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RESEARCH ARTICLE

DIABETES

A Bihormonal Closed-Loop Artificial Pancreas
for Type 1 Diabetes

Firas H. El-Khatib,"* Steven J. Russell,>*" David M. Nathan,?
Robert G. Sutherlin,? Edward R. Damiano’
(Published 14 April 2010; Volume 2 Issue 27 27ra27)

Automated control of blood glucose (BG) concentration is a long-sought goal for type 1 diabetes therapy. We
have developed a closed-loop control system that uses frequent measurements of BG concentration along with
subcutaneous delivery of both the fast-acting insulin analog lispro and glucagon (to imitate normal physiology)
as directed by a computer algorithm. The algorithm responded only to BG concentrations and incorporated a
pharmacokinetic model for lispro. Eleven subjects with type 1 diabetes and no endogenous insulin secretion
were studied in 27-hour experiments, which included three carbohydrate-rich meals. In six subjects, the closed-
loop system achieved a mean BG concentration of 140 mg/dl, which is below the mean BG concentration target
of <154 mg/dl recommended by the American Diabetes Association. There were no instances of treatment-
requiring hypoglycemia. Five other subjects exhibited hypoglycemia that required treatment; however, these
individuals had slower lispro absorption kinetics than the six subjects that did not become hypoglycemic. The
time-to-peak plasma lispro concentrations of subjects that exhibited hypoglycemia ranged from 71 to 191 min
(mean, 117 £ 48 min) versus 56 to 72 min (mean, 64 + 6 min) in the group that did not become hypoglycemic
(aggregate mean of 84 min versus 31 min longer than the algorithm’s assumption of 33 min, P = 0.07). In an
additional set of experiments, adjustment of the algorithm’s pharmacokinetic parameters (time-to-peak plasma
lispro concentration set to 65 min) prevented hypoglycemia in both groups while achieving an aggregate mean
BG concentration of 164 mg/dl. These results demonstrate the feasibility of safe BG control by a bihormonal

artificial endocrine pancreas.

INTRODUCTION

Achijeving and maintaining near-normal blood glucose (BG) con-
centrations are critical for successful long-term care of patients
with diabetes mellitus. The Diabetes Control and Complications
Trial and its long-term follow-up demonstrated the importance
of maintaining glycated hemoglobin (HbAlc), an index of the
mean BG concentration, as close to the nondiabetic range as pos-
sible in individuals with type 1 diabetes (1-3). The internationally
adopted treatment goal (4) of maintenance of HbAlc values at <7%
(corresponding to a mean BG of ~154 mg/dl) reduces the develop-
ment and progression of microvascular and cardiovascular compli-
cations by as much as 76% (I, 2). Unfortunately, the therapy required
to achieve this goal is extremely demanding, necessitating frequent
self-monitoring of BG concentrations and multiple daily insulin in-
jections or use of an insulin pump. Even with physiologic insulin re-
placement in the form of a continuous insulin delivery throughout
the day combined with bolus doses of insulin at meals (basal-bolus
therapy), substantial hyperglycemic excursions and episodic hypo-
glycemia persist in most people with type 1 diabetes (5-7). Hypo-
glycemia can result in life-threatening consequences and limits the
application of intensive therapy. The development of a drug delivery
device that responds to glucose concentrations and automatically
“clamps” BG concentrations in the nondiabetic range, a so-called ar-
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tificial endocrine pancreas, has been a long-term goal to avoid the
negative consequences of type 1 diabetes.

Closed-loop BG control devices require a stream of frequent
glucose concentration measurements for operation. The prospect
for the development of such devices has been aided by recent im-
provements in minimally invasive continuous glucose monitoring
(CGM) and by an improved understanding of the physiologic con-
trol of glycemia (8-10). In individuals without diabetes mellitus,
glucose concentrations are maintained between 70 and 180 mg/dl
through the interplay of insulin and glucagon secreted by the pancre-
atic islets (11). Insulin is secreted in response to elevated BG and
other physiologic signals and facilitates disposal of glucose into the
liver and other peripheral tissues. Glucagon counters the effects of
insulin and increases glucose production by the liver, stabilizing glu-
cose concentrations after meals and preventing hypoglycemia.

Previously reported studies testing closed-loop BG control systems
using subcutaneous insulin infusion have not included a physiological
counterregulatory component such as glucagon (12-16). Those studies
with experiments lasting 24 hours or more reported repeated occur-
rences of hypoglycemia, which required intervention with carbohy-
drate administration, as required by their protocols (17, 18).

