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Abstract

Diabetes is one of the most common chronic disorders with an increasing incidence worldwide.
Technologic advances in the field of diabetes have provided new tools for clinicians to manage
this challenging disease. For example, the development of continuous subcutaneous insulin
infusion systems have allowed for refinement in the delivery of insulin, while continuous glucose
monitors provide patients and clinicians with a better understanding of the minute to minute
glucose variability, leading to the titration of insulin delivery based on this variability when
applicable. Merging of these devices has resulted in sensor-augmented insulin pump therapy,
which became a major building block upon which the artificial pancreas (closed-loop systems) can
be developed. This article summarizes the evolution of sensor-augmented insulin pump therapy
until present day and its future applications in new-generation diabetes management.
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Diabetes is one of the most common chronic diseases in the world, affecting 23.6 million
individuals in the USA [101] with increasing incidence [1]. Individuals with diabetes suffer
from high morbidity and mortality rates due to complications that could be prevented with
intensive therapy [2]. Insulin remains the lifesaving treatment for Type 1 diabetes (T1D) and
is also required by many patients with Type 2 diabetes to achieve optimal metabolic control.
While various improvements and innovations have been made in insulin manufacturing and
insulin delivery devices over the past 30 years, many patients remain unable to achieve
target glucose and A1 levels, partially due to compliance issues. The culprit behind poor
compliance seems to be how, when, and if insulin is administered.

Injection therapy was the mainstay of insulin delivery in T1D until the insulin pump was
introduced more than 30 years ago, allowing patients to achieve more physiologic
replacement of insulin through the use of a mechanical delivery system. As the brainchild of
engineers and physicians, insulin pump therapy and meters for self monitoring of blood
glucose (SMBG) levels that were developed around the same time were the tipping points
for the incorporation of technology into diabetes care. Advances in pump technology over
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the years have led to the replacement of the early primitive devices with the smaller and
multifunctional ‘smart” pumps of today, and blood glucose meters may be replaced in the
future by continuous glucose monitoring (CGM) systems.

Continuous glucose monitoring devices that measure interstitial fluid (IF) glucose values
continuously were first introduced approximately 10 years ago. Early ‘professional’ CGM
systems that were used by diabetes practices and only provided data for brief periods for
retrospective analysis were quickly followed by real-time CGM (RT-CGM) devices for
personal daily use by patients at home. The impact of RT-CGM on glucose control in insulin
pump-treated patients, also known as sensor-augmented pump (SAP) therapy, has become
an area of intense investigation. Moreover, the development of SAP platforms that literally
integrate the two technologies into a single device (Figure 1) represents the first step
towards the ultimate goal of developing an artificial endocrine pancreas. Such closed-loop
insulin delivery systems will administer insulin through the pump controlled by an algorithm
calculating the insulin dose based upon real-time glucose information from the sensor. This
article will review the history of SAP therapy and discuss its impact on diabetes
management at present and in the future.

Insulin pumps

Insulin pump therapy had its inception in the late 1970s [3,4]. It pioneered a new strategy of
providing independently adjustable boluses of rapid-acting insulin before each meal and
snack in combination with a continuous basal insulin infusion to maintain glycemic control
between meals and during the overnight period. Continuous subcutaneous insulin infusion
was clearly superior to the once or twice a day insulin injection regimens that were the
standard of diabetes care at the time. After an initial burst of enthusiasm by the medical
community and medical device industry, most companies dropped out of this business when
it became apparent that pump therapy was targeted to a relatively small fraction of the
diabetes market at the time; namely, patients with T1D who were attempting to intensively
treat their diabetes. The playing field changed dramatically in the early 1990s following the
report of the results of the Diabetes Control and Complications Trial (DCCT) about the
effect of intensive diabetes treatment on the development and progression of long-term
complications in insulin-dependent diabetes mellitus [2].

The demonstration that most, if not all, patients with T1D should be treated intensively to
delay or prevent long-term vascular complications markedly increased the pool of potential
pump candidates, brought new companies into the field and lead to substantial
improvements in pump capabilities. The renewed interest in pump therapy in pediatrics was
particularly gratifying [5-10].

