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Abstract

Steady progress is being made toward the development of a so-called “artificial pancreas,” which may ultimately
be a fully automated, closed-loop, glucose control systemn comprising a continuous glucese monitor, an insulin
pump, and a controller. The controller will use individualized algorithms to direct delivery of insulin without
user input. A major factdr propelling artificial pancreas development is the substantial incidence of—and at-
tendant patient, parental, land physician concerns about—hypoglycernia and extreme hyperglycemia associated
with current means of insulin delivery for type 1 diabefes mellitus (T1IDM). A successful fully automated
artificial pancreas would likely reduce the frequency of and anxiety about hypoglycemia and marked hyper-
glycemia. Patch-pump systems (“patch pumps”) are likely to be used increasingly in the control of TIDM and
may be incorporated into the artificial pancreas systems of tomorrow. Patch pumps are free of tubing, small,
lightweight, and unobtrusive. This article describes features of patch pumps that have been approved for U.S,
marketing or are under development. Included in the review is an introduction to control algorithms driving
insulin delivery, particularly the two major types: proportional integrative derivative and madel predictive
control. The use of advanced algorithms in the clinical development of closed-loop systems is reviewed along
with projected next steps in artificial pancreas development.

Introduction

Tmr. HAS BEEN STEADY FROGRESS over the years toward
the development of a so-called “artificial pancreas,” a
fully automated, extemal, closed-loop system for insulin de-
livery (Fig. 1), Under experimental conditions, closed-loop
glucose control wtilizing continuous glucose monitors
(CGME), insulin pumps, and pump-controlling algorithms
has shown superiority to open-loop control in being able to
achieve greater time in targe] range, with less hyperglycemia
and hypoglycemia.*1° :

Driving these advances are persistent concerns about short-
term risks of severe and potentially fatal hypoglycemia as

- well as severe hyperglycemia and diabetic ketoacidosis.

Additionally, there are concerns about long-term risk of
complications from hyperglycemia and glycemic variability
associated with contemporary methods of insulin adminis-
tration."'™* Barly glycemic control is partieularly important
because long-term vascular complications may result from
early hyperglycemic stresses, as shown in studies suggesting
the importance of “metabolic memary ” ™

The Diabetes Control and Complications Trial;
Hpidemiclogy of Diabetes Interventions and Complications

Study demonstrated that many patients do not reach target
blood glucose levels. ' Intensive therapy should lower glucose
values and improve outcomes; however, it will expose patients
to an increased risk of hy;poglycemia. The Diabetes Control
and Complications Trial'* and the Oxford-Steno group'
reporfed that severe hypoglycemia (requiring emergent or
other forms of medical assistance) affected about one-third of
patients with type 1 diabetes mellitus (T1DM) (however, ali
of them were treated with regular insulin at that time), with
~50% of all episades occurring in 5% of patients,

Use of insulin pumps has been shown to reduce the inci-
dence of severe hypoglycemic events compared with multiple
daily injections {MDI). A meta-analysis of 22 studies found
that the rate of severe hypoglycemia per 100 patient-years
among patients with TIDM treated with MDI was 100 for
aduits and 36 for children and that the rate was reduced three-
to fourfold among patients receiving continuous subcutane-
ous insulin infusion.”” Development of a reliable, safe, and
effective closed-loop system may further reduce hypoglyce-
mia and hyperglycemia and help overcome these concerns
among patients, parents, and physicians. Given the substan-
tial frequency of severe, potentially life-altering {or life-
threatening) hypoglycemia, it is not surprising that many

*Medical Affairs, Animas Corporation, West Chester, Pennaylvania.

*Monteagle Medlical Center, San Francisco, California
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FIG. 1. The ariificial pancreas, a closed-loop system for insulin delivery. The controller compares the: desired glucose with
the value obtained from a continuous glucose sénsor. The controller output signal adjusts the rate of insulin delivered by an
insulin infusion pump. The insulin affects the blood glucose, which is sensed and “fed-back” to the controller. Reprinted with
permission from Bequette.! Color images available online at www.hebertonline.com /dia.

children, adolescemts, and adults with T1DM experience
considerable fears of hypoglycemnia. These fears may com-
promise self-care and treatment adherence, which often lead
to hyperglycemia and worsening metabolic control. 1820
Although focused on TIDM management, the present ar-
ticle surveys available or developmental patch pumps de-

-signed for type 2 diabetes meflitus as well as those designed

* for TIDM. This is done because some technologies currently

T
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used for type 2 diabetes mellitus patch pumps may be applied
to future TADM pumps. Especially with increasing demand
for discreetness, patch pumps are poised to become key com-
ponents of closed-loop systems. The article also considers
pump-controlling algorithm]F (including in silico [computer-
based] simulations) and pl“-eclinicai and clinical testing of
closed-loop systems. |

Insulin Patch Pumps

Traditional msulin pumps and software have received
broad acceptance because of their ease of use, accuracy, pre-
dictability, and ability to calculate bolus insulin doses based
on user-input information.” Most of these traditional pumps
deliver insulin through tubing that can kink, catch, and/or
detach. These tubing issues, along with the current size of
available pumps, often compromise discrest, convenient use.
Taken together, these factors helped spawn interest in the
development of patch pumps that involve ne tubing, readily
adhere to the bady, are smali, lightweight, and completely or
partialiy disposable, and are capable of being worn and ma-
nipulated discreetly under clothing. Problems associated with
currently available patch pumps will have to be addressed,
including tempotary unavailability of a controller, pump size
(form factor), adhesive intolerance, and poor adherence.

A number of patch pumps are under development. Some
patch pumps will require a separate controller device that
communicates wirelessly with the pump; others will include
all necessary control compornjants. An overview of basic patch-
pump information is presented in Table 1. Specifications of
pumps under development may change before the pumps

S0B9-B+9-S1+

reach market. Some pumps listed below as being currently
unavailable or under development in the United States may
alzeady be available in other countries.