On the basis of the physiological principles of endogenous BG
regulation, we have developed a computer control algorithm that
makes automated dosing decisions for subcutaneous insulin and
glucagon administration based on regularly sampled BG concentra-
tions measured every 5 min. This BG control algorithm has previ-
ously been tested in a porcine model of insulin-deficient diabetes
(17, 18). We report here our results with this bihormonal artificial
endocrine pancreas in human subjects with type 1 diabetes.
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RESULTS

Eleven subjects with type 1 diabetes, no endogenous insulin secre-
tion, and HbAlc values <8.5% participated in at least one closed-
loop experiment. The baseline characteristics of the subjects are
shown in Table 1. Each experiment included 27 hours of closed-
loop BG control during which subjects consumed three standard-
ized carbohydrate-rich meals.

Closed-loop control system

The closed-loop control system consisted of three components (fig.
S1): a venous BG monitor, infusion pumps to deliver insulin and
glucagon subcutaneously, and a computer-based control algorithm
that automatically computed insulin and glucagon doses to be
administered to the subject based on regularly sampled BG concen-
trations. Insulin lispro and glucagon were delivered through cathe-
ters (infusion sets) inserted into the subcutaneous tissue of the
abdomen. The control algorithm was initialized only with the sub-
ject weight and used BG measurements every 5 min as the sole
input. As such, the system was entirely reactive and did not benefit
from a premeal insulin priming bolus (13) or include any meal an-
nouncement or meal prediction strategies (14, 15). A customized
model predictive control (MPC) algorithm [Supplementary Mate-
rial (SM) Note 1] governed subcutaneous insulin lispro dosing with
the goal of achieving a BG concentration of 100 mg/dl (17-19). The
algorithm incorporated a pharmacokinetic (PK) model of the sub-
cutaneous absorption and clearance from blood of lispro and took
into account both model-estimated subcutaneous and plasma lispro
concentrations (SM Note 1). In the initial studies, the model parameter
values assigned to t,,y, the time-to-peak plasma lispro concentration,
and tosy,, the time to 95% clearance of plasma lispro concentration,
were 33 min and 3.25 hours, respectively. This t,,,, value is within
the range reported by the manufacturer in the package insert for lispro
(30 to 90 min) and was found to give good results in preclinical ex-
periments in diabetic swine (17, 18). A proportional-derivative (PD)
control algorithm, with an online accumulation term, governed sub-
cutaneous glucagon dosing (SM Note 2) with the goal of preventing
or treating excursions of BG concentration below 100 mg/dl.

Glycemic control and drug delivery

Two patterns of BG control emerged in the 11 initial studies (Fig. 1,
A and D, Table 2, and figs. S2 to S12). In six subjects (later
determined to have relatively faster lispro PK), no hypoglycemia
requiring intervention occurred (for example, Fig. 1A); however,
carbohydrate interventions were required to treat hypoglycemia
in five subjects, later determined to have relatively slower lispro
PK (for example, Fig. 1B). For the six subjects requiring no inter-
vention, the closed-loop system achieved an aggregate mean BG of
140 mg/dl, with only two episodes of asymptomatic biochemical
hypoglycemia (<70 mg/dl) in the total 133 hours of closed-loop
control (Fig. 1A, Table 2, and figs. S2 to S7). The lowest BG for
these experiments was 66 mg/dl. Seventy-four percent of study time
was spent with BG in the American Diabetes Association (ADA) gly-
cemic target range of 70 to 180 mg/dl (4), and <1% of time was spent
below 70 mg/dl. There was a postprandial hyperglycemic excursion
after each meal. This was anticipated because the algorithm was en-
tirely reactive and commanded insulin doses only after the BG con-
centration began to rise; thus, there was a delay in insulin dosing in
response to meals. A delayed rise in postprandial plasma insulin
levels was further compounded by the time required for absorption
of subcutaneously infused insulin into blood, inevitably resulting in a
period of postprandial hyperglycemia.

Most of the prandial insulin was provided in the hour after ini-
tiation of the meal (for example, Fig. 1, B and E). The control algo-
rithm commanded additional insulin doses if the BG concentration
remained above the target BG of 100 mg/dl and the algorithm es-
timated that plasma insulin and insulin pending in the subcuta-
neous depot were insufficient to regulate the BG excursion. If the
slope of the fall in BG was steep as it approached the target, or if
BG fell below the target, the controller commanded glucagon doses
that typically resulted in a rapid change in the slope of BG (for example,
Fig. 1A). Glucagon doses were small relative to the typical 1-mg dose
used clinically to treat severe hypoglycemia; the largest single dose in a
5-min interval was 20 pg. The total glucagon administered ranged from
0.120 to 0.377 mg per 24 hours (mean, 3.14 pg/kg per 24 hours) in this
group. Perhaps because individual and total glucagon doses delivered by
the control algorithm were relatively small, there were no adverse events

Table 1. Baseline characteristics of subjects. Results are expressed as mean + SD (range), unless otherwise stated. BMI, body mass index.

