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Abstract

Background: This study evaluated meal bolus insulin delivery strategies and associated postprandial glucose
control while using an artificial pancreas (AP) system.
Subjects and Methods: This study was a multicenter trial in 53 patients, 12–65 years of age, with type 1
diabetes for at least 1 year and use of continuous subcutaneous insulin infusion for at least 6 months. Four
different insulin bolus strategies were assessed: standard bolus delivered with meal (n = 51), standard bolus
delivered 15 min prior to meal (n = 40), over-bolus of 30% delivered with meal (n = 40), and bolus purposely
omitted (n = 46). Meal carbohydrate (CHO) intake was 1 g of CHO/kg of body weight up to a maximum of
100 g for the first three strategies or up to a maximum of 50 g for strategy 4.
Results: Only three of 177 meals (two with over-bolus and one with standard bolus 15 min prior to meal) had
postprandial blood glucose values of <60 mg/dL. Postprandial hyperglycemia (blood glucose level >180 mg/dL)
was prolonged for all four bolus strategies but was shorter for the over-bolus (41% of the 4-h period) than the
two standard bolus strategies (73% for each). Mean postprandial blood glucose level was 15.9 mg/dL higher for
the standard bolus with meal compared with the prebolus (baseline-adjusted, P = 0.07 for treatment effect over
the 4-h period).
Conclusions: The AP handled the four bolus situations safely, but at the expense of having elevated post-
prandial glucose levels in most subjects. This was most likely secondary to suboptimal performance of the
algorithm.

Introduction

Studies using the artificial pancreas (AP) in patients
with type 1 diabetes (T1D) offer the opportunity to evaluate

the safety and efficacy of postprandial glucose control during

closed-loop (CL) control. The American Diabetes Association
recommends that glucose levels remain below 180 mg/dL at
all times following a meal.1 Unfortunately, the current rapid-
acting insulins have been shown to be too slow in action to
attain optimal postprandial glucose levels when given just
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prior to eating. Excursions above 180 mg/dL are common in
recent studies involving standard basal-bolus therapy2,3 and
CL systems, regardless whether a partial or full meal bolus is
delivered by the controller4–7 or omitted.7–9

Based on evidence that prebolusing for a meal reduces
postprandial glucose excursions,2 many diabetes physicians
recommend that patients deliver their meal boluses 15–20 min
prior to eating. Weinzimer et al.7 compared a fully automated
Medtronic (Northridge, CA) ePID CL system with a semi-
automated hybrid system in which 25–50% of the meal bolus
was administered 15 min prior to the meal. The mean daytime
and peak postprandial glucose levels were significantly lower
in the hybrid group compared with the group using the fully
CL system (P < 0.05). It is important to determine how AP
systems will respond to meals using the currently available
rapid-acting insulins when the insulin is delivered with the
meal or when delivered 15–20 min prior to the meal.

A second issue common to meal boluses relates to an
excessive amount of insulin being administered. This hap-
pens when there is an overestimate of carbohydrate (CHO)
to be eaten, or when an insulin dose is taken for a planned
amount of food intake but less food is then eaten. It has even
been suggested the insulin be given after the meal to pre-
schoolers, who often have unpredictable eating patterns.10

Because administration of excessive meal insulin is a fre-
quent occurrence, it is important to determine how an AP
system will handle such an over-bolus of insulin delivered
with a meal.

A third issue, particularly with teenagers, is forgetting to
give an insulin bolus to cover a meal11,12 or a snack.13

Missing two meal boluses per week over 3 months was as-
sociated within a 0.5% higher hemoglobin A1c level.11 The
AP system may represent the only method of assuring insulin
coverage for all meals and snacks. It will thus be important to
determine how the AP system will handle missed meal in-
sulin boluses.

Breakfast is often the most difficult meal of the day to
control postprandial glucose levels, in part because of high
levels of counterregulatory hormones14,15 as well as less
suppression of endogenous glucose production. As part of a
multicenter study to evaluate a control-to-range class AP
system under a variety of conditions, the function of the
system was evaluated in four breakfast-related situations
likely to occur in real life, with insulin administered (1) just
prior to the meal, (2) 15 min prior to the meal, or (3) with a
30% over-bolus or (4) when no meal bolus was administered
(AP management only).

