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Abstract

Background:
During a previous clinical trial of a closed-loop blood glucose (BG) control system that administered insulin  
and microdose glucagon subcutaneously, glucagon was not uniformly effective in preventing hypoglycemia (BG 
<70 mg/dl). After a global adjustment of control algorithm parameters used to model insulin absorption 
and clearance to more closely match insulin pharmacokinetic (PK) parameters observed in the study cohort, 
administration of glucagon by the control system was more effective in preventing hypoglycemia. We evaluated  
the role of plasma insulin and plasma glucagon levels in determining whether glucagon was effective in 
preventing hypoglycemia.

Methods:
We identified and analyzed 36 episodes during which glucagon was given and categorized them as either 
successful or unsuccessful in preventing hypoglycemia.

Results:
In 20 of the 36 episodes, glucagon administration prevented hypoglycemia. In the remaining 16, BG fell 
below 70 mg/dl (12 of the 16 occurred during experiments performed before PK parameters were adjusted). 
The (dimensionless) levels of plasma insulin (normalized relative to each subject’s baseline insulin level) were 
significantly higher during episodes ending in hypoglycemia (5.2 versus 3.7 times the baseline insulin level,  
p = .01). The relative error in the control algorithm’s online estimate of the instantaneous plasma insulin level 
was also higher during episodes ending in hypoglycemia (50 versus 30%, p = .003), as were the peak plasma 
glucagon levels (183 versus 116 pg/ml, p = .007, normal range 50–150 pg/ml) and mean plasma glucagon 
levels (142 versus 75 pg/ml, p = .02). Relative to mean plasma insulin levels, mean plasma glucagon levels 
tended to be 59% higher during episodes ending in hypoglycemia, although this result was not found to be 
statistically significant (p = .14). The rate of BG descent was also significantly greater during episodes ending in 
hypoglycemia (1.5 versus 1.0 mg/dl/min, p = .02).
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Introduction

Near-normal blood glucose (BG) control can 
largely reduce the microvascular complications of type 1 
diabetes.1,2 Unfortunately, it is very difficult, if not 
impossible, to achieve the degree of control required  
(a hemoglobin A1c less than ~7%) without the occurrence  
of potentially dangerous hypoglycemia. Moreover, the self-
care tasks required to maintain near-normal glycemia 
are extremely demanding, adversely affecting the quality 
of life of people with type 1 diabetes. The availability 
of insulin pumps and continuous glucose monitors has 
made feasible systems that can automatically deliver 
insulin in response to frequent BG measurements and 
thereby approximate normal pancreatic beta cell function 
in type 1 diabetes. Automated delivery of insulin is 
projected to reduce the mean BG by responding promptly 
to hyperglycemic excursions.3–8 However, as mean BG 
levels are lowered, the risk of overadministration of 
insulin by automated delivery systems increases, in part  
owing to the delayed absorption of insulin delivered 
subcutaneously. Earlier studies testing automated 
subcutaneous insulin delivery systems in experiments 
lasting 24 hours or more reported multiple episodes of 
hypoglycemia in several subjects.4,5

The normally functioning pancreas releases glucagon 
from the alpha cells in response to dietary secretagogues, 
such as amino acids, and to hypoglycemia.9 Glucagon 
potently opposes the effects of insulin in the liver. 
Unfortunately, the responsiveness of glucagon secretion 
to hypoglycemia is progressively lost in people with type 
1 diabetes.10–12 In order to create an artificial endocrine 
pancreas for the outpatient setting that fully replaces the 

glycemic regulatory functions of the normal pancreas, 
combining automated glucagon delivery with an 
automated insulin delivery system seems logical.13–16 
The inclusion of glucagon as a counterregulatory hormone 
should reduce hypoglycemia and eliminate or reduce the 
need to ingest extra carbohydrates to prevent or treat 
hypoglycemia.