The current generation of small and reliable ‘smart pumps’ is equipped with a variety of
programmable insulin delivery options, built-in dosage calculators and alarms to alert the
user to malfunctions with the device. They offer the advantage of different bolus delivery
modes (e.g., squarewave boluses that infuse the bolus over an extended period of time, and
dual-wave boluses that deliver a fraction of the bolus immediately and the rest over an
extended period of time) that can be used for different types of meals and different types of
foods. The bolus history function allows clinicians to assess patient compliance to pre-meal
bolus dosing; a feature that is especially useful in managing adolescents with T1D [11,12].
Insulin pump data management software programs allow the downloading and viewing of
data including modal day blood glucose values, details about daily activities and
personalized diet histories. Table 1 reviews the insulin pumps currently available in the USA
and their key features. Innovations in the field of insulin pump therapy, like tubeless patch
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pumps [13], continue to reshape the day-to-day management of diabetes by our technology-
driven society.

Glucose sensors

The key component of currently approved CGM devices is the glucose oxidase-based,
electrochemical sensor that is inserted through the skin by a needle introducer. The
oxidation of interstitial glucose by the sensor generates an electrical current. Electrical
current data are filtered and cleared from background noise by the transmitter and sent to the
receiver. The receiver processes transmitted signals further by additional filters and unique
software that account for the lag time and converts electrical current signals into glucose
data. Glucose data are displayed on the receiver screen at 1-5-min intervals with symbols
that represent the direction and rate of glucose change. Other data displays include graphic
representations indicating the glucose pattern over varying periods of time.

There are unique challenges in measuring IF rather than blood glucose [14]. Glucose is
transferred from the blood through the capillary endothelium to the IF space. The metabolic
rate of cells in IF space and other factors, such as insulin, affect glucose uptake by cells, the
glucose supply from the blood vessel and blood flow to the area. In addition, interstitial
glucose levels are influenced by the permeability of capillaries, which can be altered by
many factors, including nerve stimulation [15]. Changes in sensor glucose levels lag an
average of 15 min behind changes in blood glucose levels due to the physiologic delay in
transferring glucose between the blood and IF space (~2—8 min), the transit time of IF
glucose through the sensor membrane (1-2 min) and signal filtering (3—12 min) [16,17].
Sensor insertion creates trauma to the tissues surrounding the sensor, and a waiting period,
depending on the sensor type, is needed for the sensor signal to stabilize [18,19].
Biocompatibility problems like bio-fouling (obstruction of fluid exchange after nonspecific
protein adsorption), passivation of electrodes (weakening of signal by reduction in
conductivity) and degeneration can lead to changes in sensor function that contribute to drift
in sensor signal over time [20,21].

The glucose sensor must be calibrated against corresponding blood glucose meter levels to
ensure the continuous accuracy of sensor data. Such calibrations transform the sensor signals
into matching capillary glucose levels and assumes that the plasma to IF glucose gradient
remains relatively constant [22]. Recalibration at fixed intervals is required to overcome
signal drift issues [15]. Calibration should take place when blood glucose levels are
relatively stable; namely, the rate of change in sensor glucose values should be < +0.5 mg/
dl/min [16,23].

While the concept of CGM has been around for 50 years [24], the use of this technology did
not become commercially available until the original MiniMed Continuous Glucose
Monitoring System (CGMS), now CGMS Gold (Medtronic MiniMed, CA, USA) was
approved in 1999. This device was similar to a Holter monitor in that data were collected for
up to 3 days, after which time the data were downloaded for retrospective review of sensor
glucose values [25]. An initial small-scale study from our pediatric diabetes clinic
demonstrated the usefulness of the retrospective CGMS in revealing patterns of glucose
excursions that were not evident with SMBG. That study showed that 56 pediatric patients
with T1D who were considered ‘well controlled” with Ay levels averaging 7.7% had peak
postprandial sensor glucose levels of >300 mg/dl approximately 50% of the time and 70% of
the subjects had asymptomatic hypoglycemia during the night [26].

