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OBJECTIVE

To examine the effect of different patterns of durable glycemic control on the de-
velopment of comorbidities among youth with type 2 diabetes (T2D) and to as-
sess the impact of fasting glucose (FG) variability on the clinical course of T2D.

RESEARCH DESIGN AND METHODS

From the Treatment Options for Type 2 Diabetes in Adolescents and Youth (TODAY)
study, 457 participants (mean age, 14 years) with mean diabetes duration <2 years at
entry and a minimum study follow-up of 10 years were included in these analyses.
HbA1c, FG concentrations, and b-cell function estimates from oral glucose tolerance
tests were measured longitudinally. Prevalence of comorbidities by glycemic control
status after 10 years in the TODAYstudy was assessed.

RESULTS

Higher baseline HbA1c concentration, lower b-cell function, and maternal history
of diabetes were strongly associated with loss of glycemic control in youth with
T2D. Higher cumulative HbA1c concentration over 4 years and greater FG variabil-
ity over a year within 3 years of diagnosis were related to higher prevalence of
dyslipidemia, nephropathy, and retinopathy progression over the subsequent
10 years. A coefficient of variability in FG ‡8.3% predicted future loss of glycemic
control and development of comorbidities.

CONCLUSIONS

Higher baseline HbA1c concentration and FG variability during year 1 accurately
predicted youth with T2D who will experience metabolic decompensation and
comorbidities. These values may be useful tools for clinicians when considering
early intensification of therapy.

Maintaining blood glucose concentrations that approximate those of people without
diabetes confers protection against long-term complications for those with diabetes
(1–3). Even a transient period of glycemic control in the target range has long-lasting
benefits via the so-called metabolic memory effect observed in the Diabetes Control
and Complications Trial and other studies (4). More recent data indicate the magni-
tude of fasting blood glucose fluctuations or, more generally, glycemic variability may
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also influence the course of diabetes over
and above that predicted by measures of
average blood glucose concentration (5).

The Treatment Options for Type 2 Dia-
betes in Adolescents and Youth (TODAY)
study population consists of >500 indi-
viduals with youth-onset type 2 diabetes
(T2D) monitored for over a decade. Ap-
proximately 35% of participants main-
tained HbA1c <8.0% over the first 4 years
while receiving metformin with or without
rosiglitazone or intensive lifestyle inter-
vention. This situation offered the oppor-
tunity to examine distinctions between
those who maintained glycemic control
over time and those who did not in a
well-characterized cohort of young indi-
viduals with T2D (6). In a prior report,
researchers found baseline measures
of HbA1c and b-cell function were key
predictors of durable glycemic control
over 4 years (6).

The objective of the present analysis
was to examine the development of long-
term comorbidities in those exhibiting dif-
ferent patterns of glycemic control and to
assess the impact of fasting glucose (FG)
variability on the long-term clinical course
of T2D in those diagnosed during youth.
We hypothesized that the pattern of gly-
cemic control over a 4-year period, based
on HbA1c concentrations, would correlate
with the prevalence of comorbidities and
complications at 10 years. In addition, we
posited that lower FG variability over the
first year of the study would predict long-
term durable control and lower incidence
of complications.

RESEARCH DESIGN AND METHODS

Study Design
The TODAY protocol (clinical trial reg. no.
NCT00081328) and primary outcome re-
sults have been published (7–9). In brief,
699 participants with T2D diagnosed be-
fore the age of 18 years, with a duration
of diabetes <2 years, BMI >85th percen-
tile for age and sex, negative for islet cell
antibodies, and C-peptide concentration
>0.6 ng/mL were randomized at 15 par-
ticipating diabetes centers to receive
metformin alone, metformin plus rosi-
glitazone, or metformin plus an inten-
sive lifestyle intervention program. TODAY
participants were recruited over a 4-year
period (2004–2009) and followed for a
minimum of 2 years. The primary goal
of the TODAY study (2004–2011 or study
years 0–6) was to evaluate the effects of

the three treatment arms on time to
treatment failure, defined as loss of gly-
cemic control (i.e., HbA1c $8% for six
consecutive months or failure to wean
from temporary insulin after acute meta-
bolic decompensation).

