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Original Article

Artificial pancreas closed-loop (CL) systems utilize continu-
ous glucose monitoring in subcutaneous interstitial tissue 
and controller algorithms to deliver insulin in a glucose 
responsive manner in real time and aims to have postprandial 
glucose concentrations that are comparable to those of 
healthy controls. Nocturnal hypoglycemia is improved with 
this system, which was shown previously,1,2 and also recently 
in diabetes camp setting.3 Despite advancements in these 
systems, postprandial hyperglycemia continues to be a 
challenge.4-6

T1DM management in the open-loop or CL setting relies 
mainly on insulin delivery to normalize glucose concentra-
tions. In diabetes, there is failure of glucagon suppression in 
the immediate postprandial period coupled with the failure of 
glucagon response to hypoglycemia in the late postprandial 
period. This may be one of the reasons for blood glucose fluc-
tuations seen in T1DM.7 With adjunctive therapy using gluca-
gon suppressors such as pramlintide, an amylin analogue, we 
and others have shown that postprandial hyperglycemia is 

attenuated. However, our studies showed that pramlintide 
resulted in a right shift of the glucose curve without adequate 
reduction in peak glucose concentrations. Furthermore, if 
higher doses of pramlintide were used with insulin, it caused 
immediate postprandial hypoglycemia.7,8

In this study, we aimed to test 2 glucagon suppressors in the 
CL system and determine which one would be most effective 
in attenuating postprandial glucose excursions. Pramlintide is 
an analogue of amylin and is approved for use in subjects with 
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Abstract
Postprandial hyperglycemia due to paradoxical hyperglucagonemia is a major challenge of diabetes treatment despite the use 
of the artificial pancreas. We postulated that adjunctive therapy with pramlintide or exenatide would attenuate hyperglycemia 
in the postprandial phase through glucagon suppression, thereby optimizing the functioning of the closed-loop (CL) system. 
Subjects with type 1 diabetes (T1DM) on insulin pump therapy were recruited to participate in a 27-hour hospitalized 
admission on 3 occasions (2-4 weeks apart) and placed on the insulin delivery via CL system in random order to receive (1) 
insulin alone (control), (2) exenatide 2.5 µg + insulin, (3) pramlintide 30 µg + insulin. Medications were given prior to lunch 
and dinner, which was a standardized meal of 60 grams of carbohydrates. Insulin delivery was as per the ePID algorithm via 
the Medtronic CL system and continuous subcutaneous glucose monitoring via Medtronic Sof-sensors. Ten subjects age 
23 ± 1 years with a HbA1c of 7.29 ± 0.3% (56 ± 1 mmol/mol) and duration of T1DM 10.6 ± 2.0 years participated in the 
3-part study. Exenatide was found to be significantly better in attenuating postprandial hyperglycemia as compared to insulin 
monotherapy (P < .03) and pramlintide (P > .05). Glucagon suppression was statistically significant with exenatide (P < .03) 
as compared to pramlintide. Insulin requirements were lower with adjunctive therapy, but statistically insignificant. Insulin 
monotherapy results in postprandial hyperglycemia in T1DM in the CL setting and adjunctive therapy with exenatide reduces 
postprandial hyperglycemia effectively and should be considered as adjunctive therapy in T1DM.
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type 1 and type 2 diabetes of 16 years and above. Exenatide is 
a short acting glucagon-like peptide-1 (GLP-1) receptor ago-
nist used extensively for the treatment of type 2 diabetes as 
mono and adjuvant therapy with oral hypoglycemic agents. 
Both pramlintide and exenatide exert their action through glu-
cagon suppression and prolongation of gastric emptying. Our 
earlier studies demonstrated an effective glucose-lowering 
dose of exenatide (2.5 mcg) in type 1 diabetes.9 This is the first 
study to our knowledge comparing exenatide versus pramlint-
ide in type 1 diabetes in a CL setting.

