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Original Article

To address pancreatic deficits associated with type 1 diabetes, 
artificial pancreas (AP) systems have been developed and 
tested in CL studies. Our CL studies involve the integration of 
a glucose sensor, an automatic controller that computes the 
amount of insulin to be infused and an insulin pump and 
experiments with unannounced meals and exercises over a 
32-hour period. Hypoglycemia is a major challenge for the 
development of AP systems. Many CL studies with various 
control algorithms have resulted in mild or severe hypoglyce-
mic episodes.1-4 Mathematical models for the prediction of 
plasma insulin levels have been incorporated into CL studies 
for hypoglycemia prevention.5-9 Hypoglycemia prediction-
based pump suspension methods have been noted to decrease 
the occurrence of hypoglycemia.10,11 Bihormonal CL stud-
ies7,8,12 using glucagon and insulin have also been proposed 
for hypoglycemia prevention. Semiautomated hybrid sys-
tems5,8,13-16 have been reported to reduce the increase in post-
prandial glucose levels and subsequently decrease 
insulin-induced postprandial hypoglycemia. Though all these 
reported methods decreased the time spent in hypoglycemia, 
complete avoidance of hypoglycemia was not achieved, and 
additional carbohydrate (CHO) supplements were needed for 
treatment of some of hypoglycemic episodes.

A patient’s metabolic and physical activities have sig-
nificant effects on glucose and insulin dynamics.9 Energy 
expenditure (EE) can be used as indicator of physical activ-
ity.17 Physiologic stress such as physical activity can 
increase the risk of hypoglycemia. Many patients with type 
1 diabetes suffer from postexercise hypoglycemia.18,19 
Physiologic stress needs to be considered in the perfor-
mance of CL studies.12 Based on the proven relation 
between stress and galvanic skin response (GSR),20 GSR 
can be used as an indicator for stress.9

Almost half of hypoglycemic events occur during the 
overnight period.21 Since patients are unaware of low 
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Abstract
The objective was to develop a closed-loop (CL) artificial pancreas (AP) control system that uses continuous measurements 
of glucose concentration and physiological variables, integrated with a hypoglycemia early alarm module to regulate glucose 
concentration and prevent hypoglycemia. Eleven open-loop (OL) and 9 CL experiments were performed. A multivariable 
adaptive artificial pancreas (MAAP) system was used for the first 6 CL experiments. An integrated multivariable adaptive 
artificial pancreas (IMAAP) system consisting of MAAP augmented with a hypoglycemia early alarm system was used during 
the last 3 CL experiments. Glucose values and physical activity information were measured and transferred to the controller 
every 10 minutes and insulin suggestions were entered to the pump manually. All experiments were designed to be close 
to real-life conditions. Severe hypoglycemic episodes were seen several times during the OL experiments. With the MAAP 
system, the occurrence of severe hypoglycemia was decreased significantly (P < .01). No hypoglycemia was seen with the 
IMAAP system. There was also a significant difference (P < .01) between OL and CL experiments with regard to percentage 
of glucose concentration (54% vs 58%) that remained within target range (70-180 mg/dl). Integration of an adaptive control 
and hypoglycemia early alarm system was able to keep glucose concentration values in target range in patients with type 1 
diabetes. Postprandial hypoglycemia and exercise-induced hypoglycemia did not occur when this system was used. Physical 
activity information improved estimation of the blood glucose concentration and effectiveness of the control system.
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glucose levels when asleep, an AP system must be able to 
detect sleep and recommend less aggressive insulin dosing 
for sleep periods to prevent hypoglycemia. Obviously, some 
patients may still require high insulin amounts based on the 
types of food that have been consumed. Thus insulin sugges-
tions should not be based on only night period information, 
but rather based on an optimization that takes into account 
glucose values, sleep information, day time, future glucose 
predictions and other information from patients (such as 
body weight or insulin sensitivity).

Hypoglycemia early alarm (HEA) systems are needed to 
provide enough time in advance of predicted hypoglycemia 
to take preventive measures. Various early alarm tech-
niques22-28 have illustrated that HEA systems could feasibly 
allow the avoidance of most hypoglycemia.

