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KEY POINTS

� Diabetes technologies are evolving, and new generation continuous glucose monitors and
hybrid-closed loop systems are changing lives of the people with type 1 diabetes.

� The efforts for a cure have been moving forward with stem cell research and gene editing.

� New adjunctive therapies in type 1 diabetes are ready for phase 3 clinical trials.

� Digital technologies and smart pen sleeves and caps are helping day-to-day diabetes
management and decreasing the burden of type 1 diabetes.
INTRODUCTION

Advancements in diabetes technologies in recent years changed the landscape of
type 1 diabetes (T1D) management.1 Increasing the use of continuous glucose moni-
tors (CGM) and hybrid closed loop (HCL) insulin pumps decrease A1c and hypoglyce-
mia while improving time in range and quality of life.1–3 A recent study investigated
the changes in diabetes technology use from 2016 to 2020 in 1455 patients with
T1D.4 CGM use increased from 32.9% to 75.3%, and HCL use increased from 0.3%
to 27.9%. Overall, A1C decreased from 8.9% to 8.6% (P < .0001).4 Early initiation of
the diabetes technologies have better outcomes, such as initiation of CGM in the first
year of T1D diagnosis has been shown to be associated with significantly lower A1c in
7 years.5 However, access to these technologies are still a problem in the United
States for some, especially for minorities, due to many reasons including implicit
bias, insurance, lack of endocrinologists, and lack of knowledge about these
technologies.6
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CONTINUOUS GLUCOSE MONITORING SYSTEMS

CGMusehasbeen increasing in theUnitedStates in the lastdecadewith the improvements
in the systems. New generation CGMs are smaller, have better accuracy as measured
with a mean absolute relative difference (MARD), and integrate with HCL systems.7 New
generation FDA-approved CGMs include Dexcom G7, Libre 3, and Eversense E3.
The FreeStyle Libre 3 is a single-use, disposable sensor that is applied to the back of

the upper arm and can be worn for 14 days.8 It is the smallest CGM to date and is a
real-time CGMwith 1 piece applicator unlike the 1st and 2nd generation Libre series. It
has vitamin C interference over 500 mg, similar to Libre 2. Recently, the FDA approved
a reader device that displays real-time glucose readings. The US FDA cleared Free-
Style Libre 2 and FreeStyle Libre 3 sensors for integration with automated insulin de-
livery systems. Themodified sensors were also cleared for use by children as young as
2 years old and for wear time up to 15 days. Current FreeStyle Libre 2 and FreeStyle
Libre 3 sensors available today in the United States are approved for people of 4 years
and older and have a wear time of up to 14 days. Additionally, the clearance allows for
FreeStyle Libre 2 and FreeStyle Libre 3 sensors—both those available today and the
modified sensors available in the future—to be used by women with all types of dia-
betes (type 1, type 2, and gestational) who are pregnant.
DexcomG7 is 60% smaller than the 6th generation and it has a simplified applicator.

Unlike Dexcom G6’s 2 hour warm up, the G7 is functional after 30 minutes.9 Addition-
ally, the sensor and transmitter are combined into one piecewith an additional 12 hours
of CGM use in between sensor changes.9 DexcomG7 users can delay the first alert for
high sensor glucose until the sensor reading is at or past the alert setting. It is also FDA-
approved to be used in pregnancy. In 316 adults, for arm- and abdomen-placed
sensors, overall MARDs were 8.2% and 9.1%, respectively.10 Overall %15/15, %20/
20, and%30/30 agreement rates were 89.6%, 95.3%, and 98.8% for arm-placed sen-
sors and 85.5%, 93.2%, and 98.1% for abdomen-placed sensors.10 In 127 children, for
arm-placed sensors, the overall MARDwas 8.1% and overall %15/15,%20/20, and%
30/30 agreement rates were 88.8%, 95.3%, and 98.7%, respectively.11 For abdomen-
placed sensors, the overall MARDwas 9.0%andoverall%15/15,%20/20, and%30/30
agreement rates were 86.0%, 92.9%, and 97.7%, respectively.11 Not surprisingly
based on the studies, the FDA-approved Dexcom G7 for only used in the arm.
TheEversense E3 bySenseonics is a 6month implantableCGM. Todate, it is the only

