parents
and caregivers is affected by type 1 di-
abetes in their children.
There is conflicting literature about

the relationship of QOL with factors
such as age of onset or duration of the
disease in childhood (45). One studywas
unique in examining diabetes-specific
QOL in a sample of 59 adults with type
1 diabetes, including 16 diagnosed be-
fore the age of 5 years (46). Those

diagnosed very early in life reported
better QOL than those with later diag-
noses; however, these results are lim-
ited by the small study sample size.
Similarly, there appears to be a limited
effect of treatment regimens or use of
glucose-sensing technology on QOL in
both children and adults (41,47,48).

Multiple studies have demonstrated
that lower HbA1c is associated with bet-
ter QOL (48–50). A recent prospective
study showed that poor QOL predicted
later poor glycemic control (51). Both
pediatric and adult studies reveal a re-
duced QOL with respect to the conse-
quences of the disease. SEARCH results
reveal that in children reduced QOL is
associated with the presence of comor-
bidities and early health complications,
greater frequency of serious hypoglyce-
mic episodes and emergency depart-
ment visits, and hospitalizations for
poormetabolic control (48,49). Similarly,
studies in adultswith type 1 diabetes find
that QOL is adversely impacted by lower
socioeconomic status, longer duration of
diabetes, presence of health complica-
tions, comorbid psychiatric disorders, less
social support, decreased physical activity,
obesity, more hypoglycemic episodes, and
perceived sense of burden related to di-
abetes self-management (52–54).

CLINICAL COURSE

Type 1 diabetes starts long before the
clinical onset of hyperglycemia, pro-
gressing through multiple stages of the
disease (55). In relatives of individuals
with type 1 diabetes and those without
relatives tested due to high genetic risk,
islet autoantibodies can be identified,
signaling that the immune system is in-
appropriately sensing and damaging
b-cells. Those confirmed to have multi-
ple antibodies are considered to have
“islet autoimmunity”; the vast majority
of these individuals will develop diabe-
tes over time (56,57). Prior to clinical
diagnosis, impaired insulin secretion
and eventual abnormal glucose toler-
ance are evidence of b-cell injury and
death. After clinical diagnosis, b-cell
destruction continues, with themajority
of individuals eventually having minimal
or no detectable endogenous insulin se-
cretion. Although this overall picture of
the disease course has been confirmed
in multiple studies over the past de-
cades, there are now considerable data
highlighting significant differences in the

clinical course of the disease and rate of
the disease progression in children com-
pared with adults.

Effect of Age on Progression From
Risk to Onset of Clinical Disease
Prior to diagnosis, important information
about the age at which b-cell autoimmu-
nity first appears has been gleaned from
genetically at-risk cohorts followed from
birth. These include the Diabetes Autoim-
munity Study in the Young (DAISY) in
Colorado, the Finnish Type 1 Diabetes
Prediction and Prevention (DIPP) study,
the BABYDIAB studies in Germany, and
the international The Environmental De-
terminants of Diabetes in the Young
(TEDDY) study. Data from the National
Institutes of Health (NIH)-sponsored Dia-
betes Prevention Trial–Type 1 (DPT-1)
(58,59) and the Type 1 Diabetes TrialNet
Pathway to Prevention Study (60) (www
.diabetestrialnet.org) also provide evi-
dence on the effect of age on progression
from autoimmunity to clinical disease.

Children with high genetic risk based
on HLA haplotype have been followed
from birth for the development of autoan-
tibodies and type 1 diabetes. Combined
data fromDAISY, DIPP, and BABYDIAB sug-
gest that nearly all children who develop
multiple autoantibodies go on to even-
tually develop childhood type 1 diabe-
tes (.85% risk at 15 years) (61).
Developing multiple autoantibodies prior
to age 3 years further increased the rate
of progression compared with children
who developed antibodies at older ages.
These cohort studies in children followed
frombirth indicate that thediseaseprocess
starts very early in life. The DIPP study
found that 65% of those who developed
clinical disease before puberty had anti-
bodies before age 2 years and 95% before
age 5 years (62). The DPT-1 and the
TrialNet Pathway to Prevention Study
screened first- and second-degree family
members (1–45 years of age) of probands
with type 1 diabetes for the presence of
autoantibodies. Data from these studies
also suggest that the vast majority of rel-
atives with two or more antibodies even-
tually develop clinical disease at a rate of
;10–12% per year (57). TrialNet found
that themost important factor associated
with a more rapid rate of progression is
age; children with multiple antibodies
progress to clinical disease much more
rapidly than adults (P , 0.0001). These
dramatic differences are illustrated in
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Fig. 2A. The path from islet immunity to
clinical disease includes an interim
stage of metabolic decompensation
manifested as impairedglucose tolerance.
Overall, more than 85% of antibody-
positive relatives with impaired glucose
tolerance will have clinical disease
within 5 years. Strikingly, even at this
stage of the disease progression, youn-
ger age markedly increases the rate of
the disease development compared
with older age (Fig. 2B).