We have developed an artificial endocrine pancreas that 
delivers insulin automatically in response to frequent BG 
measurements.13–15 Even with rapid-acting insulin analogs, 
there remains a significant delay between subcutaneous 
insulin administration and the appearance of insulin 
in the blood stream. Unless a closed-loop system takes 
account of insulin already delivered but not yet in the 
blood stream, excess delivery of insulin is inevitable. 
Our system therefore incorporates a pharmacokinetic 
(PK) model for the absorption and clearance of insulin 
to reduce the risk of overdosing by insulin “stacking,” 
which arises from the administration of extra insulin 
when sufficient insulin is already in the subcutaneous 
space but has not yet been absorbed into the blood.

Glucagon has been utilized as a counterregulatory 
hormone in artificial pancreas systems in the in-patient 
setting.17–19 Whereas earlier such systems administered 
insulin and glucagon intravenously, our artificial 
endocrine pancreas, first tested in diabetic swine,13,14 
administers insulin and glucagon subcutaneously 
(through standard insulin infusion sets) and thus offers 
the potential for bihormonal closed-loop control in the 
outpatient setting. Glucagon is approved to treat severe 

Abstract cont.

Conclusions:
Microdose glucagon administration was relatively ineffective in preventing hypoglycemia when plasma insulin 
levels exceeded the controller’s online estimate by >60%. After the algorithm PK parameters were globally 
adjusted, insulin dosing was more conservative and microdose glucagon administration was very effective in 
reducing hypoglycemia while maintaining normal plasma glucagon levels. Improvements in the accuracy of the 
controller’s online estimate of plasma insulin levels could be achieved if ultrarapid-acting insulin formulations  
could be developed with faster absorption and less intra- and intersubject variability than the current insulin 
analogs available today.
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hypoglycemia, and is typically used when patients are 
unresponsive and cannot treat themselves with oral 
carbohydrates. The relatively large doses of glucagon 
used clinically for this purpose (typically 1 mg) are 
given intramuscularly with the goal of raising BG 
enough for the patient to regain consciousness and take 
oral carbohydrates. Unfortunately, such high doses of 
glucagon may cause nausea and vomiting. The aim of 
using microdoses of glucagon in our artificial endocrine 
pancreas is to prevent or treat hypoglycemia by achieving 
levels similar to those achieved by the normal pancreas 
in response to hypoglycemia, which are not associated 
with nausea or vomiting.

We performed a pilot clinical trial to test our bihormonal 
artificial pancreas in subjects with type 1 diabetes and 
no residual insulin secretion.15 The rate of insulin lispro 
absorption varied widely between subjects in this trial, 
and in some cases was two to three times slower than 
would be expected based on published literature.20 
We found that individuals with slower lispro PK were 
more likely to develop hypoglycemia and require extra 
carbohydrates despite the administration of glucagon by  
the control system. We hypothesized that this was due to 
insulin “stacking” because the control algorithm was not 
accurately estimating plasma insulin levels in subjects 
with substantially slower lispro PK than was assumed 
by the algorithm. To test this hypothesis, we made 
a global adjustment in control algorithm parameters 
governing the PK model of insulin absorption so that  
slower insulin absorption was assumed. In repeat closed‑ 
loop BG control experiments in the same subjects, no 
subject required extra carbohydrates. This result strongly 
suggested that the failure of glucagon to prevent hypo-
glycemia in the first set of experiments was not due 
to glucagon resistance in these subjects, but was the 
result of the microdoses of administered glucagon being 
overwhelmed by excess insulin. We concluded that with 
an appropriate global adjustment of the control algorithm 
PK parameters to better represent our study cohort,  
it was possible to achieve safe closed-loop BG control 
with a bihormonal artificial endocrine pancreas.

