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Abstract
Purpose of Review Decades after the invention of insulin
pump, diabetes management has encountered a technology
revolution with the introduction of continuous glucose moni-
toring, sensor-augmented insulin pump therapy and closed-
loop/artificial pancreas systems. In this review, we discuss
the significance of the 2016 Endocrine Society Guidelines
for insulin pump therapy and continuous glucose monitoring
and summarize findings from relevant diabetes technology
studies that were conducted after the publication of the 2016
Endocrine Society Guidelines.
Recent Findings The 2016 Endocrine Society Guidelines
have been a great resource for clinicians managing diabetes
in this new era of diabetes technology. There is good body of
evidence indicating that using diabetes technology systems
safely tightens glycemic control while managing both type 1
and type 2 diabetes.
Summary The first-generation diabetes technology systems
will evolve as we gain more experience and collaboratively
work to improve themwith an ultimate goal of keeping people

with diabetes complication and burden-free until the cure for
diabetes becomes a reality.
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Introduction

Optimizing glycemic control to reduce complications of dia-
betes has been the goal of diabetes management after the pub-
lication of the landmark Diabetes Control and Complications
Trial (DCCT) [1]. DCCT’s formula to achieve target glycemic
control was to intensify the treatment; however, the diabetes
management tools were not sufficient to intensify treatment
without an accompanying increased risk of hypoglycemia at
the time. The fear of hypoglycemia became one of the major
obstacles to reaching glycemic targets through its impact on
patient’s willingness to adhere to insulin treatment and clini-
cians’willingness to intensify insulin therapy. By contrast, the
results of clinical trials decades after the DCCT have demon-
strated that incorporating diabetes technology into manage-
ment can lower hemoglobin A1c (HbA1c), glucose variabili-
ty, and the risk of hypoglycemia concurrently [2, 3••]. The
clear and present perils of poorly controlled diabetes from a
clinical and a public health perspective made it obvious that
there was a pressing need to improve diabetes management
with these new tools and methods. The premise of safely
tightening glycemic control galvanized the interest in diabetes
technology and introduced the notion of using technology as a
bridge therapy until the cure for diabetes is accomplished.

Diabetes technology has been evolving at an extraordinary
rate, with new technologies being created and existing tech-
nologies improving every year. While technology impacts ev-
ery aspect of our lives, using diabetes technology for treatment
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is still uncharted territory for many clinicians. The 2016
Endocrine Society Guidelines (ESG) of Insulin Pump
Therapy and continuous glucose monitoring (CGM) have be-
come an essential resource for clinicians to navigate the dia-
betes technology terrain and provided methods for a smoother
transition to technology-based care. The focus has been the
evidence-based recommendations itemized for insulin pump
and CGM systems separately for adult patients with type 1
diabetes (T1D) and type 2 diabetes (T2D). The findings from
the sensor integrated pump therapy (SIP) research are summa-
rized; however, clinical guideline recommendations for SIP
are not stated in a clear and itemized format. In addition to
presenting an overview of the current status of diabetes tech-
nology, the authors outline SIP’s role for the development of
semi-automated hybrid closed-loop (artificial pancreas) and
give us a glimpse of the artificial intelligence driven, diabetes
treatment decision-making devices of the near future. It is
noteworthy that the first hybrid closed-loop system was
FDA approved merely months after the publications of the
ESG. The fast pace of diabetes technology has continued to
gain momentum with the FDA approval of the use of the
Dexcom CGM to make insulin dose adjustments [4] and
CGM use with multiple daily insulin injection (MDI) therapy.

In this review, we aim to discuss the significance of 2016
ESG for managing diabetes during the era of new technology
and summarize findings from the relevant diabetes technology
studies that were published after the 2016 ESG [5]. The re-
view consists of four main sections: (i) “Insulin Pump-Only
Therapy” (without CGM), (ii) “Real-Time Continous Glucose
Monitoring”, (iii) “Sensor (CGM) Augmented Insulin Pump
Therapy”, and (iv) “CGM Use with MDI Therapy” to give a
broader scope of the diabetes technology landscape in diabe-
tes management. The key tenet of diabetes technology re-
search with a focus on the artificial pancreas is summarized
in the “What Lies Ahead in Diabetes Technology?”
subsection.