Methods

Subjects

The study was approved by the Einstein Institutional Review 
Board and the US Food and Drug Administration (FDA) 
gave an investigational device exemption. Subjects were 
recruited both through general advertising and from the dia-
betes clinic at the Children’s Hospital at Montefiore. 
Informed consent was obtained prior to study start and 
screening was performed prior to the start of study proce-
dures. Subjects enrolled were between 18 and 30 years of 
age, were diagnosed with T1DM at least 1 year previously, 
were on continuous subcutaneous insulin infusion (CSII) 
therapy, and had no other chronic condition (except con-
trolled hypothyroidism). Subjects were included if they had 
a normal hemoglobin (> 12 gm/dl), had HbA1c < 8.5% (69 
mmol/mol), had a weight of ≥ 50 kg, and were taking no 
other medications (apart from insulin) that could alter the 
blood glucose concentration or gastric emptying. Subjects 
were excluded if they had a prior history of gastroparesis, 
pancreatitis, or impaired renal function, history of QT pro-
longation on EKG, hypoglycemic unawareness, or hypersen-
sitivity to 5-HT3 receptor antagonists or the study medications 
pramlintide or exenatide. For female subjects, a serum 
human chorionic gonadotropin (HCG) pregnancy test was 
done to rule out pregnancy. Serum amylase levels were mon-
itored prior to all study visits. A total of 10 subjects com-
pleted the study with the following demographics (Table 1).

Study Procedures

Screening. A complete history, physical exam, and labora-
tory tests that included complete blood count, serum amylase, 

serum electrolytes, HbA1C, and serum HCG pregnancy test 
for women were completed to evaluate for inclusion. Base-
line glycemic status was assessed using open-loop subcutane-
ous continuous glucose monitoring for 3 days the Medtronic 
iPro Professional Continuous Glucose Monitor (CGM) with 
Sof-sensor electrodes. If they met inclusion criteria, study 
subjects were enrolled in a 3-period crossover design to 
receive (1) control—CL with insulin monotherapy (Con), (2) 
CL with insulin and pramlintide (CL+P), (3) CL with insulin 
and exenatide (CL+E), in random order.

Inpatient studies. Subjects were admitted to the research 
unit around 7 pm on day 1. Two subcutaneous Medtronic 
Sof-sensors (MMT 7002/7003) were inserted. Subjects’ own 
usual insulin regimen was programmed into the study insulin 
pump when they arrived on site.

Open-loop phase. Sensors inserted measured glucose in 
the interstitial fluid and were connected to MiniLink REAL-
Time Transmitters (MMT 7703), which were specially modi-
fied to transmit every 1 minute, instead of the commercially 
available ones that transmit every 5 minutes. Insulin Aspart 
or NovoLog® (Novo Nordisk, Bagsvaerd, Denmark) was 
administered via a Paradigm Series Insulin Pump (MMT 
715). An intravenous catheter was placed in the antecubital 
vein for blood sampling.

Hourly plasma glucose measurements were done at the 
bedside using an Analox GM 9 analyzer® (Analox 
Instruments, London, UK), and these values were used to 
calibrate the sensors. Capillary blood glucose checks were 
done whenever necessary using OneTouch Ultra 2 glucome-
ter (LifeScan, Inc, Milpitas, CA). The glucose measurements 
were used to calibrate the sensors prior to the start of the CL 
control portion of the protocol.

CL phase. Subjects were started on the CL phase of auto-
mated insulin delivery at 6 am on day 2. During this phase 
insulin was delivered automatically through the pump based 
on the glucose sensor data delivered to the control tool soft-
ware. The glucose data were transmitted every minute via 
radiofrequency signaling. A laptop with the Control Tool 
software version 5.1, which uses Medtronic external Physi-
ological Insulin Delivery (ePID) algorithm5 with the Insulin 
Feedback (IFB)10 feature, provided the automated insulin 
delivery during the CL phase and collected the glucose sen-
sor data during the open-loop phase of the study. Although 2 
Medtronic Sof-sensors were used, control of the CL software 
was set by the researcher to the sensor, which performed bet-
ter and was switched to the other sensor as deemed neces-
sary. Sensors were calibrated if the values were 20-30% off 
from the reference plasma glucose value. At 7 am, breakfast 
consisting of a standard liquid meal of Boost High Protein 
Drink 9.6 oz. (360 ml 50 g of carbohydrate) was given to the 
subject and was consumed over a period of 10 to 15 minutes. 
Of their bolus insulin requirement, 25% was based on their 

Table 1. Demographics and Clinical Characteristics.