Research Design and Methods

This study was conducted at seven clinical centers. The
protocol was approved by local Institutional Review Boards,
and written informed consent was obtained from each patient
or parent, with assent obtained as required. An independent
Data and Safety Monitoring Board provided oversight. The
full protocol is available online (www.clinicaltrials.gov/ct2/
show/NCT01271023); key aspects are summarized herein.

Major eligibility criteria included 12–65 years of age, T1D
for at least 1 year, use of an insulin pump for at least 6
months, and hemoglobin A1c level of 5.0–10.5%. Exclusions
included current pregnancy, diabetic ketoacidosis in the prior
6 months, severe hypoglycemia with seizure or loss of con-

sciousness in the prior 12 months, and the presence of any
medical conditions, laboratory abnormalities, or medications
that might limit study participation.

The devices used in the CL system were the Dexcom (San
Diego, CA) Seven� Plus continuous glucose monitor (CGM)
and the OmniPod� insulin management system (Insulet
Corp., Bedford, MA). Two blinded sensors were inserted 2–3
days before the admissions. The more accurate sensor was
used, but recording could be switched to the other sensor if it
malfunctioned during the admission. The FreeStyle Lite�

blood glucose meter (Abbott Diabetes Care, Alameda, CA)
was used to calibrate the CGM device. The system was de-
signed with a modular architecture consisting of a hardware
platform (APS/Santa Barbara) to facilitate device commu-
nication and run AP algorithms, a safety supervision module
(SSM/UVA-Santa Barbara) to reduce insulin administration
in the event of predicted hypoglycemia, and a range correc-
tion module (RCM/Pavia-Padova) to administer correction
insulin to maintain glucose concentration in the euglycemic
range. In view of the relevant sensor error, the algorithm tries
to maintain the CGM in the center of the range. The range
controller (RCM) is based on model predictive control and
uses a model with patient-specific tuning based on body
weight, insulin basal rates, and total daily insulin. A predic-
tive hypoglycemia prevention algorithm (SSM) was used to
minimize the risk of hypoglycemia, displaying a red light to
suggest preemptive CHO treatment when hypoglycemia was
deemed unavoidable. A complete description of the inte-
grated AP has been published elsewhere.16–22

Clinical research center protocol

The study protocol included up to four breakfast meals for
each patient during which the same meal, consisting of 50%
CHO, 20% protein, and 30% fat with 1 g of CHO/kg of body
weight (maximum of 100 g of CHO for the first three bolus
strategies listed below and a maximum of 50 g for the missed
bolus) was eaten over approximately 15 min. Four different
insulin bolus strategies were assessed:

1. Standard size bolus delivered at same time as meal
2. Standard size bolus delivered 15 min prior to meal
3. Over-bolus of 30% delivered at same time as meal
4. Bolus purposely omitted

For safety, if the subject was hyperglycemic (>200 mg/dL)
at the time of the breakfast meal, the study physician could opt
to serve an alternate low-CHO meal (<20 g) to prevent ex-
cessive postprandial hyperglycemia (used for five meals; see
below). Breakfast with the standard size bolus delivered
15 min prior to meal was given at approximately 9 a.m., with
CL control starting 30 min earlier; breakfast with the bolus
purposely omitted was given at 7 a.m. the following day.
Breakfast with the standard-size bolus delivered at the same
time was given at approximately 9 a.m. on the second ad-
mission, with CL control starting 15 min earlier; breakfast with
over-bolus was given at 7 a.m. the following day. Meal boluses
were administered by the physician/nurse inputting the grams
of CHO (as determined by the hospital dietitian) at the start of
the meal, with automated bolus recommendation by the system
based on the subject’s home insulin to CHO (I/C) ratio and
automated delivery of the bolus following confirmation of the
recommendation. There was no pretuning of I/C ratios prior to
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the study. Between-meal insulin dosing was driven by the
automated CL controller. The CGM was calibrated using fin-
gerstick values 30 min before each breakfast.