Real-time CGM became available shortly after CGMS and it has become the most common
type of device that is currently used in the clinical setting. Salient features of the US FDA-
approved RT-CGM systems are shown in Table 2. As sensors are not as accurate as home
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glucose meters, the FDA has relegated them to being an adjunctive therapy, in that abnormal
sensor glucose values should be confirmed by capillary blood glucose determinations prior
to taking corrective measures [102].

In assessing the accuracy of RT-CGM, descriptive statistics such as the mean/median
relative absolute difference (RAD) are often used [27]. In calculating the RAD, the sensor
value is subtracted from the reference blood glucose value. The difference is divided by the
reference glucose value and expressed as a percentage. As the term is absolute, high and low
sensor glucose values are weighted equally. The current generation of sensors has a median
RAD of approximately 15%. However, variables such as the current blood glucose and
glucose level rate of change affect the accuracy of the sensor such that the sensors appear to
perform better at higher blood glucose levels and less well at hypoglycemic values and
during rapid fluctuations in glucose levels. The median RAD for the Guardian® RT/
Medtronic RT CGM sensor is 10.9-14% [28,29], 9-14% for the Navigator® [30-32], 12.8%
for the DexCom™ SEVEN® [30] and 13.0% for the DexCom SEVEN PLUS [33]. Another
method to determine sensor accuracy is the Clarke error grid analysis for glucose sensor
(CG-EGA), which utilizes both blood glucose point accuracy, sensor readings versus
reference blood glucose determinations, and rate and direction of change accuracy [34]. As
shown in Figure 2, the CG-EGA has five zones of accuracy with zones A (clinically
accurate) and zones B (benign errors) expressed as ‘clinically acceptable’ [35].

Data management software to allow for retrospective analysis of RT-CGM data has been
developed for devices currently approved by the FDA. The Navigator CoPilot [103] and the
DexCom SEVEN PLUS Data Manager 3 (DM3) use software that is installed on a personal
computer [104]. These programs differ from the downloading that is available from
Medtronic, which is a web-based system called Carelink [105]. The three systems allow for
similar reports to be generated. The Modal Day report that is often used in the clinical
setting allows for overlapping of a few days of sensor data to allow for clinicians and
patients to search for patterns. As demonstrated in Figure 3, it is easier to identify times of
the day when the glucose is out of range and thus make changes to insulin therapy. Pie
charts with estimates of the percent of time spent in range are also useful and available from
downloading software. Patients find this information to be easily understood, thereby
allowing for refinement of insulin delivery based on these reports. Sensor readings from one
day can provide evidence of the benefits of interrupting basal delivery overnight if a low
glucose threshold is reached and an alarm is not responded to, as seen in Figure 4.

The Medtronic MiniMed Paradigm® REAL-Time Revel System distinguishes itself by
being the only truly integrated system in which the receiver of sensor signals is contained
within the insulin pump. The system uses the insulin pump screen to display sensor glucose
values, graphs and trend arrows, eliminating the need for a separate receiver device.
However, a partnership agreement has been signed between DexCom and Animas that will
integrate DexCom’s CGM technology with Animas’ insulin pumps [106]. More recently, the
Juvenile Diabetes Research Foundation (JDRF) formed a partnership with Animas to
develop a first-generation closed-loop system for management of T1D that will employ the
DexCom sensor [107].

evidence: CGM versus SMBG?

Since adding RT-CGM as an adjunct to standard SMGB adds to the costs of diabetes care
and the burdens of the disease on patients, families and clinicians, great effort has been
expended over the past 10 years to determine the effectiveness of CGM in allowing a greater
proportion of T1D patients to achieve and maintain target A;. levels without increasing the
risk of severe hypoglycemia. Almost all of these studies maintained patients on their pre-
study insulin regimens, either insulin pump alone or insulin pump and multiple daily
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injection (MDI) treatment, and there was no evidence that the method of insulin
administration affected the response to CGM. Indeed, in the Sensor-Augmented Pump
Therapy for A, Reduction (STAR) 1 study that compared the clinical effectiveness of CGM
versus standard glucose monitoring exclusively in patients receiving pump treatment, no
differences in the reduction in HbA1 levels were observed between the two treatment
groups [36].