Age (years) 23.24 ± 1
Sex (M/F) 5/5
Duration of diabetes (years) 10.64 ± 2
BMI (kg/m2) 25.2 ± 0.9
HbA1C (%) 7.29 ± 0.3
HbA1C (mmol/mol) 56 ± 1

Data are mean ± SEM.
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usual insulin: carbohydrate ratio was administered manu-
ally prior to drinking the Boost drink. The rationale for this 
bolus was to calibrate glucose sensors more effectively and 
large variations in glucose concentrations were avoided right 
before study start. The breakfast time period of 7 am to 11 
am was not included in the final analysis to allow the CL 
to equilibrate from a fasting to postprandial state and also 
to ensure the sensors and the system were optimally com-
municating prior to the administration of study medication 
at lunchtime.

Data were collected and analyzed from an hour before 
lunch, which was served at 12 pm and dinner at 5 pm. Each 
meal consisted both of solids and liquids and was approxi-
mately 60 grams of carbohydrates with approximately 20 
grams of protein and 15 grams of fat. The same meal was 
served to subjects at the same time during all 3 parts of the 
protocol. Subjects were on the CL control phase of the study 
until 10 pm on day 2 and were discharged after determining 
they were stable.

Ten subjects participated in all 3 inpatient visits in which 
they received insulin monotherapy in one, and pramlintide 30 
µg dose or exenatide 2.5 µg dose as adjuvant therapy in the 
rest. Fixed doses of the medication were determined based on 
our earlier published and unpublished data involving the use 
of these medications in subjects with type 1 diabetes. The 
order of these 3 visits was randomized. Data were not ana-
lyzed from the 2 subjects who dropped out of the study citing 
scheduling difficulties. Both pramlintide and exenatide were 
given as a subcutaneous injection before lunch and dinner. 
Each inpatient visit was spaced 2-4 weeks apart. Subjects did 
not receive any other meal or snack apart from the previously 
mentioned lunch and dinner during the CL control part of the 
study. During the study, blood samples were drawn every 15 
minutes for the first 2 hours after meals and then every half an 
hour for the next 3 hours to measure insulin and glucagon 
concentrations before and after the meals.

During the study, if the subject’s plasma glucose values were 
less than 70 mg/dl, oral glucose (5-15 g) was administered to 
achieve euglycemia (90-130 mg/dl). Only 3 corrections to 
hypoglycemia were allowed for 1 study period. The patients had 
no meals other than prescribed in the study protocol. If the 
plasma glucose was more than 300 mg/dl, blood ketones were 
measured using Precision Xtra Blood Glucose & Ketone 
Monitoring System (Abbott Diabetes Care, Abbott Park, IL). 
Ondansetron (Zofran) was ordered for subjects as needed for 
unbearable nausea or if they had an episode of vomiting.

Hormonal analysis. Glucagon and insulin were measured 
on a Wizard 2 gamma counter (Perkin Elmer Corporation, 
Waltham, MA) using a radioimmunoassay method with 
human specific antibodies using commercially available 
kits (Millipore Corporation, Billerica, MA). Lower limit of 
quantification (LLOQ) for insulin was 3 uU/mL and gluca-
gon was 25 pg/mL.

Statistical analysis. Glucose control between the insulin 
monotherapy (control) and the arms with adjuvant pram-
lintide or exenatide therapy were compared using reference 
plasma glucose concentrations and sensor glucose values 
used by the control algorithm for the lunch and dinner peri-
ods. Data are expressed as mean ± SEM. Sensor accuracy was 
calculated as the mean absolute relative deviation (MARD) 
of the sensor glucose level from the reference venous glu-
cose level for all paired points. Statistical comparisons were 
done using analysis of variance for the effect of drugs and 
time for plasma glucose, insulin, and glucagon concentra-
tions. In addition, if significance was found at P < .05, then 
post hoc analyses using paired t tests were done between the 
control, pramlintide, and exenatide arms. GraphPad Prism 6 
software (GraphPad Software, Inc, San Diego, CA) was used 
for statistical analysis.

Results

Fourteen subjects were screened; of them, 12 qualified 
and 10 completed all study visits. Two study subjects 
dropped out after 1 study visit citing scheduling difficul-
ties and their data were not included. There was loss of 
data for 1 of the subject visits due to software malfunc-
tion, and it was promptly reported to the FDA and 
Medtronic. Data are presented on 10 subjects. Half of the 
study subjects were males, and all were in good glycemic 
control (Table 1).