The success of the global adjustment of the control 
algorithm’s insulin PK parameters in preventing the 
need for carbohydrate interventions suggested that 
accumulation of excess insulin in the blood had been 
responsible for the failures of glucagon to prevent hypo-
glycemia. However, in the earlier study we did not 
quantitatively assess the relative roles of insulin and 
glucagon levels in the success or failure of glucagon. 
In this article, we identify isolated intervals in which 

glucagon was given by the control system to prevent 
hypoglycemia, and present an analysis of several factors 
that could be determinants of the success or failure  
of microdose glucagon administration under closed-
loop control. The factors analyzed include the rate of  
BG descent toward hypoglycemia, the mean plasma insulin 
levels, the error in the controller’s online estimate of mean 
plasma insulin, the mean and peak plasma glucagon levels, 
and the ratio of glucagon to insulin levels.

Materials and Methods
The design and execution of the clinical trial have been 
described in detail elsewhere.15 Briefly, adult subjects 
with negligible residual C-peptide secretion after a mixed 
meal and who used pump therapy to manage their 
diabetes were treated with the bihormonal artificial 
endocrine pancreas for 27 hours in the clinical research 
center setting. They received three large carbohydrate-
rich meals, the size of which was determined by their 
body weight and gender. No snacks were allowed.  
Venous BG was measured every 5 minutes. Hypoglycemia 
was defined as a BG less than 70 mg/dl. Subjects were 
given extra carbohydrates to treat hypoglycemia if their 
BG fell below 70 mg/dl and they had symptoms or 
if their BG was below 60 mg/dl for four consecutive 
measurements or below 50 mg/dl for two consecutive 
measurements. Additional carbohydrate intervention was 
given if needed, as described in the protocol.

The closed-loop BG control system consisted of a blood 
glucose monitor (GlucoScout, International Biomedical,  
Austin, TX), insulin pumps (Deltec Cozmo®, Smiths 
Medical MDPM, St. Paul, MN) for subcutaneous infusion  
of insulin lispro (HumaLog®, Eli Lilly and Company, 
Indianapolis, IN) and Glucagon® (Eli Lilly), and software 
to run our mathematical control algorithm, which was  
implemented in MATLAB® (The MathWorks Inc., Natick, MA) 
running on a laptop computer (Apple Inc., Cupertino, CA). 
Insulin dosing was governed by a customized model 
predictive control (MPC) algorithm, whereas glucagon  
dosing was determined using a customized proportional‑ 
derivative (PD) strategy. The PD control algorithm 
operated independently of the MPC algorithm and did 
not utilize information about controller‑estimated plasma 
insulin levels. The mathematical formulation of the 
control algorithms used have been detailed elsewhere.13,15

In this study, we identified 36 episodes in which glucagon 
was given by the closed-loop system in an attempt to 
prevent hypoglycemia. These “glucagon episodes” were 
defined as beginning when BG fell below 120 mg/dl 
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and          Ie = 1
Dt

 ∫ tN

t0

ie(t)dt ≈ 1
Dt

 S
N

i = 0
 ie(ti)dt,             (4) 

where dt is the sampling interval. We further normalize 
Ip and Ie with their baseline values to form the 
dimensionless quantities Ip* = Ip/(baseline ip) and 
Ie* = Ie/(baseline ie), where baseline ip and baseline ie 
correspond, respectively, to the baseline values of ip(t) 
and ie(t), i.e., to the levels attained only due to nominal 
basal insulin administration far from any insulin bolus.  
Normalization to baseline values is necessary because 
many subjects had high titers of antiinsulin antibodies. 
Antibody interference in the immunometric insulin assay 
had the effect of shifting the measured values of plasma 
insulin upward without significantly altering the shape 
of the insulin-versus-time curve. This was confirmed by  
comparing free and total insulin levels in separate PK 
studies of selected subjects (data not shown). Free insulin 
levels were determined after precipitation of immuno-
globulins with polyethylene glycol.21

Results
Representative glucagon episodes, as defined above, are 
shown in Figure 1 for one subject in whom BG remained 
above 70 mg/dl and another in whom BG fell below 
70 mg/dl. Shown below the BG trace for each of these 
cases are the corresponding plasma insulin and plasma 
glucagon levels as a function of time. Blood-glucose 
traces corresponding to each of the 36 glucagon episodes 
that were identified are shown in Appendix A. In 20 
instances (herein referred to as “glucagon successes,” see 
Figures A1–A4), BG did not fall below 70 mg/dl and
in 16 instances (herein referred to as “glucagon failures,” 
see Figures  A5–A8), BG did fall below 70 mg/dl. 
Carbohydrate intervention was required per protocol 
in 12 of the 16 instances of glucagon failure (these 12 
instances occurred before the control algorithm’s PK 
parameters were globally adjusted to better match the 
insulin PK parameters observed in the study cohort).

