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Objective: The aim is to describe the characteristics of people with type 1 diabetes who are meeting all seven
glycemic targets set by international consensus.

Research Design & Methods: We analyzed continuous glucose monitoring (CGM) data from 497 participants
(aged 18-70 yrs). Time-in-range, time above and below range, co-efficient of variability, and glucose manage-
ment indicator (GMI) were combined with demographic data, insulin delivery, and exercise.

ﬁfﬂoms‘ Results: While 68% of participants achieved a GMI below 7% (53 mmol/mol), 39% met all seven glycemic tar-
Self-management gets. Older people and those of White ethnicity were more likely to meet these targets. Men and women
CGM were equally likely to meet all targets, although men were more likely to experience hypoglycemia while
Hybrid closed loop women were more likely to experience hyperglycemia. Hybrid-closed loop (HCL) system users were more
Age likely to meet all targets than people using a standard pump or multiple daily injections.

Inequality Conclusions: Only 56% of those with a GMI below 7% (53 mmol/mol) met all seven targets, illustrating how

glycemic management involves more than GMI/HbA. lowering alone, which has implications for estimates
of optimally managed participants in the wider population of people with type 1 diabetes. Demographic
inequalities were prevalent. Using a HCL system clearly facilitated the achievement of glycemic targets.

© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

The importance of glycemic management of type 1 diabetes has
been shown beyond doubt by the Diabetes Control and Complica-
tions Trial (DCCT) and the Epidemiology of Diabetes Interventions
and Complications (EDIC) follow-up study [1,2]. The results have
informed international recommendations that an HbA;. goal of
< 7.0% (53 mmol/mol) is appropriate for most adults with type 1 dia-
betes as long as this can be achieved without significant hypoglyce-
mia. However, current recommendations go beyond HbA;. The
American Diabetes Association (ADA) and European Association for
the Study of Diabetes (EASD) consensus report on the management
of type 1 diabetes recommended seven glycemic targets [3] (Table 1).

Previous reports on glycemic management have focused on HbA;.
[4,5]. The current study characterizes how often people with diabetes
meet all recommended glycemic targets combined. We define optimal
management as meeting these seven targets. This type of characteriza-
tion has become practically attainable due to the wide availability of
continuous glucose monitoring (CGM). The use of CGMs is now consid-
ered the standard of care for most adults with type 1 diabetes. These

Abbreviations: CGM, Continuous Glucose Monitoring; eAG, estimated Average Glu-
cose; GMI, Glucose Management Indicator; HCL, Hybrid Closed Loop; MDI, Multiple
Daily Injections; TIR, Time in range
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devices measure interstitial glucose to estimate plasma glucose. Met-
rics including average glucose, time in range (TIR), as well as time
above and below range and glucose variability can be derived from the
interstitial glucose data. The GMI is calculated from the average sensor
glucose over the preceding 14 days and provides an approximation of
a laboratory-measured HbA;. [5] although it may be higher or lower
than the actual HbA, for some individuals [6].

Achieving even some of these targets is difficult for many people
with type 1 diabetes under normal daily living conditions. Recent
research showed that only 21% of adults with type 1 diabetes had an
HbA,. below the recommended 7% (53 mmol/mol) [7] with similar
numbers found internationally [5]. These numbers are likely to
improve with the introduction of improved diabetes technology and
novel insulin types. Therefore, it is important to know what percent-
age of people with diabetes are currently able to achieve the recom-
mended ADA/EASD glycemic targets under daily life conditions and
what sets them apart from those who do not. It is also of interest to
know what percentage of people with diabetes are optimally man-
aged rather than only achieving the HbA, target.

In the current study, we use data collected in the T1DEXI program,
which was conducted in the US by the Jaeb Center for Health Research.
Participants with type 1 diabetes recorded CGM data as well as insulin
dosages, food, and exercise data for up to four weeks. We focus on
those participants who met all seven ADA/EASD glycemic targets [3],
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Table 1

Seven glycemic targets for most adults with type 1 diabetes as defined in the
ADA/EASD Consensus report for the management of type 1 diabetes in adults
3).

