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Abstract

Background and Objective—Subcutaneously injected rapid-acting insulin analogs do not
replicate physiologic insulin action due to delays in their onset and peak action resulting in post-
prandial glucose excursions. The InsuPatch (IP) is a novel insulin infusion site warming device
developed to accelerate insulin action by increasing blood flow to the area of insulin absorption.
13 adolescents with type 1 diabetes (mean age 14+4 years) were enrolled in this study to
investigate the effect of the IP on the pharmacodynamics and pharmacokinetics of a 0.2u/kg bolus
dose of aspart insulin using the euglycemic clamp technique.

Research Design and Methods—Each subject underwent two euglycemic clamp procedures
on separate occasions: one with and one without IP activation in random order.

Results—When the insulin bolus was given with IP activation as compared to without IP
activation, time to reach maximum insulin action (Tgjrmax) @nd to reach 50% maximum action

(T 500GIRmax) Were 35 and 18 minutes earlier (12518 min vs. 90£6min, p=0.002 and 58+5min. vs.
40+3min, p=0.01, respectively), and the AUC g|r o0-90min, reflecting early glucodynamic action,
was significantly greater (p=0.001). IP activation also accelerated the rise in plasma insulin levels
after the bolus (p=0.03) and resulted in a higher peak (p=0.04) and greater overall increase
(p=0.02) in plasma insulin levels.

Conclusions—Our results demonstrate that insulin infusion site warming with IP activation
accelerates the time action profile of aspart insulin which may be of benefit to current open-loop
and future closed-loop insulin delivery in patients with type 1 diabetes.
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Introduction

While the time-action profiles of subcutaneous injections of rapid-acting insulin analogs are
accelerated in comparison to that of regular insulinl, delays in the absorption and action of
these analogs remain important obstacles in attempts to replicate physiologic plasma insulin
levels in patients with type 1 diabetes (T1D). In children, adolescents and adults with T1D,
we and others have shown that the peak action of 0.2 to 0.3 unit/kg bolus doses of aspart and
lispro insulin is not observed until 90-130 minutes after a subcutaneous injection 22, and the
duration of action often extends beyond 5 hours. Thus, use of current rapid-acting insulin
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analogs during open-loop therapy in patients with T1D does not fully overcome the
tendency of hyperglycemic excursions immediately after a meal and the risk for late post-
prandial hypoglycemia.

Problems inherent in the use of the subcutaneous route of insulin administration in T1D are
exaggerated further in reactive, closed-loop systems (a.k.a. artificial pancreas system)
comprised of external insulin pumps and external glucose sensors 3. In these systems,
meal-stimulated insulin administration does not even begin until sensor glucose levels start
to rise 15-20 minutes after the start of the meal, and it is extended over several hours after
the meal to match the physiologic delays in carbohydrate digestion and absorption. While
some of the problems in using the subcutaneous route of insulin administration in open and
closed-loop insulin delivery can be overcome by pre-meal priming boluses of insulin 3,
consistent compliance with early bolus administration has been difficult to achieve in
clinical practice.

Recent advances in closed-loop insulin delivery using external pumps and sensors have
rekindled interest in the development of new insulin preparations with accelerated rates of
insulin absorption and action 2356, An alternate approach was suggested a number of years
ago by Koivisto and colleagues. These investigators used exposure to a sauna to demonstrate
that the rate of insulin absorption could be increased by increasing blood flow to the skin via
increasing ambient temperature’. Similar results were obtained in other studies by local
application of heat around the site of a bolus injection &°. These observations served as the
basis of the development of a novel insulin pump infusion set, the InsuPatch (InsuLine
Medical Ltd. , Petach-Tikvah, Israel), in which battery-powered warming coils are
incorporated into the adhesive layer of the infusion set. When activated around the time of a
bolus injection, the device applies controlled heat around the insulin infusion site that, in
turn, increases blood flow into the area 1°.