For patients with type 1 diabetes, we developed a multi-
variable AP system that uses physiological signals (EE and 
GSR) and sleep information to regulate blood glucose,29 and 
we developed an HEA system that can predict hypoglycemic 
episodes 25 minutes before they occur.26

In this study, we integrated the HEA system with the AP 
controller to create a system that uses multivariable techniques 
to warn the need for glycemic control to avoid hypoglycemia 
even during exercise or sleep. The IMAAP system developed 
is adaptive and does not require any information from the user 
such as meal announcements, preprandial insulin bolus, exer-
cise announcement, or sleep mode setting during CL studies.

Materials and Methods

System Components

Figure 1 shows the block diagram of the IMAAP control 
system. Glucose concentrations of patients are read via a 

continuous glucose monitor (CGM) and transferred to the 
controller. Simultaneously, the physiological signals are 
measured via a sport activity armband and sent to the con-
troller. The controller calculates the appropriate insulin 
response based on the glucose value, physiological signals, 
and set point. In response, an insulin infusion rate is sug-
gested for entry into the insulin pump and/or an early alarm 
warns patients to consume CHO.

SenseWear Pro3 Armband

The SenseWear Pro3 armband (BodyMedia, Inc, Pittsburgh, 
PA) was used as a portable device that can measure physical 
activity and provide EE information.30 The armband is a light, 
wireless body monitor that is easy to wear continuously. The 
armband is worn on the dominant upper arm over the triceps 
muscle. The device uses a heat flux sensor, GSR sensor, skin 
temperature sensor, near-body temperature sensor, and a 2 
axis-accelerometer for computation of EE (Figure 2). Multiple 
sensors in the armband distinguish among various activities 
such as walking, running, biking, resting, and sleeping.30

CGM and Pump

Two Guardian® REAL-time CGM (Medtronics, Northridge, 
CA) were used simultaneously to collect the glucose concen-
tration information during the CL experiments. Twelve sub-
jects wore the iPro® CGM (Medtronics, Northridge, CA) 
and 3 subjects wore the Guardian® REAL-time CGM during 
the OL experiments. The Guardian® REAL-time CGM sys-
tem measures glucose concentration in the interstitial tissue 
and digitally displays the glucose concentration every 5 min-
utes. During the experiments readings from only 1 of the 
CGM devices was used for calculation of insulin amounts. 

Figure 1.  Integrated multivariable adaptive artificial pancreas control system.
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The second CGM was used in case the former one had “lost 
sensor” or “low signals” error.

Controller and Hypoglycemia Early Alarm

The control system is based on generalized predictive con-
trol (GPC). GPC is a receding-horizon method that depends 
on predicting the output of a system over several steps into 
the future. GPC uses assumed future control actions and 
selects their values to minimize an objective function. The 
objective function includes terms that represent the deviation 
of future glucose concentration trajectories from reference 
values and penalties associated with large control actions 
(insulin infusions).31,32 GPC can automatically adapt in 
response to changes in the dynamics of the system by updat-
ing the model used in GPC recursively with each new mea-
surement. Glucose dynamics in patients with type 1 diabetes 
have high intra- and intersubject variability; thus, GPC is 
considered a powerful method for blood glucose regulation 
with an AP.

We have developed an adaptive identification and control 
algorithm for glucose concentration regulation in patients 
with type 1 diabetes. Linear and low order models are used 
for predictions of glucose. They do not require high compu-
tational power. Model parameters are updated with every 
new measurement to track variations in the dynamics of glu-
cose concentrations. Additional constraints are added to the 
model identification method to prevent physiological 
extremes. Physiological signals such as EE, GSR, and sleep 
are sent to the controller to prevent postexercise and sleep-
induced hypoglycemia. Insulin on board (IOB) prediction 
models are used in the controller to prevent hyperinsu-
linemia. The maximum amount of insulin allowed by the 
controller is defined as a function of the patient’s body 
weight, IOB, predicted glucose concentration, and the 
desired glucose concentration (set point or reference). The 
body weight of the patient is the only information provided 

to the controller to change its maximum allowed insulin 
amount based on changes in glucose dynamics. Mathematical 
details of the model identification and controller design are 
reported elsewhere.29,33

