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OBJECTIVE

To assess the burden of disease for adults with type 1 diabetes in a U.S. electronic
health record database by evaluating acute and microvascular complications
stratified by age and glycemic control.

RESEARCH DESIGN AND METHODS

This is a retrospective observational study of adults with type 1 diabetes (1 July
2014–30 June 2016) classified using a validated algorithm, with disease
duration ‡24 months and, during a 12-month baseline period, not pregnant
and having one or more insulin prescriptions and one or more HbA1c measurements.
Demographic characteristics, acute complications (severe hypoglycemia [SH],
diabetic ketoacidosis [DKA]), and microvascular complications (neuropathy, ne-
phropathy, retinopathy)were stratifiedbyage (18–25, 26–49, 50–64,‡65years) and
glycemic control (HbA1c <7%, 7% to <9%, ‡9%).

RESULTS

Of 31,430 patients, ∼20% had HbA1c <7%. Older patients had lower HbA1c values
than younger patients (P < 0.001). Patients with poor glycemic control had the
highest annual incidence of SH (4.2%, 4.0%, and 8.3%) and DKA (1.3%, 2.8%, and
15.8%) for HbA1c <7%, 7% to <9%, and ‡9% cohorts, respectively (both P < 0.001),
and a higher prevalence of neuropathy and nephropathy (both P < 0.001).

CONCLUSIONS

For adults with type 1 diabetes, glycemic control appears worse than previously
estimated. Rates of all complications increased with increasing HbA1c. Compared
with HbA1c <7%, HbA1c ‡9% was associated with twofold and 12-fold higher
incidences of SH and DKA, respectively. Younger adults had more pronounced
higher risks of SH and DKA associated with poor glycemic control than older adults.
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Poor glycemic control in patients with
type 1 diabetes has been associated with
severe hypoglycemia (SH) and diabetic
ketoacidosis (DKA), complications that
can have burdensome acute effects on
patients, and with chronic complications
that may become debilitating (1). Be-
cause reduction of HbA1c is associated
with a reduced risk of microvascular and
macrovascular complications (2), the
American Diabetes Association (ADA)
recommends a target HbA1c of ,7%
(,53 mmol/mol) for most nonpregnant
adults with type 1 diabetes (3). However,
large observational studies of patients
with type 1 diabetes indicate that, for
many, HbA1c targets are not reached. For
example, a recent analysis of data from
the T1D Exchange clinic registry, which
included 22,697 participants with type 1
diabetes from 82 U.S. pediatric and adult
endocrinology practices, showed that
HbA1c goals set by the ADA are achieved
by only 21%of adults and 17%of children
(4). Further, compared with adult pa-
tients with excellent glycemic control
(HbA1c ,6.5% [,48 mmol/mol]), pa-
tients with poor control (HbA1c .8.5%
[.69 mmol/mol]) had different clinical
and socioeconomic characteristics and
had a lower rate of insulin pump use,
more frequently missed insulin doses,
and less frequently performed self-
monitoring of blood glucose (5).While there
is a growing body of literature describing
HbA1c goal attainment and cardiovas-
cular disease in patients with type 2
diabetes, few large-scale real-world
studies have been conducted in the
type 1 diabetes population.
For identification of and reporting of

the status of adults with type 1 diabetes
in the broader real-world clinical setting,
Optum Humedica electronic health re-
cord (EHR) data were used in the Adult
Type 1 Diabetes Patient Characteristics,
Disease Burden, and Clinical Outcome in
U.S. EHR Database (T1PCO) study. One
T1PCO analysis (6) examined, in detail,
the characteristics of adult patients with
type 1 diabetes during a 12-month base-
line period and assessed the incidences
of SH and DKA and the prevalence of
microvascular complications. Glycemic
control was suboptimal (HbA1c $7%) in
80% of the adult patients with type 1
diabetes in the T1PCO study, and only
59% had an endocrinologist at baseline
(compared with 100% in the T1D Ex-
change registry). The analysis showed

that patients with suboptimal control
were more likely to experience SH,
DKA, or neuropathy and to incur more
frequent inpatient and emergency de-
partment visits than were patients with
good glycemic control. Moreover, pa-
tients with suboptimal glycemic control
were more likely to experience various
comorbidities, including hypertension,
hyperlipidemia, and depression, than
were patients with good glycemic
control.