GMI < 7% (53 mmol/mol)

>70% of data were between 70-180 mg/dL,

less than 4% of data were < 70 mg/dL,

less than 1% of data were < 54 mg/dL,

less than 25% of data were > 180 mg/dL,

less than 5% of data were > 250 mg/dL, and

glucose variability (expressed as coefficient of variance) was <36%.

N U W=

that is, participants who were optimally managed. Our main research
questions were what percentage of the participants were optimally
managed and the demographic characteristics and insulin delivery
method of those with optimal diabetes management.

Research design and methods

Design: The T1DEXI program is an experimental cross-sectional
study of people with type 1 diabetes living in the US. We analyzed
data which were collected between December 2018 and July 2021.
Data were provided by the Helmsley Trust and Jaeb foundation via the
Vivli center for global clinical research data. Participants were ran-
domly assigned to one of three different exercise programs, namely
aerobic, high-intensity interval, or resistance training. There were no
major differences in the effect of these three types of training [8]. In
this study, we included the average daily time spent on any time of
recorded exercise as a control variable in some of our analyses.

Participants

The T1DEXI program included 502 participants aged 18-70 years
of whom 497 had up to 28 days of CGM data. The clinical characteris-
tics are shown in Table 2. Participants used a variety of basal insulin
(brand names Tresiba, Lantus, Toujeo, Levemir, or Basaglar) and fast
acting insulin (brand names Humalog, Fiasp, Novorapid, Apidra,
Lyumjev, or Admelog).

Procedure: The T1Dexi program followed adult participants for up
to 28 days. Among other things, CGM data, exercise data, and insulin
doses were electronically recorded. All participants used a Dexcom G6
CGM device, which records interstitial glucose every five minutes and
sends data via BlueTooth to a receiver (Dexcom G6 receiver or mobile
phone), which in turn sends data to the Dexcom Clarity web site for

Table 2
Clinical characteristics of participants. Data are mean =+ standard devi-
ation or percentage.

Total number of participants 497
Age (years) 37+14
Sex
Men 134 (27%)
Women 383(73%)
Race
White 454 (91%)
Black/African American 10(2%)
Asian 10(2%)
American Indian or Alaska Native 2 (<1%)
Multiple 8(2%)
Not reported or unknown 13(3%)
Body mass index (kg/m?) 254+ 4.1

Duration of diabetes 18 £ 13 years

HbA; 7%+1% (49+8mmol/mol)
Insulin delivery
Multiple Daily Injection 18%

Insulin pumps without HCL system  38%
HCL system 45%

Diabetes Epidemiology and Management 12 (2023) 100153

storage. Participants recorded start and stop time of exercise on their
dedicated T1DEXI cellphone app. Insulin delivery was recorded either
in the app or electronically via a smart pen or insulin pump.

Measurements: In our study, we used demographic data (age, sex,
race, education, and income), body mass index, CGM data, insulin
dosages, insulin delivery and exercise data.

Data analysis: CGM data were available for 497 participants. On
average, participants had 7,852 CGM data points (roughly corre-
sponding to one interstitial glucose measure estimate of blood glu-
cose every 5 minutes). We defined optimal glycaemic management if
all of the following seven of the ADA/EASD criteria [3] were met as
described in Table 1. Because manually recorded insulin doses were
not always reliably entered by participants, we only report total insu-
lin for those using a standard pump or HCL which recorded insulin
dosages electronically (Table 3).

We used the statistical software R [9] for all data analyses. For
analysis of variance (ANOVA), we used the R package eZ. We used x2
tests for comparing percentages of participants meeting glycemic cri-
teria. For each participant, we calculated the mean daily duration in
minutes spent on any type of exercise (including experimentally
assigned exercise and voluntarily chosen exercise).