In 2011, 572 TODAY participants (82%)
enrolled in the TODAY2 postintervention
follow-up study. Between 2011 and 2014
(study years 6–9), participants no longer
received randomized treatment but con-
tinued to receive protocolized diabetes-
related care from the TODAY study with
visits at 3-month intervals. From 2014
to 2020 (study years 9–15), 518 TODAY
participants (74% of original cohort) tran-
sitioned to community care and continued
to be followed by the TODAY study group
for annual observational visits. TODAY and
TODAY2 were approved by institutional
review boards at all 15 centers and all
participants and guardians provided writ-
ten informed assent and/or consent as
appropriate for age and local guidelines.

Study Measures
Demographic data were collected at
randomization (7). At each study visit,
participants self-reported medical history
and prescribed medication use (includ-
ing antihypertensive and lipid-lowering
medications); a physical examination was
conducted and blood pressure, weight,
height, and calculated BMI were ob-
tained (7). Blood and spot urine samples
were obtained after a 10- to 14-h over-
night fast, were processed immediately
according to standardized procedures,
and shipped on dry ice for analysis at
the TODAY central biochemical labora-
tory. HbA1c levels were assessed at every
visit and FG, insulin, lipids, and serum
cystatin C and creatinine levels, as well
as urine albumin to creatinine ratio (UACR),
were measured at least once at annual
visits, as previously described (7). Meas-
ures of inflammatory markers (namely,
concentrations of hs-CRP, interleukin-6,
and tumor necrosis factor a) were col-
lected annually through the end of study
year 9 only. Estimated glomerular filtra-
tion rate was calculated using the Full
Age Spectrum combined serum creati-
nine and cystatin C equation.

Oral glucose tolerance test (OGTT)
results were obtained from all partici-
pants after a 10- to 14-h overnight fast
at dedicated study visits, as previously de-
scribed (10). Markers of insulin sensitivity

(namely, 1/fasting insulin level [inverse
insulin]), b-cell function (C-peptide index,
defined as the ratio of the incremental
C-peptide and glucose responses over
the first 30 min of the OGTT test), and
C-peptide oral disposition index (oDI) were
calculated from OGTT data (11).

Standardized definitions were used for
phenotyping throughout with longitudinal
assessments of microalbuminuria, macro-
albuminuria, hyperfiltration, hypertension,
dyslipidemia, and neuropathy, as previ-
ously described (8,9). Fundus photography
was performed twice (at study years 5–6
and 12,16) and graded according to the
Early Treatment Diabetic Retinopathy Study
(ETDRS) protocol by masked assessors at a
centralized reading center (9). Retinopathy
was defined as ETDRS grade $20 in either
eye or clinically significant macular edema.
A $3-step progression on the ETDRS scale
was defined as retinopathy progression (9).

Samples for genetic analysis were geno-
typed on the Infinium genome-wide asso-
ciation study array by the Genetic Analysis
Platform at the Broad Institute as part of
the Progress in Diabetes Genetics in Youth
consortium. Partnering tribal nations and
the Indian Health Service elected not to
participate in the genomics collection. De-
tails on genotyping, imputation, and qual-
ity control steps have been previously
reported (12). Polygenic risk scores were
constructed for HOMA of b-cell function
and fasting insulin by summing the num-
ber of risk alleles carried by each individ-
ual, weighted by the effect-size estimates
from well-established genome-wide signifi-
cant associations derived from the Meta-
Analyses of Glucose and Insulin-Related
Traits Consortium (MAGIC) Consortium
(20081858, 22581228, 22885924) (13–15).
Supplementary Table 1 lists the genetic
variants, corresponding genes, and original
genome-wide association study references
for each score.

The occurrence of diabetes-related spe-
cific medical events was routinely docu-
mented during participant visits (in person
or remote), and medical records were
sought to verify all self-reported events.
Medical records describing liver, pancreas,
gallbladder, renal, kidney, eye, heart,
vascular, or cerebrovascular disease, or
reports of clinical neuropathy or nerve
damage were obtained and centrally ad-
judicated by a review committee. Prede-
termined criteria were used to confirm
the diagnosis of events (9).
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Selection of Study Sample
Of the 699 participants originally enrolled
in the TODAY study, 22 with monogenic
diabetes mutations who were clinically
diagnosed with T2D were excluded, along
with five participants who chose to con-
tinue using insulin during TODAY and
seven participants who started using
insulin after the randomized treatment
phase for a reason other than hypergly-
cemia (Supplementary Fig. 1). Beyond
these exclusions, the study population
was also restricted to participants fol-
lowed for a minimum of 10 years to
capture information on long-term out-
comes. The duration of 10 years was
chosen because it represents the average
length of follow-up of TODAY participants
in the entire study. The 457 participants
included in the present study did not
differ from the 242 excluded from the
sample with respect to their baseline
demographics.