Effect of Age on Residual Insulin
Secretion After Clinical Diagnosis

Similar data are now available regarding
the rate of decline of endogenous insu-
lin secretion, measured by C-peptide,
after the onset of clinical disease. A se-
ries of recent studies provide new in-
sights; detectable C-peptide secretion
persists longer after the type 1 diabetes
diagnosis than is commonly appreci-
ated, and age is the most important fac-
tor impacting the rate of decline of
C-peptide post diagnosis.
Greenbaum et al. (63) studied resid-

ual insulin secretion within 2 years of
diagnosis in subjects from the TrialNet’s
new-onset intervention trials. C-peptide
at the start of the study was driven by
age, with the youngest cohort (Fig. 3A)
exhibiting the lowest C-peptide. Age
was also highly correlated with loss of
C-peptide over time: subjects aged 7–21
years demonstrated rates of decline
in stimulated C-peptide secretion that
were similar over time, whereas partici-
pants aged.21 yearsmanifested a signif-
icantly slower rate of C-peptide decline.

Persistence of C-peptide secretion
also varies between those diagnosed
as children and those diagnosed as
adults, with more adults retaining C-
peptide production longer after the di-
agnosis than is commonly appreciated.
Davis et al. (64) measured C-peptide in
919 subjects characterized by the dura-
tion of the disease and whether they
were diagnosed as children or as adults.
Although the fraction of individuals with
detectable random C-peptide dimin-
ished over time as expected, there
was a dramatic difference in persistence
of C-peptide according to age at diagno-
sis (Fig. 3B). For a given duration of the
disease, the odds for having C-peptide
were estimated as 6% higher for every
1-year increase in the age of diagnosis.
The same difference between children
and adults was observed for C-peptide
$0.2 nmol/L.

RESPONSE TO THERAPY

Type 1 diabetes in children and juvenile
idiopathic arthritis (JIA) have striking
similarities, including similar prevalence
and effect on families. Both diseases af-
fect children and adults, and the course
is notably different in the two age-
groups (Table 1). Disease-modifying
therapy has transformed the lives of
children with JIA; instead of treatment
focused on symptom management of
pain or disability, treatment changing
the course of the disease, although not
yet curative, has markedly improved the
daily lives of these families. Differences
in response to therapy between pediat-
ric and adult rheumatic disease have

become apparent during the conduct
of more than a dozen studies in children
in recent years. As a result of these stud-
ies, many of these therapies now carry
approval for use in pediatric rheumatic
disease (65). As described below, a sim-
ilar story is emerging with respect to the
effect of age on response to disease-
modifying therapy in type 1 diabetes.

Participation of Children in Type 1
Diabetes Trials
Children with recent-onset type 1 dia-
betes have been enrolled in trials of
disease-modifying therapies since the
early 1980s and constitute the majority
of participants in many trials. The pro-
portion of subjects aged ,16 years en-
rolled in 10 NIH- and industry-sponsored
multicenter clinical trials conducted
since 2001 has ranged between 24%
and 84% (Supplementary Table 2). Sim-
ilarly, the majority of participants are
children in 10 trials of disease-modifying
therapies given prior to the onset of clin-
ical disease (that is, type 1 diabetes pre-
vention trials) that were or are being
performed in the U.S. and Europe (Sup-
plementary Table 3).

