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OBJECTIVEdTo test whether safe and effective glycemic control could be achieved in type 1
diabetes using a bihormonal bionic endocrine pancreas driven by a continuous glucose monitor
in experiments lasting more than two days and including six high-carbohydrate meals and
exercise as challenges to glycemic control.

RESEARCH DESIGN AND METHODSdSix subjects with type 1 diabetes and no en-
dogenous insulin secretion participated in two 51-h experiments. Blood glucose was managed
with a bionic endocrine pancreas controlling subcutaneous delivery of insulin and glucagon with
insulin pumps. A partial meal-priming bolus of insulin (0.035 units/kg/meal, then 0.05 units/kg/meal
in repeat experiments) was administered at the beginning of each meal (on average 786 12 g of
carbohydrates per meal were consumed). Plasma glucose (PG) control was evaluated with a
reference quality measurement on venous blood every 15 min.

RESULTSdThe overall mean PG was 158 mg/dL, with 68% of PG values in the range of 70–
180 mg/dL. There were no significant differences in mean PG between larger and smaller meal-
priming bolus experiments. Hypoglycemia (PG ,70 mg/dL) was rare, with eight incidents
during 576 h of closed-loop control (0.7% of total time). During 192 h of nighttime control,
mean PG was 123 mg/dL, with 93% of PG values in the range of 70–180 mg/dL and only one
episode of mild hypoglycemia (minimum PG 62 mg/dL).

CONCLUSIONSdA bihormonal bionic endocrine pancreas achieved excellent glycemic
control with minimal hypoglycemia over the course of two days of continuous use despite high-
carbohydrate meals and exercise. A trial testing a wearable version of the system under free-living
conditions is justified.
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Development of a fully or semiauto-
mated device that achieves glycemic
levels demonstrated to reduce long-

term complications (1–4) while lowering
the risk for hypoglycemia (5) and reducing
patient burden has long been a goal in the
treatment of type 1 diabetes and would im-
prove quality of life for people with type 1
diabetes. We previously demonstrated the
feasibility of safe and effective bihormonal
therapy with subcutaneous insulin and

glucagon directed by a computer algorithm
using frequently sampled venous plasma
glucose (PG) in sedentary subjects over
the course of 27 h (6). In the same study
we also compared the accuracy and reliabil-
ity of three commercially available contin-
uous glucose monitors (CGMs) in each
subject. Based on these results and preclin-
ical studies in diabetic pigs, we hypothe-
sized that glycemic control could be
achieved in humans with type 1 diabetes

using glucose values from one of these
CGMs as the sole input to the controller.
Here,we report the results of a study testing
this hypothesis in experiments more than
2 days in length that included six high-
carbohydratemeals and a period of exercise
as challenges to glycemic control. Subcuta-
neous dosing of glucagon and insulin was
controlled by an algorithm requiring only
the subject weight for initialization.

RESEARCH DESIGN
AND METHODS

Subjects
The protocol was approved by the Mas-
sachusetts General Hospital (MGH) and
Boston University Human Research Com-
mittees, and all participants gave written
informed consent. At baseline, subjects
were required to be 18 years of age or
older, have had type 1 diabetes for at least
1 year, and be treated with an insulin
pump. In addition, glycated hemoglobin
A1c (HbA1c) had to be#9.0%, BMI had to
be 20–35 kg/m2, daily insulin require-
ment was #1 units/kg/day, and a peak
stimulated C-peptide level had to be
#0.1 nmol/L after a mixed meal tolerance
test. Other criteria are detailed in the Sup-
plementary Data.