Glycemic Control and Variability
For this analysis, glycemic control and
variability were examined on the basis
of two measures of glycemia: HbA1c and
FG levels. First, the 457 participants
were separated into three groups of
glycemic control on the basis of HbA1c
over the first 4 years in the study, as pre-
viously published (6). The first group re-
mained in glycemic control (i.e., did not
reach the primary outcome, defined as
HbA1c $8% for six consecutive months)
and had a stable HbA1c during that pe-
riod (STABLE). Stable HbA1c was defined
as a change in HbA1c from baseline to
4 years of <0.5%. The next group of
participants also remained in glycemic
control for at least 4 years but had an
HbA1c value that increased $0.5% from
baseline during that period (RISING). An
increase of $0.5% in HbA1c is a predic-
tor of glycemic failure (10). The final
group reached glycemic failure within
4 years (Uncontrolled [UNC]). In addi-
tional analysis, the UNC group was fur-
ther divided into Early-UNC, defined as
reaching glycemic failure within year 1,
and Late-UNC, defined as reaching glyce-
mic failure after year 1.
Second, glycemic control was quanti-

fied on the basis of FG variability during
the first year in the study, on the basis
of recent literature describing FG vari-
ability as a more sensitive indicator of
future comorbidity development than
HbA1c in older adults with T2D (16,17).

The FG coefficient of variation (FG-CV)
was calculated as the ratio of the SD to
the mean of the FG concentrations and
is expressed as a percentage (i.e., the
higher the percentage, the higher the
variability around the mean). The mean
number of FG measures (collected at
baseline, month 6, and 12 during OGTTs,
per study protocol) collected per partici-
pant in year 1 was 2.8.

Statistical Analysis
Baseline demographics and metabolic
characteristics among the three glyce-
mic control groups were compared us-
ing generalized linear models. Similar
models were used to compare the clini-
cal characteristics and diabetes-related
complications and comorbidities among
glycemic control groups (based on HbA1c
or FG-CV) at year 10 in the study. For
binary outcomes, the prevalence of the
event (i.e., hypertension: yes or no) at
the 10-year study visit is reported. For
continuous variables, the mean or me-
dian value assessed at the 10-year visit
is given, except for measures that were
only collected through study year 9 (i.e.,
OGTT measures and levels of FG and in-
flammatory markers), in which case the
year 9 value is presented. Variables not
normally distributed were log trans-
formed prior to testing. In addition to
the HbA1c value at the 10-year visit, the
time-weighted mean HbA1c (representing
a measure of cumulative exposure) was
computed by weighting each value by
the time interval between measurements
collected between randomization and
study year 10. Separate generalized
linear models were used to evaluate
the association between the glycemic
control groups and reported comorbidity
medication use (i.e., antihypertensive and
lipid-lowering medications) at select time
points.

Receiver operating characteristic (ROC)
curve analyses were performed to iden-
tify optimal cut points for FG-CV during
study year 1 that predicted subsequent
loss of glycemic control during study
years 2–4 (18). For this analysis, partici-
pants who reached glycemic failure dur-
ing the first year (Early-UNC) were
excluded and those who experienced
STABLE and RISING durable control were
combined. The standard logistic regres-
sion model and the trapezoidal rule
method were used to compute the total

AUC and its associated 95% CI. The
Youden index method (19) was used
to select the optimal threshold point
from the ROC curve. Similar ROC analysis
was done using baseline HbA1c instead of
FG-CV during year 1. All analyses were
considered exploratory, and statistical sig-
nificance was defined as P < 0.05.