In the present analysis, baseline data
from the T1PCO study were examined to
explore relations between glycemic con-
trol, age, and diabetes complications by
evaluation of the incidences of acute
complications and the prevalence of
microvascular complications in the con-
text of age-group (18–25, 26–49, 50–64,
and $65 years) and baseline glycemic
control (HbA1c ,7% [,53 mmol/mol],
7% to ,9% [53 to ,75 mmol/mol],
and $9% [$75 mmol/mol]).

RESEARCH DESIGN AND METHODS

Data Source
The studywas conductedusingdata from
the Optum Humedica EHR database (7),
which has been used to measure clinical
outcomes in type 1 diabetes by the In-
stitute for Clinical Research and Health
Policy Studies at Tufts Medical Center
and others (8). Data on ;80 million
patients were available from records
made between 1 July 2007 and 30
June 2017, by .140,000 physicians at
.700 hospitals and 7,000 clinics in all
census regions of the U.S., and included
EHR data from .80 integrated delivery
systems (7). All patient records were
deidentified.

Study Population
Patients who had a type 1 diabetes di-
agnosis, as specified below, between
1 July 2014 and 30 June 2016, were
included in the study. The index date
was defined as the date of the first
occurrence of a “type 1 diabetes” or
“unspecified diabetes” code within the
identification period, and the baseline
periodbegan12monthsbefore the index
date. Patients were followed for up to
12 months, until the first occurrence of
the end of activity in the EHR (last
encounter), death, or 12 months after
the index date.

Inclusion criteria were age$18 years,
type 1 diabetes as defined by the

Klompas algorithm (9) (Supplementary
Table 1), type 1 diabetes duration $24
months in the EHR database, having one
or more insulin prescriptions during the
baseline period, and having one or more
HbA1cmeasurementsduring thebaseline
period. Exclusion criteria were type 2
diabetes, having no sex recorded, and/
or being pregnant during the baseline
period.

Patient Characteristics and Outcomes
All measurements weremade during the
baseline period. Patient characteristics
ascertained include age, race, BMI, sys-
tolic blood pressure (SBP), and estimated
glomerular filtration rate (eGFR). BMI
andSBPvaluesusedwere those recorded
closest to the index date, whereas the
eGFR used was the average of all eGFRs
recorded during the baseline period. For
HbA1c, themeasurement usedwasmade
closest to the index date.

History of Clinical Outcomes

Acute complications included SH, of
which an event was defined either as
an ICD-9 or an ICD-10 diagnosis code for
hypoglycemia reported upon inpatient
admission or at an emergency room (ER)
visit as theprimaryordischargediagnosis
or as a laboratory test result of plasma
glucose ,70 mg/dL (,3.9 mmol/L) and
inpatient admission or an ER visit on the
same date, and DKA was defined as the
presence of an ICD-9 or ICD-10 diagnosis
code at any point in the inpatient setting.
Microvascular complications, which in-
cluded neuropathy, nephropathy, and
retinopathy, were defined using diagno-
sis codes (see Supplementary Table 2 for
details, including diagnosis codes).

Statistical Analyses
The proportion of patients having HbA1c
,7% was reported overall and stratified
by a number of key metrics (age-group,
race, BMI, SBP, and eGFR). Locally
weighted scatterplot smoothing (LOESS)
curves with CI bands were produced to
compare mean baseline HbA1c estimates
by age in the T1PCO study with those in
the T1D Exchange clinic registry (10).

The incidences of SH and DKA and
prevalence of microvascular complica-
tions were determined during the base-
line period at each baseline HbA1c range
(,7%, 7% to ,9%, $9%), overall and
stratified by age (18–25, 26–49, 50–
64, $65 years). Relative rates (RRs)
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and CIs were calculated for highest and
lowest HbA1c groups ($9% vs. ,7%)
within age-groups. F tests were con-
ducted to test for effects of interaction
between age and glycemic control on SH
and DKA incidences. Also determined
were the incidences of SH and DKA within
narrower baseline HbA1c categories
(#6% to .13% at 0.5% intervals).