FDA-approved implantableCGM in theUnitedStates. It is approved tobeused in adults
with diabetes and should be calibrated 2 times a day in the first 21 days and then once a
day rest of 6 month use. It has a 24 hours warm-up time and it is the only CGMwith vi-
brationalertswith awearable transmitter.12 In a studywith90adultswithdiabetes, using
the current version of the sensor, modified (sacrificial boronic acid) sensor, the percent
CGM readings within 20%/20% of yellow springs instruments (YSI) values was 93.9%;
overallMARDwas8.5%.12 Theconfirmedalert detection rate at 70mg/dLwas94%and
180 mg/dL was 99%. The median percentage of time for one calibration per day was
63%.12 About 90% of the sacrificial boronic acid (SBA) sensors survived 180 days.12

The use of digital apps may improve diabetes care and quality of life in T1D. One
study showed that increased engagement with a CGM app can increase time in range,
decrease hypoglycemia rate, and help remote monitoring of loved ones with T1D.13

More research is necessary to determine their benefits in long term in T1D care.

HYBRID CLOSED LOOPS

Currently, the FDA-approved HCL systems in the United States are Medtronic 670/
770/780G series, Tandem Control IQ, Omnipod 5, and iLet Bionic Pancreas.
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Medtronic 780G is the latest HCL from Medtronic that has been in use in Europe
since 2020 and was recently FDA approved in April 2023 for T1D patients aged 7 years
or older. Compared with 770G, the main differences include an adjustable glucose
target for “SmartGuard,” that is called auto mode in this system. Glucose targets
can be 100, 110, and 120 mg/dL.14 Of note, 100 mg/dL is the lowest target in any
FDA-approved HCL system to date. The new autocorrect feature delivers small
auto boluses for high glucose that can be turned on and off independently. The
780G can be used in patients requiring between 8 and 250 units of insulin per day
and can be used with Medtronic Guardian 3 or 4 CGM.14 The Guardian 4 sensor
does not require any fingerstick calibrations, and users reported fewer requirements
for fingerstick confirmation when going to automation mode with the new system.15

There is smartwatch access with a mobile app. Users can also use FDA-approved
extended infusion set up to 7 days with this system.
As the 780Gwas recently approved by the FDA in the United States, most of the liter-

ature is fromEurope and other parts of theworld. A recent studywith 109 children aged
7 to 17 years and 67 adults with T1D showed that 3month use of 780Gwith Guardian 4
CGM was safe and effective.15 Pediatric and adult A1C were 7.2% � 0.7% and
6.8% � 0.7%, respectively, and there were no serious adverse events.15 Smartguard
exits averaged 0.1/d, and there were few blood glucose measurements (0.8/day–1.0/
d).15 Another multicenter observational real-world study investigated the first 6 month
of 780G use in 111 children and adolescents aged 7 to 18 years.16 International
Consensus targets for a time in the range were met by 72.1% of the participants.16 A
shorter duration of active insulin time and a lower target of sensor glucose were signif-
icant predictors for optimal glycemic control.16

A randomized parallel group study evaluated the 780G in insulin pump and CGM
naı̈ve adults with T1D transitioning from multiple daily injection (MDI) and self-
monitoring blood glucose (SMBG) to 780G.17 Participants from the 780G group had
significant improvements in A1c levels (treatment effect, �0.6% [95% CI �0.9,
�0.2]; P5 .005) and in quality of life compared with MDI1 SMBG group.17 Time spent
in the target range (70–180 mg/dL) increased from 69.3% � 12.3% at baseline to
85.0% � 6.3% at 3 months in the 780G group, while remaining unchanged in the con-
trol group (treatment effect, 21.5% [95% CI 15.7, 27.3]; P < .001).17 The time below
range (<70 mg/dL) decreased from 8.7% � 7.3% to 2.1% � 1.7% in the HCL group
and remained unchanged in the MDI 1 SMBG group (treatment effect, �4.4%
[95% CI �7.4, �2.1]; P < .001).17 On the basis of the data and clinical experience, it
seems most useful to use a glucose target of 100 mg/dL and a 2 hour active insulin
time with the 780G system.
The Omnipod 5 is an HCL system that uses a patch insulin pump which is controlled