RESULTS

Baseline Participant Characteristics
by Glycemic Control Status
Among the 457 participants, 153 (32.4%)
were classified as having STABLE durable
control (i.e., HbA1c change from baseline
<0.5%), 71 (17.4%) as having RISING
durable control (i.e., HbA1c change from
baseline $0.5%), and 233 (50.2%) as
UNC. At baseline, there were no differ-
ences by age, sex, race or ethnicity, birth
weight, weight, or BMI among the three
groups (Table 1). STABLE and RISING par-
ticipants had a slightly shorter duration
of diabetes (1.3 months) compared with
the UNC group. STABLE participants were
less likely to have a maternal history of
diabetes compared with the other two
groups (P < 0.007). UNC participants
were more likely to have higher HbA1c,
FG concentration and variability, and
lower b-cell function (C-peptide index
and C-peptide odI) compared with the
two other groups at baseline (Table 1).
Indices of insulin sensitivity (insulin in-
verse and fasting C-peptide level) did
not differ across the three groups.

Long-term Outcomes at Year 10 by
Glycemic Control Status
At year 10, HbA1c and cumulative mean
HbA1c (a measure of cumulative expo-
sure) was significantly different across
the three groups of glycemic control,
with lower concentrations in the STABLE
group, intermediate concentrations in the
RISING group, and higher concentrations
in the UNC group (Table 2). Additionally,
mean FG concentration was lowest in the
STABLE group compared with the other
two groups, and indices of b-cell function
were highest in STABLE and lowest in
UNC. By year 10, the UNC group had
lower levels of inverse insulin and fasting
C-peptide compared with the other two
groups. Neither HOMA of b-cell function
nor insulin-resistance polygenic risk score
was associated with differences in b-cell
function or insulin sensitivity in TODAY
(Supplementary Table 2).
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Over 10 years of study participation,
those in the STABLE group fared better
than the UNC group for almost all mea-
sured comorbidities except inflamma-
tion markers, which were not different
between groups (Table 2; Supplementary
Table 3). In particular, the STABLE group
had a significantly lower prevalence of
nephropathy (UACR $300 mg/g: 2.6%
in STABLE group vs. 12.0% in UNC group;
P = 0.003), dyslipidemia, neuropathy,
and retinopathy, where a three-step
progression on the ETDRS scale was
4.5% vs. 44.5% in the STABLE and UNC
groups, respectively (P < 0.0001). The
RISING group had an intermediate prev-
alence between STABLE and UNC, with
the exception of dyslipidemia and UACR
$300 mg/g, where the RISING group was
not significantly different from the UNC
group. Significant differences across groups
of glycemic control were unaffected when
analyses were adjusted for the baseline
value of the comorbidities, participant
demographics (i.e., age, sex, race or eth-
nicity), and other traditional risk factors
such as BMI, LDL cholesterol, blood pres-
sure, and smoking (data not shown).

Differences in overall long-term co-
morbidity outcomes were reflected in
the prescription of antihypertensive medi-
cation over time. The STABLE group always
had significantly lower rates of antihyper-
tensive medication prescription than the
UNC group, and the RISING group was
intermediate at all time points after
baseline (Supplementary Fig. 2A). Simi-
larly, those in the UNC group were more
likely to be prescribed lipid-lowering agents
by year 10 (Supplementary Fig. 2B).

Variability of FG and Risk of Glycemic
Failure
The variability in fasting blood glucose
concentrations in year 1, as measured
by FG-CV, was lowest in the STABLE and
RISING groups and highest in the UNC
group. STABLE and RISING FG-CV values
were significantly different from UNC
(all P < 0.001) but did not differ from
each other (Fig. 1A). As expected, higher
FG-CV was associated with increasing FG
concentrations in the Early-UNC group
(Fig. 1B), because these individuals, by
definition, had HbA1c measures that
exceeded 8.0% (Table 2). However, in
STABLE, RISING, and Late-UNC, first year
FG-CV was not a reflection of rising FG
concentrations (Fig. 1B) but was strongly
associated with predictive of loss of
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Figure 1—FG-CV during year 1 ((A) and FG concentration levels at study baseline, month 6,
and month 12 (B) by groups of glycemic control based on HbA1c values. The UNC group was
further divided into Late-UNC) and Early-UNC. A: FG-CV (%) during year 1 (based on three FG
values assessed at study baseline, month 6, and month 12) across the four groups of glycemic
control based on HbA1c; P values for differences across the groups (STABLE [white bar], RIS-
ING [black bar], Late-UNC [solid grey bar], and Early-UNC [dashed grey bar]) are shown within
panel A. ns, P > 0.05. B: A boxplot of FG levels at each visit during year 1 (study baseline, month
6, and month 12) when FG levels were assessed, across the four groups of glycemic control based on
HbA1c.
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glycemic control in Late-UNC (P <
0.0001; AUC 0.70, 95% CI 0.64–0.76)
(Fig. 2). The Youden index identified an
FG-CV cutoff of 8.3% that maximized
correct classification of participants,
with sensitivity of 68% and specificity
of 67%.
Beyond prediction of glycemic failure,