RESULTS

Patient Selection
In total, 430,335 patients were identified
with a type 1 or unspecified diabetes
diagnosis during the identification period
and selected for potential inclusion in the
study.Of those, 31,430were identifiedas
having type 1 diabetes by the Klompas
algorithm, met the inclusion criteria, and
had none of the exclusion criteria (9).
Selection and sample attrition are re-
ported in Supplementary Fig. 1.
Of the final sample of patients, 16%,

40%, 29%, and 15% were aged 18–25, 26–
49, 50–64, and $65 years, respectively;
7%were African American and 88%were
Caucasian. Themajority of patients (58%)
had commercial insurance, 16% had
Medicare, 8% had Medicaid, and 19%
were uninsured. Among patients with
known BMI, 33% were categorized as
having normal weight (BMI,25 kg/m2),
35% were overweight (BMI 25 to ,30
kg/m2), and 33%were obese or severely
obese (BMI $30 kg/m2). Detailed de-
mographic information is reported in
Supplementary Table 3. Most patients
were in the East North Central U.S.
census division (35%), 26% in the South
Atlantic/West South Central division, and
17% in the West North Central division.
Geographic information is reported in
Supplementary Table 3.

Baseline Goal Attainment by
Demographic Characteristics
Figure 1 shows the proportions of pa-
tients with HbA1c,7% by different base-
line characteristics. Of the 31,430
patients in the study, only 20% had an
HbA1c ,7%. The percentage of patients
with HbA1c ,7% increased substantially
with age-group, from 12% of patients
aged 18–25 years to 29% of patients
aged $65 years. Mean HbA1c of the
studypopulationwas 8.3%and decreased
monotonically with age: mean HbA1c was
highest (9.4%) in patients aged 18 years
and lowest (7.6%) in those aged 80 years.
To compare our results with those of the

T1D Exchange clinic registry, we cal-
culated a LOESS curve for HbA1c by age
and overlaid the result on a similar curve
produced by Miller et al. (10) in Fig. 2.
Notably, patients in the T1PCO study
had a higher mean HbA1c at each age.
For example, mean HbA1c values for
patients in the T1PCO study versus those
in the study by Miller et al. were, re-
spectively, 9.4% vs. 8.8% at age 20 years,
8.3% vs. 7.6% at age 40 years, and 7.8%
vs. 7.5% at age 65 years.

A smaller proportion of African Amer-
ican than Caucasian patients had
HbA1c,7% (15% vs. 21%), and a smaller
proportion of obese than normal-weight
patients had HbA1c ,7% (18% vs. 21%)
(Fig. 1). The percentage of patients with
HbA1c ,7% and commercial insurance
was approximately the same as the per-
centage with HbA1c ,7% in the total
population (20%), whereas a higher per-
centage (26%)hadHbA1c,7%andMedi-
care and a smaller percentage (12%) had
HbA1c ,7% and Medicaid.

Incidences of SH and DKA Per Year by
Age and Glycemic Control
Figures 3 and 4 show the results of
incidences of SH and DKA, respectively,
stratified by HbA1c category (with a 0.5
incremental interval [Figs. 3A and 4A])
and by age-group/glycemic control (Figs.
3B and 4B) during the 12-month baseline
period. The incidence of SH (per year,
during the 12-month baseline period) in
patients with HbA1c #6% or.6% to 6.5%
(6.9% and 4.0%, respectively) was higher
than that in patients with HbA1c .6.5%
to 7% (3.3%) (Fig. 3A). For patients with
HbA1c .7%, the incidence of SH (per
year) increased to 13.5% in those with
HbA1c .13%. The impact of poor glyce-
mic control on SH incidence was more
pronounced among younger patients, as
the RRs of SH by poor versus good
glycemic control (HbA1c $9% vs. ,7%)
were higher for the youngest patients
(RR 3.7) than for older patients (RR 2.2
for patients aged 26 to 49 years, 1.5 for
patients aged 50 to 64 years, and 1.6 for
patients aged$65 years, all P, 0.05; P
for interaction ,0.001) (Fig. 3B).

The incidence of DKA (per year) in-
creased with worsening control from
1.0% in patients with HbA1c #6.0 to
34.0% in patients with HbA1c .13%
(Fig. 4A). Above an HbA1c of ;9.5%,
incidence of DKA appears to increase
dramatically. As for SH, the impact of

poor glycemic control on DKA incidence
was more pronounced among younger
patients, as the RRs of DKA by poor versus
good glycemic control (HbA1c $9%
vs. ,7%) were higher for the youngest
patients (RR 12.7) than for older patients
(RR 11.9 for patients aged 26 to 49 years,
6.2 for patients aged 50 to 64 years, and
6.1forthoseaged$65 years, all P,0.01;
P for interaction ,0.001) (Fig. 4B).