Subjects requiring Subjects not requiring

All subjects extra carbohydrates* extra carbohydrates*
Number 11 5 6
Sex 7 M/4 F 5M 2 M/4 F
Age (years) 40 + 16 (19-71) 47 + 19 (19-71) 34 + 13 (20-50)

83 £ 13 (66-110)

28 + 3 (22-31)

23 + 13 (6-46)

7.3 + 0.8 (6.2-8.5)

0.6 + 0.2 (0.3-1.0)
<0.03

Body mass (kg)

BMI (kg/m?)

Diabetes duration (years)
HbA1c (%)

Daily insulin dose (U/kg)
Stimulated C-peptide (nM)"

90 + 12 (79-110)

27 + 4 (22-317)

30 + 17 (6-46)

74 £ 1.0 (6.4-8.5)

0.5 + 0.2 (0.3-0.8)
<0.03

78 + 11 (66-95)

28 + 3 (22-31)

17 £ 4 (9-21)

7.3 + 0.7 (6.2-8.1)

0.7 £ 0.2 (0.5-1.0)
<0.03

*Hypoglycemia was treated with extra carbohydrates (15 g) if BG remained <60 mg/dl for a 20-min period, <50 mg/dl for a 10-min period, or if subjects were symptomatic.

undetectable fasting and stimulated C-peptide, reported as less than the assay detection limit.
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associated with glucagon delivery. Specifically, no subject had symptoms
of nausea or gastrointestinal discomfort.

The performance of the closed-loop system and the resultant BG
pattern in the initial studies of the other five subjects was markedly
different (Fig. 1D, Table 2, and figs. S8 to S12). Each of these subjects
developed hypoglycemia (20 events of BG <70 mg/dl in 104 hours of
closed-loop control), including at least one episode requiring oral car-
bohydrate treatment per experiment (mean of 3.4 doses of 15 g of
carbohydrates per experiment, total of 17 carbohydrate interven-
tions). One experiment was terminated early, as per protocol, because
of the need for three doses of oral carbohydrate in 1 hour and intra-
venous dextrose administration. The aggregate mean BG concentra-
tion was not significantly different between this group and the six
subjects without hypoglycemia (144 versus 140 mg/dl), owing to
more time spent in the hypoglycemic range (13% versus <1% of
BG values <70 mg/dl, P = 0.007) and in the hyperglycemic range

#126: Fast PK settings, no carbohydrate intervention
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Fig. 1. Representative results from two closed-loop BG control experi-
ments of the initial studies. (A to C) Results from a subject who did not
develop treatment-requiring hypoglycemia and, in retrospect, had rela-
tively fast insulin lispro PK. (D to F) Results from a subject who did require
carbohydrate treatment and had slower lispro PK. (A and D) Venous BG
concentrations measured every 5 min with GlucoScout (black circles). Gray
triangles along the timeline in (D) indicate 15-g carbohydrate treatments
for hypoglycemia. Hourly confirmation values (red stars) obtained with an
independent glucose analyzer (YSI) are superimposed on the BG trace.
Meals are indicated along the timeline by rectangles, with the percentage
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(36% versus 25% of BG values >180 mg/dl, P = 0.12). The hypo-
glycemic events typically occurred in the late postprandial period
despite more glucagon delivery in this group (mean, 8.05 ug/kg
per 24 hours versus 3.14 pg/kg per 24 hours, P = 0.02). The attenu-
ation or reversal in the downward BG trend after glucagon adminis-
tration noted in the group without treatment-requiring hypoglycemia
was typically not evident in these subjects.

Insulin PK data

Analysis of insulin lispro PK in the 11 initial closed-loop experiments
suggested that differences in the rate of lispro absorption and clear-
ance were responsible for intersubject variability in closed-loop system
performance. There was a large variation in lispro PK between sub-
jects, with #,,, ranging from 56 to 191 min and fose, ranging from 5.6
to 19.1 hours (Table 2). The six subjects without treatment-requiring
hypoglycemia exhibited an average lispro t,,,.x of 64 £ 6 min (56 to 72

#122: Fast PK settings, carbohydrate intervention
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of daily calories in each meal indicated. Boluses of insulin (vertical blue
bars with negative amplitudes) and glucagon (vertical red bars with
positive amplitudes) commanded by the algorithm are shown below
the BG concentrations in (A) and (D). (B and E) Model-estimated (green
circles) and measured (blue squares) insulin concentrations. The black
line is the best-fit trace of the biexponential lispro PK model to the
measured insulin concentrations (SM Note 3). (C and F) Measured plas-
ma glucagon concentrations (red circles). The black line is the best-fit
trace of the biexponential glucagon PK model to the measured gluca-
gon concentrations.
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min). The five subjects requiring carbohydrate treatment for hypo-
glycemia displayed nearly double the average lispro f,,: 117 + 48
min (71 to 191 min). Among the five subjects requiring carbohydrate
treatment for hypoglycemia, the one with the lowest lispro . (71
min) required carbohydrate treatment only once, whereas all of the
other subjects in this group had greater f,,,, values (mean, 128 min;
78 to 191 min) and required carbohydrate treatment two or more
times.