Insulin Pump-Only Therapy

The insulin pump therapy pioneered a new strategy of provid-
ing an intensive adjustable insulin delivery with greater flex-
ibility and frequent bolusing without the need for repeated
injections.

A number of previous studies have compared insulin pump
versus MDI therapy using multiple outcome measures in dif-
ferent subject populations. The 2016 ESG highlight the find-
ings and limitations of the studies and determine three major
groups of patients when considering the switch from the MDI
to the insulin pump; patients with T1Dwho have not achieved
their HbA1C goal, patients experiencing severe hypoglycemia
or high glucose variability despite having target HbA1c, and
patients seeking more flexibility in insulin dosing and satis-
faction regardless of their glycemic control. The guidelines

incorporate the human factor into the final decision process
while transitioning from theMDI to the insulin pump. The key
determinants before making the decision to initiate insulin
pump therapy are listed as patient’s willingness, interest, and
the ability to use the insulin pump and availability of resources
for meticulous patient monitoring and thorough patient edu-
cation. The importance of utilizing multiple functions of the
insulin pump are emphasized, and determining patient-
customized insulin to carbohydrate ratios and insulin sensitiv-
ity factors before initiating the insulin pump are highly recom-
mended to improve efficacy. Unfavorable factors that impact
the success of insulin pump have been reported as baseline
HbA1c > 10%, history of missed appointments, and mental
illness.

The T1D and T2D populations represent two diverse
groups of people with different disease characteristics. The
impact of obesity epidemic on patients with T1D and the
rising need of insulin use in the T2D population suggest that
they both share and face many of the overlapping challenges
with respect to achieving and maintaining glycemic control.
The insulin pump use has been rising in the T2D population
[6] and findings frommultiple randomized control multicenter
clinical trials have shown that insulin pumps provide a com-
parable net health benefit to multiple daily injections in pa-
tients with T2D [7–12]. The guidelines recommend using in-
sulin pump therapy with U100 insulin if patients with T2D
have not achieved their HbA1C goal despite the intensive
insulin therapy, use of oral agents and other injectable drugs
and lifestyle changes. The 2016 ESG recommend being cau-
tious regarding the insulin pump treatment with concentrated
insulin (U500) due to limited availability of reliable data and
recommend considering insulin pump therapy with U500 for
patients with a daily insulin requirement of greater than
200 units.

Inpatient stay is not an uncommon occurrence for patients
with diabetes, and insulin treatment is one of the key factors to
improve patient clinical outcomes, and in particular to avoid
hypoglycemia. The inpatient setting could be classified into
intensive care unit (ICU) and non-ICU settings. The guide-
lines do not differentiate between ICU and non-ICU settings
and recommend insulin pump use if the inpatient facility has a
well-developed protocol for management of diabetes. To date,
there have been limited scientific data comparing outcome
measures between inpatient insulin pump use vs. transitioning
treatment to IV insulin or MDI treatment during hospital stay.
There are no generalized guidelines for insulin pump use in
the inpatient setting. It has been shown that hospitals with
well-designed diabetes treatment protocols can efficiently
manage insulin pump therapy [13–18]; however, such proto-
cols do not exist for all inpatient care facilities. The 2016 ESG
state that the decision to continue the insulin pump therapy in
the inpatient setting should be evaluated thoroughly, prefera-
bly by an endocrinologist experienced in pump therapy, for
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potential risk factors such as the extent of medical illness,
impact of co-medications, the degree of insulin resistance,
andmental capacity of the patient. Institutions that do not have
necessary resources to evaluate and support inpatient pump
therapy may choose to transition their patients to insulin in-
jection therapy during their hospital stay. In summary, the
2016 ESG recommend that inpatient insulin pump use deci-
sion be made on a case-by-case basis and advise the involve-
ment of an endocrinologist for best and safest results.

Real-Time Continuous Glucose Monitor

CGMs measure glucose subcutaneously by way of interstitial
fluid sampling and provide patients with a stream of glucose
measurements reflective of blood glucose levels at 1–5-min
intervals that can be used for adjustments of the insulin treat-
ment regimen. The hypoglycemia and hyperglycemia alarms
alert the patient of impending and real-time hypo and hyper-
glycemia. CGM has shown impressive scientific, technologi-
cal, engineering, and clinical advances, providing benefits to
many people with diabetes. Studies using CGM-specific com-
puter algorithms have been successful in guiding dosing deci-
sions both in the inpatient and outpatient setting [3••, 19].