Closed-loop glucose control system
Insulin and glucagon were administered
under closed-loop control (Supplemen-
tary Fig. 1) using control algorithms sim-
ilar to those previously described (6). The
only input signal was data from the Free-
style Navigator (Abbott Diabetes Care), an
interstitial fluid CGM approved by the
U.S. Food and Drug Administration
(FDA). Insulin dosing was controlled
by a customized model predictive control
algorithm incorporating a pharmacoki-
netic model for insulin lispro that
assumed a tmax of 65 min. Glucagon
dosing was controlled by a customized
proportional derivative algorithm. In-
sulin lispro and glucagon (Eli Lilly)
were administered subcutaneously by
OmniPod patch pumps (Insulet). With
the exception of a weight-based partial
meal-priming bolus, delivered at the
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Figure 1dMean (SD) of venous PG (A), CGMG (B), insulin and glucagon doses (C), plasma insulin levels (D), and glucagon levels (E) for all
experiments.A: The mean (SD) of venous PG levels with 15-min sampling is shown from all (N = 12) 48-h experiments in six subjects. Themaximum
in the mean PG was 254 mg/dL at 9:15 A.M. after the first breakfast, and the mean nadir was 99 mg/dL at 12:30 P.M. at the start of the first lunch. The
overall mean of all 48-h PG results (N = 193 measurements per experiment) was 1586 44 mg/dL. The overall mean PG during nighttime (11 P.M.–

7 A.M.) was 1236 13 mg/dL (N = 66 measurements per experiment). The six meals are indicated by the letter M. The exercise period is indicated by
Ex. B: The mean (SD) of CGMG levels, measured every 5 min, are shown. The mean peak CGMGwas 229 mg/dL, recorded at 9:30 A.M. after the first
breakfast, and the mean nadir was 97 mg/dL at 12:30 P.M. at the start of the first lunch. The overall mean of all CGMGmeasurements was 1456 35
mg/dL (N = 577 measurements per experiment). The overall mean CGMG overnight was 1166 9 mg/dL (N = 194 measurements per experiment).
C: The means of all subcutaneous insulin doses (vertical lines below), including meal-priming insulin doses (indicated by downward arrows), and
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beginning of each meal, the system was
fully automated, and all of the compo-
nents were worn by the subject except
for the CGM receiver and a computer,
which were mounted on an intravenous
line pole to allow freedom of movement.

The control system came online with
the first CGM glucose (CGMG) measure-
ment. There was no device learning pe-
riod, nor was there any information about
the subject’s usual insulin regimen pro-
vided to the algorithm. The control system
received CGMG readings and commanded
dosing of insulin or glucagon (or both) ev-
ery 5 min. Because the lag between PG and
CGMGhandicaps the system in controlling
postmeal glycemic excursions, a meal-
priming insulin bolus based only on sub-
ject weight (0.035 units/kg in the initial
experiments and 0.05 units/kg in repeat
experiments) was administered at the be-
ginning of each meal. These meal-priming
boluses were intended to provide less than
half the insulin required for each meal. Al-
though the priming bolus was automati-
cally delivered, this was possible only
because the timing of the six meals was
known in advance. In normal use, this
would not be the case, and the user would
need to indicate meal timing manually.

Closed-loop glucose control
experiments
Subjects were admitted to the MGH
Clinical Research Center and received
basal insulin from their own pumps until
initiation of closed-loop control. The
Navigator CGM, inserted the day before,
was linked wirelessly to the system and
calibrated strictly according to the manu-
facturer’s instructions, except that venous
PG values were used for calibration. Ve-
nous PG levels, from which the primary
outcomeswere derived, weremeasured ev-
ery 15 min with the GlucoScout (Interna-
tional Biomedical) and were confirmed
hourlywith a YSI 2300 STAT Plus Analyzer
(YSI Life Sciences). Only CGMG values
were available to the control system.