We developed the HEA system based on a multivariable 
time-series model as well. Time-series models are used for 
glucose predictions and generation of HEAs. Since the HEA 
system is based on multiple variables, it can modify the 
alarm thresholds itself based on exercise or sleep mode. 
Furthermore, the stability, IOB, and physiologic constraints 
prevent the HEA system from making unrealistic glucose 
predictions. Using the past information of patients, the HEA 
system updates itself and can predict hypoglycemic episodes 
on average 25 minutes in advance of a potential hypoglyce-
mia. Details of the alarm system have been reported 
elsewhere.26

The IMAAP system recommends insulin infusion rates 
for high glucose values and triggers hypoglycemia warnings 
when low glucose values are predicted. Sleep or exercise 
conditions are assessed prior to deciding on the final insulin 
infusion rate. An early alarm is triggered and treatment with 
a 15 g CHO snack is suggested. However, the subject does 
not have to eat the snack if a meal was consumed within the 
last 30 minutes as the amount of CHO ingested during the 
meal should be sufficient to prevent hypoglycemia. Once the 
snack is eaten, a flag is lifted in the algorithm to prevent a 
sustained alarms and requests for consumption of additional 
snacks to prevent snack-induced hyperglycemia. When the 
predicted glucose concentrations are above the thresholds, 
the flag is lifted and the system is prepared to give a new 
early alarm when future hypoglycemia episodes are 
predicted.

Hypoglycemia, Hyperglycemia, and Target Range

For all experiments, the severe hypoglycemia threshold 
was defined as 55 mg/dl (3.05 mmol/L). The target range 

Figure 2.  BodyMedia SenseWear Armband.30
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for glucose concentration was defined as 70-180 mg/dl 
(3.89-9.99 mmol/L). Glucose values higher than 250 mg/dl 
(13.88 mmol/L) were considered as severe hyperglycemia. 
The first aim of the integrated system was to maintain glu-
cose levels above the hypoglycemia limit (55 mg/dl) while 
also keeping them inside the target range.

Open-loop Study

Potential subjects were recruited through institutional review 
board–approved advertisements and were scheduled to meet 
with the study research team at the University of Illinois at 
Chicago–College of Nursing. Eligible subjects included 
adults (ages 18-35 years) with type 1 diabetes. The armband 
was placed on the patient’s arm as described previously and 
subjects were instructed to wear the armband over the next 7 
days. The CGM sensor was inserted in the stomach and worn 
for a total of 6 days. The CGM sensor insertion site was 
changed by the research team 72 hours following insertion. 
The subjects returned the CGM and armband and the devices 
were downloaded on the final visit. OL studies were outpa-
tient experiments under free-living conditions and all sub-
jects used continuous subcutaneous insulin pump therapy. 
Demographic details of subjects are provided in Table 1.

Closed-loop Study

Subjects were recruited from the University of Chicago 
Medical Center, Kovler Diabetes Center and were sched-
uled for a visit at the University of Chicago General 
Clinical Research Center. Subjects selected were young 
adults (aged 18-35 years) with type 1 diabetes. All subjects 
used continuous subcutaneous insulin pump therapy and 
were healthy and physically active. Demographic details 
of subjects are provided in Table 1. Each visit was approxi-
mately 70 hours long. The first day was used for sensor 
placement and calibration. The subject’s own insulin type 
and pump were used during the experiments. Subjects 
were provided a total of 8 meals and snacks during the 
2-day CL experiment. Armband and CGM data were col-
lected continuously every 10 minutes. CGM readings were 
entered into a computer, and the armband signals were 
read wirelessly. The insulin infusion rates were computed 
every 10 minutes by the controller and reviewed by a med-
ical expert each time a new infusion rate was computed. 
Upon approval, the computed insulin infusion rates were 
entered manually into the subject’s insulin pump. None of 

the suggested insulin infusion rates were overwritten by 
the medical expert.