The JDRF CGM randomized controlled trial (RCT) [37], Guard Control Study [38] and
O’Connell et al. [39] demonstrated that adults with T1D had a greater reduction in Ay,
levels with use of RT-CGM and SMBG than with SMBG alone. In the 6-month JDRF CGM
RCT in T1D patients with HbA; >7.0%, 83% of adults wore their CGM devices 6-7 days a
week and lowered HbA 1 levels by 0.53% compared with controls. Furthermore, the
improvement in Aj. with CGM was not accompanied by an increase in biochemical
hypoglycemia.

It has been much more difficult to demonstrate a benefit of CGM in pediatric patients with
T1D. Overall, lowering of Ay levels in subjects in the JDRF CGM RCT study aged 8-17
years who were assigned to the CGM group did not differ from that in the SMBG control
group [40]. Nevertheless, those who wore the CGM device 6—7 days a week during the first
6 months of the study lowered HbA 1 levels by 0.8% without increasing the frequency of
low sensor glucose concentrations. Moreover, the improvement in glycemic control was
maintained for a full 12 months in those subjects who were able to continue the frequent use
of these devices. Unfortunately only 21% of the pediatric cohort used the sensor that
frequently for the full 12 months, and those that reverted to less frequent sensor use during
the second 6 months lost their A1 benefits. The DirecNet GlucoWatch 2 Biographer [41],
Guard Control [38] and STAR 1[36] randomized clinical trials have all demonstrated a
similar CGM usage-dependent effect of lowering HbA in youth with T1D.

Patients with T1D who are successfully meeting treatment goals are often excluded from
RCTs evaluating the efficacy of new drugs and devices because lowering A;. levels into the
target range is often the primary outcome of interest. Since RT-CGM might assist patients
with low Ay levels by reducing exposure to biochemical hypoglycemia, the JDRF CGM
Study Group also carried out a RCT that examined the efficacy and safety of RT-CGM in
adult and pediatric patients with T1D who had achieved HbA levels <7.0% [42]. In that
study, RT-CGM use not only reduced the frequency of hypoglycemia but also helped
maintain HbA; levels <7.0% compared with SMBG in adults and children; 88% of CGM
subjects maintained A1 levels under 7.0% versus only 63% of SMBG control patients.

Guidelines for utilizing CGM in an effective way for the management of diabetes are still
evolving. CGM technology is new for many clinicians and patients, necessitating the need
for extra training on how to respond to alarms and real-time trends to minimize over reaction
and data overload. The consensus guidelines for CGM published in 2008 are a reliable
source with practical recommendations for clinicians planning to implement CGM
technology to their diabetes management [43]. The availability of training materials for
patients and clinicians to familiarize them with new versions of this fast-developing
technology will enhance their widespread use and minimize user-related mistakes.

Evidence for SAP versus MDI treatment with SMBG

A number of previous studies have compared insulin pump versus MDI therapy, as well as
CGM versus SMBG. However, no study had examined whether, and to what extent,
switching directly to SAP therapy might improve metabolic control in patients with T1D
who were previously unable to reach glycemic targets with MDI and SMBG until recently.
The STAR 3 study was undertaken to answer this question in adults and children with T1D
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[44]. This study is also noteworthy because it is the largest (485 subjects) and longest (12
months) randomized clinical trial involving CGM that has been completed to date. In the
SAP group, pump therapy was started first and RT-CGM initiated 3—4 weeks later. The most
important findings were:

* Adecline in mean Ay levels was clinically and statistically significantly greater in
those assigned to SAP versus MDI therapy (SAP group: from 8.3 to 7.5%; MDI
group: from 8.3 to 8.1%; p < 0.0001);

»  The improvement with SAP therapy was similar in adult and pediatric patients;

»  Within the pediatric age group, the improvement in A;; was similar in pre-teens
(8-12 years of age) as it was in teenagers (13-18 years of age);

e A greater proportion of adult and pediatric subjects in the SAP group compared
with the MDI group reached A, targets recommended by the American Diabetes
Association;

» Rates of severe hypoglycemia and diabetic ketoacidosis were low and did not differ
between the treatment groups;

»  The combined benefit of SAP appears to be greater than that of pump or CGM
alone.

