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Abstract

Objective: To provide a snapshot of the profile of adults and youth with type 1 diabetes (T1D) in the United States
and assessment of longitudinal changes in T1D management and clinical outcomes in the T1D Exchange registry.
Research Design and Methods: Data on diabetes management and outcomes from 22,697 registry participants
(age 1-93 years) were collected between 2016 and 2018 and compared with data collected in 2010-2012 for
25,529 registry participants.

Results: Mean HbAlc in 2016-2018 increased from 65 mmol/mol at the age of 5 years to 78 mmol/mol between
ages 15 and 18, with a decrease to 64 mmol/mol by age 28 and 58—63 mmol/mol beyond age 30. The American
Diabetes Association (ADA) HbA1c goal of <58 mmol/mol for youth was achieved by only 17% and the goal of
<53 mmol/mol for adults by only 21%. Mean HbAc levels changed little between 2010-2012 and 2016-2018,
except in adolescents who had a higher mean HbAlc in 2016-2018. Insulin pump use increased from 57% in
2010-2012 to 63% in 2016-2018. Continuous glucose monitoring (CGM) increased from 7% in 2010-2012 to
30% in 20162018, rising >10-fold in children <12 years old. HbAlc levels were lower in CGM users than
nonusers. Severe hypoglycemia was most frequent in participants =50 years old and diabetic ketoacidosis was
most common in adolescents and young adults. Racial differences were evident in use of pumps and CGM and
HbAlc levels.

Conclusions: Data from the T1D Exchange registry demonstrate that only a minority of adults and youth with
TI1D in the United States achieve ADA goals for HbAlc.

Keywords: T1D Exchange registry, Continuous glucose monitor use, Insulin pump use.

Introduction overview of the state of metabolic control, acute compli-

cations, and diabetes management of T1D in the United
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Methods

The T1D Exchange clinic registry data collection was per-
formed by 81 U.S.-based pediatric and adult endocrinology
practices in 35 states. Nineteen and 38 centers primarily care
for adult and pediatric patients, respectively, and 24 centers
care for both. Sixty-three are institution based, 17 are com-
munity based, and 1 is in a managed care setting. Details on
eligibility criteria, the informed consent process, and baseline
data collection have been published previously.! During the
initial enrollment period (September 2010 through August
2012), 25,833 individuals with T1D (14,593 < 18 years old and
11,240> 18 years old) were enrolled. Subsequently, an addi-
tional 8544 participants were enrolled through August 2017.
Core data were updated annually from medical records.

This report includes data from 22,697 participants collected
between January 1, 2016, and March 31, 2018 (N=3,536 in
2016, N=15,955in 2017, and N=3,206 in 2018). Participants
with a history of pancreas or islet cell transplantation and those
pregnant at the time of data collection were excluded.

Participants who were followed for 5 years completed a
detailed questionnaire regarding diabetes management and
acute complications (Year 5 questionnaire), similar to the
questionnaire completed at enrollment (N=11,061).
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Information on age, date of diagnosis, body mass index
(height and weight), insurance status, insulin pump use, con-
tinuous glucose monitoring (CGM) use, noninsulin glucose-
lowering medication use, and HbA 1¢ levels obtained as part of
usual care was collected from medical records. Frequency of
self-monitoring of blood glucose (SMBG) was assessed from
meter download (if available) or from participant report in the
clinic chart. The occurrences of severe hypoglycemia (SH) and
diabetic ketoacidosis (DKA) in the prior 3 months and aspects
of diabetes management, including timing and frequency of
insulin administration, duration of technology use, use of
technology features, use of CGM to decide/adjust insulin dose,
checking for ketones, use of glucagon, device downloading,
and use of mobile medical applications, were participant re-
ported from the subset of participants/caregivers who com-
pleted the Year 5 questionnaire. For an event to be counted as
SH, required loss of consciousness or seizure, and for an event
to be counted as DKA, required an overnight hospitalization.

Statistical methods

Results were tabulated according to age group. Cross-
sectional comparisons of data collected during 2010-2012
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FIG. 1. (A) CGM use over time. (B) CGM use in 2010-2012 versus 2016-2018. Solid white represents 2010-2012 (7%

use of CGM overall). Solid black represents 20162018 (30% use of CGM overall). CGM, continuous glucose monitoring.
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FIG.2. Average HbAlc by year of age: 2010-2012 versus
2016-2018. Orange line represents 2010-2012 cohort, and
blue line represents 2016-2018 cohort. Participants must be

contained in both cohorts with at least a 3-year duration for
the 2010-2012 collection. * >80 years old are pooled.

were made with data collected during 2016-2018; 12,705
participants had information available from both the 2010-
2012 and 2016-2018 time periods. Cross-sectional compar-
isons of use of pump and CGM included participants with at
least 1 year of diabetes duration. To assess mean HbAlc over
the life span, participants were grouped by year of age at the
time of measurement. To minimize the impact of potential
cohort effects and duration effects, cross-sectional compari-
sons of HbAlc included 9657 participants contained in both
time cohorts with at least 3 years of duration at the time of the
2010-2012 data collection.