Table 2 shows the reference and sensor glucose variations 
during the lunch and dinner period (12 pm-10 pm) while sub-
jects were on the CL during the control visit with insulin 
monotherapy (Control), CL + pramlintide (CL+P), and CL + 
exenatide (CL+E). When exenatide/pramlintide were com-
pared to control the percentage time wherein the subjects’ 
glucose was greater than 180 mg/dL was significantly less 
with exenatide as compared to insulin alone and insulin + 
pramlintide. Exenatide therapy also resulted in subjects stay-
ing in range 80-180 mg/dl or 4.4-10 mmol/L for the longest 
time period. Hypoglycemia was under 10 minutes for all 
treatment arms and there was no increase in hypoglycemia 
with either pramlintide or exenatide.

Figure 1 demonstrates plasma glucose profiles in the top 
panel when exenatide and pramlintide were administered to 
the same subjects compared to insulin monotherapy. 
Exenatide was very effective in reducing blood glucose con-
centrations (P < .03) both after lunch and dinner (A). This is 
also reflected in Tables 2 and 3. However, we failed to see a 
statistical difference in average glucose concentrations for 
the entire study period (Table 3). Insulin concentrations 
tended to be lower with exenatide and pramlintide but they 
were not statistically significant (B). In the lowermost panel 
(C), glucagon concentrations showed a more robust decrease 
with exenatide (P < .03) than pramlintide, and glucagon 
reduction with pramlintide was statistically insignificant. 
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The CL delivered an average of 0.35 ± 1.2 units of insulin/kg 
for the control visits with insulin monotherapy, 0.32 ± 0.08 
(P > .6) units of insulin/kg for the visits with adjuvant pram-
lintide therapy, and 0.3 ± 0.15 (P > .6) for the visits with 
adjuvant exenatide therapy.

Sensor Accuracy Analysis

MARD between the sensor glucose value used for control 
and the Analox plasma glucose analyzer was 11.9% for insu-
lin monotherapy, 11.1% for adjuvant therapy with pramlint-
ide, and 8.4% for adjuvant therapy with exenatide.

Adverse Events

One subject experienced nausea with pramlintide and 3 sub-
jects experienced nausea with exenatide. One of these sub-
jects also had an episode of vomiting during the exenatide 
study visit, but responded to Zofran and the remainder of the 
study period was uneventful. No subjects reported any 
adverse events after discharge.

Discussion

In this study, we compared exenatide and pramlintide in 
reducing postprandial glucose excursions in the CL setting. 
Since the mechanism of action of both drugs is similar, we 
wanted to be able to clinically use one that was best at 
reducing postprandial glucose. Glucagon suppression was 
concomitant with glucose attenuation and was greater with 
exenatide compared to pramlintide. These data are novel 
because such a comparison has not been previously demon-
strated. We were the first to show that 24-hour pramlintide 
infusion improves overall glucose excursions in patients 
with type 1 diabetes.11 Despite the positive outcomes of our 
study, ultimately translating it to clinical care was thought 

to be cumbersome until automated dual insulin and pram-
lintide infusion systems are developed. Hence, we contin-
ued to examine other glucagon suppressors and found 
exenatide in our initial dose seeking studies to be remark-
ably effective in postprandial glucose lowering without 
causing immediate postprandial hypoglycemia. These data 
are consistent with GLP-1 infusions that demonstrated 
improvement in glucose excursions in both type 1 and type 
2 diabetes patients.12,13

Weinzimer et al administered pramlintide in CL with a 
similar algorithm and reported improvement in glucose 
excursions.14 However, the statistical analysis used in his 
study was unclear, with a time effect seen and the effect of 
the drug nonstatistical with an average reduction of only 5 
mg/dl with pramlintide. In a recent meta-analysis of pram-
lintide, only a modest reduction in HbA1c of 0.2-0.4%15 
was noted. Hence, examining new glucagon suppressors 
such as exenatide and liraglutide is important to find the 
one that is most effective in glucose lowering with the least 
amount of side effects. All subjects in this study were drug 
naïve to both pramlintide and exenatide. Side effects asso-
ciated with glucagon suppressor’s pramlintide and exena-
tide are higher with initial use and improve over time.16,17 
Despite side effects, such as occasional nausea and 1 case 
of vomiting, the subjects did well and there were no after-
effects that were reported upon study completion. We ana-
lyzed the data with and without the subject that had 
vomiting and found no change in statistical significance.