Prevalence of Microvascular
Complications by Age and Glycemic
Control
Patients with HbA1c $9% vs.,7% had a
greater prevalence of neuropathy overall
(13% vs. 9%; P, 0.001) and in each age-
group (P, 0.05 for RRs in all age-groups)
(Supplementary Fig. 2A). Patients with
HbA1c $9% vs. ,7% also had a greater
prevalence of nephropathy overall (11%
vs. 9%; P, 0.001) and in each age-group
(P , 0.05 for RRs in all age-groups)
(Supplementary Fig. 2B). The prevalence
of retinopathy was similar across HbA1c
groups in patients aged 18–25 years
(P . 0.20) and increased monotonically
with HbA1c in patients aged 26–49 years
or 50–64 years (all P, 0.05). In the$65
years age-group, only patients with
HbA1c 7% to ,9% had a significantly
higher prevalence of retinopathy than
those with HbA1c ,7% (P 5 0.01).

CONCLUSIONS

Toour knowledge, the T1PCOstudy is the
largest study to date to evaluate the
burden of illness for U.S. adults with
type 1 diabetes using EHR data from
real-world clinical practice. The current
study showed that optimal glycemic con-
trol is not achieved in the vastmajority of
adults with type 1 diabetes. Those with
suboptimal glycemic control have a sig-
nificant burden of illness, both acute and
chronic. Younger adults with suboptimal
glycemic control appear to be at greater
riskof acuteand chronicdiabetes-related
complications than older adults with
comparable glycemic control.

Notably, the T1PCO study cohort may
be more representative than other co-
horts of “real-world” adult patients with
type 1 diabetes: only 59% of patients in
this cohort were seen by an endocrinol-
ogist in 1 year, whereas 100% of patients
in the T1D Exchange clinic registry were
managed by specialists (4). Involvement
in a prospective study such as the T1D
Exchange clinic registry may come with
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greater frequency of care and benefits,
similar to those typically seen in clinical
trials. Our population is, in contrast, more
representative in age of the general adult
population with type 1 diabetes in the
U.S., and our findings may better repre-
sent the current standard of care for
adults with type 1 diabetes. In our study,
100% of the reported subjects were
adults and 15% were aged $65 years.
In contrast, in the T1D Exchange clinic
registry, roughly 40% of patients were
adults, of whom only 3% were aged.65
years (11). Finally, our cohort included
subjects from all over the U.S.das op-
posed to those living within driving dis-
tance of the institutions involved in the
T1D Exchange registry.

Baseline Goal Attainment by
Demographic Characteristics
Suboptimal glycemic control (HbA1c

$7%) was more common in younger
patients (discussed further below), pa-
tients identifying as African American,
obese patients, and patients using Med-
icaid. Although previous research on
socioeconomic disparities in HbA1c

goal achievement has primarily fo-
cused on youth, findings from the
T1D Exchange clinic registry corroborate
the current findings that suboptimal

glycemic control is more common in
adults identifying as African American
or using noncommercial insurance (5).
Because previous research indicates that
diabetes interventions targeting African
Americans may improve quality of care
and that socioeconomic status is an in-
dependent risk factor for type 1 diabetes
complications, the disparities observed
here are particularly notable (12,13).

Normal weight and overweight pa-
tients (BMI,30 kg/m2) were more likely
than obese patients (BMI$30 kg/m2) to
have an HbA1c ,7%. Although the per-
centage of patients who were obese
(33%) was larger than in the T1D Ex-
change registry (26%) (5), the finding
that BMI correlates with HbA1c goal
corroborates findings from the T1D Ex-
change registry, which showed that pa-
tients in the “excellent” glycemic control
group (HbA1c ,6.5%) were substantially
more likely to be normal weight or un-
derweight (BMI ,25 kg/m2) than to be
obese (BMI $30 kg/m2) (48% vs. 16%,
respectively) (5).However, T1DExchange
clinic registry data on patients with “fair
or poor” glycemic control (HbA1c$8.5%)
did not show any meaningful difference
in theproportions of patients in eachBMI
group. Because the current study and the
T1D Exchange study used the same HbA1c

thresholds for all patients, regardless of
personal HbA1c targets, further research
is necessary to describe the association
between glycemic control and BMI in
type 1 diabetes.