Summary statistics from analyzing each of these 
episodes is given in Table 1. A statistically significant 
difference was found to exist between the success and 
failure groups in the rate of decrease in BG, DBG/Dt 
(1.03 ± 0.45 versus 1.50 ± 0.62 mg/dl/min, p = .02), and 
in the measured plasma insulin relative to baseline, Ip* 
(3.7 ± 1.1 versus 5.2 ± 2.0, p = .01). There was significant 
reduction in DBG/Dt after the first dose of glucagon, 
both in episodes ending in success (1.54 ± 0.99 versus 
0.82 ± 0.38 mg/dl/min, p = .006) and failure (2.24 ± 1.06 
versus 1.33 ± 0.62 mg/dl/min, p = .03), showing that 
glucagon did have an effect, albeit insufficient, on the BG 

(starting with the BG value just before BG fell below 
120 mg/dl) or when BG began a descent from a plateau 
between 70 and 120 mg/dl. Episodes were defined 
as terminating after some time interval, Dt, when BG 
either stopped falling or began to rise when BG was  
>70 mg/dl (hypoglycemia prevented) or when BG fell  
below 70 mg/dl (hypoglycemia occurred). For each 
glucagon episode, we estimated the rate of BG descent, 
DBG/Dt, the mean and maximum plasma glucagon levels, 
the mean plasma insulin levels relative to baseline,  
the error in the mean plasma insulin levels predicted 
online by the closed-loop control algorithm relative to the 
measured plasma insulin levels, and the ratio between 
the plasma glucagon to insulin levels. Episodes were 
grouped according to whether or not BG fell below  
70 mg/dl.

We estimate the rate of BG descent, DBG/Dt, with the 
ratio of the change in BG from the beginning to the 
end of each glucagon episode over the time interval, Dt, 
associated each episode. Thus,

DBG
Dt

BG(t0) – BG(tN)
tN – t0

=                  (1)

where t0 and tN correspond, respectively, to the time 
points at the beginning and end of each glucagon episode. 
We estimate the mean plasma levels (measured and 
controller-estimated values for insulin and measured 
values for glucagon) as the ratio of the approximated 
integral of the instantaneous plasma levels over the 
time interval, Dt, associated each episode. Each integral 
is approximated by the discrete summation of the 
instantaneous plasma levels over Dt. The least-squares 
fit to the measured plasma insulin and glucagon levels,15 
rather than the actual measured plasma levels, were 
used when forming these summations. The method for 
obtaining the least-squares fit to the measured plasma 
insulin and glucagon levels has been described in detail 
elsewhere.15 If we denote the instantaneous measured 
plasma glucagon and insulin levels as gp(t) and ip(t), 
respectively, and the instantaneous controller-estimated 
plasma insulin level as ie(t), then for a particular glucagon 
episode, we calculate the corresponding mean values, Gp, 
Ip, and Ie, as

Gp = 1
Dt

 ∫ tN

t0

gp(t)dt ≈ 1
Dt

 S
N

i = 0
 gp(ti)dt,            (2)