It is important to recognize that parents
and children are eager to participate in
type 1 diabetes studies, such that the
pace of enrollment is markedly greater
in trials open to pediatric participants.
For example, the rate of enrollmentmark-
edly increased in both the TrialNet abata-
cept (66) and GAD65 (67) trials once the
enrollment agewas reduced (Supplemen-
tary Fig. 2). This is in marked contrast to
studies enrolling adults only, some of

Figure 2—Impact of age on risk for disease progression in antibody-positive relatives participating in TrialNet Pathway to Prevention Study. A: Life
table of progression to diabetes according to age in double antibody–positive relatives. B: Life table of progression to diabetes according to age in
double antibody–positive subjects from time of abnormal glucose tolerance.
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which are unable to fully complete enroll-
ment in the planned time period (68).

Effect of Age on Efficacy
Of all the fully poweredmulticenter clin-
ical trials in recently diagnosed type 1
diabetes conducted since 2001, three
therapeutic approaches had positive
outcomes, with active drug–treated
subjects experiencing significant reduc-
tions in the rate of decline in C-peptide
compared with placebo-treated subjects.
These therapies are rituximab (anti-CD20
monoclonal antibody) (69), abatacept
(CTLA4-Ig) (66), and the anti-CD3 mono-
clonal antibodies teplizumab (70,71) and
otelixizumab (72). All of these trials in-
cluded many pediatric participants.
Most importantly, the significant effect

of drug treatment in the rituximab and
abatacept trials was largely driven by
the positive response noted in the pedi-
atric population (Fig. 4). In two trials of an
anti-CD3 monoclonal antibody (71,73),
subjects younger than 15 years of age
had a more robust response compared
with those who were older. The effects of
young agewere not limited to change in C-
peptide: the treatment effect on insulin
use was significantly different in subjects
younger than 15 years of age (P 5 0.02),
but not in older subjects (P 5 0.8). If en-
rollment in these studies had been limited
to adults, then the study results would
have likely been negative, and promising
therapies for children would have been
inappropriately discarded. In most of
the clinical trials in which the overall

result was negative, neither the pediatric
nor adult populations had any benefit, as
illustrated by the results from the GAD
trial (67). In contrast, in the Study of An-
tithymocyte Globulin for Treatment of
New-onset T1DM (START) (ClinicalTrials
.gov identifier NCT00515099), which only
enrolled subjects 12 years of age or older,
post hoc analysis pointed to improved
C-peptide responses after 12 months in
older (aged.22 years) but not younger
subjects (P 5 0.04) (74).

Effect of Age on Safety
Disease-modifying therapies that alter im-
mune function share similar theoretical
risks among each other: in the short
term, risks of infection and, potentially in
the longer term, additional adverse effects
with chronic use or if there is persistence of
immune modulation. Thus, careful moni-
toring of short- and long-term safety is
imperative. It is reassuring that in the
treatment of many rheumatologic disor-
ders, the adverse event profile is similar
between adults and children. Similar data
have been seen in type 1 diabetes trials
using disease-modifying therapies to
date wherein the safety profiles have
not differed between children and
adults, including studies testing tepli-
zumab (75), abatacept (66), and ritux-
imab (69). Additionally, the effect of
therapy on immunization was directly
studied in some of these trials and dem-
onstrated no compromise in efficacy
(66,69).

REGULATORY ISSUES

Including children in product development
trials is necessary to ensure effective dosing
for the pediatric population (for example,
to characterize differences in absorption,
distribution, elimination, and metabo-
lism between adults and children of dif-
ferent ages) and to address potential
differences in the safety profile between
the pediatric and the adult populations.

TheU.S. Congress passed the Best Phar-
maceuticals for Children Act (BPCA) in
1997 to encouragepharmaceuticalmakers
to voluntarily conduct studies in children,
providing sponsors with specific incen-
tives. The Pediatric Research Equity Act
(PREA) of 2003mandates pediatric studies
(76). As a result, more than 500 products
were studied in U.S. pediatric populations
and now carry pediatric information on
the label. Similar pediatric legislation exists
in the European Union (EU) (77).