Baseline Glycemic Control by Age
Younger patients (aged 18–25 years) had
thehighestHbA1c level onaverage; asage
increased, HbA1c level decreased. Con-
sequently, the percentage of patients
having HbA1c ,7% increased with age.
These results suggest that stratifying
patients by age, as done in this study,
is indeed appropriate and informative
because comparisons made strictly on
the basis of HbA1c control may be con-
founded by age.

Corroborating the current study find-
ings, the T1D Exchange data show a
similar trend of increasing HbA1c goal
attainment with age (10). In particular,
HbA1c was highest in 19-year-old patients
and declined with age to#7.5% in$65-
year-old patients. This difference is sim-
ilar to that observed in the current study:
9.4% among 20-year-old patients and
7.8% among 65-year-old patients
(mean difference 1.6%). However,
mean HbA1c estimates in the T1D Ex-
change study are lower than our esti-
mates across all age-groups, and the gap

Figure1—Proportionof adultswith type1diabetes andHbA1c,7%, stratifiedbybaseline characteristics.Overall,n531,430.Age-groups: 18–25years,
n5 4,913; 26–49 years, n5 12,724; 50–64 years, n5 9,040;$65 years, n5 4,753. Race: African American, n5 2,214; Caucasian, n5 27,697; all other
or unknown,n51,519.BMI:,25 kg/m2,n510,036;,30kg/m2,n510,624;$30kg/m2,n59,984;nomeasurement,n5786. SBP:,130mmHg,n5
20,235;$130 mmHg, n5 10,580; unknown, n5 615. eGFR:$90 mL/min/1.73 m2, n5 14,398; 60–89 mL/min/1.73 m2, n5 8,468; 30–59 mL/min/
1.73 m2, n 5 3,225; ,30 mL/min/1.73 m2, n 5 997; no measurement, n 5 4,342. Insurance type: commercial, n 5 18,056; Medicare, n 5 4,940;
Medicaid, n 5 2,387; other, uninsured, or unknown, n 5 6,047. HbA1c goal attainment was calculated as the percentage of the overall n for each
category.
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seems larger in the 26–50 years age-
group. This discrepancy may be due to
differences in the patient populations of
the two studies. Indeed, although the
presentanalysis sampledabroader “real-
world” adult population with type 1 di-
abetes, the T1D Exchange study included
patients who may have received overall
better care and support for their dis-
ease. Regardless of age, however, a sub-
stantial proportion of patients did not
have optimal glycemic control in either
study.

SH and DKA at Baseline by Age and
Glycemic Control
Althoughpoorglycemic controlwas com-
mon across groups, it was associated
with a higher incidence of SH, an asso-
ciation that, to our knowledge, has not
been reported in a large-scale study of
type 1 diabetes. In particular, although
we found a higher incidence of SH in

patients with HbA1c ,6.5% than in pa-
tients with HbA1c .6.5% to 7%, patients
with higher HbA1c levels had an even
greater incidence of SH than patients
with HbA1c,6.5%. Though perhaps con-
trary to the conventional belief that
hypoglycemia events occur, in general,
as a result of strict glycemic control, our
conjecture is that poor glycemic con-
trol may lead to greater variability in
glucose levels and, therefore, a greater
number of hypoglycemia events. The
prospect of experiencing hypoglycemia
events may also deter some patients
from striving to achieve optimal HbA1c
control. Further investigation is there-
fore warranted.

Liu et al. (14) found that, during a
5-year period, 9% of patients with type 1
diabeteswere admitted to the ER and 4%
were hospitalized for SH. During a sub-
stantially shorter period (1 year), we
found that 5% of patients had an SH

event (ER and inpatient events were
pooled). Therefore, hypoglycemia rates
may have been underestimated in our
study. In contrast to these findings, the
T1DExchange study foundnoassociation
between glycemic control and SH (5). It
should be noted, however, that the cur-
rent study only included SH events that
were associated with ER visits or hos-
pitalizations. In contrast, the T1D Ex-
change study included episodes without
ER visits or hospitalizations. This may
have contributed to differences in in-
cidence estimates between the two
studies. In particular, this may have
led to underreporting of SH in the
current study.