Plasma glucose level was measured using a YSI (Yellow
Springs, OH) clinical laboratory analyzer instrument every
15 min for 90 min following breakfast and every 30 min at all
other times. For plasma glucose levels of £60 mg/dL or if the
Safety Monitoring System indicated impending hypoglyce-
mia, treatment was given with approximately 16 g of glucose
(juice or glucose tablets) and repeated as necessary (hypo-
glycemic rescue). The YSI plasma glucose level was mea-
sured every 15 min until the plasma glucose level exceeded
80 mg/dL. For plasma glucose levels of ‡300 mg/dL for more
than 1 h, a correction bolus of insulin was recommended by
protocol (hyperglycemic rescue).

Adverse event reporting included diabetic ketoacidosis,
severe hypoglycemia, and any event requiring the assistance
of another person due to altered consciousness to actively
administer glucagon, insulin, or other resuscitative actions.

Statistical methods

For each of the four testing conditions, various glycemic
metrics for hyperglycemia, hypoglycemia, and variability were
computed from YSI measurements over the 4 h following
breakfast and at the 4-h time point. Repeated-measures re-
gression models were used to test the differences in continuous
glycemic outcomes following the standard bolus at time of
breakfast and the standard bolus prior to breakfast, account-
ing for correlated data from the same subject, adjusting for
baseline blood glucose value.

Meals with an appropriate insulin bolus and the full 1 g of
CHO/kg body weight content (up to 100 g) and at least 2 h of
data with a YSI measurement 4 h after breakfast were in-
cluded in the analyses (19 tests were not included: 12 had
insulin boluses that were administered incorrectly, five had
low-CHO content [<20 g] to prevent excessive postprandial
hyperglycemia, two had <2 h of post-breakfast glucose data,
and seven had a missing YSI measurement 4 h post-break-
fast). Cases where external intervention was necessary to
treat hypoglycemia or hyperglycemia not requested by the
controller algorithm were handled by imputing glucose val-
ues of 60 mg/dL for 1 h following hypoglycemic treatment
and values of 400 mg/dL for 2 h following hyperglycemic
treatment so they would not artificially inflate the perfor-
mance metrics (e.g., more values in target range than would
have occurred in the absence of external intervention). All P
values are two-sided, and analyses were performed using
SAS version 9.3 software (SAS Institute, Cary, NC).

Results

The study included 177 tests involving breakfast periods from
53 participants with T1D: mean age, 28 years; mean glycated
hemoglobin level, 7.9% (Supplementary Table S1; Supple-
mentary Data are available online at www.liebertonline.com/
dia). There were 51 breakfasts with standard boluses, 40 with an
early-delivered standard bolus, 40 with an over-bolus, and 46
without a bolus. Table 1 provides the glycemic metrics during
the 4 h following breakfast and at 4 h. Supplementary Tables S2
and S3 provide similar data stratified for adults and adolescents.
Figures 1 and 2 both show the plasma glucose levels and insulin
delivery over the 4-h post-breakfast period for each of the four

testing conditions. Supplementary Figures S1 and S2 show the
CGM levels and insulin delivery over the 4-h post-breakfast
period. Supplementary Table S4 gives the CGM accuracy
metrics. The median difference between CGM and YSI values
was - 8 mg/dL with a median relative absolute difference of
10%. Supplementary Table S5 gives intrasubject glycemic dif-
ferences between standard bolus at time of breakfast and the
other three breakfast scenarios. There were no cases of severe
hypoglycemia, diabetic ketoacidosis, or other adverse events.

Standard bolus at time of breakfast

Following a standard bolus given at the start of breakfast, no
meals had a required hypoglycemic rescue, and one had a
required hyperglycemic rescue (Table 1). During the 4 h after a
breakfast with a standard bolus, the glucose level rose above
400 mg/dL in 2% of meals, the median of each participant’s
mean glucose level was 204 mg/dL, the median percentage of
glucose values 71–180 mg/dlL was 27%, and the median ex-
cursion was 121 mg/dl. At 4 h after the meal, 53% of meals had
a glucose value in this range. The median of the area under the
curve (AUC) 180 mg/dL was 34 mg/dL/min. The median cu-
mulative basal plus bolus insulin over the 4 h was 10.4 units.