Figure 3—Impact of age on C-peptide after diagnosis. A: Model-based estimates of average slopes of
C-peptide area under the curve (AUC) over time according to age quartiles (age-groups 7.7–12.3 years,
12.4–14.7 years, 14.8–21.2 years, and21.4–46.1 years). Data from191TrialNet clinical trial participants.
Reprinted with permission from Greenbaum et al. (63). B: Proportion of participants with detectable
($0.017 nmol/L) nonfasting C-peptide according to age at diagnosis and duration of type 1 diabetes.
White bars, those diagnosed at age #18 years; black bars, those diagnosed at age .18 years. Data
from the T1D Exchange residual insulin study. Reprinted with permission from Davis et al. (64).
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Government agency regulation of clini-
cal research and drug development pro-
cess is critical to ensure trial participant
safety. Pediatric development is global in
nature, but legal and regulatorydifferences
exist. These include the timing ofwhen the
pediatric investigation plans should be
submitted and who is responsible for ap-
proving the pediatric development plan.
In the U.S., this is within the relevant U.S.
Food and Drug Administration (FDA) divi-
sion that may receive advice or guidance
from the Office of Pediatric Therapeu-
tics, whereas in the EU, an external
group of advisors (Paediatric Commit-
tee [PDCO]) (78) has decision-making
authority. Both the FDA and the European

Medicines Agency (EMA) recommend
that industry should request early discus-
sions with relevant regulatory agencies to
enable a global discussion of drug devel-
opment and study end points.

A pediatric investigative plan, al-
though required by both the FDA and
the EMA in any new drug submission,
does not always necessitate a pediatric
clinical trial. Both the FDA and the EMA
support extrapolation of well-controlled
adult efficacy data to the pediatric pop-
ulation when possible and relevant.

Guidance (EU [79]) and draft guidance
(FDA [80]) on the development of disease-
modifying therapies for type 1 diabetes
are available. EU guidance specifically

recommends an approach whereby
studies in younger age-groups require
prior demonstration of efficacy and
safety in older subjects.

Orphan Drug Status
FDA’s Orphan Drug Act grants special status
to a drug or biological product (“drug”) to
treat a rare (for example, affects,200,000
people in theU.S.) disease or condition (81).
Similar statutes exist in the EU (82). There
are significant incentives to encourage
drug manufacturers to develop therapies
for small populations, where the financial
rewards would otherwise be nonexistent.
The same regulatory requirements for
safety and efficacy must be established
for orphan drugs as with all therapies.

As there are ,200,000 children with
type 1 diabetes in the U.S., development
of disease-modifying therapies in type 1
diabetes could possibly meet these crite-
ria. In theU.S., but not in the EU, there are
several new products for b-cell preserva-
tion in new-onset type 1 diabetes desig-
nated as orphan drugs.

ETHICAL ASPECTS

It is critical to conduct research aimed at
improving health care for children with
diabetes. At the same time, children are
not able to consent for themselves, and it
is of paramount importance to protect the
children who participate. To achieve this
balance, the Institute of Medicine has six
requirements for pediatric research (83).
The present analysis focuses on the first
four of these requirements.

Table 1—Similarities between JIA and childhood-onset type 1 diabetes

c Pediatric and adult forms of both diseases are similar to each other but not identical.

c Both diseases are chronic without known curative treatment and require ongoing therapy.

c Both diseases are associated with increased morbidity and mortality.

c Both diseases have complex and multifactorial effects on the lives of patients and their
families requiring a multidimensional assessment of clinical effect of treatments (e.g., pain,
health-related QOL, social function, school function, etc.).

c Prevalence:
c JIA: 1 per 1,000 individuals (91).
c Type 1 diabetes: ;2 per 1,000 aged #20 years (4).
c Relatively rare diseases in whichmarket incentives are unlikely to lead pharmaceutical firms
to focus on them.

c Moderate polygenetic predisposition.

c Etiologic agent(s) unknown.

c Preclinical phase can extend over years, is poorly understood, and remains without
therapeutic options.

c In JIA, time is critical in the clinical phasedeach month of delay of treatment onset during the
first 12 months after the disease onset decreases the ability to reach clinical remission by 1.7
fold (92). Analysis of teplizumab response in recently diagnosed type 1 diabetes showed
better preservation of C-peptide if treatment was initiated,6 weeks after the diagnosis (74).