We found that increasingly poor gly-
cemic control is associated with a larger
increase in DKA incidence in young pa-
tients than in older patients. Overall, and
within age-groups, the incidence of DKA
increased with increasing HbA1c, with
HbA1c 9.5% being a threshold above
which DKA incidence increased mark-
edly. These findings underscore the
importance of patient-physician discus-
sions about optimization of insulin
therapy, including whether to add ther-
apeutic agents. Indeed, we found that
patients with high HbA1c levels have a
profoundly high risk of DKA, such that
one in three patients with HbA1c $13%
had a DKA episode per year.

Similar to our results, those reported
from the T1D Exchange study showed
that DKA is more common in patients
with suboptimal glycemic control than in
those with optimal glycemic control (4).
Indeed, although one or more DKA
events occurred in 0.7% of patients
per year with HbA1c ,8% in the T1D
Exchange study and in 1% of patients per
year with HbA1c ,7% in our study, the
incidence of DKA increases with HbA1c,
and one or more DKA events occurred per
year in 7% of patients with HbA1c$9% in
the T1D Exchange study and in 16% of
patients per year with HbA1c$9% in our
study.

Notably, T1D Exchange data show that
DKA events are more likely in younger
patients than in older patients and peak
at an incidence of 4% per year in the 13–
17 and 18–25 years age-groups (com-
pared with #2% per year in the other
age-groups). With this taken with our
findings that younger patients with poor
glycemic control are particularly ad-
versely affected by DKA, we highlight

Figure 2—Mean HbA1c stratified by age: a comparison of T1D Exchange and T1PCO data. For the
T1D Exchange data set, the average HbA1c for each year of age was plotted using the most recent
value available for each of the 16,057 participants with a recent update. Participants,4 years old
were groupedat age4, andparticipants.75 years oldwere groupedat age 75. For the T1PCOdata
set, the average HbA1c for each year of agewas plotted using themost recent value available from
a random sample of 16,000 participants. Participants.85 years old were grouped at age 85. The
lineswereestimatedusing LOESS, a nonparametricmethod for estimating the regressionequation
that fits a smoothing parameter. Circles represent the mean HbA1c for each year of age. The gray
shaded area represents the 95% CI around the smoothed LOESS line.
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the need to better understand the role
of age in type 1 diabetes interventions.

Microvascular Complications by Age
and Glycemic Control
We found that patients with HbA1c$9%
have higher prevalence (and RRs) of
neuropathy and prevalence of nephrop-
athy thanpatientswithHbA1c,7%,over-
all and within each age-group. Generally,
our results corroborate findings from
the Diabetes Control and Complications
Trial, in which suboptimal glycemic con-
trol was associated with increased risks
of neuropathy and nephropathy (15).
The association between poor glycemic
control and prevalence of retinopathy
was not consistent overall or within age-
groups in our study. We used EHR data
to detect specific microvascular compli-
cations and classified a patient as having

had a complication only if diagnostic
codes had been recorded for that patient
during the baseline period (12 months).
This duration may not have been ad-
equate to allow detection of the true
prevalence of retinopathy in the study
population. Indeed, the T1D Exchange
study, which used medical chart re-
views to determine whether patients
had ever been treated for retinopathy,
showed a clear association between
poor glycemic control and prevalence
of retinopathy (11).

Potential Ways to Improve HbA1c

Control
On average, HbA1c in the current study
stratified by age was 0.3–0.5% higher
than that in the T1D Exchange study; how-
ever, in terms of achievement of HbA1c 7%,
the percentage was similar (20% in the

T1PCO study and 23% in adults from the
T1D Exchange study) (11). Reasons for poor
HbA1c control are likely multifactorial and
include issues with access to specialist care,
insurance coverage, limited use of technol-
ogy and newer insulins, problems with
adherence and persistence with medical
regimens, and psychological issues
such as depression. In the current
study, 40% of patients did not have
an endocrinologist encounter during
the 12-month baseline period, imply-
ing that diabetes management was often
provided by primary care physicians. It
would, therefore, be beneficial to pro-
vide further training and support to
primary care physicians for the manage-
ment of patients with type 1 diabetes.
Withoptimized insulin treatmentand the
introduction of continuous glucose mon-
itoring and insulin pumps (4), we could
see improved management and clinical
outcomes (including glucose variabil-
ity) in the adult population with
type 1 diabetes.