Thus, even though it can be a daunting task to introduce both of these new technologies
nearly simultaneously, there can be benefit to both pediatric and adult patients with T1D.

Another randomized clinical trial, this time from Europe, compared the glycemic control
with SAP versus MDI for adult subjects with poorly controlled T1D [45]. The subjects
randomized to SAP treatment lowered their mean HbA ;. from 8.5 to 7.2% after only 26
weeks of SAP treatment as compared with subjects who were on MDI with an HbA . of
8.6% at baseline and 8.5% at the end of the study. An important finding of this study was
that there was no increase in episodes of hypoglycemia despite the significant HbA .
reduction for the SAP group.

SAP at onset of T1D in children with T1D

The recent Pediatric Onset Study compared SAP versus insulin pump therapy with SMBG at
the onset of T1D in 160 children and adolescents aged 1-16 years [46]. This was a negative
study in that Ay levels after 12 months did not differ between the two treatment groups,
Once again, the lack of benefit of SAP appeared to be due to low sensor use in the SAP

group.

Expert commentary & five-year view

Understanding the challenges & opportunities of SAP therapy

The SAP therapy leans on three major components by design: CGM, insulin pump and
rapid-acting insulin analogs. Although the effectiveness of CGM depends on consistent and
persistent use, such use has been difficult to achieve in T1D patients in routine care. To
identify ways to reduce barriers to more consistent CGM use, it is important to understand
how patients perceive the benefits and barriers of CGM and how these perceptions are
associated with frequency of use. To answer these questions, patients with T1D in the JDRF
CGM trials completed the CGM Satisfaction Scale (CGM-SAT), in which higher scores
reflect greater benefits or fewer hassles with CGM use [47]. As might be expected, frequent
CGM users reported greater satisfaction and had higher scores on the two subscales
compared with infrequent users. However, the greatest differences between the two groups
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involved the hassles items. This suggests that individuals using CGM who perceive the
benefits and wear the device frequently are less bothered by the hassles, while those
individuals who wear the device infrequently focus more on the hassles than the benefits.
The future of SAP therapy in diabetes management rests on several practicality, safety and
technological issues of CGM. The lag between blood glucose and sensor readings can lead
to miscalculation of insulin dose by the SAP system. These miscalculations are likely to
occur at times of rapid blood glucose change. In order to address these issues, up and
coming CGM technologies utilize techniques other than glucose oxidase (e.g., cell based,
boronic acid matrix), better filters and enhanced software to measure and report IF glucose
levels [108]. Consequently, the continuing development of sensor technology that leads to
less intrusive, less painful, more accurate and easier to use systems should result in more
consistent use by more patients and a greater improvement in metabolic control of T1D.

Even after more than 30 years of development, there is still room for some improvements in
insulin pumps, with considerable attention now focused on patch pumps that eliminate the
problems with infusion set tubing. More research is also underway to develop a combined
sensor and pump infusion set; however, the effect of this combination set on sensor accuracy
is not completely clear [48]. Moreover, new insulin infusion sets durable for longer periods
of time will be a prerequisite since currently insulin infusion sets are replaced after 2-3 days
and the sensor can be worn for up to 7 days.

The delayed peak and relatively prolonged duration of action of rapid-acting insulin analogs
given subcutaneously remains a challenge to overcome, especially with respect to the
development of external closed-loop insulin delivery systems that use subcutaneous insulin
infusion. On average, peak insulin action is 90-130 min after bolus administration with a
total duration of action that often exceeds 5 h [49,50]. B-cells release insulin to the portal
system almost immediately after the elevation of glucose level above physiologic levels,
therefore mimicking B-cell function necessitates high-speed insulin action to achieve such
control. New insulin formulations, novel devices and infusion sets to accelerate insulin
absorption have the potential to tackle these issues and transform SAP therapy [51,52].

