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Abstract

Background:

Administration of small, intermittent doses of glucagon during closed-loop insulin delivery markedly reduces
the frequency of hypoglycemia. However, in some cases, hypoglycemia occurs despite administration of
glucagon in this setting.

Methods:

Fourteen adult subjects with type 1 diabetes participated in 22 closed-loop studies, duration 21.5 + 2.0 h.
The majority of subjects completed two studies, one with insulin + glucagon, given subcutaneously by
algorithm during impending hypoglycemia, and one with insulin + placebo. The more accurate of two
subcutaneous glucose sensors was used as the controller input. To better understand reasons for success or
failure of glucagon to prevent hypoglycemia, each response to a glucagon dose over 0.5 ug/kg was analyzed
(n =19 episodes).

Results:

Hypoglycemia occurred in the hour after glucagon delivery in 37% of these episodes. In the failures, estimated
insulin on board was significantly higher versus successes (5.8 + 0.5 versus 29 + 0.5 U, p < .001). Glucose at the
time of glucagon delivery was significantly lower in failures versus successes (86 + 3 versus 95 + 3 mg/dl, p = .04).
Sensor bias (glucose overestimation) was highly correlated with starting glucose (r = 0.65, p = .002).
Prior cumulative glucagon dose was not associated with success or failure.

Conclusion:

Glucagon may fail to prevent hypoglycemia when insulin on board is high or when glucagon delivery is
delayed due to overestimation of glucose by the sensor. Improvements in sensor accuracy and delivery of larger
or earlier glucagon doses when insulin on board is high may further reduce the frequency of hypoglycemia.
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Introduction

Advances in the field of artificial pancreas systems
indicate that home use of these systems is rapidly
approaching."”> To maximize safety, each component of
such a system needs to be scrutinized to predict and
overcome potential pitfalls. In general terms, an artificial
pancreas is comprised of a glucose sensor that sends
data to a computer algorithm that, in turn, determines
the amount of insulin to be delivered by an insulin
pump. This type of system is more accurately known
as closed-loop insulin delivery, given it lacks many of
the functions and inputs of a mammalian pancreas.

Closed-loop glycemic control, however, need not be
limited to insulin delivery and can include delivery of
glucagon, a 29 amino acid hormone produced by the
normal endocrine pancreas in response to hypoglycemia.
Secretion and action of glucagon is typically abnormal
in patients with type 1 diabetes.®” This type of dual
hormone delivery for closed-loop control was first
proposed by Kadish® in 1963 and has been demonstrated
to be effective in adults with type 1 diabetes by our
group® and by El-Khatib and colleagues* Glucagon acts
to rapidly raise blood glucose in both persons with
and without diabetes by catabolizing liver glycogen.’
In general terms, in an insulin and glucagon closed-loop
system, insulin is delivered nearly continuously to treat
and prevent hyperglycemia, and glucagon is delivered
intermittently to treat and prevent hypoglycemia. When
used in this manner, glucagon decreased hypoglycemia
by two-thirds, from an average of 40 min/day in the
hypoglycemic range to 15 min/day.?

Two current limitations in closed-loop control are sensor
inaccuracy and the slow onset and offset of insulin.
There are multiple potential sources of sensor error,
one being sensor drift, which is poorly understood
and unpredictable.l®!! If a sensor is overestimating the
glucose level, an inappropriate amount of insulin would
be called for by the closed-loop system, thus increasing
the risk of hypoglycemia. The long duration of action of
insulin is also problematic and predisposes patients to
hypoglycemia, because even the most short-acting insulin
analogs currently available have a duration of action
of approximately 8 h when delivered subcutaneously.!
For this reason, the discontinuation of insulin delivery
during impending hypoglycemia often cannot prevent
hypoglycemia.

Glucagon is a good candidate for preventing insulin-
induced hypoglycemia due to its rapid onset of action
after subcutaneous injection. In our study of insulin
and glucagon closed-loop control, glucagon prevented most,
but not all, cases of hypoglycemia. Here we describe
the factors that influenced the response to glucagon and
how such knowledge can be used to optimize glucagon
delivery in the future.

Methods

Fourteen adult subjects with type 1 diabetes underwent 22
human closed-loop experiments lasting 21.5 + 2.0 h as
published previously® One subject withdrew early from
the study because of repeated intravenous catheter failures,
for a total of 21 closed-loop experiments in 13 subjects
who received automated insulin and glucagon delivery.
Hormone delivery rates were determined by the fading
memory proportional derivative (FMPD) algorithm 1314
Each subject wore two glucose sensors, and data
from the more accurate sensor after a 2 h assessment
period was used as the input into the FMPD algorithm.
Arterialized venous blood glucose (VBG) levels were
measured every 10 min for assessment of sensor accuracy,
detection of hypoglycemia, and data analysis purposes.
If neither glucose sensor was reading accurately, defined
as deviating by more than 20% (for VBG 75 mg/dl or
higher) or 20 mg/dl (<75 mg/dl) from the reference
VBG value, then the VBG level was used as the input
into the algorithm.