Two OmniPod pumps, one filled
with U-100 (100 units per mL) insulin
lispro and the other filled with 1 mg/mL
glucagon, were attached to the subject,
activated, and linked wirelessly to the

system. The glucagon pump was replaced
approximately halfway through the 2-day
experiment so that administered gluca-
gon was never in solution for more than
27 h (Supplementary Data). At 3:00 P.M.,
closed-loop glucose control was initiated.
Six meals (each consumed in 30 min)
were provided over each of the 51-h ex-
periments, with $50% of calories from
carbohydrate. The mean carbohydrate
consumption was 78 6 12 g per meal
(60–117 g per meal). Exercise on a sta-
tionary bicycle began at 4:00 P.M. on the
second day, regardless of the PG at the
time, and lasted ;30 min with a target
heart rate of 120–140 bpm, until a total
of 4,000 heartbeats were reached. The ex-
periment ended at 6:00 P.M. on the third
day, after 51 h of closed-loop control.

Hypoglycemia was defined as venous
PG ,70 mg/dL. It was treated with fruit
juice if PG sampled every 15min remained
,70mg/dL for three consecutive measure-
ments, ,60 mg/dL for two consecutive
measurements,,50mg/dL once, or if sub-
jects had symptoms of hypoglycemia
concurrent with PG ,70 mg/dL (Supple-
mentary Data).

Laboratory and pharmacokinetic
analyses
Samples for insulin and glucagon mea-
surements were obtained at 30-min
intervals from 7:00 P.M. to 4:00 A.M. and
at 60-min intervals otherwise. Immuno-
assays were used to measure insulin (Ar-
chitect insulin assay, Abbott Laboratories)
and glucagon (glucagon radioimmuno-
assay, Millipore). Blood obtained during
screening for HbA1c measurement was
assayed by high-performance liquid chro-
matography (7). C-peptide was measured
by a two-site immunometric assay using
electrochemiluminescence detection
(Roche). Plasma tmax for lispro was de-
rived as previously described (6).

Statistical analyses
The prespecified primary outcomes
were: mean PG; percent of PG values
,70 mg/dL, 70–120mg/dL, 70–180mg/dL,
and.180 mg/dL; and number of total and
carbohydrate-treated hypoglycemic
events. Outcomes were calculated for the

last 48 h of each experiment to reduce the
influence of pre-experimental conditions.
The time from 11:00 P.M. to 7:00 A.M. was
defined as night.

Three experiments were affected by
technical failures associated with insulin
delivery, but the results of these experi-
ments were included in the analyses. Other
than pump replacements when pump or
infusion cathetermalfunctionwas clinically
suspected, no additional interventions
weremade; the control systemwas allowed
to recover and manage the glycemic con-
sequences autonomously.

Statistical analyses were performed in
Excel (Microsoft). Comparisons between
groups were performed with the paired
sample heteroskedastic Students t test.
Because there were no significant differ-
ences in the primary outcome measures
between the experiments using the two
different meal-priming boluses, the two
groups of experiments were combined
for these analyses. Calculations of mean
intrasubject and intersubject differences
are described in the Supplementary Data.

RESULTS

Subjects
Six subjects (three male, three female) each
participated in two 51-h closed-loop blood
glucose control experiments. Subjects were
52 6 14 (33–72) years of age, had type 1
diabetes for 326 14 (17– 50) years, had a
peak stimulated C-peptide after a mixed
meal tolerance test that was below the assay
limit of detection (C-peptide ,0.033
nmol/L) and had HbA1c at screening of
7.4 6 0.7% (6.4–8.3%). Their average
body mass was 72 6 10 kg (54–85 kg);
they had a BMI of 25 6 3 kg/m2 (22–30
kg/m2) and a total daily dose (TDD) of in-
sulin of 0.45 6 0.09 units/kg (0.31–0.56
units/kg) with their usual insulin regimen
(Supplementary Table 1).