Standard bolus prior to breakfast

Following a standard bolus given 15 min prior to breakfast,
one meal had a required hypoglycemic rescue, and none had a
required hyperglycemic rescue (Table 1). During the 4 h after
a breakfast with a premeal standard bolus, the glucose level
did not rise above 400 mg/dL. The median of each partici-
pant’s mean glucose level was 203 mg/dL, the median per-
centage of glucose values 71–180 mg/dL was 27%, and the
median excursion was 105 mg/dL. At 4 h after the meal, 55%
of meals had a glucose value in this range. The median of the
AUC 180 mg/dL was 29 mg/dL/min. The median cumulative
basal plus bolus insulin over the 4 h was 11.5 units. The
median percentage of postprandial YSI values in-range (71–
180 mg/dL) varied when the fasting glucose level was below
130 mg/dL (45% for the standard bolus and 55% for the
prebolus), 131–180 mg/dL (18% for the standard bolus and
26% for the prebolus), and above 181 mg/dL (0% for stan-
dard bolus and prebolus) (Supplementary Table S6).

As seen in Table 1, outcome metrics appear similar for the
standard bolus delivered with breakfast and 15 min prior to
breakfast. However, it can be seen that by chance baseline
glucose levels tended to be higher before the premeal bolus test
than before the with-meal bolus test. Controlling for baseline
glucose level, the time in range over the 4 h after breakfast was
similar when the standard bolus was delivered at the time of
breakfast compared with the standard bolus delivered prior to
breakfast (treatment effect, - 2.6%; 95% confidence interval,
- 15.3% to + 10.0%; P = 0.68). The treatment effect for mean
glucose level over the 4 h was + 15.9 mg/dL (95% confidence
interval, - 1.6 mg/dL to 33.4 mg/dL; P = 0.07).

‘‘Over-bolus’’ at time of breakfast

Following an over-bolus at the time of breakfast, one meal
had a required hypoglycemic rescue, and two had a required
hyperglycemic rescue (Table 1). During the 4 h after a
breakfast with an over-bolus, the glucose level rose above
400 mg/dL in 5% of meals, the median of each participant’s
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mean glucose level was 168 mg/dL, the median percentage of
glucose values 71–180 mg/dL was 55%, and the median ex-
cursion was 102 mg/dL. At 4 h after the meal, 78% of meals
had a glucose value in this range. The median of the AUC
180 mg/dL was 13 mg/dL/min. The median cumulative basal
plus bolus insulin over the 4 h was 11.9 units.

Omitted bolus at time of breakfast

Following an omitted bolus at the time of breakfast, no
meals had a required hypoglycemic or hyperglycemic rescue
(Table 1). During the 4 h after a breakfast with an omitted
bolus, the glucose level did not rise above 400 mg/dL, the

median of each participant’s mean glucose level was 231 mg/
dL, the median percentage of glucose values 71–180 mg/dL
was 18%, and the median excursion was 156 mg/dL. At 4 h
after the meal, 35% of meals had a glucose value in this
range. The median of the AUC 180 mg/dL was 56 mg/dL/
min. The median cumulative basal plus bolus insulin over the
4-h period was 8.8 units.

Discussion

Blood glucose levels following the breakfast meal are of-
ten difficult to control, related in part to high levels of
counterregulatory hormones, less suppression of endogenous

FIG. 1. Glycemic control following standard bolus delivered with and before breakfast: (top panel) glucose levels and
(bottom panel) insulin delivery following breakfast. Lines with dots denote the median glucose, lines without dots denote
the 25th and 75th percentiles for glucose, and bars denote mean insulin delivery.
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glucose production, lack of optimal I/C ratios, time delay
before effect seen for currently available rapid-acting insulin
activity, and the high glycemic index of common breakfast
foods. We assessed how safely a CL system would function
following breakfast under four scenarios: standard bolus gi-
ven at the time of the breakfast meal (based on the home I/C
ratios), standard bolus given 15 min prior to the meal, over-
bolus given at the time of the meal, and no bolus given at the
time of meal. For all four scenarios, use of the system gen-
erally was safe, and no adverse events occurred. Among the
177 breakfasts, external treatment was given for hypoglyce-