Figure 4—Impact of age on response to disease-modifying therapy. A: C-peptide over time in TrialNet participants randomized to treatment with
rituximab (blue line) or placebo (red line) who were aged,18 years (solid lines) or aged$18 years (dashed lines) at the time of randomization (69).
B: C-peptide over time in TrialNet participants randomized to treatment with abatacept (blue line) or placebo (red line) who were aged,18 years
(solid lines) or aged $18 years (dashed lines) at the time of randomization (66).
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First, children should be enrolled in re-
search only when it has the potential to
collect valuable data. Each intervention
included in the study should have suffi-
cient scientific value to justify the risks
and burdens it poses to participants.
Second, it is important to ensure that

there is a compelling reason to enroll
children. If the same data could be ob-
tained by studying adults, then children
should not be enrolled. When to initiate
trials in children needs to be determined
on a case-by-case basis, taking into ac-
count the extent to which similar data
can be collected in adults, the effective-
ness and safety of available treatments
for children, and the risks and potential
benefits of the interventions under
study (84). Typically, it is acceptable to
enroll children in research when it offers
them a favorable risk-to-benefit ratio or
it poses low net risks.
Third, whether research offers a fa-

vorable risk-to-benefit ratio depends
on two assessments. Is the risk-to-benefit
profile of the interventions included in the
study favorable for eligible participants
and at least as favorable as the available
alternatives (85)? If there is compelling
evidence that an intervention poses no
chance of serious harm to children with
type 1 diabetes, then even a theoretical
chance of an important benefit could be
enough to make an intervention’s risk-to-
benefit profile favorable. In contrast, if
there is reason to believe that an interven-
tion poses some serious risks to children
with diabetes, one would need evidence
of efficacy to categorize the intervention
as offering a favorable risk-to-benefit ra-
tio. The degree of benefit and level of
evidence in this case needs to be com-
mensurate with the level of potential
harm and the degree of evidence sup-
porting that potential.
In practice, one way to determine

whether a study offers a favorable risk-
to-benefit ratio is to consider, or deter-
mine through consultation, the following:
Given what is known about the interven-
tions included in the study and what is
known about the available alternatives,
would an independent and expert clini-
cian regard enrolling children who have
diabetes as promoting the children’s clin-
ical interests? If so, the study offers a fa-
vorable risk-to-benefit ratio. If not, the
study involves an unfavorable risk-to-
benefit ratio and thereby poses some
degree of net risk to participants.

Fourth, when one or more of the in-
terventions included in a study pose net
risks, one needs to determine whether
the net risks of the intervention and the
cumulative net risks of the study are ac-
ceptable. Exposing children to research
risks and burdens to collect data to ben-
efit future patients raises important eth-
ical issues (86,87). However, outside of
the research context, children fre-
quently engage in activities that pose
some risks and are designed to benefit
others, such as collecting money for a
charity. Widespread acceptance of
these activities suggests that pediatric
research that does not offer a prospect
of direct benefit can also be acceptable
when it has the potential to gather valu-
able data and the net risks are low. This
view is supported by empirical studies
that found that children and their pa-
rents are overall equally willing to have
the child help others by participating in
research or a charitable activity (88,89).

Empirical data suggest that adoles-
cents aged $12–14 years are able to
understand research and make their
own decisions whether to enroll (90).
This suggests that enrolling adolescents
who understand and agree (assent) poses
significantly fewer ethical concerns than
enrolling younger children who cannot

understand the research in question.
For this reason, it may be acceptable to
expose adolescents who give their assent
to somewhat higher net risks than youn-
ger children who cannot understand the
research in question.

SUMMARY

The burden of type 1 diabetes, whether
diagnosed in childhood or adulthood,
with regard to daily management, glyce-
mic control, and acute and chronic compli-
cations, remains despite improvements in
treatment regimens. Moreover, the bur-
den of type 1 diabetes on society is likely
to increase in the future with the increas-
ing incidence of the disease and longer life
expectancy. Importantly, there are unique
aspects of disease burden in those diag-
nosedas children includingworseglycemic
control during teenage years, emotional
distress of parents, and more significant
neurocognitive effects in the youngest in-
dividuals. Disease-modifying therapy that
can delay the onset of clinical disease or
preserve endogenous secretion after the
diagnosis has the potential to significantly
reduce the burden of the disease on soci-
ety, individuals, and families.

Robust data obtained from observa-
tional and clinical trials indicate that the
development of the disease and the

Table 2—Key messages from the conference and open research questions

Key messages
1. Differences between childhood- and adult-onset type 1 diabetes should be part of the

design of studies of disease-modifying therapies.
2. Studying disease-modifying agents in children should not require efficacy data from adults.
3. Children may benefit more from disease-modifying therapies due to the more rapid loss of
insulin secretion before and after their diagnosis, the unique burdens on them and their
families, and the greater vulnerability of young children’s neurocognitive development.