Glycemic control
The aggregate results of all experiments
are shown in Fig. 1. The bionic endocrine
pancreas achieved an aggregate mean PG of
158 6 44 mg/dL (range 36–563 mg/dL)
over 576 h of control (Table 1). Sixty-eight
percent of PGvalueswere in the target range

glucagon doses (vertical lines above), administered by the bionic endocrine pancreas, are indicated. The mean daily doses of insulin and glucagon
administered by the program were 0.5 units/kg/day and 3.64 mg/kg/day, respectively. D: The mean (SD) plasma insulin levels, measured every 30–60
min, with mean over 48 h of 386 10mIU/mL. The tmax for insulin absorption ranged from 24–166min in all subjects and was 70min on average. E: The
mean (SD) plasma glucagon levels, measured every 30–60min. Themean glucagon level over 48 hwas 836 28 pg/mL, with peakmean levels increasing
only transiently over the normal fasting range (indicated by shaded area) to 180 pg/mL at 5:00 P.M. after exercise. The peak level is consistent with the
increased glucagon dosing at the time of exercise seen in (C).
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of 70–180 mg/dL (8) (Fig. 2). The mean of
the peak postprandial PG levels of all 72
meals across the 12 subjects was 257 6
69 mg/dL (the means of the peak postpran-
dial PG levels after the breakfast, lunch, and
dinner meals were 269 6 64, 230 6 46,
and 270 6 85 mg/dL, respectively). The
mean PG during night hours was 123 6
13 mg/dL (range 62–406 mg/dL) over
192 h of closed-loop control, with 93% of
PG values in the range of 70–180 mg/dL.

During structured exercise, which
occurred in the late postprandial period
after lunch, the mean rate of decrease in
PG was more than four-fold greater than
in the same period on the day without
exercise (1.8 6 1.2 vs. 0.4 6 0.4 mg/dL/
min, P = 0.002) (Fig. 1A). Furthermore,
the mean PG was markedly lower at
the PG check after exercise than it was
24 h later (104 6 48 mg/dL vs. 159 6
32 mg/dL, P = 0.003). This nadir was fol-
lowed by a rebound in mean PG to a max-
imum of 120 6 38 mg/dL 45 min after
exercise, and was associated with a peak
period in glucagon dosing. This pattern
was absent on the day without exercise.
However, there was no trend for reduced
mean PG (1566 27 vs. 1616 22 mg/dL)
between the first and second 24-h periods
or between the first and second nights
(119 6 22 vs. 128 6 38 mg/dL). In fact,
the mean PG tended to be higher during
the night after exercise. However, with 12
experiments, our study lacks sufficient

power to exclude a difference in glucose
control between the first and second 24-h
periods or between the nights before and
after exercise.

Hypoglycemia
There were eight episodes of hypoglyce-
mia with nomore thanmild symptoms in
five subjects, with 0.7% of all PG values
,70 mg/dL. Six episodes occurred dur-
ing the first 24-h period and two oc-
curred during the second 24-h period
(Fig. 3). During the night hours there
was a single episode of hypoglycemia
(lowest PG 62 mg/dL) with 0.5% of night
PG values ,70 mg/dL. The longest epi-
sode of PG ,70 mg/dL was 32 min, al-
though the duration of episodes treated
with carbohydrates likely would have
been longer had carbohydrates not been
administered. Two of the episodes re-
solved without oral carbohydrate treat-
ment (Fig. 3A, B), and one of these
appeared to be a measurement artifact
(Fig. 3A). The six remaining hypoglyce-
mic episodes, five in the late postprandial
period and one nocturnal (1:15 A.M.) (Fig.
3C–F), were treated with juice. Two of
the episodes immediately followed the
period of exercise (Fig. 3C, D). One epi-
sode occurred when the meal-priming
bolus was administered according to
schedule, but the meal was presented to
the subject 20 min late (Fig. 3D, Supple-
mentary Fig. 6).