A greater disparity between the measured lispro concentration pro-
files and the model-estimated profiles used by the control algorithm
was evident in the five subjects who required carbohydrate interven-
tion. Specifically, the aggregate mean t,,,, was 84 min versus 31 min
longer than the algorithm’s #,,,,x parameter setting of 33 min (P = 0.07)
for the subjects with and without treatment-requiring hypoglycemia,
respectively (Fig. 1B and figs. S8 to S12). This greater disparity

correlated with more postprandial hyperglycemia. When configured
with the initial #,,,;x parameter setting of 33 min, the algorithm could
not anticipate the subsequent absorption of insulin that had accumu-
lated in the subcutaneous depot in subjects with slower lispro PK.
Consequently, the control algorithm commanded more insulin doses
in response to hyperglycemia, which led to plasma insulin concentra-
tions in the late postprandial period that were excessive and resulted in
hypoglycemia refractive to microdoses of glucagon.

Glucagon PK data

Analysis of glucagon PK in the initial studies (Fig. 1, C and F, and figs. S2
to S12) revealed that glucagon was consistently absorbed more rapidly
than insulin lispro across all 11 subjects (mean glucagon fp,, of 23 £ 9
min versus mean lispro t,,; of 90 + 43 min, P < 0.001). The range of
measured mean glucagon concentrations was 49 to 97 pg/ml in subjects

Table 2. Summary of closed-loop experiments. Statistics are reported for 24 hours, starting at 6 p.m. on admission day and ending at 6 p.m. on the
next day, except in (three) cases where the experiment was discontinued earlier.

Inferred Percentage
Covotir sujes gy P By Memberol  Wok umewen ol ol
9 D# (mgidl)  (%)* (mg/dl) interventionst tmax tos 70- 70- (U/kg) (ng/kg)
(min)  (hours) <70 120 180 ~18°
( 108* 139 + 60 6.5 [73, 269] 0 63 6.3 0 62 72 28 0.66 2.89
110 142 + 50 6.6 [67, 264] 0 72 7.2 3 38 72 25 0.80 3.47
117 128 +£ 52 6.1 [66, 264] 0 56 5.6 2 63 78 20 0.67 443
119* 156 + 57 71 [80, 267] 0 — — 0 39 66 34 1.02 1.47
126 137 £ 55 6.4 [74, 275] 0 66 6.6 0 51 78 22 0.79 3.21
128 137 £ 41 6.4 [74, 229] 0 62 6.2 0 40 81 19 0.73 3.38
Fast Mean 140 + 9° 6.5 [72, 261] 0 64 6.4 1 49 74 25 0.78 3.14
115 144 + 65 6.7 [47, 287] 1 71 7.1 6 42 61 33 0.91 5.46
121% — — [37, 357] 3 111 11.1 14 18 28 58 — —
122 137 + 73 6.4 [45, 298] 5 191 19.1 19 35 52 29 0.86 9.74
129 164 + 89 73 [45, 360] 2 132 13.2 9 37 53 38 1.17 6.71
132 129 + 68 6.1 [32, 269] 6 78 7.8 18 40 59 23 0.84 10.3
( Mean 144+15° 66  [41,314] 34 17 17 13 34 51 36 095 805
( 110 154 + 51 7.0 [78, 266] 0 69 6.9 0 34 70 30 0.59 1.15
117 161 + 63 7.2 [78, 313] 0 68 6.8 0 34 68 32 0.69 293
126 146 + 46 6.7 [82, 254] 0 50 5.0 0 42 73 27 0.54 1.70
128 153+51 70 [84, 256] 0 72 72 0 38 64 36 057 126
Sow 15  176+57 77 [99, 286] 0 46 46 0 23 56 44 071 002
121 17975 79 (64, 319] 0 80 80 326 50 47 077 275
122 155 + 57 7.0 [69, 264] 0 127 12.7 <1 38 65 35 0.59 2.51
120 198+72 85  [92, 333] 0 141 141 0 19 46 54 08 032
132 157+69 71 [76, 293] 0 50 50 46 65 35 068 267
( Mean 164+17° 74  [80, 287] 0 78 78 <1 33 62 38 067 170

*Reported HbA1c values are projections based on mean BG (24).

tCarbohydrate interventions were administered according to protocol.

$Experiments were discontinued because of loss of

intravenous access in #108 (statistics are reported for 15.75 hours) and #119 (statistics are reported for 21.33 hours) and because of intervention with intravenous dextrose in the first experiment

in #1217 (statistics are reported for 7.5 hours).
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§Mean and SD in BG across subjects were computed based on the individual mean BG values.
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