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Abstract

Advances in insulin pump and continuous glucose monitoring technology have primarily focused on optimizing glycemic
control for people with type | diabetes. There remains a need to identify ways to minimize the physical burden of this
technology. A unified platform with closely positioned or colocalized interstitial fluid glucose sensing and hormone delivery
components is a potential solution. Present challenges to combining these components are interference of glucose sensing
from proximate insulin delivery and the large discrepancy between the life span of current insulin infusion sets and glucose
sensors. Addressing these concerns is of importance given that the future physical burden of this technology is likely to be
even greater with the ongoing development of the artificial pancreas, potentially incorporating multiple hormone delivery,

glucose sensing redundancy, and sensing of other clinically relevant nonglucose biochemical inputs.

Keywords

unified platform, colocalization, insulin delivery, continuous glucose monitoring, closed loop, artificial pancreas

Replicating the ability of the healthy pancreas to maintain
glucose homeostasis for people with type 1 diabetes requires
accurate and rapid measurement of glucose levels, and
adjustment of exogenous insulin dosing accordingly. Over
the past 80 years, type 1 diabetes management has evolved
from subcutaneous injection of relatively impure animal
insulin using glass syringes in conjunction with urinary glu-
cose measurements for assessing glycemia, to subcutaneous
rapid-acting insulin analog delivery via pumps combined
with real-time continuous glucose monitoring (CGM) incor-
porating ‘smart’ features such as a low-glucose suspend
(LGS) or predictive low-glucose suspend (PLGS). The ulti-
mate goal is a fully-automated ‘artificial pancreas’.
Technological advances over the past 10—15 years have pri-
oritized and achieved significant improvements in automated
glycemic control, with lower HbA levels, 1mproved time-
in-target glucose range and less hypoglycemla

Progress has been made minimizing the technology-asso-
ciated physical burden. However, this has not received the
same attention as advances automating insulin delivery.
Original insulin infusion sets included uncomfortable metal
cannulas, large external adhesives, and infusion lines fixed to
the pump. These have evolved, with lower-profile infusion
sets incorporating detachable lines, smaller integrated adhe-
sives, and flexible cannulas. The CGM transmitter too has
been miniaturized. The incorporation of a CGM display

monitor into insulin pumps in 2006 was a step forward.
Reduction in the size of the sensors and insulin pumps has
been less marked.

Consequently, while each generation of computerized
insulin delivery devices and glucose sensors have provided a
more sophisticated platform than the last, the device foot-
print has remained largely unchanged. In the future greater
demands are likely to be placed upon skin insertion sites,
with closed-loop systems infusing more than one hormone,
redundant glucose sensors, and the potential requirement for
sensors measuring molecules other than glucose.>”

The burden associated with CGM wear is evident in both
clinical practice and clinical trials, where individuals with
type 1 diabetes frequently wear their glucose sensors much
less than 100% of the time.® Minimizing the physical pres-
ence and increasing sensor accuracy may increase patient
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acceptance and utilization of such systems.” We aim to
explore issues influencing a unified platform with closely
positioned glucose sensing and insulin delivery functions
relevant to a closed-loop setting, as well as potential innova-
tions to improve the technology’s reliability, convenience
and efficacy.

Combining Insulin Delivery and
Glucose Sensing Components

In current clinical practice, people with diabetes who elect to
use an insulin pump in conjunction with a glucose sensor
need to insert the insulin delivery cannula and glucose sens-
ing element separately. To our knowledge, all subcutaneous
tissue-based closed-loop system studies to date have also
involved separate insertions.