FG-CV during year 1, using the Youden
index cutoff 8.3%, accurately and pre-
cisely predicted the likelihood of long-
term comorbidities at study year 10,
with high concordance to the HbA1c-
based method that characterized the
groups as STABLE, RISING, and UNC
(Supplementary Table 4).

CONCLUSIONS

In this article, we provide the first evi-
dence, to our knowledge, of a relation-
ship between patterns of glycemic control
with diabetic complications over a period
of 10 years in a well-characterized sample
of individuals with youth-onset T2D. Over
10 years of study participation, the UNC
group had a high prevalence for all com-
plications and comorbidities measured,
particularly for nephropathy, dyslipide-
mia, neuropathy, and progressive reti-
nopathy. Maintaining glycemic control
over the first 4 years of the study (STABLE)
was protective against these conditions at
10 years. These data are reflective of those
found in adults with T2D (20), but the
presence of complications was greater in

our young cohort (Table 2). RISING glyce-
mic control participants showed inter-
mediate comorbidity prevalence between
STABLE and UNC, affirming, after a longer
follow-up period of 10 years, that glyce-
mic control is a major determinant of
long-term diabetic complications (1,21).

Progression to UNC has previously
been attributed to b-cell failure rather
than insulin resistance in this popula-
tion (11). Interestingly, we show that
distinctions in b-cell function catego-
rized by glycemic control (STABLE, RISING,
or UNC) at year 1 persist at 10 years, indi-
cating that individual differences in b-cell
function are maintained long term, even
after diagnosis and treatment for T2D.
Polygenic risk scores did not indicate a
known genetic cause, because the aggre-
gate genetic burden of known b-cell se-
cretion and fasting insulin variants were
not different among the groups. This is
unsurprising given previous work in
adults (22); however, it may be that
this group of youth with T2D is too
similar in phenotype to detect subtle
differences in genetic burden.

A previous report in this study popu-
lation showed that small increases in
HbA1c concentration over time portend
rapid decompensation and glycemic fail-
ure within 3–6 months (10). The rapid
loss of glycemic control observed in the
UNC group, accompanied by deteriorat-
ing b-cell function, led us to posit that
FG variability, which should be lowest in
those with highest b-cell function (23),
would be associated with long-term gly-
cemic control. By focusing on fasting
blood glucose levels, these data primar-
ily reflect the reduced ability of insulin
to inhibit hepatic glucose output, either
because of hepatic insulin resistance
or, more likely based on our current
data, b-cell dysfunction. Indeed, we
demonstrate that greater FG variability
in year 1, even with only two to three
values, is highly predictive of glycemic
failure in the subsequent 3 years. Addi-
tionally, our calculated Youden cutoff of
8.3% for the FG-CV concentration accu-
rately predicts the incidence of future
comorbidities in high concordance with
glycemic control assessed by HbA1c con-
centration. After 10 years, based on HbA1c
change over time, the most common
comorbidities associated with loss
of glycemic control are impaired renal

function, triglyceride dyslipidemia, wors-
ening retinopathy, and decreased quality
of life. The same factors are highly signif-
icant when measured against FG variabil-
ity, except for triglyceride dyslipidemia.

In adults with T2D, FG variability has
been linked to the development of co-
morbidities and mortality, independent
of mean HbA1c or glucose concentra-
tions (16,17). When FG was examined
over 5 years and comorbidities assessed
at 10 years, higher FG variability was as-
sociated with a higher incidence of reti-
nopathy and nephropathy (24,25). Our
data in youth with T2D, using a similar
study design, show analogous associa-
tions and also concur with data from a
study in healthy young adults examined
for cardiovascular complications over a
10-year interval (24). In the latter study,
FG-CV for increased cardiovascular risk
was 9.5%, which is comparable to the
8.3% cutoff in the present study.