SAP system with low glucose suspend

The first, relatively small step in the direction of a closed-loop system has already been
achieved by the approval of the MiniMed Paradigm Veo System in Europe, Canada and
Australia [109,110]. The low glucose suspend feature of this SAP system allows the basal
rate of the patient’s pump to be suspended for up to 2 h if the patient fails to respond to the
sensor’s low glucose alarm. Several lines of evidence support the efficacy and safety of this
approach to preventing a potentially catastrophic hypoglycemic event, especially at night:

*  Window of opportunity: in a case series, Buckingham and colleagues demonstrated
that low sensor glucose levels were detected 2—4 h prior to seizures in the middle of
the night [53];

» Efficacy and safety: several years ago our group demonstrated that interrupting the
basal infusion of lispro insulin for 2 h in the middle of the night in pump patients
with baseline plasma glucose levels of approximately 90 mg/dl resulted in a 15-30
mg/dl rise in plasma glucose and a trivial increase in plasma -hydroxybutryate
levels [54].

The clinical outcome from the automatic pump shut down feature in case of low IF readings
is not yet known. There are clinical studies underway in the USA and Europe to investigate
their effect on the prevention of hypoglycemia.
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Closed-loop system: the ultimate SAP

Scientists are currently working on fully closed-loop systems that will utilize control
algorithms that automatically regulate insulin infusion rates through the pump based on
sensor glucose readings, thus markedly reducing the burdens on patients to make meal-to-
meal and day-to-day decisions. This ‘auto-pilot” insulin infusion system will need to be able
to be easily managed by patients, protected against system errors that lead to the over-
infusion of insulin, and able to adapt itself to challenges of human physiology during normal
daily activities (e.g., exercise and stress) and due to changes in insulin sensitivity. While it
has already been demonstrated that closed-loop systems can control blood glucose levels
effectively in an inpatient setting [55,56], much work remains to be carried out to ensure the
safety of these systems before they are ready for outpatient use.
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Key issues

Insulin pumps have gained new functions but they are still not able to navigate
diabetes management in a fully automated fashion.

The interface of technology to diabetes management is accelerating with the
sensor-augmented pump being one of the pioneers of this important shift.

This technology is still relatively new and there is a lot that needs to be
investigated before its widespread implementation to diabetes management.

The evidence so far is quite promising, and the grand momentum in this field
suggests that a mechanical solution to the problems in managing Type 1
diabetes through a closed-loop artificial pancreas is much closer to fruition than
biological solutions through islet or B-cell transplantation.

Such closed-loop systems are within our reach provided that improvements and
safeguards are built into the systems that make over-delivery of insulin due to a
system malfunction extremely unlikely.
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Figure 1. Sensor-augmented pump therapy

Real-time glucose sensor (in blue), sitting on the skin surface with its tip inserted in the
tissue interstitial fluid, measures glucose levels. The glucose value is transmitted to the
insulin pump by radiofrequency, and sensor glucose values, graphs and trend arrows are
displayed on its screen. An appropriate insulin dose is calculated based on the glucose value
by insulin pump software and can be administered, if approved by the user, through the
pump infusion set (in gray) with its catheter in the subcutaneous tissue delivering insulin.
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Figure 3. Overlay of several days of glucose values demonstrates the need for changes in insulin
therapy for carbohydrate coverage at dinner as sensor values are above the target range after

dinner

Expert Rev Med Devices. Author manuscript; available in PMC 2012 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Cengiz etal.

Page 16
0 Paradign BG @ Meter BGEl Sensor — Sensor alarm -ifb Target range Hypo —

i 300
E
= 2004
2 . 180
8 100 b .
E - — | [ ] ég
° ORONDD 2 in 0 M0

0 T T T T T T T T T T

12 AM 2 AM 4 AM &AM 8AM 10AM 12PM 2PM 4 PM 6PM 8PM 10PM 12 AM

Time
@ Insulin delivery _
Pump alarm 33y Bolus || Square bolus Basal —  Temp basal Suspend —
24 12
10
=
e D | i
c 1 rs c
3 ] w
= : e
@ 4 =
& g 3
1
0 T T T T T T T T T T 0
12ZAM 2 AM 4 AM 6 AM B8AM 10AM 12PM 2PM 4 PM 6 PM 8PM 10PM 12 AM