Ip = 1
Dt

 ∫ tN

t0

ip(t) dt ≈ 1
Dt

 S
N

i = 0
 ip(ti)dt,            (3)
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Figure 1. Two representative episodes are shown, one for a case when glucagon dosing was effective in preventing hypoglycemia (A, C, and 
E) and another for a case when glucagon dosing failed to prevent hypoglycemia (B, D, and F). Shown in both cases are the BG data segment 
and corresponding glucagon doses (A and B, respectively), the corresponding measured plasma-glucagon levels (C and D, respectively), and 
the corresponding measured and controller-predicted plasma-insulin levels (E and F, respectively). Note the strong agreement between the measured 
and controller-predicted plasma-insulin levels in E. In contrast, there was a substantial disparity between the measured and predicted insulin 
levels in F, which was arguably the leading cause of hypoglycemia in that case, despite the larger glucagon doses (red bars) in B relative to A and 
the significantly higher plasma-glucagon levels in D relative to C. The position of the triangle in B corresponds to the location along the timeline 
of a 15-g carbohydrate intervention for hypoglycemia. The episode shown in B, D, and F occurred during an experiment in which the control 
algorithm assumed fast PK parameter settings. Blood glucose was measured every 5 minutes.
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Table 1.
Summary of Glucagon Action Results for 36 Glucagon Episodes During Closed-loop Controla

Study ID DBG/Dt (mg/dl/min) max gp(t) (pg/ml)b Gp (pg/ml)c Ip*
d Ie*

e |(Ip* – Ie*)/Ip*| Gp*/Ip* (pg/ml)