In addition to a basal component, the subcutaneous insulin
delivery was dosed according to the difference between
the glucose levels and the glucose target (proportional
error) and the slope of glucose level (derivative error).
The insulin delivery rate was modified by a fading
memory (exponential decay) of past proportional and
derivative errors, with more recent errors affecting the
rate more heavily than remote errors.

Glucagon was delivered subcutaneously via a syringe
pump and was given at times of impending hypoglycemia
as determined by the FMPD algorithm, but in the opposite
direction compared to insulin. Glucagon delivery was
increased for negative proportional errors (glucose levels
below target) and negative derivative errors (falling glucose
levels) and was also modified by the glucose history. Seven
subjects received glucagon delivered in a prolonged
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fashion, termed low-gain glucagon delivery, and six
subjects received glucagon delivered in a short-lived
but brisk fashion at times of impending hypoglycemia,
termed high-gain glucagon delivery. Episodes of high-
gain glucagon delivery that exceeded a dose of 0.5 mcg/
kg were analyzed. The analysis was confined to glucagon
delivery that was triggered by low and/or falling sensed
glucose values and was separated from a meal by at least
1 h in either direction, yielding a total of 19 episodes.
To be classified as a success (or failure), VBG did not
(or did) fall below 70 mg/dl over a 60 min time period
beginning at the start of glucagon delivery.

Insulin on board was estimated at the start of glucagon
delivery and compared between successes and failures
using a model that we derived from data published by
Holmes and associates.’® From the time of delivery, the
amount of insulin on board, in units, was modeled to
rise in a linear fashion for 30 min and maintain constant
at this peak level for an additional 60 min. After this
90 min period, the amount of insulin considered to be on
board from a discrete time point was decreased using the
exponential decay function: ae’*, where a is the amount
of insulin infused over a five minute time interval, e is
Euler’s number (2.717), k is the decay constant (0.012 min”),
and t is the elapsed time in minutes since the end of the
60 min plateau. After 9 h, insulin was considered to be
completely cleared. For comparison, serum free insulin
levels were measured by ELISA (Mercodia) in seven
subjects just prior to each episode of glucagon delivery,
as well as 5, 20, and 40 min after glucagon delivery.

Data are expressed as mean * standard error of the mean.
Sensor accuracy was calculated by comparing sensor
glucose to reference blood glucose values!® If there was
no VBG value available at the start of glucagon delivery,
then the values done just prior to starting the glucagon
and just after the initiation of glucagon were averaged.
In general, these values were from blood drawn 5 min
prior to and 5 min after the start of glucagon delivery,
respectively. The same was true for calculating sensor
bias at the start of glucagon delivery. Comparisons were
made using unpaired t tests. Calculations were performed
using Excel 2007 version 12 (Microsoft Corporation,
Redmond, WA).

Results

Hypoglycemia occurred in the hour after glucagon
delivery in 7 of these 19 episodes. Estimated insulin on
board at the start of glucagon delivery was significantly
higher in the failures compared to successes (5.8 + 0.5

versus 29 £ 05 U, p < .001) as shown in Figure 1.
A representative example from a closed-loop study is
shown in Figure 2, where hypoglycemia was avoided
when insulin on board was low but did occur when
insulin on board was high. The estimation of insulin on
board appears to be accurate, as it correlated strongly
with free insulin levels (* = 0.83, p < .001) as demonstrated
in Figure 3. Because insulin sensitivity varies from
individual to individual, the estimated insulin on board
was also calculated as a percentage of the individual’s
total daily requirement of insulin. This percentage was
also significantly higher in the failures (109 + 1.0 versus
72 £ 1.0%, p = .03).

Late initiation of glucagon delivery only when blood
glucose is nearly in the hypoglycemic range would be
expected to result in overt hypoglycemia. Indeed, VBG at
the start of glucagon delivery was significantly lower in
failures relative to successes (86 + 3 versus 95 + 3 mg/dl,
p = .04). When the VBG was less than 90 mg/dl at the
start of glucagon delivery, hypoglycemia occurred in
875% of cases (7 of 8). Glucagon was delivered based on
the glucose sensor reading, so sensor bias, in particular,
overestimation of the VBG, might be expected to lead
to a delay in the start of glucagon delivery. Indeed, sensor
bias was highly correlated with starting glucose (r = 0.65,
p = .002) as shown in Figure 4.