4. Investigators should work with regulatory agencies early in the study design process and
leverage the pediatric expertise of the agencies.

5. A practical approach to assessing risk-to-benefit ratio is to consider the following: Given
what is known about the intervention and the limited alternatives, would an independent
and expert clinician regard enrolling children with type 1 diabetes as promoting the
children’s clinical interests?

Open research questions
1. What is the long-term effect of age at onset and early glycemic control on complication risk
both within childhood and adolescence (i.e., pre- vs. peri- or postpuberty) and in
comparison with adult-onset type 1 diabetes?

2. What are the biological mechanisms underlying the varying pathways to type 1 diabetes?
Which mechanisms are seen in all individuals and which are age dependent?

3. Given the high frequency of residual b-cell function in adults, how should type 1 diabetes in
adults be defined? What is the incidence and prevalence of the disease in adults?

4. Are there differences in loss of residual insulin secretion rates in young adults compared
with older adults?

5. How is QOL affected by disease-modifying therapies? Do effects differ between adults and
children?

6. Are there biomarkers of responses to immune therapies that can discriminate responses in
children and adults?
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subsequent clinical course are signifi-
cantly different between adults and chil-
dren. Children, particularly younger
children, may stand to benefit the most
from disease-modifying therapy because
they are at an increased risk of cognitive
dysfunction, progress faster through the
stages of the disease, have at the time of
diagnosis a lower C-peptide that then de-
clines more quickly over time, and pose
the greatest challenges for clinical man-
agement. There are also differences in
therapeutic response in trials of disease-
modifying therapies in adults compared
with pediatric participants. Although
disease-modifying therapies are important
goals for all those with type 1 diabetes,
these data emphasize the need to design
studies that account for age-related dif-
ferences and to avoid reliance on efficacy
outcomes in adults in order to study
children. Important differences in patho-
physiology suggest that different thera-
peutic approaches may be needed.
There is widespread agreement that

thereneeds tobea favorable risk-to-benefit
ratio for each therapy being considered
for a clinical trial. The challenge is how to
understand the level of evidence needed to
support potential benefit. Thus, the stan-
dard strategy of requiring both safety and
efficacy to be demonstrated in adults first
has the real possibility to deny or delay the
use of a potentially useful therapy to the
pediatric population. Risks must be under-
stood in the context of the current clinical
burden and QOL experienced by children
and their families. Evidence other than
proof of efficacy in an adult population
should be considered in evaluating poten-
tial benefits of therapy. Considering the
risks and benefits of each therapy must
be a dynamic process; information rele-
vant to the disease burden, disease
course, and response to therapy must
be examined and reexamined over time
(Table 2). As evident from the enthusiasm
and passion manifest at the consensus
conference, patients, families, industry,
academia, advocacy groups, funders,
and regulators all have important per-
spectives to contribute to the discussion;
all are interested in improving the lives of
those with type 1 diabetes.

Acknowledgments. The authors acknowledge
the ADA for organizing and sponsoring the confer-
ence; JDRF, the T1D Exchange, and the Benaroya
Research Institute for their contributions and

sponsorship; and TrialNet, the Immune Tolerance
Network, and the International Society for Pediatric
and Adolescent Diabetes for their advisory input.
The authors thank DianneMurphy,MD (FDA), and
Paolo Tomasi, MD, PhD (EMA), for thoughtful
presentations on the role of regulators in the
drug development process and review of the
manuscript and Jean-Marc Guettier, MD (FDA),
for his important role as apanelist at the consensus
conference. Additionally, the authors express grat-
itude to Erika Gebel Berg, PhD (ADA), for her
excellent editorial support.
Funding and Duality of Interest. All authors
have completed the Unified Competing Interest
form at www.icmje.org/conflicts-of-interest
(available upon request from J.L.C.) and declare
the following conflicts of interest. L.A.D. reports
personal fees from Sanofi and grants from Novo
Nordisk, outside the submitted work. P.A.G. re-
ports grants from Pfizer, JDRF, Novartis, the NIH,
and Omni Bio Pharmaceutical and nonfinancial
support from ViaCyte, Genentech, and Baxter,
outside the submitted work. P.A.G. has a patent
related to the use of AAT for the treatment of
type 1 diabetes with royalties paid to Omni Bio
Pharmaceutical. D.J.L. reports grants from
Bristol-Myers Squibb and other support from
AstraZeneca, Bristol-Myers Squibb, AbbVie,
Pfizer, Roche, Novartis, UBC, Forest Laboratories,
Horizon Pharma, Johnson & Johnson, Biogen,
Takeda, Genentech, GlaxoSmithKline, Boehringer
Ingelheim, and Celgene, outside the submitted
work. T.J.O. reports grants from the National In-
stitute of Diabetes and Digestive and Kidney Dis-
eases, during the conduct of the study; personal
fees from the Profil Institute for Clinical Research,
Eli Lilly, Abbott Laboratories, and Gilead; and
other support from Bristol-Myers Squibb, outside
the submitted work. C.M.R. reports personal fees
from Novo Nordisk, outside the submitted work.
C.J.G. reports grants from Novo Nordisk and No-
vartis, outside the submitted work. No other po-
tential conflicts of interest relevant to this article
were reported.