Successes

108-1 0.91 115.3 51.2 4.89 2.65 0.46 10.47

110-2 0.84 51.2 34.9 4.62 2.11 0.54 7.55

110-2 1.60 117.5 74.4 4.75 3.44 0.28 15.66

117-1 0.75 195.7 135.5 3.78 2.27 0.40 35.85

117-1 1.10 93.6 73.8 4.13 3.92 0.05 17.87

126-1 1.04 153.7 64.5 5.18 2.06 0.60 12.45

126-1 0.89 99.3 57.4 3.23 2.90 0.10 17.77

126-1 1.28 191.8 135.0 4.99 3.93 0.21 27.05

126-1 0.95 147.9 72.1 3.58 2.06 0.42 20.14

128-1 0.83 105.5 68.9 3.25 1.63 0.50 21.20

128-1 0.96 108.8 72.6 2.74 1.94 0.29 26.50

110-3 0.48 89.8 49.1 1.91 1.86 0.03 25.71

115-2 1.23 108.1 76.0 4.56 2.28 0.50 16.67

115-2 1.85 76.9 58.0 4.64 3.43 0.26 12.50

117-2 1.95 159.6 137.3 3.83 2.84 0.26 35.85

122-2 0.49 75.3 49.0 2.52 1.51 0.40 19.44

126-2 0.88 70.0 50.0 1.93 2.31 0.20 25.91

129-2 1.67 74.9 74.9 4.55 3.60 0.21 16.46

132-2 0.35 129.7 75.2 1.71 1.53 0.11 43.98

132-2 0.56 153.9 87.6 3.17 3.47 0.09 27.63

Mean 1.03 115.9 74.9 3.70 2.59 0.30 21.83

SD 0.45 40.4 29.2 1.10 0.80 0.17 9.29

Failures

115-2 1.60 125.6 79.3 6.82 3.33 0.51 11.63

117-1 0.93 171.7 82.4 3.77 2.64 0.30 21.86

121-1 1.60 226.2 152.7 9.96 3.46 0.65 15.33

121-2 0.73 204.7 130.6 3.79 2.44 0.36 34.46

122-1 1.15 166.3 96.3 5.21 2.70 0.48 18.48

122-1 2.80 311.8 308.7 4.67 1.00 0.79 66.10

122-1 1.24 285.5 261.1 3.60 1.07 0.70 72.53

122-1 1.40 102.5 65.1 3.70 3.38 0.09 17.59

129-1 1.70 99.6 71.8 7.37 2.91 0.61 9.74

129-1 0.88 273.8 268.9 5.36 1.00 0.81 50.17

129-1 1.80 100.6 75.7 6.15 3.19 0.48 12.31

132-1 2.85 91.5 51.8 7.08 4.05 0.43 7.32

132-1 1.80 324.9 318.9 3.99 1.00 0.75 79.92

132-1 0.90 225.3 199.1 1.78 1.00 0.44 111.85

132-1 1.50 114.8 69.3 6.68 3.72 0.44 10.37

132-1 1.14 103.0 45.2 3.41 2.72 0.20 13.26

Mean 1.50 183.0 142.3 5.21 2.48 0.50 34.56

SD 0.62 82.8 96.8 2.04 1.10 0.21 31.84

p value .02 .007 .02 .01 .74 .003 .14

a Plotted segments of individual events are provided in Figures A1–A8 in the Appendix.
b Maximum measured plasma glucagon level, gp(t), in interval Dt.
c Mean measured plasma glucagon level, gp(t), over interval Dt (see Equation 2).
d Mean measured plasma insulin level, ip(t), over interval Dt (see Equation 3) normalized to baseline value corresponding to ip(t).
e Mean controller-estimated plasma insulin level, ie(t), over interval Dt (see Equation 4) normalized to baseline value corresponding to ie(t).
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trajectory even in the failures. Also significant was the 
difference found between the success and failure groups 
in the error, |(Ip* – Ie*)/Ip*|, in the controller’s online 
estimate of the mean plasma insulin level relative to the 
measured mean plasma insulin level for each episode  
(30 ± 17 versus 50 ± 21%, p = .003). With only two 
exceptions, the error in the controller’s estimate of 
the mean plasma insulin level in each of the failure 
episodes was ≥30%, which was greater than the average  
error found for the success group. There were only two 
episodes in the success group where the error was  
found to exceed the average error of 50% found for the 
failure group (in these episodes the error was found to 
be 54 and 60%).

The plasma glucagon levels were found to be significantly 
lower on average in the success group than in the failure 
group, both in terms of the mean values for each 
episode (75 ± 29 versus 142 ± 97 pg/ml, p = .02) and 
the maximum values for each episode (116 ± 40 versus  
183 ± 83 pg/ml, p = .007). In fact, the relative difference 
in Gp* between the success and failure groups was 
greater on average than the relative difference in Ip* 
such that the ratio Gp*/Ip* was lower on average in the 
success group than in the failure group (22 ± 9 versus  
35 ± 32, p = .14), although this result was not found to be 
statistically significant.

El-Khatib and Russell, et al.15 noted that the average 
across all 11 subjects in the time-to-peak plasma glucagon 
concentration after a single bolus was 23 ± 9 minutes. 
However, only rarely was a single glucagon bolus 
sufficient to arrest a descent in BG. Typically, successive 
glucagon doses were required (see Figure 1). From a 
clinical standpoint, it is important to know the average 
time required to arrest or reverse a descent in BG 
starting from the moment the first glucagon bolus was 
administered by the controller. In our success group, 
this average time was found to be 27 ± 14 minutes. 
Combining these results, and noting that the controller 
responded to BG every 5 minutes, one can estimate that on 
average, only two microdoses of glucagon were required 
to stop or reverse a descent in BG whenever the controller 
succeeded in estimating plasma insulin levels with an 
error of less than ~30%.

Discussion
Our primary conclusion is that glucagon successfully 
prevents hypoglycemia in closed-loop control when the 
control algorithm accurately estimates plasma insulin 
levels (with an error on average of ~30%, but not greater 

than ~60%) at the time of incipient hypoglycemia. When 
such accuracy can be achieved, insulin dosing by the 
controller typically results in lower plasma insulin 
levels during glucagon episodes than when the controller 
underestimates plasma insulin levels by more than ~50%. 
This conclusion is consistent with our earlier finding 
that hypoglycemia could be eliminated by altering 
closed‑loop algorithm parameters to assume slower 
insulin absorption, which more closely matched the actual 
insulin PK observed in our study cohort. This global 
parameter adjustment had the effect of reducing the 
aggressiveness of insulin administration by the control 
algorithm and reducing the total amount of insulin each 
subject received.