The objective of this randomized, crossover study was to investigate the impact of the
InsuPatch (IP) on the pharmacodynamics and pharmacokinetics of aspart insulin in youth
with T1D by using the euglycemic clamp technique. We hypothesized that warming the
insulin infusion site with the IP will increase the rate of absorption and accelerate the action
of this rapid-acting insulin analog.

Subjects with T1D who attended the Yale Children's Diabetes Clinic were recruited for this
study. Eligibility criteria included a clinical diagnosis of T1D for =1 year, age between 12 to
18 years, continuous subcutaneous insulin infusion (CSII) therapy for at least 3 months,
HbA1c <10.0% , BMI <95% for age and sex, and the ability to comprehend written and
spoken English. Subjects were excluded for any other medical disease aside from T1D or
treated hypothyroidism; use of medications that might affect glycemic control; pregnancy or
breast-feeding; not consistently using barrier methods or abstinence as contraception; or any
other condition that in the judgment of the investigators would interfere with the subject's or
parent's ability to provide informed consent or the investigator's ability to perform the study.
The Yale University Human Investigation Committee approved the study.

At the initial enrollment visit, the risks and benefits of the study were explained; informed
consent was obtained from the parents or subjects who were 18 years of age, and informed
assent from the subjects <18 years of age; history and physical examinations were
performed and HbAlc was measured.
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InsuPatch

The warming element is incorporated into the adhesive layer of the insulin infusion set and
connected by wires to batteries that are carried in a modified insulin pump carrying case.
The warming element contains a temperature sensor and controller unit that maintains the
skin warming at a fixed temperature. In these experiments, the skin warming temperature
was set at 38.5 °C.

Procedures

Each subject underwent a glucose clamp study on two separate occasions separated by < 8
weeks; one with the IP activated and the other without IP activation in random order. On
each occasion, subjects were admitted on the afternoon prior to the euglycemic clamp
procedure. A new insulin infusion set was inserted into the subcutaneous tissue of the
anterior abdominal wall and an i.v. catheter was placed for overnight blood sampling. Blood
glucose levels were measured hourly during the night and the basal insulin infusion was
adjusted as needed to achieve glucose levels between 80-120 mg/dl at the start of the
euglycemic clamp procedure the next morning.

All subjects fasted overnight and were kept fasting until the end of the 5-hour clamp study.
A second i.v. catheter was placed on the contralateral arm for infusion of exogenous glucose
on the morning of the clamp study, and subjects were randomized to receive 0.2unit/kg body
weight bolus of aspart insulin with or without the IP activation. Subjects who were studied
with IP activation during the first clamp were given the same dose of aspart insulin without
IP activation during the second euglycemic clamp and vice versa. During IP activation
studies, IP was activated to warm the insulin infusion site for 15 minutes prior to the bolus
and was kept on for 60-90 minutes after administration of the bolus. In all studies, the basal
infusion of insulin via the insulin pump was suspended after the bolus was given.

A variable rate of 20% dextrose was infused and adjusted every five minutes based on
bedside measurements of plasma glucose to maintain levels between 90-100 mg/dl during
the study for a period of five hours 1112, Blood was collected at 10-minute intervals to
measure insulin plasma levels for the first 90 minutes, at 15-minute intervals for the next 90
minutes, and then every 30 minutes for the last 120 minutes.

Biochemical methods

HbA1c was measured by the DCA Vantage Analyzer (Siemens Medical Equipment,
Malvern, PA, USA), plasma glucose by the YSI Glucose Analyzer (Yellow Springs
Instrument Life Sciences Incorporated, Yellow Springs, Ohio, USA), and plasma insulin by
the Mercodia iso-insulin ELISA test, with a reported cross reactivity of 80% with insulin
aspart (MercodiaAB, Uppsala, Sweden).