References
1. Lawrence JM, Imperatore G, Dabelea D, et al.;
SEARCH for Diabetes in Youth Study Group.
Trends in incidence of type 1 diabetes among
non-Hispanic white youth in the U.S., 2002-
2009. Diabetes 2014;63:3938–3945
2. Vehik K, Dabelea D. The changing epidemiol-
ogy of type 1 diabetes: why is it going through
the roof? DiabetesMetab Res Rev 2011;27:3–13
3. Dahlquist GG, Nyström L, Patterson CC;
Swedish Childhood Diabetes Study Group; Diabe-
tes Incidence in Sweden Study Group. Incidence
of type 1 diabetes in Sweden among individuals
aged 0-34 years, 1983-2007: an analysis of time
trends. Diabetes Care 2011;34:1754–1759
4. Hamman RF, Bell RA, Dabelea D, et al.;
SEARCH for Diabetes in Youth Study Group.
The SEARCH for Diabetes in Youth study: ratio-
nale, findings, and future directions. Diabetes
Care 2014;37:3336–3344
5. Pettitt DJ, Talton J, Dabelea D, et al.; SEARCH
for Diabetes in Youth Study Group. Prevalence
of diabetes in U.S. youth in 2009: the SEARCH
for Diabetes in Youth study. Diabetes Care
2014;37:402–408
6. Imperatore G, Boyle JP, Thompson TJ, et al.;
SEARCH for Diabetes in Youth Study Group.

Projections of type 1 and type 2 diabetes burden
in the U.S. population aged ,20 years through
2050: dynamic modeling of incidence, mortal-
ity, and population growth. Diabetes Care 2012;
35:2515–2520
7. Centers for Disease Control and Prevention.
2014 National Diabetes Statistics Report [Inter-
net]. Available from www.cdc.gov/diabetes/
data/statistics/2014statisticsreport.html. Accessed
1 March 2015
8. Menke A, Orchard TJ, Imperatore G, Bullard
KM,Mayer-Davis E, Cowie CC. The prevalence of
type 1 diabetes in the United States. Epidemiol-
ogy 2013;24:773–774
9. American Diabetes Association. Standards of
medical care in diabetesd2015. Diabetes Care
2015;38(Suppl. 1):S5–S87
10. Miller KM, Foster NC, Beck RW, et al.; T1D
Exchange Clinic Network. Current state of type 1
diabetes treatment in the U.S.: updated data
from the T1D Exchange clinic registry. Diabetes
Care 2015;38:971–978
11. de Beaufort CE, Swift PGF, Skinner CT, et al.;
Hvidoere Study Group on Childhood Diabetes
2005. Continuing stability of center differences
in pediatric diabetes care: do advances in dia-
betes treatment improve outcome? The Hvi-
doere Study Group on Childhood Diabetes.
Diabetes Care 2007;30:2245–2250
12. Dabelea D, Rewers A, Stafford JM, et al.;
SEARCH for Diabetes in Youth Study Group.
Trends in the prevalence of ketoacidosis at di-
abetes diagnosis: the SEARCH for Diabetes in
Youth Study. Pediatrics 2014;133:e938–e945
13. Rewers A, Dong F, Slover RH, Klingensmith
GJ, RewersM. Incidence of diabetic ketoacidosis
at diagnosis of type 1 diabetes in Colorado
youth, 1998-2012. JAMA 2015;313:1570–1572
14. Brands AMA, Biessels GJ, de Haan EHF,
Kappelle LJ, Kessels RPC. The effects of type 1
diabetes on cognitive performance: a meta-
analysis. Diabetes Care 2005;28:726–735
15. Tonoli C, Heyman E, Roelands B, et al. Type
1 diabetes-associated cognitive decline: a meta-
analysis and update of the current literature.
J Diabetes 2014;6:499–513
16. Gaudieri PA, Chen R, Greer TF, Holmes CS.
Cognitive function in children with type 1 dia-
betes: a meta-analysis. Diabetes Care 2008;31:
1892–1897
17. Barnea-Goraly N, Raman M, Mazaika P,
et al.; Diabetes Research in Children Network
(DirecNet). Alterations in white matter struc-
ture in young children with type 1 diabetes.
Diabetes Care 2014;37:332–340
18. Pati~no-Fernández AM, Delamater AM,
Applegate EB, et al. Neurocognitive functioning
in preschool-age children with type 1 diabetes
mellitus. Pediatr Diabetes 2010;11:424–430
19. Schwartz DD, AxelradME, Anderson BJ. Neu-
rocognitive functioning in children and adoles-
cents at the time of type 1 diabetes diagnosis:
associations with glycemic control 1 year after
diagnosis. Diabetes Care 2014;37:2475–2482
20. Jacobson AM, Ryan CM, Cleary PA, et al.;
Diabetes Control and Complications Trial/EDIC
Research Group. Biomedical risk factors for de-
creased cognitive functioning in type 1 diabe-
tes: an 18 year follow-up of the Diabetes Control
and Complications Trial (DCCT) cohort. Diabeto-
logia 2011;54:245–255