The 2016 ESG recommend using real-time CGM both for
patients with T1D and T2D; however, the guidelines make a
distinction between these two patient populations regarding
the duration and frequency of CGM use.

Real-time CGM use is suggested for adults with T1D re-
gardless of the glycemic control status who are willing and
able to use the devices on a daily basis. The rationale behind
the recommendation has concrete findings from multiple ran-
domized control clinical trials demonstrating a significant re-
duction in HbA1c in patients with T1D utilizing CGM with-
out an increase in hypoglycemia and sustained benefit in
HbA1c improvement during the following 6-month observa-
tion period [2, 20, 21]. The real benefit of CGM use for pa-
tients who are already in good glycemic control has been in
reducing episodes of severe hypoglycemia and time spent in
biochemical hypoglycemic range [22].

Previously published studies have shown benefits of CGM
for patients with T2D [23]. The 2016 ESG recommend real-
time CGM use on an intermittent, short-term basis for poorly
controlled patients with T2D (defined as HbA1c ≥ 7%) who
are not on prandial insulin and are willing and able to use the
device. The exclusion of patients on prandial insulin stems
from lack of studies conducted for patients with T2D on pran-
dial insulin rather than any existing data against the CGM use.
A series of studies published after the release of 2016 ESG
could potentially change this recommendation as will be
discussed in the section titled “CGM Use with MDI
Therapy” [20, 21, 23, 24••, 25, 26••].

The 2016 ESG do not elaborate on the inpatient CGM use.
There are multiple categories of inpatient CGM devices that

are currently in-use or in development. In addition to commer-
cially available, non-invasive real-time CGM devices, intra-
vascular CGMs have been used in the inpatient hospital or
research settings. Discussion of CGMs other than the FDA
approved subcutaneous real-time devices is not within the
scope of this review paper. Intermittent blood glucose mea-
surements relying on point-of-care glucometer devices have
been the most commonly used method to monitor blood glu-
cose at the inpatient setting. CGM use has been tested in
hospitals largely in the ICU for patients with and without
diabetes. Moreover, there has been significant debate over safe
target glycemic control ranges for the hospital setting. CGM
has been used to compare the efficacy of different insulin
infusion protocols in achieving target blood glucose levels
and reducing glycemic variability in the medical ICU and
has been described as a reliable method to assess glucometric
parameters given the increased availability of continuousmea-
surements with patterns. When two groups of subjects with
similar mean glucose levels were compared during a study
conducted in the ICU, a significant reduction in rates of severe
hypoglycemia was shown in the CGM (intervention) group
highlighting the potential risk of missing imminent hypogly-
cemia by intermittent blood glucose checks [27]. A recently
published multicenter trial conducted in the pediatric ICU uti-
lized CGM to guide insulin administration and compared
groups with different target glucose ranges [28]. The investi-
gators found no significant difference between the two groups
in terms of the primary outcome (number of ICU-free days to
day 28) and found higher rates of healthcare-associated infec-
tions and severe hypoglycemia in the lower-target (blood glu-
cose 80–110 mg/dL) group as compared to the higher target
(150–180 mg/dL) group prompting early termination of the
trial for safety concerns. The CGM values were monitored
specifically to prevent hypoglycemic episodes and were veri-
fied with arterial blood glucose levels demonstrating CGM’s
role in preventing hypoglycemia by early detection; however,
the CGM accuracy during critical illness has not been clearly
established yet and abnormal levels should be verified by
measurement of blood glucose [29].

Sensor (CGM)-Augmented Insulin Pump Therapy

The integration of CGM into insulin pump therapy became a
reality almost four decades after the invention of insulin pump
therapy [30].

The landmark multicenter clinical trial by Bergenstal et al.
[3••] clearly demonstrated the efficacy of using sensor-
augmented insulin pump therapy (SAP), described as sensor
incorporated insulin pump therapy (SIP) in 2016 ESG, in im-
proving glycemic controls as compared to MDI. The evolu-
tion of current pump and CGM technologies continued as
sophisticated insulin delivery decision-making algorithms
have been incorporated into the insulin pumps. The early
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version of such systems which worked by suspending insulin
delivery when the CGM value reaches a set value has been
used in patients with nocturnal hypoglycemia and has been
found to reduce nocturnal hypoglycemia by 31.8% when
compared to SIP [31]. The next version SAP/SIP use with a
predicted hypoglycemic function has shown similar results
with reduction in hypoglycemia and has been approved in
Europe and Australia [32]. CGM trend markers with up and
down arrows indicating the rate of increase or drop in blood
glucose level have been used to optimize insulin treatment
[33–35] and are useful tools to recognize abnormal blood
glucose patterns for patients with diabetes.