Statistical Analyses

The exogenous glucose infusion rate (GIR) was analyzed every 10 minutes and adjusted for
changes in the glucose space, as previously described 11. The pharmacodynamic parameters
that were calculated for each clamp study included the maximum glucose infusion rate
(GIRmax), time to maximum glucose infusion rate (Tgjrmax) @nd time to half maximum
glucose infusion rate (TspogIrRmax)- In addition to total AUCG)R 0-300 min. Partial AUCgr
values from 0-90 min (AUCgr 0-90min) Were also analyzed to determine early
glucodynamic action.

The mean baseline plasma insulin concentrations were similar between the two studies
(62£10 uU/mL vs. 7118 uU/mL with and without IP respectively, p=0.4), but the within
subject absolute difference between the two studies averaged 27uU/mL. To adjust for these
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within subject differences in baseline insulin levels, the increments in plasma insulin levels
from baseline were used for analysis. Mean increment (ACjs), maximum increment

(ACins max). total area under curve for ACjns (AUC Acins 0-300min) @and the AUC A Ginso-90min
(an index of early insulin exposure) were calculated. Comparisons of pharmacokinetic
parameters between IP and no IP studies are based on data from 12 of the 13 subjects, since
there were assay problems in insulin samples from one of the clamp studies in one of the
subjects.

Statistical comparisons were performed using GraphPad Prism version 5.0 (GraphPad
Software Inc. La Jolla, CA). Paired #tests were used where applicable to compare plasma
glucose and glucose clamp data, which are reported as mean + SEM.

This study included 4 girls and 9 boys with type 1 diabetes, totally 13 subjects aged 14+4
years, Tanner stage 11-V and with a mean HbAlc of 7.3+0.2%. Mean plasma glucose
concentrations did not differ between the two studies during the 5-hour clamps (96+1mg/dL
with IP and 98+1mg/dL without IP, p=0.2).

As illustrated in Figure 1 and the Table, IP activation shifted the time action curve of aspart
insulin to the left, with an earlier T gjrmax (P=0.002) and T 500,G1Rmax (P=0.01). While the

total AUCG|R 0-300min @nd GIRnax did not differ significantly between the two studies, the

AUCg|Rro-90min Was much greater with IP activation (p=0.001).

The increments in plasma insulin that were achieved after the 0.2 unit/kg bolus of aspart
insulin are shown in Figure 2. As shown in the Table, while differences in mean ACijpg
levels between the two studies did not achieve statistical significance (p=0.08), the maximal
increment in insulin (ACax) Was higher with the IP versus without the IP activation
(p=0.04). The time to reach maximum increments in plasma insulin averaged 67+10min
without the IP. In contrast, the same increment in plasma insulin level was achieved at 41+4
min with the IP activation (p=0.03). The overall bioavailability of insulin, as indicated by
AUC Acins 0-300min Was 28 % greater with the IP activation versus without IP activation. It
is especially noteworthy that skin warming with the IP increased exposure to insulin during
the first 90 minutes after the insulin bolus (AUC Acinso-9omin) by 35% versus without IP
(p=0.04). All subjects tolerated the IP well without any site irritation or discomfort.

Discussion

These data demonstrate that warming the skin around an insulin infusion site to 38.5°C with
the IP accelerates the time action profile of a standard bolus dose of aspart insulin. Notably,
the peak action of the bolus was observed 35 minutes sooner with IP activation and the
glucodynamic effects of the bolus were increased by nearly 40% during the 90 minutes
following the bolus (AUC gr 0-90 min)- On the other hand, the peak action and total
glucodynamic effects of the bolus (AUC R 0-300min) did not differ significantly between
the two studies. The pharmacokinetic analyses demonstrated that skin warming with the IP
accelerated the absorption of the bolus and increased the magnitude of the rise in plasma
insulin concentrations (ACpay). In addition, the increase in AUC Acins 0-300 min SUggests
that use of the IP enhanced the bioavailability of the aspart bolus, as well. This modest
discrepancy between the magnitude of the pharmacokinetic and pharmacodynamic effects of
the IP may partly relate to the fact that almost all of the subjects in this study were teenagers
in puberty. As we have previously demonstrated, the insulin resistance of puberty is likely to
have blunted some of the glucodynamic enhancements that would have otherwise resulted
from the higher insulin concentrations that were achieved with the IP3.
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Our results are in agreement with previous studies that demonstrated faster insulin kinetics
and dynamics by increasing ambient temperature and local warming of the skin around an
insulin infusion site 79, The results also correspond with a recent meal study investigating
the effect of the IP on rapid acting insulin action in the adults with T1D 19, Moreover, our
results with the IP compared favorably to those of other studies that used alternate
technologies aimed at increasing the rate of absorption and action of subcutaneously injected
insulin tested only in adults 613-15 The acceleration of the insulin action profiles of bolus
dose of rapid acting insulins have been reported with intradermal micro-needle insulin
delivery 1® and mixing lispro insulin with recombinant human hyaluronidase, which breaks
down barriers to fluid dispersion in the subcutaneous space 16. The major advantages of the
IP are that it is well tolerated, non-invasive, and doesn't involve injecting pharmacologic
agents with potential adverse side effects.