Repeated doses of glucagon could become increasingly
less effective if multiple doses resulted in depletion of
liver glycogen. For this reason, prior cumulative glucagon
dose was examined for each episode of glucagon delivery
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Figure 1. Episodes where hypoglycemia was successfully avoided
(successes) are noted by solid diamonds, and those where
hypoglycemia occurred in the hour after glucagon delivery (failures)
are noted by empty diamonds. Mean values are indicated by black
lines. Note that the estimated insulin on board is significantly
(p < .001) higher in failures compared to successes.
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but was not associated with failure versus success
(411 + 89 versus 448 + 68 mcg).

Discussion

Automated glucagon delivery markedly decreases the
frequency of hypoglycemia during closed-loop glycemic
control. Glucagon acts to raise blood glucose by
converting liver glycogen into circulating glucose. It is
effective in people both with and without diabetes;
however, the effect has been shown to be delayed and less
pronounced in those with type 1 diabetes.” Patients with
poor glycemic control may have an impaired ability to
store glycogen in the liver, although this impairment
can be partially reversed by improved control of blood
glucose.”” Because closed-loop glycemic treatment offers
an opportunity to improve glycemic control, it may
result in improved responsiveness to glucagon.
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Figure 2. Panels A and B are VBG tracings taken from a single subject
during the same closed-loop study. Time zero is when glucagon was
delivered. Insulin on board is noted by a solid curve. Blood glucose
is noted by solid diamonds (panel A) or empty diamonds (panel B).
In panel A, insulin on board was low (less than 4 U), blood glucose
remained stable, and hypoglycemia did not occur. In panel B, insulin
on board was higher (above 6 U) and hypoglycemia did occur (as
indicated by an arrow).

Our results suggest that high insulin on board at the
time of glucagon delivery will reduce the likelihood that
glucagon delivery will successfully prevent hypoglycemia.
Insulin on board provides an estimate of serum insulin
levels but not of insulin effect. Insulin effect refers to
the lowering of blood glucose via the movement of
glucose into cells and the inhibition of glucose release
from the liver. There is a delay between the appearance
of insulin in blood and its effect, and the magnitude of this
effect is determined by tissue sensitivity to insulin.®
We acknowledge that an estimation of insulin effect,
rather than insulin levels, would likely serve as a better
estimate of the risk for glucagon action failure. Based on
these results, a higher amount of glucagon should be
called for by the algorithm at times of high insulin
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Figure 3. Free insulin levels compared to estimated insulin on
board in seven subjects. Note the close correlation between the two,
demonstrating the accuracy of this estimation method.
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Figure 4. Comparison of sensor bias to VBG at the start of glucagon
delivery. Episodes in which hypoglycemia was successfully avoided
(successes) are noted by solid diamonds and those where hypoglycemia
occurred in the hour after glucagon delivery (failures) are noted by
empty diamonds. Note that overestimation of blood glucose (positive
sensor bias) correlates with a lower starting VBG, which is associated
with glucagon failure.
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on board in order to avoid overt hypoglycemia. In a
reciprocal fashion, a lower amount of glucagon could
be called for at times of low insulin on board in order
to minimize the overall amount of glucagon delivered,
thus reducing the risk of adverse effects such as nausea,
rebound hyperglycemia, and liver glycogen depletion.

Sensor overestimation of glucose clearly led to a delay in
glucagon delivery. Not surprisingly, delivery of glucagon
at a lower starting glucose value resulted in more
cases of hypoglycemia. None of the currently approved
continuous glucose sensors are as accurate as modern
capillary blood glucose (CBG) monitors, and for this
reason, none is approved to replace CBG monitoring.
Closed-loop glycemic control systems require the input
of CBG or arterialized VBG values for glucose sensor
calibration. For current versions of these systems,
calibration will need to be relatively frequent to maintain
sensor accuracy and to detect periods when the degree
of inaccuracy might compromise closed-loop safety.

The reasons for sensor error are complicated. Calibration
error and sensor drift are among the more common
causes of sensor error!®? To the degree that the
problem of sensor error cannot be solved, there are
several algorithm choices that can help to minimize the
frequency of hypoglycemia resulting from sensor over-
estimation of glucose. These choices include selecting
a higher glucose target, reducing insulin delivery gain
factors, and increasing gain factors for glucagon delivery.

Conclusions

Hypoglycemia is a barrier to optimal glycemic control
in patients on standard insulin therapy?® and is also
a major concern in closed-loop glycemic control.*!
Although most chronic diabetes-related complications
are caused by hyperglycemia, people with diabetes are
often more fearful of hypoglycemia, which can cause
acute complications such as seizure, loss of consciousness,
and even death. Glucagon is widely used for the treatment
of severe hypoglycemia and, when given in low intermittent
doses, has now been shown to be effective in preventing
hypoglycemia in closed-loop systems. Glucagon, however,
may fail to prevent hypoglycemia in cases when insulin
on board is high or when glucagon delivery is delayed
due to sensor overestimation of glucose. Improvements
in sensor accuracy and delivery of larger or earlier
glucagon doses when insulin on board is high may
further reduce the frequency of hypoglycemia.
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