care.diabetesjournals.org Wherrett and Associates 1983

http://www.icmje.org/conflicts-of-interest
http://www.cdc.gov/diabetes/data/statistics/2014statisticsreport.html
http://www.cdc.gov/diabetes/data/statistics/2014statisticsreport.html
http://care.diabetesjournals.org


21. Lin A, Northam EA,Werther GA, Cameron FJ.
Risk factors for decline in IQ in youth with type 1
diabetes over the 12 years from diagnosis/illness
onset. Diabetes Care 2015;38:236–242
22. Pambianco G, Costacou T, Ellis D, Becker
DJ, Klein R, Orchard TJ. The 30-year natural
history of type 1 diabetes complications: the
Pittsburgh Epidemiology of Diabetes Complica-
tions Study experience. Diabetes 2006;55:
1463–1469
23. Miller RG, Secrest AM, Sharma RK, Songer
TJ, Orchard TJ. Improvements in the life expec-
tancy of type 1 diabetes: the Pittsburgh Epide-
miology of Diabetes Complications study
cohort. Diabetes 2012;61:2987–2992
24. Groop P-H, Thomas MC, Moran JL, et al.;
FinnDiane Study Group. The presence and se-
verity of chronic kidney disease predicts all-
cause mortality in type 1 diabetes. Diabetes
2009;58:1651–1658
25. Orchard TJ, Secrest AM, Miller RG,
Costacou T. In the absence of renal disease, 20
year mortality risk in type 1 diabetes is compa-
rable to that of the general population: a report
from the Pittsburgh Epidemiology of Diabetes
Complications Study. Diabetologia 2010;53:
2312–2319
26. Secrest AM, Becker DJ, Kelsey SF, Laporte
RE, Orchard TJ. Cause-specific mortality trends
in a large population-based cohort with long-
standing childhood-onset type 1 diabetes. Dia-
betes 2010;59:3216–3222
27. Livingstone SJ, Levin D, Looker HC, et al.;
Scottish Diabetes Research Network epidemiol-
ogy group; Scottish Renal Registry. Estimated
life expectancy in a Scottish cohort with type 1
diabetes, 2008-2010. JAMA 2015;313:37–44
28. Lind M, Svensson A-M, Kosiborod M, et al.
Glycemic control and excess mortality in type 1
diabetes. N Engl J Med 2014;371:1972–1982
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Protégé Trial Investigators. Teplizumab pre-
serves C-peptide in recent-onset type 1 diabe-
tes: two-year results from the randomized,
placebo-controlled Protégé trial. Diabetes
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