Insulin and glucagon administration
and pharmacokinetics
Mean insulin usage was 0.5 6 0.1 units/
kg/day (Table 1), with 0.49 6 0.1 and
0.51 6 0.08 units/kg/day in the first
and second 24-h periods, respectively
(P = 0.62), similar to the daily dose in
the home setting (Supplementary Table
1). On average, less than half of the insu-
lin for each meal was provided by the
meal-priming bolus, with the remainder
delivered by the algorithm. In particular,
for the 0.035 units/kg group, the priming
bolus doses, controller bolus doses, and
automated basal doses accounted, on av-
erage, for 22%, 27%, and 51% of the TDD
of insulin, respectively. In the case of the
0.05 units/kg group, this distribution
was 29%, 23%, and 48%. More of the
prandial insulin (delivered in the 4 h
after presentation of the meal) came
from the meal-priming bolus in the
0.05 units/kg group than in the 0.035
units/kg group (42 6 8% vs. 30 6 3%,
P , 0.001). However, the mean intra-
subject difference in insulin lispro TDD
was not significantly different from the
mean intersubject difference derived by
comparing each of the smaller prim-
ing bolus experiments with all of the
larger priming bolus experiments, and
vice versa (0.09 vs. 0.086 units/kg/day,
P = 0.90).

As we found previously (6), there
were large intersubject and intrasubject

Table 1dSummary results of all 48-h closed-loop experiments

BM PG CGMG Percentage time Meal priming Carb Insulin Glucagon Insulin tmax

,70 70–180 .180 Bolus Consumption
kg mg/dL mg/dL mg/dL mg/dL mg/dL units g/kg/day units/kg/day mg/kg/day min

Aggregate† 73 6 10 158 6 44 145 6 35 0.7 68 31 3.1 6 0.7 3.2 0.50 6 0.26 3.6 6 5.1 70 6 40
Experiment

203-S 76 169 165 0.0 59 41 2.7 2.9 0.54 2.5 51
203-L 74 118 121 0.0 98 3 3.7 2.9 0.41 5.7 54
211-S 76 152 144 0.0 71 29 2.7 3.0 0.49 1.5 39
211-L 76 154 143 0.0 70 30 3.8 3.1 0.51 3.7 62
212-S 54 142 134 2.6 76 21 1.9 3.7 0.43 4.1 49
212-L 54 170 144 0.0 72 28 2.7 3.7 0.55 5.4 24
214-S 76 141 141 0.0 76 24 2.7 3.2 0.48 2.7 49
214-L 76 194 181 1.0 53 46 3.8 3 0.66 0.1 62
221-S 72 172 149 0.0 59 41 2.5 3.1 0.51 2.9 69
221-L 73 179 159 1.0 52 47 3.7 3.1 0.59 1.7 85
236-S 85 160 133 1.0 65 34 3.0 3.0 0.43 7.4 166
236-L 86 148 124 1.0 73 26 4.3 3.3 0.42 6.2 130

Mean‡ 73 158 145 0.6 69 31 3.1 3.2 0.50 3.6 70
SD 10 20 17 0.8 12 12 0.7 0.3 0.08 2.2 40

†The aggregate mean values reported here and in the text are obtained after pooling the data from all 12 experiments into a single group. ‡The mean (SD) values are
obtained from the mean values associated with each of the 12 experiments above. BM, body mass.
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variations in insulin lispro pharmacoki-
netic parameters (Table 1) with tmax from
24 to 166 min (mean 70 6 40 min). The
mean intersubject difference in insulin lis-
pro tmax was significantly larger than the
mean intrasubject difference (44.3 vs.
19.3 min, P , 0.001). Three of the hypo-
glycemic events treated with carbohydrate
occurred in a single subject (subject 236)
who had markedly slow insulin lispro ab-
sorption (Table 1); lispro tmax for this sub-
ject was 133 min in one experiment (one
carbohydrate treatment; Fig. 3C) and 166
min in another (two carbohydrate
treatments; Fig. 3F).
The mean glucagon usage was 3.8 mg/
kg/day (0.01–0.63 mg/day), with the
largest single dose being 50 mg. Mean
plasma glucagon levels were in the nor-
mal range for the fasted state (50–150
pg/mL), except during the period im-
mediately after exercise when the
mean level was 180 6 107 pg/mL
(compared with 40 6 12 pg/mL at the
same time on the day without exercise).
The subject with the highest glucagon
usage (7.4 and 6.2 mg/kg/day vs. 3.6 6
2.2 mg/kg/day for mean glucagon

usage) was the subject with the slowest
insulin lispro absorption (subject 236),
consistent with our previous finding
that slow insulin absorption is associ-
ated with increased glucagon usage (9).