Liraglutide, a longer acting GLP-1 agonist when com-
pared to exenatide, was recently used in T1DM and adjunc-
tive therapy resulted in decreased basal insulin requirements 
and a significant improvement in glycemic control.18 
Liraglutide data lend credence to the concept of using it as 
an adjuvant therapy to treat T1DM, which has long been 
thought to be a bihormonal disease, that is, of insulin defi-
ciency and glucagon deregulation. Most recently, leptin has 

Table 2. Percentage of Time Within Various Glucose Ranges During Control and Adjunctive Treatment With Pramlintide and 
Exenatide.

Con CL+P CL+E

Percentage time (min) > 180 mg/dL (10 mmol/L)  
 (12 pm-10 pm)  
 Reference 29 ± 2 28 ± 5 (P = .84) 16 ± 5 (P = .02)*
 Sensor 30 ± 3 26 ± 3 (P = .42) 16 ± 5 (P = .03)*
Percentage time (min) between 80 and 180 mg/dL (4.43-10 mmol/L) 
 (12 pm-10 pm)  
 Reference 61 ± 5 62 ± 4 (P = .83) 77 ± 6 (P = .03)*
 Sensor 62 ± 5 66 ± 4 (P = .5) 76 ± 6 (P = .1)
Percentage time (min) < 80 mg/dL (4.43 mmol/L)  
 (12 pm-10 pm)  
 Reference 10 ± 4 9 ± 2 (P = .9) 7 ± 2 (P = .5)
 Sensor 9 ± 3 8 ± 2 (P = .9) 8 ± 2 (P = .9)

Data are mean ± SEM. Con, closed loop with insulin monotherapy (control); CL+P, closed loop with pramlintide; CL+E, closed loop with exenatide.  
P < .05 considered significant.
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been used as adjunctive therapy in the treatment of BB rats 
with T1DM with a beneficial effect.19 These studies demon-
strate the need to look beyond insulin and examine alternate 
hormonal targets that are dysregulated in T1DM.

Sensor accuracy in studies has utilized MARD as an 
indicator. MARD between sensor glucose values and self-
monitoring blood glucose data in the past has been in the 

range of 15-17%.20 The accuracy achieved in our study 
was better due to several reasons: (1) the calibration was 
performed with and compared to the plasma glucose mea-
surements, which have better accuracy than the home 
blood glucose meters, (2) the sensor was calibrated when-
ever it deviated significantly from the plasma glucose 
measurement, (3) the better of 2 sensors was used in the 

Figure 1. (A) Plasma glucose comparison between adjunctive therapy with exenatide and pramlintide for lunch and dinner. (B) Plasma 
insulin comparison. (C) Plasma glucagon comparison.
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CL, and (4) sensors that did not track the blood glucose 
were not used for control. Sensor accuracy improves with 
better glucose concentrations and that may have occurred 
in our patients when on exenatide. Furthermore, on control 
days there seemed to be a delay in insulin delivery and the 
rise in glucose concentrations may have been further 
exacerbated.

The limitation of our study was that it was only done for 
1 day. More data are required to study the long-term use of 
adjunctive treatment with exenatide in the CL setting. 
However, new treatments such as pramlintide, exenatide, 
and others may make it possible for patients to have normal 
postprandial glucose values and thus prolong the euglycemic 
period, which is critical for better glycemic control. This in 
turn may help prevent diabetes-related complications in the 
future. Studies in patients with type 1 diabetes examining the 
role of pramlintide and exenatide for a 3 month period are 
currently underway.

Conclusions

We have shown that pramlintide and exenatide are safe and 
viable adjunctive therapy options for patients with type 1 
diabetes, and are effective in the CL setting with exenatide 
being better than pramlintide in its postprandial glucose low-
ering effect. A larger sample size is needed to definitively 
show whether adjuvant therapy with exenatide across a wider 
cross-section of patients with T1DM.
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