Multivariable linear regression models were used to assess
the association between HbAlc and time period (2010-2012
and 2016-2018), and to assess the association between 2016—
2018 HbAlc and participant characteristics adjusting for age,
diabetes duration, and clinic site. Multivariable logistic re-
gression models were used to assess the association between
reported SH and DKA (separately) in 20162018 and the fol-
lowing: insulin pump use, CGM use, and HbAlc. To account
for possible confounding, the following covariates were as-
sessed for associations with each outcome through bivariate
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analysis and selection models: age, diabetes duration, race/
ethnicity, sex, SMBG, insurance status, pump status (when not
covariate of interest), CGM status (when not covariate of in-
terest), HbAlc (when not covariate of interest), and clinic.

Results are expressed as means *standard deviations for
normally distributed variables or medians (interquartile
range) for non-normally distributed variables. Data analyses
were performed using SAS software version 9.4 (SAS In-
stitute, Inc., Cary, NC). All P-values are two sided.

Results

The 22,697 participants with data from 2016 to 2018
ranged in age from 1 to 93 years; duration of diabetes ranged
from <1 to 80 years, 50% were female, 82% were non-
Hispanic white, and 74% had private health insurance. About
half (10,249 [49%]) of participants were overweight or obese.
Additional participant and clinical characteristics are de-
scribed, stratified by age, in Supplementary Table S1 (Sup-
plementary Data are available at https://www.liebertpub
.com/suppl/doi/10.1089/dia.2018.0384). Participant and
clinical characteristics generally were similar between the
2010-2012 time cohort and the 2016-2018 time cohort, al-
though, as expected, participants in the 2016-2018 cohort
were 4-5 years older with about 4-5 years longer diabetes
duration (Supplementary Table S2).

Utilization of diabetes technology and aspects
of diabetes management

Use of an insulin pump increased from 57% in 2010-2012 to
63% in 20162018, with the largest increases in children (50%
to 60% in children <6 years old and 58% to 68% in children
6-12 years old) (Supplementary Fig. S1). More than half of
participants using an insulin pump in 20162018 were using a
Medtronic pump (53%); 18% were using an Insulet pump, 18%
Animas, and 12% Tandem. Use of CGM increased from 7% in
2010-2012 to 30% in 20162018, with an exponential increase
in use beginning between years 2013 and 2014 (Fig. 1A, B).
Children had a >10-fold increase in CGM use (4%-51% in
children <6 years old and 3%—-37% in children 612 years old)
(Fig. 1B). Most participants using CGM in 2016-2018 were
using a Dexcom CGM system (77%). Racial disparities were
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FIG. 3. Mean HbAlc by technology use in 2016-2018. Solid black represents injection only. Horizontal stripes represent
pump only. Solid white represents injection+CGM. Diagonal stripes represent pump+CGM.
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present in frequency of pump and CGM use across all age
groups (Supplementary Table S3).

Use of noninsulin glucose-lowering medication in addition
to insulin was uncommon across all age groups (Supple-
mentary Table S1), although use increased slightly between
2010-2012 and 2016-2018 (Supplementary Table S2).
Metformin was the most common noninsulin medication but
used by only 6% of participants =26 years old.

Aspects of diabetes self-management in 2016-2018 are
described in Supplementary Table S4. Of note, among non-
CGM users, SMBG was done more frequently in younger
pediatric participants. Most participants bolused insulin be-
fore the start of a meal. Checking of ketones was more
common in children than adults, and blood ketones were very
uncommonly checked across all ages; only about 20% re-
ported having a blood ketone meter. Most participants never
downloaded blood glucose meters, CGM devices, or insulin
pumps at home. Other than using the Dexcom Share feature
by Dexcom CGM users, use of mobile medical applications
was very uncommon.