Subjects in our trial were consuming carbohydrate-rich 
meals three times daily, which the control system treated 
with sufficient insulin to return BG to the normal range. 
We therefore assume that the liver was replete with glycogen 
stores and lack of liver glycogen was not responsible for 
the glucagon failures that we observed. Sufficiently large  
doses of glucagon could presumably have prevented most, 
if not all, of the hypoglycemic events that we observed. 
However, the goal for any artificial endocrine pancreas  
that uses glucagon should be to regulate BG safely without 
hypoglycemia while maintaining plasma glucagon levels 
as close as possible to the normal range. The requirement 
that plasma glucagon remain at near-normal levels during 
normal operation constrains the system to use glucagon 
economically, which, in turn, requires therapeutically 
precise and appropriate insulin dosing by the controller 
to the extent possible in light of the observed intersubject 
variability in insulin absorption rates.15

It is noteworthy that mean plasma glucagon levels 
remained in the normal range (50–150 pg/ml) for all 
the episodes during which glucagon was successful in 
preventing hypoglycemia. In fact, peak plasma glucagon 
levels remained in the normal range for all but five 
episodes in the success group, and remained below 
200 pg/ml in these five exceptions. In contrast, both 
the mean and peak plasma glucagon levels frequently 
exceeded 150 pg/ml in the failure group. In all but three 
episodes, the peak plasma glucagon levels exceeded  
150 pg/ml, and in five episodes by approximately two‑fold 
or more. The higher glucagon levels in the failure 
group are not surprising because the control algorithm 
administered more glucagon in an (unsuccessful) attempt 
to prevent hypoglycemia. However, this finding does 
demonstrate that there was no defect in glucagon 
delivery or absorption during the episodes resulting in 
hypoglycemia.
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The higher glucagon levels during episodes ending in 
hypoglycemia suggest that the dose response curves 
for insulin and glucagon interact such that a ratio of 
glucagon to insulin that is sufficient at low insulin levels 
is insufficient at higher levels. This effect could arise 
because the liver is rich in glucagon receptors, which are 
absent in skeletal muscle and fat. At higher insulin levels, 
there may be a greater proportion of glucose uptake by 
muscle, which is insensitive to glucagon, and therefore 
a proportionally greater effect on liver must be achieved 
to balance muscle uptake of glucose. In this study, we 
did not measure physiological variables that would be 
required to clarify this issue, such as glucose absorption 
from the gut and fluxes of glucose into and out of the 
liver, skeletal muscle, and adipose tissue.

Our experience with the use of glucagon as a counter-
regulatory hormone for closed-loop BG control demonstrates 
the promise of this approach. After a global adjustment 
of the control algorithm’s insulin PK parameter settings, 
subcutaneous microdoses of glucagon issued by the 
control system helped prevent carbohydrate-requiring 
interventions (nadir BG with slow PK settings was  
64 mg/dl). However, to meet its potential, glucagon must 
be stable in solution. Commercially available glucagon 
formulations are currently approved only for rescue therapy 
and are reconstituted at the time of use. Glucagon is 
unstable in these formulations and forms fibrils over 
hours to days.22–24 Despite this reported instability, we 
showed in an earlier study that commercial glucagon 
preparations show no diminution of antihypoglycemic 
effect in insulin pumps worn by diabetic pigs for up to 
7 days.25 Similarly, in the present study, insulin pump 
reservoirs were filled with reconstituted glucagon at 
the beginning of each experiment and the glucagon 
was apparently effective for the entire 27-hour duration 
of the experiment. Regardless, in order for glucagon to 
be approved as part of an artificial endocrine pancreas, 
a formulation that is stable in pump reservoirs without 
fibrillation for at least 3 days must become available.