with a smartphone app or a controller device.18,19 It is the only system that considers
CGM trends in decision making in the algorithm. The target can be customized from
110 to 150 mg/dL in 10 mg/dL increments.18 In a study including 111 children and
124 adults with T1D in 3 months, A1c was significantly reduced in children by 0.71%
(mean � SD: 7.67% � 0.95% to 6.99% � 0.63%, P < .0001) and in adults by 0.38%
(7.16% � 0.86% to 6.78% � 0.68%, P < .0001).18 Time in range was improved from
standard therapy by 15.6% � 11.5% or 3.7 hour/day in children and 9.3% � 11.8%
or 2.2 hour/day in adults (both P < .0001).18

iLet Bionic Pancreas is the newest FDA-approved HCL system. The system is pro-
gramed using the user’s weight and can be alerted to meal announcements by the in-
dividual, but it does not require carb counting. In a 13 week clinical trial of 219
participants of 6 to 79 years of age with T1D assigned to the bionic pancreas or stan-
dard of care,20 the A1c decreased from 7.9% to 7.3% in the bionic-pancreas group
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and remained unchanged in the standard-care group (mean adjusted difference at
13 weeks, �0.5% points; 95% confidence interval [CI], �0.6 to �0.3; P < .001).20 Of
note, the minorities (all non-White participants) decreased A1c more than Whites. In
Whites (n 5 240), the mean baseline-adjusted difference in 13 week A1c between
the bionic pancreas group and standard of care group was �0.45% (95% CI �0.61
to �0.29; P < .001), while this difference among Minorities (n 5 84) was �0.53%
(�0.83 to �0.24; P < .001).21

The Tandem Control IQ system works by automatically increasing the programed
basal insulin delivery rate when glucose levels are predicted to exceed 160 mg/
dL.22 In addition to modulating the basal rates, the system can also deliver an auto-
matic correction bolus dose of insulin if glucose levels are predicted to increase above
180mg/dL. This occurs up to once per hour during normal operation and delivers 60%
of the dose calculated based on the user’s insulin sensitivity (ISF) factor.12 In a real-
world use study with 9451 users, at baseline, the median percent time in range was
63.6 (interquartile range [IQR]: 49.9%–75.6%) and increased to 73.6% (IQR: 64.4%–
81.8%) for the 12 months of Control IQ technology use with no significant changes
over time.23 A study with 4243 Medicare and 1332 Medicaid users of Control IQ
showed that after starting Control IQ, the Medicare group had significant improvement
in TIR (64% vs 74%; P < .0001), and the Medicaid group also had significant improve-
ment in TIR (46% vs 60%; P < .0001).24

The auto bolus feature in the newer HCL systems has the ability to compensate for
missed boluses, which is advantageous for busy professionals, adolescents, those
facing challenges with carbohydrate counting, adolescents, and older adults with
T1D. A recent study with 780G with 34 adolescents with T1D compared the fix group
(simplified meal announcement by preset of 3 personalized fixed carbohydrate
amounts) or the flex group (precise carbohydrate counting) and followed for
12 weeks.25 The TIR was 73.5%� 6.7% in the fix and 80.3%� 7.4% in the flex group,
with a between-group difference of 6.8% in favor of flex (P5 .043).25 Time greater than
250 mg/dL was better in the flex group (P5 .012), whereas A1c (P5 .168), time below
range (P 5 .283), and time between 180 and 250 mg/dL (P 5 .114) did not differ.25