Marketsd patch pump

The OmniPod® Isuln Management System (Insulet
Corp., Bedford, MA), the first patch pump marketed in the
United States, delivers both basal and balus insulin. It is
composed of a pod, which must be replaced every 3 days, and
a Personal Diabetes Manager (PDM) (Fig. 2). The pod con-
tains, in addition to the pump, an insulin reservoir with a
capacity of 2mL and a cannula.’®* The PDM, which has
an onboard glucormeter, allows the patient to control the pod
wirelessly and also features automated cannula insertion.
After receiving a blood glucose value from the fingerstick
blood sample tested on the incorporated ghucometer and an-
ticipated carbohydrate (CHO) intake information from the
patient, the PDM calculates mealtime bolus insulin dosage.
The PDM contains a food library and also stores, displays, and
downloads data on insulin delivery, blood glucose values,
and CHO records. It is equipped with alarms/alerts and a
color LCD screen.

Patch pumps approved for marketing by the U.8. Food
and Drug Adrministration but not yst commerciaily
avaitable in the United States at this writing

The Solo™ MicroPump Insulin Delivery System (Medingo
US Inc, Tampa, FL) consists of a basal-bolus micropump,
wireless remote controller, and cradle with a built-in cannula.
The 2-mL insulin reservoir, which attaches to the pump, must
be replaced at least every 2 days when insulin lispro or insulin
glulisine s used and at least every 3 days when insulin aspart
is used, The pump itself should be replaced every 90 days
(Fig. 3).%

Finesse™ (Calibra Medical Inc., Redwood City, CA) is a
disposable mechanical pump that delivers insulin {bolus
only).® By depressing both its bolus-release buttons simul-
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Fill'the Pod

taneously, the patient will cause a bolus to be delivered, A
separate driver will be used for inserting the cannula after the
filled pump has been adhered to the body.?

Pateh pumps reported fo be under devalopment

The following data about patch pumps under development
has been derived from information] in the public domain
available at the time of writing,

The Cellnovo Pump (Cellnovo Ltd., formerly Starbridge
Systems, London, UK) is a low-powet, basal-bolus pumpwith
an integrated power supply coupled with a reservoir con-
. & 3-day supply of inpulin and a cannula for drug de-

livery.™ Two pump sizes are to be available: the teservoir ina
+ pump for children is 0.5mL,:and that for adults is 1.5 mL, The
. empty reservoir and cannula are replaced after 3 days; the
entire pump case is retained. This pump will utilize proprie-
tary technology to control mechanical energy. It was projected
to be available throughout Europe at the start of 2010,

The Freehand™ system (MedSolve Technologies LLC,
Woodland Hills, CA) for basal and bolus insulin delivery will
consist of an electronically controlled pump usable for 3

FIG. 3. The Solo MicroPump insulin delivery system. Color
images available online at www liebertonline.com /dia.
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Apply the Pod
FIG.2. Operation of the OmniPod insulin management systerm. Color images available online at www liebertonline.com,/dja.
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Press Start

manths, a disposable insulin reservoir, a tubeless patch with
contained cannula, and a remote control. The system will
contain seven basal profiles. Basal delivery will be able to be
temporarily suspended, and boluses can be delivered re-
motely or manually,

The Nanopump  (Debiotech SA [Lausanne, Switzerland)
and STMicroelectronics [Geneva, Switzerland]) for continu-
ous subcutaneous insulin infusion will be equipped with a
reusable aspect, containing the electranics, vibration alarm,
buzzer, and capabilities for programming and remote con-
trol, and a disposable aspect, containing an insulin reservoir,
pump, and batteries. The device’s adhesive patch cantaining
an auto-inserted infusion cannula is o be changed every 3
days. Several sizes of insulin reservoir will be available. The
pump will be based on micro-electromechanical systems
technology. >

The NiliPatch Disposable Insulin Pump system (NiliMBEIDLX
Lid,, Tirat-Carmel, Israel) consists of a disposable insulin pump
that delivers basal and bolus insulin?® The pump uses a pat-
ented pressure-triggered release mechanism and is controlled
by a system of valves and sensors. The NiliPatch has been
certified for marketing in the European Union and Israel

The PassPort™ system (Altea Therapeutics Corp., Atlanta,
GA) for delivery of basal insulin will comprise an applicator
and PassPort Patch, which contains a drug reservoir under
which there is a small screen (porator) containing metallic
filaments. The applicator delivers an electric charge to the
porator, galvanizing the filaments and vaporizing the closest
skin cells, creating micropores through which insulin passes
ransdermally. Drug delivery will be initiated by folding the
patch after attaching it to the skin. The micropores created by
<ontrolled bursts of thermal energy permit the flow of nat
only insulin but also other proteins, peptides, and CHOs into
the body without needles or pumps. Phase 1 clinical data
indicate that the PassPort system provides sustained, thera-
peutic insulin levels,®

V-Go™ (Valeritas, LLC, Parsippany, NJ} is a basal-bolus
pump that uses a transdermal h-Patch (hydraulic) that needs
tobereplaced daily. The pump has no electronics, batteries, or
programuming. The original h-Patch product received Food
and Drug Administration (FDA) 510(k) premarket approval
in 2005, After product refinements, a new 510(k) for the V-Go
and its filling device was submitted and is under FDA review
at this writing. 2

The CeQur™ (Montreux, Switzerland) Insulin Infuser, a
disposable basal-bolus patch pump intended or type 2 pa-
tients, will be available in one of sever. basal rates and offer
bolus insulin by pressing two buttons simultaneously. It alerts
when the device is activated and when it should be replaced.
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