Metabolic control

2016—2018. Mean HbAlc levels varied with age,
race/ethnicity, and socioeconomic status (Supplementary
Table S5). Mean HbAlc during childhood increased from
8.1% (65 mmol/mol) at 5 years of age t0 9.3% (78 mmol/mol)
between ages 15 and 18, with a steady decrease down to 8.0%
(65 mmol/mol) by age 28; mean HbAlc remained fairly
steady around 7.5%-7.9% (58—63 mmol/mol) beyond age 30
(Fig. 2). The American Diabetes Association (ADA) HbAlc
target as of 2018 of <7.5% (<58 mmol/mol) for youth with
T1D was achieved by only a small percentage of children and
adolescents <18 years old (17%); only 21% of adults achieved
the ADA goal of <7.0% (<53 mmol/mol) and 37% of adults had
HbAlc values of <7.5% (<58 mmol/mol). Mean HbAlc was
higher in African Americans than non-Hispanic whites or
Hispanic whites across all age groups, even after adjusting for
differences in socioeconomic status (Supplementary Table S5).

Across all age groups, HbAlc was lower in pump and
CGM users (P<0.001 adjusted for age, diabetes duration,
race/ethnicity, annual income, SMBG; Fig. 3). Among CGM
users, differences in HbAlc between pump and Multiple
Daily Injections (MDI) users were small, except in adolescents
and young adults where mean HbA 1¢ was lower in pump users
than injection users.

Comparison of 2016-2018 cohort with 2010-2012
cohort. Among the 9657 participants who had data present
in both 2010-2012 and 2016-2018 and at least 3 years of
diabetes duration in 2010-2012, mean HbAlc was higher in
2016-2018 compared with 2010-2012. The adjusted mean
HbAlc was 7.8% (62 mmol/mol) in 2010-2012 and 8.4%
(68 mmol/mol) in 2016-2018 (P<0.001 adjusted for age,
diabetes duration, SMBG, and use of a CGM). The increase
over time in HbAlc was predominately seen in adolescents
and young adults (Fig. 2).

Acute complications in 2016—2018 cohort. Among the
subset of participants with data available from the Year 5
questionnaire (N=11,061), 6% reported experiencing seizure
or loss of consciousness due to hypoglycemia in the 3 months
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before questionnaire completion; 3-month frequency of SH
(seizure/Loss of Consciousness [LOC]) ranged from 5% in
participants <18 years old to 10% in participants =50 years
old (Table 1). Insulin pump use was associated with lower
frequency of experiencing an SH event (5% vs. 9%; P <0.001
adjusted for age, diabetes duration, sex, race/ethnicity, insurance
status, and CGM status) and CGM use trended toward a lower
SH frequency (5% vs. 7%; P=0.06 adjusted for age, diabetes
duration, sex, race/ethnicity, insurance status, and pump use).
The frequency of SH was not associated with HbAlc level
(P=0.55 adjusted for age, diabetes duration, sex, race/ethnicity,
insurance status, CGM use, and pump use; Table 1).

At least one DKA event in the 3 months before the ques-
tionnaire was reported by 3% of participants, with the highest
frequency (4%) in participants <26 years old (Table 1).
Participants using an insulin pump were less likely to report
experiencing a DKA event than participants using injections
(2% vs. 4%; P=0.002 adjusted for age, diabetes duration,
sex, race/ethnicity, insurance status, CGM, SMBG, and
HbAIc). Similarly, participants using CGM had fewer DKA
events than non-CGM users (1% vs. 3%; P =0.04 adjusted for
age, diabetes duration, sex, race/ethnicity, insurance status,
pump use, and HbA 1c¢). Participants with higher HbAlc were
more likely to experience a DKA event than participants with
lower HbAlc (0.7% in participants with HbAlc <8.0%
[<64 mmol/mol] and 7% in participants with HbAlc 29.0%
[Z75 mmol/mol]; P<0.001 adjusted for age, diabetes dura-
tion, sex, race/ethnicity, insurance status, SMBG, CGM sta-
tus, and pump status).

Discussion

The T1D Exchange registry has provided important in-
formation about individuals with TID and how TID is
managed in the United States, along with clinical outcomes.
In the most recent data reported herein, across all age groups
only a minority of individuals meet ADA HbAlc goals and
HbAlc levels remain particularly high in adolescents and
young adults. Indeed, mean HbAlc levels have increased
from 2010-2012 to 2016-2018 in teens and emerging adults.
This surprising finding remained after limiting the analysis to
the participants who had T1D duration of at least 3 years at
baseline (2010-2012) and after adjustment for age and du-
ration of diabetes. Within this age range of adolescents and
young adults, factors that have been associated with HbAlc
levels such as race/ethnicity and socioeconomic status ap-
peared balanced between the two time periods (data not
shown). Thus, we do not have an explanation for this increase
and it is possible that the finding could reflect a difference in
diabetes duration between time periods even though duration
was adjusted for in analysis or be due to other unmeasured
confounding factors. Nevertheless, there is no indication
from these data that HbAlc levels in the registry as a whole
have improved over this 5-year period despite an increase in
the use of insulin pumps and CGM.