Performance of the CGM
A single Navigator sensor was used
throughout each experiment and no extra
calibrations were performed, so that the
final 41–42 h of each experiment were
performed without any Navigator calibra-
tions. The Navigator CGM performed
well relative to PG measurements, with a
mean absolute relative difference of
11.8% (10). However, the mean CGMG
(145 6 35 mg/dL) was 13 mg/dL lower
than themean PG, and CGMG tracked PG
into the hypoglycemic range during only
one of the eight hypoglycemic episodes
(Fig. 3). In six of the eight cases of hypo-
glycemia, the rate of decline in PG was
.1 mg/dL/min (Fig. 3A–E and Supple-
mentary Figs. 6, 9, 11, and 13). In these
cases, the physiologic lag between PG
and interstitial fluid glucose may have
contributed to the failure to prevent hy-
poglycemia.

Technical failures
Two experiments were affected by a fail-
ure to deliver insulin. Both clinically
suspected failures that prompted pump
replacement were later confirmed with
insulin measurements (Supplementary
Figs. 7 and 9). Another experiment (Sup-
plementary Fig. 2) was affected by a spu-
rious report from the pump that a large
dose of insulin (;61 units) had been de-
livered. Because the algorithm considers
insulin-on-board when calculating dos-
ing, it refrained from dosing insulin for
several hours, and hyperglycemia ensued.
This same experiment also was affected
by a 2-h period during which the system
was offline and had to be restarted.

All data from each experiment are
included in the outcome measures, in-
cluding those affected by technical fail-
ures. None of the failures resulted in
hypoglycemia. The mean PG for the
nine experiments without technical fail-
ures was 151 6 45 mg/dL, with 71% of
PG measurements in the range of 70–180
mg/dL; the mean PG at night for these
nine experiments was 115 6 7 mg/dL.

Adverse events
The subject with the slowest insulin ab-
sorption and who received the most gluca-
gon reported nausea on several occasions.
However, the timing of these symptoms
did not correspond to periods of high
plasma glucagon levels (Supplementary
Figs. 12 and 13). There were no other ad-
verse events other than the nonsevere hy-
poglycemic episodes described.

CONCLUSIONSdThese results dem-
onstrate the feasibility of closed-loop
blood glucose control with a bihormonal
bionic endocrine pancreas utilizing
CGMG measurements. The CGM and
drug delivery components of the system
are all off-the-shelf and approved by the
FDA for diabetes management. The com-
putational requirements of the algorithm
are modest and easily could be met by a
mobile device with less processing power
than a smart phone.

These studies differ from previous
work in closed-loop glucose control in
several important respects. First, the con-
trol algorithm requires no information
about the subject’s usual insulin regimen
or any other data other than the body
mass for initialization. The control algo-
rithm and control parameters were iden-
tical for all 12 experiments. The system
does not have to be customized for each
subject as it does in other closed-loop

Figure 2dCumulative distributions for 48-h and night PG profiles. The solid curve shows the
distribution of all recorded venous PG levels (N = 2078) in the twelve 48-h closed-loop experi-
ments. Venous PG was ,70 mg/dL 0.7% of total study time, within 70–120 mg/dL 38% of time,
and within the American Diabetes Association target range of 70–180 mg/dL 68% of the time. The
dashed curve shows the distribution of all night (11:00 P.M.–7:00 A.M.) venous PG levels (676
measurements over 2 nights for each experiment). Venous PG was,70 mg/dL 0.5% of total study
time, within 70– 120mg/dL 62% of the time, andwithin 70–180mg/dL 93% of the time. A previous
meta-analysis of closed-loop control studies limited to the night hours reported 76% of PG values
in adults with type 1 diabetes were within their specified target range of 70–144 mg/dL (11). In
this study, 84% of venous PG values were within this range despite one of the insulin delivery
failures occurring during night hours (Supplementary Fig. 7).
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insulin delivery systems (12–15); it auto-
matically adapts to the subject’s needs in
real time. Second, as in our previous
study (6), we enrolled only subjects with-
out stimulated C-peptide secretion, en-
suring endogenous insulin secretion was
not assisting closed-loop control. Third,