Interference of Insulin Delivery With Colocalized
Glucose Sensing

When combining insulin delivery and glucose sensing func-
tions into a single platform, it is of paramount importance to
determine whether interstitial fluid glucose can be measured
accurately and reliably in close proximity to exogenous insu-
lin delivery. Commercially-available CGM sensors utilize
glucose oxidase methodology to measure interstitial fluid
glucose levels. Initial feasibility studies performed in dogs
combined insulin delivery and glucose sensing components
into a single subcutaneous element. Reported findings were
interference of insulin delivery with the function of the glu-
cose sensor, with artifact spikes in output observed after
insulin bolus delivery (Gayane Voskanyan, personal commu-
nication). The hypothesized mechanism behind this interfer-
ence is direct oxidation of the phenol and meta-cresol
preservatives in the insulin formulation when in contact with
the sensor electrode. These preservatives belong to a class of
phenolic compounds which includes recognized glucose sen-
sor interferents. A common example, acetaminophen, con-
tains a free phenolic hydroxyl group which is considered
responsible for acetaminophen oxidation resulting in inter-
ference of sensor electrodes.'™" Such interference would
significantly compromise performance and safety of a
closed-loop system where algorithms rely on sensor inputs.

The findings described above suggest that the insulin
delivery and glucose sensing elements need to be physically
separated to ensure unaffected sensor function. A prototype
single-site platform separating glucose sensing and insulin
delivery functions by 11 mm was clinically evaluated in a
feasibility study, with no compromise of glucose sensor
function apparent.'? This was subsequently confirmed by a
study utilizing 225 of the commercially-available devices
(MiniMed Duo, Medtronic, Northridge, CA) during a brief
pilot release.® Separation distances of less than the 11 mm
between components utilized in the feasibility study above
remain to be explored.

Microdialysis sensors utilize fine, hollow fibers with a
semipermeable wall that are placed subcutaneously allowing
interstitial fluid to diffuse up to an apparatus measuring glu-
cose via enzymatic amperometric methodology."* Interstitial
fluid glucose measurement in early studies using subcutane-
ous microdialysis or microperfusion catheters for simultane-
ous insulin delivery and glucose sampling has shown
viability.">'® However, in these studies catheter effluent was
collected for external analysis rather than utilizing in situ
amperometric sensors. In addition, samples were collected at
30-60 minute intervals, potentially missing transient arti-
facts. Regittnig et al reported accurate glucose measure-
ments on interstitial fluid sampled via a microperfusion
cannula during brief interruptions of an insulin infusion.'” A
limitation of this approach is that closed-loop function man-
dates near-continuous glucose sensing and insulin delivery.
A single platform with discrete microdialysis sensors and
insulin delivery cannulas would address this limitation. In a
study of 10 participants with type 1 diabetes, microdialysis
CGM sensors retained accuracy when placed 9 mm from an
insulin delivery site.'® A reduction in the separation distance
between insulin delivery and glucose sensing with a microdi-
alysis configuration may be possible if interfering substances
are completely or partially excluded from proximity to the
sensing electrode by a semipermeable membrane.

Alternate methods for measuring glucose may circumvent
the issue of interference associated with the co-delivery of
insulin. Optical sensors utilize the properties of different
light frequencies (scattering, absorption and reflection) to
determine the glucose concentration.'” Nacht et al placed
two optical sensors incorporating near infrared phosphores-
cent porphyrin dyes into the wall of an insulin catheter. The
wavelength output from a glucose biosensor (GOx enzyme
layer and an oxygen sensitive layer) and an adjacent refer-
ence oxygen sensor was read non-invasively via a flurome-
ter. Correlation between sensor glucose readings taken from
the infusion catheter and reference blood glucose levels was
observed in pigs.”’ However, optical sensor technology has
not yet reached maturity, and sensor accuracy needs to be
improved significantly before clinical application.

Discrepancy in Lifetimes of Glucose Sensor and
Insulin Infusion Set

Differences between the lifespans of the insulin infusion set
and the glucose sensor is a significant limiting factor to the
wider adoption of a single platform. Despite the sensor life-
time of 6 days, MiniMed Duo users were advised to change
both the insulin delivery set and glucose sensor at least every
3 days due to the shorter lifespan of the insulin delivery
component.