Limitations
Coding algorithms were used to identify
the study population. Although a validated
algorithm was used to identify a diagnosis
of type 1 diabetes (9), misclassification may
have occurred, and a study to validate the
data source’s coding was not conducted.
Hypoglycemia (any or severe) is typically
underreported in claims and EHRs, and
the true incidence of hypoglycemia, es-
pecially in the population with type 1
diabetes, could be much higher than
that captured using ICD codes or plasma
glucose values. Furthermore, hypoglyce-
mia was defined using both ICD codes and
laboratory tests, andhypoglycemiaevents
identified by laboratory tests may be
secondary to treatment rather than pri-
mary hypoglycemia events. While there
may be racial differences in the relationship
between serum glucose and HbA1c (16),
race was not controlled in the statistical
models. Further, while HbA1c should po-
tentially be interpreted differently for in-
dividuals with substantially impaired renal
function, differences in renal function were
not adjusted for in the statistical models.
Although EHR data have great depth, they
provide information only about care that
was given by providers that contribute to
the database.Medication use is particularly
difficult to assess from EHR data because
only prescription orders from the pro-
vider are available. Use of ICD codes to

Figure3—SHduring the12-monthbaselineperiod.A: StratifiedbyHbA1c category.Totalnumberof
patients: 31,430. The incremental interval between each HbA1c category was 0.5; each category
had an open lower bound and a closed upper bound, e.g., category of HbA1c 6.5% included patients
with HbA1c.6% and patients with HbA1c#6.5%. B: Stratified by age-group and glycemic control.
The values beneath each set of bars show the RRs of SH among those with HbA1c $9% vs.,7%
within each age category. Overall, in the HbA1c,7%, 7% to,9%, and$9% groups, respectively,
n5 6,331, 16,539, and 8,560. Age-group 18–25 years, n5 570, 2,072, and 2,262; 26–59 years, n5
2,406, 6,604, and3,714; 60–64years,n51,952, 5,153, and1,935;$65years,n51,394, 2,710, and
649. *RR for HbA1c $9% vs. ,7%. †P , 0.05.
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identify microvascular complications
may lead to underestimation of the
prevalence of this complication, partic-
ularly retinopathy, in the adult popula-
tion with type 1 diabetes because many
ophthalmology practices do not inte-
grate their EHRs into the larger inte-
grated delivery system. While ICD
codes allowed for robust measurement
of whether complication events occurred
or medical care was given for particular
conditions, the severity of the events or
conditions was not measured. Insulin
pump use and continuous glucose mon-
itoring data are also not robustly cap-
tured in the EHR and are therefore not
reported; we intend to explore the use of
thesemodalities in subsequent analyses.
The LOESS curves (see RESEARCH DESIGN

ANDMETHODS) comparing T1DExchangedata
with our datawere created using a random
sample of only 16,000 patients in the

T1PCO study because of computation
limits of the algorithm. We did not
have estimates for the duration of di-
abetes and instead used age as a proxy.
The ADA-recommended HbA1c cutoff
value of 7.0% was used to classify control
and suboptimal control and applied to
all patients regardless of individual
goals. Estimates are based on univari-
able analyses and not adjusted for po-
tential confounding factors. This study
is observational, which means that
although associations can be identi-
fied and described, causality cannot
be established.

In conclusion, this real-world study of
31,430 patients with type 1 diabetes rep-
resents the largest study to date to describe
the adult population with type 1 diabetes.
Our findings from this population may
paint a more “real-world” picture of the
management of type 1 diabetes in adult

patients. Nearly 40% of patients had not
seen an endocrinologist during the base-
line period, exemplifying the need to
educate primary care physicians, who
may be the point of care for these
patients. Suboptimal control was associ-
ated with patients identifying as African
American, patients having higher BMI or
higher eGFR, and patients with Medicaid
insurance. Individuals with HbA1c $9%
had a twofold risk of SH and a 12-fold
greater incidence of DKA than those
with HbA1c ,7%. These data suggest
that in adults with type 1 diabetes, gly-
cemic control is worse than previously
estimated and rates of both acute and
chronic complications increase with in-
creasing HbA1c.
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