Results
Glycemic profiles

The average estimated average glucose (eAG) (£SD) of the 497
participants during the sampling period was 147426 mg/dL (ranging
from 94 to 258 mg/dL); this corresponds to a mean GMI of 6.8 & 0.9%
(51 + 9 mmol/mol).

Table 3

Clinical characteristics of those who met or did not meet all 7 targets. P values refer to
statistical comparisons between those who met all 7 targets and those who did not.
Data are mean =+ standard deviation, except for age.

Met all 7 targets Did not meet 7 P value
targets
Number 196 (39%) 301 (61%) P<0.01
Age (years) 37 (IQR=23.2) 31 (IQrR=18) P<0.01
Sex
Men 43% 57% P=0.02
Women 38% 62% P<0.01
Estimated average 134+11 155429 P<0.01
glucose
Glucose Manage- 6.3+0.38% 7.0+1.0% P<0.01
ment Indicator
Ethnicity
White 42% 52% P<0.01
Black/African 0% 100% P<0.01
American
Asian 30% 70% P=0.18
American Indian 0% 100% P=0.32
or Alaska Native
Multiple 13% 87% P=0.01
Body mass index 25.1+4.1 25.6+4.1 P=0.268
(kg/m?)
Duration of diabetes 19 18 P=0.432
HbA;. 6.4% (46+6) mmol/mol)  6.8% (51+9 mmol/ P<0.01
mol)
Insulin delivery
Multiple Daily 28% 72% P<0.01
Injection
Standard insulin 25% 75% P<0.01
pump
Hybrid closed 56% 44% P=0.01
loop system
Average total daily ~ 0.53+0.18 0.62 +£0.21 P<0.01
insulin dose (units
per kg)
Proportion of basal 51 £11% 51 +13% P=0.82
Insulin
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Table 4
Percentages of participants meeting individual glycemic targets from consensus report
(3). Percentages of men and women were compared with x? tests.

Total Men Women Difference

All 7 glycemic targets met 39%  43% 38%
1) Glucose Management Indicator 70%  84% 65%
<7%

x2=0.57, P=0.45
x2=15.2, P<0.01

2) Time in range (70-180 mg/dL) 68% 80% 64% Xx*=10.7, P<0.01
3) Hypo 1,2 measures (<70 mg/dL) 74%  63% 78% Xx%=9.57, P<0.01
4) Hypo 2 measures (<54 mg/dL) 82% 80% 83% Xx>=0.66, P=0.42
5) Hyper 1,2 measures (>180 mg/dL) 63%  76% 58% Xx?=12.46, P<0.01
6) Hyper 2 measures (>250 mg/dL) 65% 77% 61% Xx*=10.67, P<0.01
7) Coefficient of variance < 36% 70%  75% 68% Xx°=1.68, P=0.17

39% of participants met all seven glycemic targets (Table 2). The
individual targets are, by definition, strongly related to one another.
The TIR, for example, is highly correlated with GMI (r = -0.93,
P<0.01). Even so, participants were far less likely to achieve all seven
targets than the most commonly used targets of glycemic (HbA;.
/GMI and TIR). Of the people who met the GMI target alone, 56% met
all seven targets.

Participants identifying as White were more likely than those not
identifying as White to achieve all seven targets (42% vs 13%, x?=8.4,
P<0.01). Using a binomial regression model, we found that the effect
of race on being optimally managed is still found after adjustment for
levels of income, education, time spent on exercise, body mass index,
and access to a hybrid closed loop system (P=0.03).

Although there was no difference between the percentages of
men and women meeting all seven targets, there were differences in
their time in range indicators and average blood glucose (Table 4).
These findings correspond to the observation that the eAG of women
(150426 mg/dL) was 12 mg/dL higher than that of men (P<0.01).
While women experienced more hyperglycemia, men experienced
more hypoglycemia; these two indicators canceled each other out in
regard to meeting all seven targets.