In addition to the inconvenience and expense associated
with replacing a combined platform every 3 days, this prac-
tice will also impact glucose sensor accuracy. Day 1 sensor
inaccuracy is a recognized limitation of all current generation



310

Journal of Diabetes Science and Technology I 1(2)

CGM systems.”"* Restricting sensor use to the 3-day lifes-
pan of the infusion set decreases the percentage of time with
optimal sensor performance. Patients may also be tempted to
use the insulin catheter longer than the intended wear dura-
tion of 3 days. Evidence suggesting that patients may indeed
act in this manner is provided by a survey of 47 patients using
the MiniMed Duo who rated a median response of 6, on a
scale from 1 (strong disagreement) to 7 (strong agreement),
when asked if they would use the platform for longer than
recommended."’ As an alternative to changing the set every 3
days patients could utilize the MiniMed Duo as a single inser-
tion platform for only 50% of the time by inserting a separate
new insulin delivery line after 3 days while continuing to use
the platform solely for CGM for a further 3 days. However,
this strategy creates an even greater physical footprint in
comparison with separate insertion sites.

A limited body of published evidence supports the recom-
mendation from most pump manufacturers to change insulin
infusion sets every 48—72 hours to ensure adequate insulin
delivery and to reduce equipment-related dermatological
complications. A 6-month randomized, cross-over study
comparing the tolerability of 4-day versus 2-day insulin infu-
sion set use in 24 adults reported that 4-day use was associ-
ated with increased hyperglycemic events, infusion set
complications and injection site reactions.” Schmid et al
studied 12 adults wearing insulin infusion sets for progres-
sively longer periods (up to 7 days) and observed that infu-
sion set and injection site complications increased
significantly after day 3 of wear. There was no single specific
type of adverse event reported with extended catheter use,
but rather a range of events including: cannula occlusion or
dislodgement, adhesive failures, equipment leakage and skin
changes such as bruising, erythema and swelling. An increase
in mean daily blood glucose levels also correlated with
increased duration of insulin delivery catheter use.** This is
consistent with findings in a double-blind randomized con-
trolled trial of 20 participants, which demonstrated glycemic
deterioration from day 2 to day 5 of wear with the daily aver-
age glucose level increase of 34%.>> Another study collect-
ing self-reported blood glucose data via the internet (n = 243
type 1 diabetic participants) demonstrated a mean fasting
glucose increase of 17% from day 1 to day 5 of insulin infu-
sion set use.”® On balance, at present the evidence favors
clinical convention, which suggests insulin delivery lines
currently available should be changed every 3 days.

Extending the Lifetime of Subcutaneous Insulin
Infusion Equipment

It has been suggested that steel cannulas may have a greater
biocompatibilty given findings by Hojbjerre et al indicating
that adipose tissue blood flow and bolus mean infusion pres-
sure increased significantly with a wear time of 48 hours
with Teflon cannulas only.”” Nevertheless, studies have not
demonstrated a consistent increase in the survival of steel

over Teflon cannulas. Patel et al reported comparable failure
rates over a 7-day period with both materials in a random-
ized, crossover trial of 20 pump users.”® Conversely, retro-
spective survey results suggest longer cannula lifespan with
Teflon.” In an attempt to extend the life of insulin delivery
lines the use of alternative materials and innovative designs
to minimize equipment failures and reduce tissue trauma are
being explored. For example, a novel dual-port catheter
reduced flow interruption events, including silent occlusions,
over 2.5- to 4.5-hour infusion periods.”® Further advances in
the durability of insulin infusion sets and translation into
clinical use are required before a combined insulin delivery
and glucose sensing platform is practical.

Insulin Formulation Factors

The insulin solution infused can impact the delivery site life-
time. Insulin can cause local skin reactions via immune-
mediated inflammatory reactions to the insulin protein and
other solution additives, such as cresols.”’* Changes to the
chemical and physical structure of insulin are postulated to
contribute to the risk of insulin set occlusions. Isoelectric
precipitation is a pharmacokinetic change occurring in an
acidic environment and the pH threshold for precipitation
differs depending on the isoelectric point of the insulin for-
mulation.** Poulsen et al demonstrated the greatest resis-
tance to precipitation with insulin aspart, intermediate
resistance with buffered human regular insulin, and the least
resistance with insulin lispro.** The clinical relevance of
these differences remains unclear.