Time

Figure 4. Sensor-augmented pump daily summary graph
(A) A typical daily sensor-augmented pump graph report of sensor glucose values with
meter glucose values recorded for calibration and as confirmatory fingerstick testing
(squares). The green shaded area represents the target glucose range, and multiple low
glucose alarms are noted between 12 and 3 AM with no response from the user of the
continuous glucose monitoring device. (B) Basal and bolus insulin delivered during a 24 h
period, including insulin delivery status at the time of hypoglycemic episodes.

BG: Blood glucose.
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Pump options and features.

Table 1
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Pump

Insulin
reservoir
capacity
(units)

Minimal basal
rate
increments (U/
h)

Minimal bolus
dose
increments
(units)

Other features

Animas Ping®

200

0.025

0.05

Smallest pump
Largest display screen

Meter-remote can wirelessly beam blood
glucose and deliver insulin within 10 ft

CalorieKing database on meter

Deltec Cozmo®

300

0.05

Integrated Freestyle meter
Enhanced Meal Maker®
Basal rates by day of week

Replacement of basal rate after
disconnecting pump

Production stopped 25 March 2009 —
users transitioning to different pumps

Roche-Disetronic Accu-Chek® Spirit

315

0.1

0.1

Reversible display

Menu display customization option

Medtronic Paradigm® REAL-Time Revel
523/723

180 or 300

0.025

0.025

Only available pump with real-time
CGMS on the market

Optional remote control for bolus dosing

CareLink Personal Therapy Management
Tool

Insulet Omnipod®

200

0.05

No tubing
1000 common foods in PDA

Freestyle Meter in PDA component

Nipro Amigo®

300

0.05

No software to download

Propriety infusion set connections

CGMS: Continuous glucose monitoring system; PDA: Personal digital assistant.
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Features of the real-time continuous glucose monitoring systems (at the time of publication™).

Feature

Abbott Free Style

DexCom™ SEVEN® PLUS

Medtronic MiniMed Paradigm®

Navigator® Real-time Revel System or
Guardian® REAL-Time
Range of glucose values 20-500 mg/dl 40-400 mg/dI 40-400 mg/dl
Update of glucose values Every min Every 5 min Every 5 min
Sensor duration Up to 120 h (5 days) Up to 168 h (7 days) ¥ Upto72h (3 days) ¥

Sensor length, angle and
gauge

6 mm, 90°, 21 gauge

13 mm, 45°, 26 gauge

12 mm, 45-60°, 23 gauge

Transmitter size

2.05" x 1.23" x 0.43"

15" x0.9" x 0.4"

14" x1.1"x0.3"

Number of components to
wear/carry

Receiver, transmitter
(home glucose meter built
in to receiver)

Receiver, transmitter and home glucose
meter

Receiver, transmitter and home
glucose meter

Warm-up period before
glucose readings displayed

10h

2h

2h

Required frequency of
calibration

Four times at
approximately 10, 12, 24
and 72 h after sensor
insertion

Two times a day (every 12 h)

Two times a day (every 12 h)

Available alarms

High and low glucose
alarms; projected high and
low glucose alarms

High and low glucose alarms

High and low glucose alarms;
predicted high and low glucose
alarms; rate of change alarms

Glucose display graphs

2-, 4-, 6-, 12- and 24-h

1-, 3-, 6-, 12- and 24-h

3-, 6-, 12- and 24-h

Trending arrows

Yes

Yes

Yes

Capacity to enter events

Insulin, meals, exercise,
health, other

Insulin, meals, exercise and health

Insulin, meals, exercise

US FDA approval status

Age 18 years and older
with blood sugar testing
using a home glucose
meter

Age 18 years and older with blood
sugar testing using a home glucose
meter

Age 7 years and older with blood
sugar testing using a home glucose
meter

TChanges and improvements to all devices are ongoing so the features may have changed since the time of publication.

i .
Users report longer wear times.
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