Our analyses show that FG variability
based on relatively few measures (2,3)
is accurate and predictive of long-term
complications as well as b-cell decom-
pensation, with an estimated probability
of glycemic failure and retinopathy pro-
gression for a year 1 FG-CV of 8.3% being
approximately 31% and 20%, respectively.
In the present study, FG variability was
assessed only over year 1 of the study,
so duration of diabetes and the period
between FG assessments was short com-
pared with all previous adult studies,
which generally examined older adults
with diabetes (16,26). As pointed out by
Slieker et al. (24), these issues confound
the relationship of FG variability with
comorbidities because overall glucose
variability increases over time.

Although HbA1c concentration and
variability have been linked to develop-
ment of comorbidities in adults (27–29)
and children (10) with T2D, the ex-
tremely rapid decompensation in youth
at a small change in HbA1c concentra-
tion (0.5%) may limit the clinical utility
of this measure to intensify treatment
before loss of glycemic control and the
development of diabetes-related comor-
bidities. Diabetes clinical care visits are
typically scheduled at 3-month intervals.
Thus, using a modest increase in HbA1c
concentration or variability to assess
the risk of decompensation and future
complications will likely fall short, be-
cause 84.4% of those who will reach

Figure 2—ROC curve for predicting glycemic
failure as a function of baseline HbA1c and
FG-CV during year 1. Durable control (RISING
and STABLE) groups were combined, and the
early UNC group that reached glycemic failure
during year 1 was excluded. The AUC (95%
CIs and Youden optimal cutoffs for baseline
HbA1c and FG-CV for year 1 are shown in the
figure. Baseline HbA1c, previously reported to
be a strong predictor of glycemic failure (P<
0.0001), is shown for comparison (4).
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glycemic failure will do so before their
next clinical visit (10). FG variability may
be less convenient to measure clinically
than HbA1c. However, FG variability may
be able to be detected before HbA1c in-
creases and thus allow more time for
clinical intervention to forestall the im-
pending metabolic decompensation.

These analyses have important strengths,
including the use of a well-characterized
clinical cohort, use of standardized pro-
cesses and techniques across sites, and
a use of a central laboratory for all as-
says. A particular strength of this study
is the well-defined duration of diagnosed
diabetes in all participants at baseline
and the short, defined interval for obtain-
ing all FG measurements. In addition,
we had a large sample size and a long
follow-up period, sufficient to adequately
assess the incidence of comorbidities.
Moreover, we assessed a broad spec-
trum of diabetes-related comorbidities.
However, assessment of medication was
limited to prescribed medications only,
without fulfillment or adherence data,
and the calculated Youden cutoff for FG
variability was not tested in an indepen-
dent sample. Also, FG was measured in
venous samples and the use of FG con-
centrations from clinic visits, blood glu-
cose meters, or continuous glucose
monitoring remains to be studied. Last,
T2D is a complex metabolic disease
affecting multiple systems involved in
energy management and homeosta-
sis. We have identified clear links be-
tween indices of glucose control early
in the course of the disease and out-
comes a decade later. However, the
initiating events and conditions that
may further define the course of dis-
ease remain to be determined.

These long-term data affirm previous
reports, over shorter time periods, that
higher baseline HbA1c concentration,
lower b-cell function, and maternal his-
tory of diabetes are strongly associated
with loss of glycemic control in youth
with T2D (6,10). Additionally, both higher
cumulative HbA1c concentration over
4 years and FG variability in year 1 are
predictive of short- and long-term glyce-
mic failure and development of a range
of comorbidities, particularly dyslipidemia,
nephropathy, and progressive retinopathy.
Indeed, our study not only affirms the
high rate of comorbidities observed in
this population (9) but also shows that
those at highest risk can be identified

by assessment of b-cell function and
glycemic variability. This suggests that
more aggressive therapy is warranted
for that group. SGLT-2 inhibitors and
GLP-1 agonists have been shown to
have organ-protective effects in adults
with T2D (30–32); thus, these agents
may play important therapeutic roles
in youth-onset T2D in the future. Be-
cause determination of FG variability
in the first year was predictive of a sub-
sequent decline in glycemic control, this
measure holds promise as a clinical deci-
sion-making tool for intensification of di-
abetes therapy for those at highest risk
of rapid decompensation.
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