HbAlc levels were higher in African Americans than in
non-Hispanic or Hispanic whites as previously reported in the
registry.'> A T1D Exchange study demonstrated that only
about half of the HbAlc difference between whites and Af-
rican Americans can be explained by higher mean glucose in
African Americans, with the other half of the difference be-
tween races having a nonglycemic basis presumably due to
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genetic differences in red blood cell life span, differences in
red blood cell glycation rates, or other, as of yet undefined,
biologic or genetic factors.'* Of interest, a difference in
HbAlc levels between race/ethnicities exists even among
those in the highest income category.

As shown previously, SH occurs more commonly in older
adults than in younger participants, particularly those with
long duration of T1D. A prior T1D Exchange study demon-
strated that hypoglycemia unawareness is a substantial risk
factor for SH in older adults.'> In an attempt to standardize
self-reporting of SH in a large registry, SH was defined by the
occurrence of seizure or loss of consciousness. Of note, SH risk
was not associated with HbAlc level in contrast to the Dia-
betes Control and Complications Trial, which found a strong
association of lower HbAlc levels with a higher SH risk.'®
However, the risk of DKA was strongly associated with
HbAlc levels, with a substantial increase in DKA risk at
HbAlc levels >9.0% (>75 mmol/mol), presumably represent-
ing more frequent missed insulin doses. As seen previously,
DKA risk was highest in adolescents and young adults.

Perhaps the most notable change in diabetes management
over the 5-7 years of registry data is the substantial increase
in use of CGM in recent years. This increase has been most
prominent in young children, presumably related to the
ability of a parent to monitor the CGM glucose data remotely.
It is noteworthy that there has been minimal adoption of other
mobile medical applications. Pump use has increased mod-
estly over this time period. The benefit of pump use and CGM
use on HbAlc levels is apparent across age groups. Among
CGM users, HbAlc levels were similar whether the partici-
pants were using MDI or an insulin pump, supporting the
finding of clinical trials that have demonstrated benefit of
CGM in MDI users to be comparable with that demonstrated
in pump users.'”'® Pump use was associated with a lower
DKA frequency compared with injection users. Although
this is likely related to differences between pump users and
MDI users rather than the insulin delivery modality, this
finding nevertheless shows no indication that pump use poses
an increased DKA risk. This finding is consistent with that of
the Diabetes-Patienten-Verlaufsdokumentation (DPV) reg-
istry.'” Pump users also had a lower SH frequency than MDI
users. Although CGM users would be expected to have a
lower SH frequency than nonusers, the difference was rela-
tively small, which could be reflecting the possibility that
CGM was prescribed because of frequent SH. SH and DKA
events were collected using different criteria in 2010-2012,
precluding a comparison with the data from the earlier period.
Although use of devices has increased, downloading of de-
vice data with retrospective review of the data as part of
diabetes self-management has not. With recent greater em-
phasis on seamless transmission of data to the cloud and
enhancements in reporting and decision-support tools, the
integration of device data into self-management can be ex-
pected to increase.

Despite the value of the data from the registry, there are
limitations to the interpretation of the results. The registry is
not population based as all participants in the registry are
treated at endocrinology centers that focus on the care of
patients with T1D, nor are all patients at each clinic included
in the registry. Thus, individuals not being seen by an en-
docrinologist are not represented and underinsured/uninsured
individuals are likely underrepresented as well. As a result,
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certain reported frequencies such as use of devices likely are
overestimates. The low proportion of registry participants
meeting ADA HbA 1c targets, particularly in adolescents and
young adults, also is more likely to be an overestimate than
underestimate, indicating that glycemic control in a general
population of youth and adults with T1D may be even worse
than what was found in the registry.

In summary, recent data from the T1D Exchange registry
demonstrate that only a minority of adults and youth with
T1D meet ADA goals for HbAlc. Glycemic control has not
improved overall between 2010-2012 and 2016-2018 and in
fact appears to have worsened particularly in adolescents.
CGM use has substantially increased in recent years and
CGM use is associated with lower HbAlc levels. Racial
disparities remain in use of technology and in glycemic
control. We hope that these data will stimulate further re-
search and efforts to find ways to improve glucose control
and bridge the gap in different racial backgrounds.
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