Insulin fibrillation (insoluble linear aggregates of par-
tially unfolded insulin molecules), another potential cause of
insulin delivery line occlusions, can be triggered by changes
in the environment such as heat and mechanical agitation
with exposure to hydrophobic surfaces.>*® Physical stabili-
zation of insulin solutions has been enhanced by the addition
of certain substances, such as zinc, which strengthens the
hexameric structure of insulin, reducing fibril formation.*
Insulin glulisine, which utilizes a surfactant rather than zinc,
has been demonstrated to be particularly prone to fibril for-
mation in vitro.’” In addition, there was a trend toward an
increase in line occlusions with insulin glulisine when com-
pared with insulin aspart and lispro in a randomized, cross-
over study of pump users.*® Manipulation of the structure of
insulin can also reduce fibrillation. For example, addition of
a peptide tether to single chain insulin analogues made them
refractory to fibrillation for three months at 37°C without
affecting their biological activity.”> Development of insulin
formulations with greater stability and less cutaneous side
effects may help to extend the lifespan of insulin delivery
lines.

The effects of new rapid-acting insulin formations, while
theoretically better suited to a closed-loop system, have yet
to be widely studied relating to their impact on infusion set
lifespan.”** A 6-week double-blind, randomized controlled
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trial utilizing 219 infusion sets in participants trialing a mod-
ification of insulin aspart with an enhanced time to onset of
action reported seven possible occlusions (unexplained
hyperglycemia or leakage) compared with no occlusions
using regular insulin aspart.* No occlusions were macro-
scopically or microscopically confirmed. Ongoing research
is required.

Bihormonal Artificial Pancreas

A bihormonal artificial pancreas, delivering both insulin and
glucagon, may improve glycemic control and reduce hypo-
glycemia. This has recently been demonstrated in short-term
studies conducted in inpatient, supervised outpatient and
home settings.*** There are a number of challenges to be
overcome before a bihormonal closed-loop system can be
incorporated into a unified platform. Currently, two delivery
lines (for insulin and glucagon) and a sensor require a sig-
nificant proportion of the abdominal wall. Most studies have
utilized three separate devices (the control unit, insulin pump
and glucagon pump), although recently a single integrated
wearable device has been developed.*®

At present there is no commercially-available physically
and chemically stable glucagon preparation, and frequent
reservoir changes are currently necessary to prevent degra-
dation and amyloid fibril formation.*” Prototype formula-
tions that increase stability to allow longer pump compatibility
are under development, for example utilizing ferulic acid,
surfactant or other surfactant-like excipients.”””' In the pre-
liminary results of a phase 2 trial, a novel glucagon peptide
analog with favorable stability in liquid solution, has shown
comparable pharmacological and safety profiles to a com-
mercially-available lyophilized form of native glucagon.>
Little information is available regarding the impact of gluca-
gon on sensor function when infused in close proximity, or
the compatibility of insulin and glucagon when administered
via the same or closely positioned lines.

Redundancy in Glucose Sensing

Accurate and reliable CGM sensors are vital to the efficacy
and safety of an automated closed-loop system. Factors lim-
iting performance include calibration error, sensor delay, and
drift.>® A potential approach to improving sensor perfor-
mance is redundancy, that is, incorporating inputs from >2
sensing elements to provide a single integrated output, to
more accurately and reliably reflect glucose levels.

The benefits of redundancy have previously been demon-
strated using multiple, separate sensors concurrently. In ani-
mal studies, improved sensor accuracy was demonstrated by
incorporating the median input of multiple closely-posi-
tioned glucose sensors into a single combined output.”
Castle et al utilized the mean and median inputs from four
amperometric sensors worn simultaneously to improve sen-
sor performance, in particular demonstrating a reduction in

the proportion of reported values >50% deviation from refer-
ence blood glucose.” Further improvement in sensor accu-
racy can been achieved by interrogating the sensors to
determine their performance and selection of sensors per-
forming superiorly, rather than simple signal averaging.”"’