Another study evaluated TandemControl IQ in 30 adults with groups (n5 10) with min-
imal or no user-initiated boluses (auto >90%) compared with age, gender, and dia-
betes duration-matched adults with T1D with intermediate (auto 50%–90%) and
high bolusing behavior (auto 10%–49%).22 Compared with baseline, there was a sig-
nificant decrease in A1c by 1.6%% � 0.8% and an increase in time in range by
19.3% � 6.4% (P < .001 for both) over 12 months of Tandem Control IQ use in auto
greater than 90% use group without increasing time below range.22 While it is not
advised to miss boluses or bolus late with these HCL systems, newer generation
HCL systems can compensate which opens the door for individuals who are not strict
carbohydrate counters to still be candidates for HCL systems.
HCL systems have been reported to be used successfully in special situations such

as pregnancy, diabetic gastroparesis, and cystic fibrosis-related diabetes; however,
their safety and efficacy should be investigated in larger clinical trials.26–29
SMART INSULIN PENS, PEN CAPS

The development of new smart insulin pens with connectivity is a promising approach
for improving andsimplifying themanagement of T1D. Thepublished literature on smart
insulin pens with connectivity is limited.30 However, they may offer the potential for
increased adherence to quality of life and monitoring with the documentation of insulin
administrations and mimicking an insulin pump use with some features for bolusing.30
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Smart Insulin Pens

Smart insulin pens are devices that assist individuals with T1D in insulin dosing calcu-
lations. Currently, there are 2 smart insulin pens available in the United States: InPen
and NovoPen Echo. The InPen device connects with the users with compatible
Android or iOS smartphones to an app that can be programed by their diabetes pro-
vider. The InPen app can store fixed doses of mealtime insulin, provide meal-
estimated insulin doses or operate on insulin-to-carbohydrate and ISF inputs. The
InPen allows for connectivity to the Medtronic Guardian 3 sensor and to Dexcom
G6 CGM. It has other features that allow for reminders to be set for insulin administra-
tion and tracking of the expiration of insulin in the cartridge and insulin on board.31 Re-
ports can be generated for providers to review and discuss with the patient. The InPen
is compatible with Lispro, Aspart, and faster Aspart cartridges. The pen injector allows
the user to dial the desired dose from 0.5 to 30 units in one-half unit increments.31

The NovoPen Echo stores both the timing and the amount of insulin delivered which
can later be downloaded for review.32 This pen works with Aspart 100 unit/mL car-
tridges containing a total of 300 units and can deliver in 0.5 unit increments up to
30 units. The digital display shows howmany units of insulin are injected in hourly seg-
ments and tracks battery life.32

Pen Caps

The Bigfoot Unity Diabetes Management System, approved in August 2021, uses a
smart insulin pen cap that is compatible with the typical disposable insulin pens. It
works by scanning the FreeStyle Libre 2 sensor with the pen cap.33 On basis of set-
tings, the recommended insulin dose is displayed along with the CGM glucose and
glucose trend arrow. The BigFoot Unity system includes 2 types of pen caps: one
for rapid-acting bolus insulin and one for long-acting basal insulin.33 The timing of
the insulin is recorded. Two real-time glucose alarms are available, including a manda-
tory alarm for glucose at 55 mg/dL or lower and an optional glucose alarm at 70 mg/
dL. If the basal insulin dose is missed over a 24 hour period, the patient is also alerted.
The pen cap itself lasts 2 years and is rechargeable.
Tempo pen cap with its app from Eli Lilly, works with all Eli Lilly insulins, bolus, and

basal. The app can combine the data with readings from Tempo Blood Glucose Meter
and/or Dexcom G6 CGM and provides personalized progress reports to assist with
the self-management of diabetes.34

DISPARITIES IN THE USE OF DIABETES TECHNOLOGY IN TYPE 1 DIABETES

Despite major advances in diabetes technology over the last 2 decades, it is clear that
there are substantial disparities in their utilization.35 Much of the data to date on dis-
parities in technology utilization are generated by the T1D Exchange QI Collaborative,
a network of adult and pediatric diabetes centers in the United States. Overall, the T1D
data show that technology utilization is low in individuals from minority and lower so-
cioeconomic backgrounds in both pediatric and adult populations.36–39

Outside of the T1D registry, disparities in insulin pump utilization have been demon-
strated by studies examining large electronic health databases in the United States. In
a retrospective cohort analysis of young adult patients with T1D, low insulin pump uti-
lization was shown, particularly in Black and Hispanic minorities, males and individuals
with governmental insurance despite insulin pump showing superior HbA1c control
without an increase in DKA events.40 This study also noted that it was unclear why
Black and Hispanic subjects had lower odds of receiving insulin pump therapy but
wrote that it may, in part, be due to the provider’s unconscious or conscious bias.40
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Overall, there is a movement to have greater racial/ethnic diversity in diabetes technol-
ogy trials to overcome these barriers and move toward more equitable prescribing of
these life-changing technologies.