mia in one participant when a standard bolus was given
15 min prior to the meal and for one subject following an over-
bolus. External treatment for hyperglycemia was given in one
participant following a standard bolus given at mealtime and
for two participants following an over-bolus. However, except
for the over-bolus scenario, glucose levels for most partici-
pants were elevated for a substantial portion of the 4 h fol-
lowing breakfast. Although the current study was not powered
to compare the breakfast scenarios, the mean glucose level
was 15.9 mg/dL lower following a bolus 15 min before the
meal compared with a bolus at the same time as the meal, after

FIG. 2. Glycemic control following over-bolus and no bolus delivered with breakfast: (top panel) glucose levels and
(bottom panel) insulin delivery following breakfast. Lines with dots denote the median glucose, lines without dots denote
the 25th and 75th percentiles for glucose, and bars denote mean insulin delivery.
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controlling for baseline glucose level. Results generally were
similar for adults and adolescents (Supplementary Table S3).

The controller used in this safety study had an intentionally
conservative design with respect to insulin dosing in the
postprandial period. As shown in Figure 1, there generally was
a significant reduction of insulin delivery for a period of 30–
60 min following the meal bolus, and the insulin delivery for
the remainder of the 4-h period was somewhat higher than the
subject’s standard open-loop basal therapy. The controller’s
conservative design made it successful in minimizing post-
prandial hypoglycemia but at the expense of having elevated
glucose levels in most subjects. The starting glucose values
in the over-bolus and missed-bolus challenges (Fig. 2) were
tighter than those in the standard-bolus challenges (Fig. 1). This
may have been because the challenges in Figure 2 followed an
overnight period of CL control that brought most subjects into a
tight range. In contrast, the challenges in Figure 1 were per-
formed after a night of home glucose control.

The finding that glycemic control was better following
what was considered to be an over-bolus rather than fol-
lowing a standard bolus was surprising. Although these
subjects were in above average glycemic control with a mean
hemoglobin A1c level of 7.9%, it is unlikely that their I/C
ratios were optimally adjusted. When comparing the 30%
over-bolus with the standard meal, the median percentage of
postprandial glucose levels in-range increased from 27% to
55% with the over-bolus. Only two of the 40 meals with an
over-bolus resulted in subsequent glucose levels below
60 mg/dL (<3.9 mmol/L). This was in part due to the reduc-
tion in basal insulin delivery by the controller with the over-
bolus, but was likely also related to inadequate standard
meal bolus insulin dosages as used in the home setting. CGM
values were typically lower than YSI values, making the
controller deliver slightly less-than-optimal amounts of in-
sulin, which could partially explain why over-bolus per-
formed better than the standard bolus. This strategy of
augmenting the meal bolus and reducing the basal rate over
the ensuing 2–4 h is referred to as a ‘‘super bolus’’ and is a
strategy recommended by Certified Diabetes Educators and
used by sophisticated insulin pumpers to reduce postprandial
highs, especially when trying to cover high glycemic index
foods. Although regular postmeal blood glucose checks for
all three meals of the day are recommended by most diabetes
care providers, this is rarely done. For optimal postprandial
control, trend readings from a CGM and advanced pumping
techniques are helpful.9,23 A CL system that can accomplish
this automatically is highly desirable and is needed to help
attain optimal postprandial glucose control.

The AP system handled the missed meal bolus safely in
relation to hypoglycemia. The median percentage of CL
dosing doubled from 103% (standard meal) to 204% (missed
meal bolus). Although the percentage of glucose values
above 180 mg/dL (>10 mmol/L) increased, there were no
YSI glucose values <70 mg/dL (<3.9 mmol/L). There had
been a concern that with the high postprandial glucose values
secondary to the missed insulin bolus, excessive insulin
would be delivered, resulting in postmeal hypoglycemia.
However, a safety tuning of the control action prevented this
from occurring.