In conclusion, we found that the success of glucagon 
in preventing hypoglycemia was closely related to the 
concordance between the actual and controller-estimated  
plasma insulin levels as well as to the absolute magnitude 
of actual plasma insulin levels. Glucagon was more effective 
when insulin levels were lower, and hypoglycemia could be 
prevented with levels of insulin and glucagon that were 
in the physiologic range. When plasma insulin levels 
were excessive, even plasma glucagon levels above the 
physiologic range were not effective in preventing hypo-
glycemia. For microdose glucagon to consistently prevent 

hypoglycemia while maintaining plasma glucagon 
levels in the physiologic range, control algorithms must 
accurately estimate plasma insulin levels within ~30%. 
More accurate online estimation of plasma insulin levels  
by the controller will result in less aggressive insulin 
dosing and lower prevailing insulin levels when BG 
falls toward the hypoglycemic range in the postprandial 
period. Such improved accuracy could be achieved if 
ultrarapid-acting insulin formulations could be developed 
with faster absorption and less intra- and intersubject 
variability than the current insulin analogs available today.
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Appendix A.

Figure A1. Blood-glucose traces around individual glucagon episodes (successes) from closed-loop control experiment #108-1 (A), #110-2 (B and C),
and #117-1 (D and E). Corresponding glucagon doses are shown at the bottom of each panel. The episodes shown in A, D, and E occurred during 
an experiment in which the control algorithm was configured with fast PK parameter settings. Blood glucose was measured every 5 minutes.
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Figure A2. Blood-glucose traces around individual glucagon episodes (successes) from closed-loop control experiment #126-1 (A–D) and #128-1 
(E and F). Corresponding glucagon doses are shown at the bottom of each panel. The episodes shown in A–F occurred during an experiment 
in which the control algorithm was configured with fast PK parameter settings. Blood glucose was measured every 5 minutes.
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Figure A3. Blood-glucose traces around individual glucagon episodes (successes) from closed-loop control experiment #110-3 (A), #115-2 
(B and C), and #117-2 (D). Corresponding glucagon doses are shown at the bottom of each panel. The episodes shown in B and C occurred during 
an experiment in which the control algorithm was configured with fast PK parameter settings. Blood glucose was measured every 5 minutes.
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Figure A4. Blood-glucose traces around individual glucagon episodes (successes) from closed-loop control experiment #122-2 (A), #126-2 (B), 
#129-2 (C), and #132-2 (D and E). Corresponding glucagon doses are shown at the bottom of each panel. Blood glucose was measured every 
5 minutes.
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Figure A5. Blood-glucose traces around individual glucagon episodes (failures) from closed-loop control experiment #115-2 (A), #117-1 (B), 
#121-1 (C) and #121-2 (D). The locations along the timeline of the triangles in A and C correspond to 15-g carbohydrate interventions for 
hypoglycemia. Corresponding glucagon doses are shown at the bottom of each panel. The episodes shown in A–C occurred during experiments 
in which the control algorithm was configured with fast PK parameter settings. Blood glucose was measured every 5 minutes.
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Figure A6. Blood-glucose traces around four individual glucagon episodes (failures) from closed-loop control experiment #122-1 (A–D). 
The locations along the timeline of the triangles in A–D correspond to 15-g carbohydrate interventions for hypoglycemia. Corresponding glucagon 
doses are shown at the bottom of each panel. The episodes shown in A–D occurred during an experiment in which the control algorithm was 
configured with fast PK parameter settings. Blood glucose was measured every 5 minutes.
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Figure A7. Blood-glucose traces around three individual glucagon episodes (failures) from closed-loop control experiment #129-1 (A–C). 
The locations along the timeline of the triangles in A and C correspond to 15-g carbohydrate interventions for hypoglycemia. Corresponding 
glucagon doses are shown at the bottom of each panel. The episodes shown in A–C occurred during an experiment in which the control algorithm 
was configured with fast PK parameter settings. Blood glucose was measured every 5 minutes.
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Figure A8. Blood-glucose traces around five individual glucagon episodes (failures) from closed-loop control experiment #132-1 (A–D). 
The locations along the timeline of the triangles in A, C, and D correspond to 15-g carbohydrate interventions for hypoglycemia. Corresponding 
glucagon doses are shown at the bottom of each panel. The episodes shown in A–D occurred during an experiment in which the control algorithm 
was configured with fast PK parameter settings. Blood glucose was measured every 5 minutes.