Given the burden of wearing multiple sensing devices, a
novel redundant sensor was investigated by our research
group.”® The prototype sensor incorporated two electrochem-
ical electrodes in a fold-over configuration inserted via sin-
gle subcutaneous needle. The sensor was linked to a
processing algorithm that intelligently combined the data
from each sensing electrode. In adults with type 1 diabetes
studied over 7 days, redundancy enhanced electrochemical
glucose sensing performance, particularly increasing sensor
accuracy, and display time while reducing variation in per-
formance between sensors. Therefore, many of the benefits
attributed to redundancy in glucose sensing no longer require
multiple sensor insertions.

Despite redundancy, sensors utilizing identical methodol-
ogy may all be subject to the same interferences. Orthogonal
redundancy combines different sensing methodologies and
provides a potential solution. Our research group investigated a
prototype orthogonal redundant sensor that combined an opti-
cal fluorescence sensor with two electrochemical sensing ele-
ments via a single insertion platform.® This demonstrated a
trend to improved sensor accuracy and reliability, and while
promising, further technical development of the optical sensing
component is needed to fulfill the potential of this approach.

Non-glycemic Biological Parameters

A closed-loop system may benefit from the ability to detect
insulin delivery line failures and situations with unpredictable
insulin requirements (such as exercise, meals and acute ill-
ness). A multi-input sensor that detects parameters such as
physical acceleration, lactate, and ketones may enhance the
ability of an artificial pancreas to respond to such challenges.

Accelerometers provide information regarding exercise
onset, duration and intensity. Stenerson et a/ studied pump
wearers using a PLGS algorithm and wearing a 3-axis accel-
erometer via a chest strap. During everyday activities the
accelerometer-augmented PLGS system reduced hypogly-
cemia by >10% compared with PLGS alone (74% versus
62% reduction, respectively), though failed to prevent
exercise-associated hypoglycemia during a structured soc-
cer session.”””® While mixed results have been reported
using heart rate information to predict hypoglycemia, Jacobs
et al have modeled in silico combined accelerometer and
heart rate data collected during a 45-minute aerobic treadmill
session to propose an exercise algorithm for insulin pump
use.” Turksoy et al have shown feasibility of a multivari-
able arm-band incorporating an accelerometer and other
parameters of energy expenditure.”* Additional parameters
may provide added value. For example, Zanon et al investi-
gated a novel non-invasive glucose monitoring system worn
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Challenges

=

Moving toward a unified insertion platform for an artificial pancreas

Potential solutions

* Glucose sensing interference by .
proximate insulin delivery

* Glucose sensor reliability and accuracy .
* Short infusion set lifespan .
e Incorporation of sensor inputs in
addition to glucose .
¢ Infusion of multiple hormones .
(e.g. insulin plus glucagon) .

Optimizing configuration of colocalized glucose sensing
elements and insulin delivery lines

Glucose sensor redundancy in a single insertion element

Non-electrochemical (orthogonal) glucose sensor
development

Infusion set development to extend durability
Insulin formulation development

Development of a colocalized non-glycemic sensor
(e.g. lactate, ketone)

Accelerometer development and miniaturization

Combined bihormonal subcutaneous delivery platform

Figure 1. Challenges and potential solutions in moving toward a unified insertion platform for an artificial pancreas.

on the arm that also collected accelerometer, temperature and
humidity data.**

There are potential clinical advantages to sensing mole-
cules in addition to glucose in a closed-loop system. A
ketone sensor may assist in the detection of relative insulin
deficiency, such as observed following infusion line failure,
during intercurrent illness or diabetic ketoacidosis. A lac-
tate sensor could detect rising levels during high-intensity
exercise, aiding adjustment of insulin delivery.®® Ward et al
have shown feasibility of oxidase-based amperometric wire
micro-sensors detecting changes in glucose and lactate dur-
ing subcutaneous implantation in rats.®® Development of
novel sensor technology detecting these inputs is required.

Conclusion

There are a number of challenges faced moving toward a
unified closed loop platform (Figure 1). Optimization of gly-
cemia has so far been prioritized throughout the develop-
ment of current-generation insulin pumps and CGM
technology. While the information collected and the hor-
mones delivered are becoming more sophisticated, we need
to ensure the physical burden of technology is acceptable to
the users.

Abbreviations

CGM, continuous glucose monitoring; LGS, low-glucose suspend;
PLGS, predictive low-glucose suspend.
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