we report data for closed-loop control
over 48 continuous hours, which is lon-
ger than has been reported previously,
during which subjects consumed six
high-carbohydrate meals. Fourth, this is
the first published study to evaluate
closed-loop control during exercise, a

common cause of hypoglycemia in pa-
tients with type 1 diabetes (16). Fifth,
we monitored PG every 15 min, in con-
trast to studies with up to 60-min inter-
vals between measurements that may
have missed episodes of hypoglycemia
(12,13,15). Sixth, we used only a single
CGM sensor throughout the entire dura-
tion of each experiment with no calibra-
tions for the last 41–42 h (the longest
period of closed-loop control without
CGM calibration yet reported), allowing
us to realistically assess the potential of
the system to operate fully autonomously.
Seventh, only our previous study and one
other study lasting more than 24 h (14)
have tested systems using both insulin
and glucagon. Finally, we have reported
all subject-level data for every experiment
performed with this control system, and
we included all data in calculating out-
come measures, including experiments
with technical failures.

In addition to the delay in the absorp-
tion of subcutaneously administered insu-
lin, the lag in CGMG relative to PG further
compounds the challenge of regulating
hyperglycemic excursions after meals.
Therefore, we used a meal announcement
to trigger automated delivery of a partial
weight-based meal-priming insulin bolus.
Interestingly, the glycemic control ach-
ieved with two different meal-priming in-
sulin doses did not differ; the control
algorithm appeared to compensate fully
for the smaller meal-priming bolus with
more reactive dosing of insulin. Additional
study is required to determine if further
increasing the meal-priming bolus can de-
crease mean PG without increasing post-
prandial hypoglycemia.

The period of exercise markedly in-
creased glucose clearance and was asso-
ciated with increased glucagon dosing
and levels during and immediately after
the exercise period. However, no differ-
ence was observed in overall glycemic
control between the nights before and
after the period of exercise, in contrast to a
previous report that found a lower mean
glucose and more hypoglycemia during
nights under closed-loop control after a
period of structured exercise that took
place prior to the start of closed-loop
therapy (17). This apparent difference
from our findings may be explained by
the lack of a counter-regulatory capability
in the insulin-only system used in the pre-
vious report. However, although our re-
sults show a trend toward higher mean
PG during the night after exercise, the
study lacks sufficient power to exclude a

Figure 3dGlucose profiles and the corresponding insulin–glucagon doses that were adminis-
tered by the control algorithm are shown for all eight hypoglycemic episodes. A–C: Hypoglycemic
episodes (defined as events with PG ,70 mg/dL) that occurred during experiments using 0.05
units/kg meal-priming boluses (venous PG shown as stars and CGMG as circles). D–F: Hypo-
glycemic episodes that occurred during experiments that used 0.035 units/kg meal-priming
boluses. The isolated PG value of 69 mg/dL in (A) appears to be a measurement artifact. The first
PG value,70 mg/dL in each of the five hypoglycemic episodes shown in (B–E) were 28, 35, 47,
48, and 89 mg/dL lower than their corresponding CGMG values, which were 94, 88, 107, 97, and
148 mg/dL, respectively. Both interventions in (F) were at the request of the subject and, in both
cases, PGwas.60mg/dL and CGMGwas.80mg/dL. Note that in (D) themeal was presented to
the subject 20 min late, at 18:20, although the meal-priming bolus was administered on time, at
18:00. (tmax for that experiment was 49 min.)
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reduced mean PG on the nights after
exercise.