In a previous randomized crossover pilot study of the
CL versus the open-loop systems, two versions of the cur-
rently used control-to-range algorithm were used to document

feasibility and safety,16 which led to the selection of the al-
gorithm used in the current study. This is the first large study
involving different age groups to evaluate the four bolus sit-
uations likely to occur in real life. The differences with respect
to previous results reported in the above-mentioned study16

highlight the fact that a multicenter intercontinental trial with
adults and adolescents and with a more realistic protocol that
includes meal over-/under-boluses is much more challenging
than a small study in a single center. Comparison with other
published trials performed in one or a few centers with very
rigid protocols is also difficult, for the same reasons.

Initial studies of the AP have often focused on overnight
glucose control rather than postprandial glucose levels.24,25

Several groups have recently reported studies of CL man-
agement that included meal boluses.7,26–28 In the only study
comparable in size to the present study, 47 adults were
studied during three 23-h admissions for comparison of two
CL algorithms with open-loop management.5 Although time
spent <3.9 mmol/L (70 mg/dL) was significantly reduced
with both CL systems, mean glucose levels were higher, as
were blood glucose levels postprandially, in comparison with
open-loop management.

Although not used in the current report, several groups
have demonstrated use of a bihormonal CL AP system to
administer larger meal insulin boluses with the availability of
small doses of glucagon to prevent later hypoglycemia.4,6,8

As only one subject in our 91 standard and premeal bolus
experiments had a postprandial glucose value <60 mg/dL,
glucagon administration would not appear indicated in the
current CL system. However, this would likely change if the
current algorithm was altered to allow larger meal insulin
boluses.

A limitation of the current study is that the breakfast bolus
studies were not randomized. The prebolus study was con-
ducted first, followed by the missed bolus, the standard bolus,
and then the over-bolus study. A possible reason for the
‘‘chance’’ elevation of the fasting glucose levels in the pre-
bolus study might have been related to the stress of having
been the first study. Other limitations include the need to
evaluate the system in real-life outpatient situations, which
include factors such as exercise, various types of meals (e.g.,
high fat), and stress. Insulin levels were not measured and
potentially could provide information to support the gluco-
dynamic metrics. The use of the subjects’ home I/C ratios
likely resulted in suboptimal bolus dosages for many sub-
jects. Previous studies using a control algorithm for 2 weeks
showed postmeal glucose levels to be optimally con-
trolled.9,23 However, it is likely that AP systems will need to
deal with suboptimal glycemic control in real-life usage.
Additionally, subjects were served precise amounts of CHO,
and their home I/C ratios were applied to this precisely
measured CHO amount. However, subjects may systemati-
cally over- or underestimate CHO intake at home, resulting in
I/C ratios that are skewed to compensate for the subject’s
errors. Allowing the subject to estimate the CHO amount in
the meal may have resulted in a more realistic dosing of the
meal bolus.

The American Diabetes Association goal to have all glu-
cose levels below 180 mg/dL following a meal was not met
for over 75% of the four bolus studies. This goal is unlikely to
be reached with complete CL glucose control until a more
rapid-acting insulin becomes available. Likely, some degree
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of meal announcement will be required for any current CL
system. The use of pramlintide in a CL system to delay food
absorption and reduce postprandial glucagon levels delayed
the time from meal start to peak plasma glucose.29 However,
pramlintide failed to reduce the magnitude of the rise in
glucose levels after breakfast.29 Clearly, further research is
needed if the American Diabetes Association goal for post-
prandial glucose levels is to be met in subjects using a CL
system. Finally, these data provide an important opportunity
to test the validity of the University of Virginia/Padova type 1
diabetes simulator30 in postprandial conditions in both ado-
lescents and adults. This can be easily achieved with a pro-
cedure similar to that previously described.31

In summary, this large multicenter inpatient study showed
the CL system handled the four bolus situations safely. As a
result, outpatient studies using this controller are underway.29

In order to more effectively handle postprandial glucose
levels, further modifications of the algorithm have been in-
troduced.32,33 Some promising results have been obtained in
a small clinical trial.34 The improved controller will be tested
soon in a larger trial.

The continued development of CL algorithms and the
portability of the systems will be important. As these features
continue to be developed, optimal glycemic control will
hopefully become a reality for many more people with T1D.
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