INPATIENT USE OF CONTINUE GLUCOSE MONITORING

Few areas of medicine have advanced as quickly as the landscape of diabetes tech-
nology including major leaps forward in insulin pumps, CGM, and automated insulin
delivery systems. As the utilization of these devices expands in the outpatient setting,
invariably, they have made their way into the hospital. Before coronavirus-19 (COVID-
19), CGM was studied with a vision for glucose telemetry by Spanakis.41 In March
2020, the World Health Organization declared COVID-19 a pandemic and subse-
quently the FDA issued emergency authorization of inpatient use of CGM to preserve
personal protective equipment (PPE) which was in short supply.42 After these mea-
sures, several observational studies aimed to establish the feasibility and accuracy
of inpatient CGM were published demonstrating the utility of inpatient CGM to reduce
both hypo and hyper glycemia. Additional benefits included decreased frequency of
point-of-care (POC) glucose checks and decreased utilization of PPE.
In a retrospective study analyzing 218 patients with matched-pair CGM (Dexcom

G6) and capillary POC glucose data from 3 inpatient CGM studies of noncritically ill
hospitalized patients, the overall MARD was 12.8%.43 The results of the Clarke error
grid analyses showed 98.7% of values where in zones A and B indicating that discrep-
ancies between CGM and POC glucose data would have little-to-no effect on the clin-
ical outcome. Overall, these findings are reassuring that in noncritically ill hospitalized
patients, CGM is a reliable tool for monitoring glucose values.
In terms of clinical outcomes, inpatient CGM-guided (Dexcom G6) insulin adminis-

tration in hospitalized patients with diabetes has been shown in a randomized clinical
trial to produce similar glycemic control but a significant reduction in hypoglycemic
events when compared with usual care POC-guided insulin adjustment.44

According to an Endocrine Society Clinical Practice Guideline, adults with insulin-
treated diabetes hospitalized for noncritical illness who are at high risk of hypoglyce-
mia, CGM with adjunctive POC glucose monitoring is recommended.45

STEM CELL THERAPIES

The history of islet cell transplantation brought to light the ability of b cells to engraft
and function after transplantation, giving rise to an arm of regenerative therapies for
T1D.46 A promising technique currently under study is the ability to transplant human
stem cell (SC)-derived b cells, which has advantages over traditional islet transplanta-
tion which is limited by pancreatic tissue availability and the need for immunosuppres-
sion.47 Human pluripotent SCs, both embryonic and induced pluripotent, garner the
most enthusiasm for creating functional b cells that will be able to divide and
differentiate.48,49

Recently, ViaCyte created a SC-derived pancreatic endoderm cell population,
referred to as PEC-01, which matured into insulin-producing endocrine cells in rodent
models.50 The first iteration of this technology in 2014 was flawed by a foreign body
response to the device encapsulation component, which led to fibrosis and loss of in-
sulin secretion.50 In the second iteration in 2017, the PEC-direct device was engi-
neered to allow for an opening where vasculature could penetrate allowing for
nutrient exchange.50 This technique was overall successful, and the grafts showed
measurable c-peptide. However, the vasculature allowed for interaction between
the host cells and the device, which led to the need for immunosuppression.
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Interestingly, in addition to demonstrating b cell function, many of the cells stained
positive for a cells secreting glucagon.50

To overcome the issues of graft fibrosis and the need for immunosuppression, the
Vertex Pharmaceuticals began a human clinical trial with T1D patients in 2021 where a
SC-derived product, VX-880, was transplanted without an immune-protective device.
Initial findings seem promising and await peer review.50