Limitations of our study include tech-
nical problems, primarily failures associ-
ated with insulin delivery. Because we
report each complete study in the data
analyses, including those with technical
failures, the failures may have led us to
underestimate the potential of the control
approach. However, the failures allowed
us to observe that the control system
succeeded in returning PG to target range
after each failure, thereby demonstrating
the robustness of the system. The occur-
rence of such failures suggests that more
reliable insulin delivery systems will im-
prove system performance in the outpa-
tient setting.

Another limitation is the lack of an
open-loop control group in which sub-
jects manage their blood glucose levels in
the Clinical Research Center setting.
Without data from such a study, we
cannot assess how open-loop blood glu-
cose control achieved by the subjects
would have compared with the perfor-
mance of the bionic pancreas in the
Clinical Research Center with similar
meals and a similar level of activity. In
pilot open-loop control experiments, we
found that subjects tested their blood
glucose much more frequently than in
usual care (as determined by self-reported
testing frequency and meter downloads),
achieved a much lower mean blood
glucose than in usual care (determined
by comparing mean blood glucose with
estimated mean blood glucose based on
HbA1c), and had more frequent hypogly-
cemia requiring carbohydrate treatment
than they reported during usual care (un-
published observations). This problem
could be dealt with by a protocol that reg-
ulates the number and timing of blood
glucose checks, but that approach also
would alter subject behavior, limiting
the utility of the control group. We antic-
ipate that control groups using sensor-
augmented pump therapy will be less
vulnerable to confounding when trials
can be performed in less supervised envi-
ronments with subjects involved in their
normal daily activities.

Another limitation is the small
number of subjects in this trial. However,
the total time under closed-loop control
in our study (576 h) was comparable with
the largest of previously published stud-
ies comprising experiments lasting $24
h (578 h) (13) and was greater than in
other recent studies (6,12,14,15). Fur-
thermore, within our cohort there

was a wide variation in age (33–72 years),
body mass (54–86 kg), insulin lispro ab-
sorption characteristics (tmax 24–166
min), and TDD administered under
closed-loop control (0.41–0.66 units/
kg/day). Interestingly, the mean differ-
ence in insulin lispro TDD between
experiments in the same subject was
just as large as the mean difference in
TDD between subjects. Therefore, in
terms of interaction between the algo-
rithm and the subject via insulin dosing,
the six subjects participating in two ex-
periments each were indistinguishable
from 12 subjects each participating in a
single experiment.

A limitation of the bionic endocrine
pancreas is the accuracy of the CGM.
Although overall accuracy was good, the
Navigator underestimated PG during hy-
perglycemia, resulting in a lower overall
meanCGMGthan PG (145 vs. 158mg/dL).
We also observed that CGMG failed to
detect most of the hypoglycemic events
that were documented with PG measure-
ments every 15 min. The errors in CGMG
we observed occurred despite our use of
reference-quality PG measurements for
calibrations. Calibration protocols that
do not rely on reference-quality PG mea-
surements must be explored for use in the
outpatient environment and sensors that
perform better in tracking PG would be
expected to improve mean PG and reduce
hypoglycemia.

Despite technical limitations of the
pump and CGM components, we have
shown that a bihormonal bionic endo-
crine pancreas is capable of achieving
good PG control with minimal hypogly-
cemia during two continuous days in the
face of high-carbohydrate meals and ex-
ercise. Control was particularly good at
night, achieving mean PG values in the
normal rangewith no clinically significant
hypoglycemia. The current study opens
the way for longer-term and more de-
finitive studies of a wearable version of
this system incorporating more robust
pump technology. We anticipate that
these studies will be at least five days in
length, with subjects following their nor-
mal routines, eating when and what they
choose, and exercising at will on our
hospital campus. Such studies will lead
the way to testing a bionic endocrine
pancreas in the outpatient setting.
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