As noted in the guidelines, there has been a significant shift
from insulin pump only treatment to CGM-augmented insulin
pump therapy. These more advanced systems transform insu-
lin pump’s function from a delivery tool to a treatment
decision-making device with predictive models to suspend
the insulin delivery in advance of a hypoglycemic episode
and with real-time adjustable insulin infusion capability to
mitigate hyperglycemia. While the comparison between the
smart insulin pumps and the MDI creates an additional chal-
lenge, the CGM use in conjunction with the MDI opens a new
assessment arena for the two major players of insulin
treatment.

CGM Use with MDI Therapy

The impact of CGM use on glycemic control has been inves-
tigated predominantly for insulin pump users rather than the
MDI users. The limited available observational data sugges-
tive of the glycemic benefit for patients on MDI and CGM
therapy has been replicated by the T1D Exchange registry
2015 data demonstrating similar mean HbA1c level in the
adult MDI and insulin pump users who also use CGM
[36••]. Moreover, patients who are non-CGM users and on
MDI treatment had significantly higher HbA1c levels as com-
pared to CGM users. Three multicenter randomized clinical
trials published after the 2016 ESG solidified previous find-
ings by demonstrating the improvement in HbA1c for subjects
with T1D onMDI therapy [24••, 25, 26••, 36••]. Subjects were
patients with inadequately controlled T1D (HbA1c ≥ 7.5%).
The study by Beck et al. demonstrated a mean HbA1c level
reduction from baseline of 1.1% at 12 weeks and 1.0% at
24 weeks in the CGM group and 0.5 and 0.4% in the control
group, respectively (P < 0.001). The adjusted treatment group
difference in mean change in HbA1c level was a clinically and
statistically significant reduction of – 0.6% (95% CI, − 0.8 to
− 0.3%; P < 0.001) at 24 weeks [24••]. The CGM group spent
less time in the hypoglycemic range and less time in the hy-
perglycemic range only during daytime as compared to the
control group based on exploratory analysis. The subset anal-
ysis from the full dataset revealed benefits of CGM use for
older adult population (≥ 60 years of age) with T1D and T2D

and on MDI treatment. The HbA1c reduction from baseline
was greater in the CGM group than the control group
(− 0.9 ± 0.7% vs − 0.5 ± 0.7%) at 24 weeks with an adjusted
difference in mean change of − 0.4 ± 0.1% (P < 0.001) [26••].
Similar to findings from the previously published CGM stud-
ies in pump patients, the study by Lind et al. highlighted the
importance of compliance for the CGM use [25]. The signif-
icant HbA1c reduction by 0.46% (0.31–0.61%) has been
shown only in patients who were using the CGM sensor more
than 70% of the time with no significant difference in HbA1c
for those using the CGM sensor for less than 70% of the time
[25]. The quality of life measure evaluations favored CGM
use with subjects on CGM reporting a significant improve-
ment in treatment satisfaction and well-being in comparison to
the conventional treatment group [25]. The satisfaction survey
results of the ≥ 60-year-old age subgroup favored the CGM
use indicating high-perceived benefits and only few perceived
hassles of using CGM [26••].

The results from these studies indicated that the potential
benefit of CGM use on improving glycemic control in people
with poorly controlled diabetes has been comparable for MDI
and insulin pump users and thus expanded the target patient
population that can benefit from the CGM use.

What Lies Ahead in Diabetes Technology?