The duration of heating before the bolus injection was based on previous studies
demonstrating that it takes up to 10 minutes for increases in blood flow to subcutaneous
tissues to reach maximum values after skin surface warming!’. We activated the IP 15
minutes prior to the insulin bolus in this study to give us a 5 minute margin of error. As
previously shown3 and demonstrated in the control studies without IP activation in this
study, peak plasma insulin concentrations are observed up to ~90 minutes after the 0.2 u/kg
body weight bolus injection. We chose to keep the warming active for 60-90min to ensure
that we maintained increased blood flow during anticipated period of maximum insulin
absorption. It remains to be determined whether shorter warming periods are equally
effective. The anterior abdominal wall was used for placement of the infusion set in all of
these experiments for consistency with our previous studies and to provide better site
visibility and temperature control. It will be intriguing to investigate the rate of acceleration
of insulin absorption from different sites (e.g., arm versus leg versus abdomen) after
warning the skin with the IP in a future research study.

One limitation of this study is that the full potential of the IP may even be greater than what
we observed by warming the skin only to 38.5°C. Other devices that warm the skin to
40-42°C are well tolerated, approved by the FDA and, as shown in Doppler-flow ultrasound
studies, cause a greater increase in local blood flow than skin warming to 38.5°C. The
optimal timing of IP activation (e.g., manually 15 minutes before versus automatically with
the bolus) and the duration of IP activation also remain to be determined. Once these
parameters of use are clarified, we look forward to future studies where this novel insulin
infusion set is incorporated into external close-loop systems to improve system performance
in managing meal-stimulated glucose excursions.
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Figure 1.
Aspart insulin time action profiles with (squares and solid line) and without (circles and
dashed line) the InsuPatch activation. Data are shown as mean + SEM.
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Figure 2.

The change in plasma insulin concentrations from the baseline (ACjps) during studies with
(squares and solid line) and without (circles and dashed line) the InsuPatch activation,
presented as mean + SEM.
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The pharmacodynamic and pharmacokinetic parameters (mean+SEM) with and without the InsuPatch
activation after the same bolus dose of aspart insulin investigated by euglycemic clamp study.

Table

Pharmacodynamic Parameters | No InsuPatch | With InsuPatch P
GIRpax (Mg/kg/min) 7.2+0.7 8.0+1 0.4
T Girmax (Min) 125+8 906 0.002
T s0%6G1Rmax (MiN) 58+5 4043 0.01
AUC g)r 0-300min (Ma/kg) 11414107 1280+118 0.1
AUC G 0-90min (MQ/kQ) 260£30 354+40 0.001
Pharmacokinetic Parameters* P
ACins (UU/mL) 32+3 45+7 0.08
ACpax (UU/ML) 818 106+11 0.04
AUC cins 0-300 min (UU.min/ml) 10470+1202 13380+1670 0.02
AUC 4cins 0-90 min (UU.min/ml) 4342+441 5846+698 0.04

*
All values calculated as increments above baseline (AC)
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