We analyzed whether the menstrual cycle could explain the sex
difference in time in range, but a 2 x 2 ANOVA with the factors age
(below 40 or above 60 years old) and sex revealed no interaction
between age and sex (F<0.01, P=0.99).

Conclusions

We found that nearly 4 in 10 of all participants met all seven tar-
gets (i.e., optimally managed type 1 diabetes), even though the major-
ity achieved the time-in-range or GMI targets. White participants
were more likely to achieve all targets than people of other ethnicity.
Further, we found that the majority of those using a HCL system were
achieving all seven targets. While there were no differences between
the percentages of men and women achieving all targets, women
spent more time above range and men more time below range. This
latter effect could not be explained by women'’s age.

One of the implications of our study is that meeting all targets (i.e.,
optimal management) is considerably more difficult than meeting an
HbA,./GMI<7% or a time-in-range over 70% alone. Our data suggest
that optimal management as recommended in the ADA/EASD con-
sensus report [3] will be nearly half as low as estimates based on
HbA,. alone. This has implications for interpreting another large and
potentially more representative data set of people with type 1,
namely the T1D exchange data [7]. If we apply our finding in regard
to the relation between achieving the GMI target alone and achieving
all seven targets, only around one in ten of people with type 1 diabe-
tes in that sample would be optimally managed.

Our findings reflect ethnic health inequalities seen in other stud-
ies [7,10,11]. Our findings expand these previous observations by
showing that the gap between White and non-White participants
could not be explained by controlling for the use of a HCL, income,
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education, body mass index, or time spent on exercise. Our study sug-
gests that because a range of socioeconomic, health, and treatment
factors cannot fully explain the differences, a closer look at biological
and psycho-social variables is necessary.

The success of HCL has been clearly shown elsewhere [7,12],
including in randomly controlled studies [13]. However, the uptake
of HCL among adult people with type 1 diabetes is limited due to
funding challenges, despite being cost effective compared to other
forms of insulin delivery [14—16].

The differences between men and women in meeting targets
could not be explained by age (i.e., menstrual cycle common in
women under 40), and further research is needed to understand why
glucose levels tend to be lower in men.

Clinical implications

The advantages of closed loop systems over standard insulin
pumps or multiple daily injections are considerable. This matches
earlier insights into the benefits of diabetes technology [17].
Although HCL systems come at a cost for health care systems, they
not only have the benefit of increasing user well-being, they might
also reduce the costs associated with the complications of sub-opti-
mally managed diabetes [18,19].

Demographic differences in treatment outcomes are considerable and
cannot simply be explained by socioeconomic differences or hormonal
differences. The lack of simple explanations makes more attention for
other possibly manageble factors (e.g., healthy eating habits) important.

Limitations

Participation in this study was self-selective, which might have
excluded highly disengaged people with diabetes or those demoti-
vated to exercise. We know such people are less likely to have opti-
mal glycemic management [20] and this might explain the relatively
large percentage being within the recommended glycemic targets
compared to other studies. For example, in the 2016-2018 data of the
T1D Exchange registry [7], 21% of adults managed the HbA.<7% tar-
get (compared to 70% meeting the GMI<7% target in the T1DEXI adult
cohort analyzed here). If we assume that 56% of those who meet the
GMI<7% target meet all seven targets, the target of achieving optimal
management in the wider population of people with type 1 diabetes
might be around 10%.

In summary, meeting all ADA/EASD CGM targets is nearly twice as
difficult as achieving a GMI below 7% (53 mmol/mol) alone. Given the
relatively high proportion of people with type 1 diabetes meeting a GMI
below 7% target alone, it is likely that in the wider population of adults
with type 1 diabetes just over 10% are optimally managed. Whether a
person will achieve optimal glycaemic management is strongly related
to both age and ethnicity. Greater access to HCL systems should increase
the number of people obtaining optimal glycaemic management.
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