The MiniMed 670G system with background insulin infusion
adjustments based on CGM glucose values requiring manual
meal bolus input was approved by the FDA on September 28,
2016 [37]. The FDA approval of the first artificial pancreas
system has been a game changer in diabetes treatment and
already opened new avenues to improve diabetes care. The
Medtronic 670G systemwas approved based on data from a 3-
month, multicenter study with 124 participants who used the
device for 12 weeks during free-living conditions following a
2-week baseline assessment [38••]. The results from the study
have shown that time with glucose concentration in target
range increased by 5·6% from baseline through a reduction
in both time in hyperglycemia and time in hypoglycemia with
the Medtronic 670G system use as compared to sensor-
augmented pump use at baseline proving that the system can
safely and effectively control glucose in people with T1D
[38••]. It also should be noted that there are many other arti-
ficial pancreas systems undergoing clinical testing for the
FDA approval [39, 40]. The artificial pancreas system studies
aim to test the feasibility and efficacy of each system before
their implementation to clinical care. The findings from these
studies have been remarkably consistent demonstrating a sig-
nificant reduction in hypoglycemia and an increase in time
spent within target blood glucose range with the artificial pan-
creas use as compared to standard of care treatment [40–43].
The artificial pancreas systems have made great progress dur-
ing the past decade; however, there are still areas to improve
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before a fully automated artificial pancreas system is imple-
mented in diabetes management. Just like every other new
treatment and paradigm shift in medicine, there will be a dia-
betes technology learning curve for our patients, caregivers
and clinicians regarding the interpretation and use of diabetes
technology tools and data to help modify behaviors, enhance
the ability to self-adjust therapy, and help our patients decide
when to seek medical assistance. The system will continuous-
ly evolve to match the needs of clinicians and people with
diabetes and to reduce the burden of disease. The highly
adaptable systems will allow patient-centered, customized di-
abetes treatment defying the one-size fits all approach.
Moreover, the systems will adapt not only to the patient’s
characteristics but also to the external disruptors such as exer-
cise. The new generation ultra-fast acting insulins [44, 45••,
46] and their incorporation into the artificial pancreas system
(also known as the closed-loop system or bionic pancreas) will
be an essential step to achieve target after meal blood glucose
control and will ultimately lower the HbA1c levels to a desir-
able target range. The ongoing research to miniaturize insulin
delivery and glucose detection systems suggests that technol-
ogy will continue to offer boundless potential to improve di-
abetes management.

Conclusions

The importance of stringent glycemic control to reduce acute
and chronic complications of diabetes has beenwell proven and
accepted. However, despite the knowledge of its importance, it
remains an unattainable goal with 70% of patients with T1D
failing to achieve target glycemic control [47•]. There is an
urgent need to improve diabetes management with new tools
andmethods. Technology has transformed the waywe live, and
its effect on our daily life has been increasing exponentially.
Isolating diabetes management from technology in this era is an
unrealistic and short-sighted expectation.

Recent advances in diabetes technology with smart insulin
pumps andCGMengineered around patient and clinician needs
have the potential to overcome the diabetes treatment challenge
for clinicians and patients. Data from a multinational database
registry demonstrated that on average the HbA1c levels were
significantly lower by 0.5 points among patients receiving in-
sulin pump therapy as compared to patients onMDI supporting
research studies with real-life clinical data [48]. The results
from the SAP therapy and CGM use with MDI therapy have
already demonstrated significant improvements in glycemic
control and reduction in hypoglycemia for patients with diabe-
tes. In addition, diabetes technology early hypoglycemia detec-
tion and prevention function and could be a key safety net for
people with hypoglycemia unawareness especially in the high-
risk older age patients with diabetes [49–51].

There has been a significant increase in CGM users for the
past 5 years [36••], and the numbers are expected to increase
even further after the FDA approval of the first hybrid closed-
loop system. The 2016 ESG have been an essential resource
for clinicians highlighting key factors and pragmatic methods
in implementing insulin pumps and CGMs. The importance of
patient involvement, motivation, education and overall sup-
port in making the decision to transition from MDI to the
insulin pump are highlighted, emphasizing the role of team
management in diabetes. The recommendations by the ESG
broaden the treatment scope of insulin pumps and CGM to
both T1D and T2D management and to inpatient and outpa-
tient settings.

The integration of insulin pump, CGM, and algorithm-
based insulin delivery to adjust the insulin dose based on
CGM values, namely the artificial pancreas system, has be-
come the new generation insulin treatment and caused a par-
adigm shift in diabetes management. The first-generation di-
abetes technology systems will evolve as we gain more expe-
rience and collaboratively work to improve them over the
course of years with an ultimate goal of keeping people with
diabetes complication and burden-free until the cure becomes
a reality.
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