In March 2023, Vertex announced FDA Clearance of Investigational New Drug
Application for VX-264, a novel encapsulated cell therapy for the treatment of
T1D.51 VX-264, an allogeneic human SC-derived islets are encapsulated in a channel
array device designed to shield the cells from the body’s immune system and to be
surgically implanted. Vertex initiates a Phase 1/2 clinical trial to study the safety, toler-
ability, and efficacy of VX-264 in patients with T1D. The company previously received
approval from Health Canada on the Clinical Trial Application for VX-264, and the
Phase 1/2 trial is ongoing in Canada. The clinical trial is a Phase 1/2, single-arm,
open-label study in patients who have T1D. Approximately 17 patients will be enrolled
in the global clinical trial.
Challenges in the regenerative SC therapies for T1D remain, particularly in terms of

the ability to generate a highly functional, uniform cell-based product for transplanta-
tion that does not require immunosuppression.50

ADJUNCTIVE THERAPIES IN TYPE 1 DIABETES

Despite advanced diabetes technologies and therapeutics, many people with T1D do
not achieve target A1c levels and have problems with high postprandial blood
glucose, weight gain, and increased insulin resistance.52 A need exists for adjunctive
therapies to insulin in the management of T1D to prevent long-term complications and
achieve better glycemic profiles. In the last decade, many medications used in the
treatment of type 2 diabetes have been tried in T1D such as metformin, glucagon-
like peptide-1 receptor agonists, and sodium-glucose cotransporter 2 inhibitors
(SGLT2i).53 The use of SGLT2i in T1D as an adjunctive therapy has been approved
in Europe and Japan with some limitations; however, the US FDA denied its use in
T1D due to an increased risk of diabetic ketoacidosis.54 Since then, new molecules
have been developed as an adjunct therapy in T1D.
Volagidemab, an antagonistic monoclonal glucagon receptor antibody, was evalu-

ated in a phase 2 placebo-controlled randomized trial in 13 weeks as an adjunctive
therapy to T1D.55 Eligible participants (n 5 79) were randomized to receive weekly
subcutaneous injections of placebo, 35 mg volagidemab, or 70 mg volagidemab.55

At week 13, the placebo-corrected reduction in A1c percentage was �0.53 (95%
CI 5 �0.89 to �0.17, nominal P 5 .004) in the 35 mg volagidemab group and
�0.49 (95% CI 5 �0.85 to �0.12, nominal P 5 .010) in the 70 mg volagidemab
group.55 There was no change in weight or increase in hypoglycemia. However, there
was an increase in liver transaminase levels, blood pressure, and LDL cholesterol.
TTP399, a novel hepatoselective glucokinase activator, was investigated in a phase

1b/2 study in people with T1D.56 The SimpliciT1 was a placebo-controlled randomized
study that used 800 mg TTP399 or matched placebo for 12 weeks.56 The difference in
change in A1c from baseline to week 12 between TTP399 and placebo was �0.7% in
CGM and insulin pump users.56 There was no increase in hypoglycemia frequency.

SUMMARY

Diabetes technologies and therapeutics for the management of T1D rapidly evolved in
the last decade. CGM, HCL, smart insulin pens, digital apps, and newer rapid and
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long-acting insulins are the mainstay of current T1Dmanagement. Emerging therapies
for a cure in T1D are ongoing, and they are more promising than ever, while newer
adjunctive therapies are likely to be approved to decrease insulin requirements,
weight, and A1c. Future focus areas for diabetes technology include decreasing dis-
parities in T1D care and increasing utilization of these devices in inpatient settings and
pregnancy. As new developments materialize, the hope is to reach the lowest rates of
complications in diabetes in history and decrease the burden of diabetes for those
living with this disease.

CLINICS CARE POINTS
� Diabetes technologies should be used in all people with T1D with a motivation, a follow
plan, and a good comprehension.

� Providers should discuss diabetes technologies with all people with T1D to find a good fit for
their lives.

� Providers should focus on decreasing disparities in diabetes technology use and encourage
minorities to be involved in clinical trials.
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