Every 2 hours and before meals, the blood glucose con-
centration (BGC) was measured using a portable blood glu-
cose meter or YSI 2300 STAT glucose analyzer (YSI, Inc, 
Yellow Springs, OH). If there was a significant difference 
(relative difference > 25%) between the CGM reading and 
the glucose meter measurements, and the CGM glucose 
readings were not changing rapidly, the meter BGC value 
was entered into the CGM devices for calibration. Additional 
snacks were provided whenever requested by subjects. The 
types of foods were selected based on subject’s usual require-
ments in terms of creating normal life conditions.

Each subject participated in a 20-minute exercise bout of 
moderate-to intense intensity (treadmill running) before or 
after lunch each day. The exercise was performed based on a 
target heart rate and upper limit exercise tolerance of the sub-
jects. However, each subject was free to stop the exercise at 
any time. The subjects walked on a treadmill using a ramped 
protocol where the speed (miles per hour [mph]) and the 
incline (%) of the treadmill were gradually increased until 
the exercise session ended. Overall, the subjects exercised at 
85 ± 8.3% (mean and standard deviation) of their age-pre-
dicted maximum heart rate of 220-age (range, 70-97%).34

Clinical experiments were designed to mimic real life as 
much as possible. Any additional snacks were provided when 
requested by the subjects. The exercise protocols changed if 
subjects were not satisfied. During the experiments, subjects 
were free to shower, watch TV, play computer games, walk 
in the hospital corridors, and rest.

Statistical Analysis

Results are expressed as arithmetic means ± standard devia-
tion (SD), minimum-maximum values, and percentage of 
time spent in severe hypoglycemic (< 55 mg/dl), mild hypo-
glycemic (55-70 mg/dl), target (70-180 mg/dl), mild hyper-
glycemic (180-250 mg/dl), and severe hyperglycemic (>250 
mg/dl) ranges. Comparisons between groups were performed 
using 2-tailed hypothesis z test for which the level of signifi-
cance was set at .01.

Results

Overall 20 experiments were performed. Patients used their 
own insulin calculation methods during 11 OL experiments. 
The MAAP system was applied to the first 6 CL experiments 

Table 1.  Demographic Information of the Subjects.

Experiments Duration of diabetes (years) A1C (%) Gender (M/F) Age (years) BMI

Open loop 13.6 7.43 6/5 25 25.1
Closed loop 10 7.5 9/0 18.3 22

All reported values are means (except gender).
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and the IMAAP system was used during the last 3 CL experi-
ments. Table 2 summarizes the results of all OL and CL 
experiments. Most of the subjects had severe hypoglycemic 
episodes during the OL experiments. Those subjects had to 
consume additional snacks for rescuing glucose levels. No 
severe hypoglycemic episodes were seen during the CL 
experiments with MAAP approach. However some mild 
hypoglycemic episodes were seen when MAAP system was 
used. Mild hypoglycemia was decreased significantly (P < 
.01) compared to OL experiments with the MAAP system. 
During the last 3 experiments, complete hypoglycemia pre-
vention was obtained with the proposed IMAAP algorithm. 
There were 9 subjects faced with severe hypoglycemic 
events in 11 OL experiments versus 0 in 9 CL experiments (P 
< .01). Glucose values stayed within target range 54%, 62% 
and 53% of the time during OL and with MAAP and IMAAP 
systems during CL experiments respectively. Taking account 
all the CL experiments, 58% of the time the glucose concen-
tration stayed within target range.

The first CL experiment with the IMAAP system began at 
08:15 hours (Figure 3) with a confirmatory YSI measure-
ment. The subject ate breakfast, which included 65 g CHO at 
08:20 hours. The typical glucose peak was not seen after the 
breakfast. This is most probably due to the correction bolus 
(not shown on the Figure 3) that was infused by the subject 
before CL started because of high glucose levels around 

07:30 hours. The CGM and insulin pump devices were cali-
brated based on the YSI value at 10:10 hours (CGM: 153 mg/
dl, YSI: 238 mg/dl). The subject had 144 grams of CHO at 
lunch around 11:30 hours. Based on the protocol, the subject 
was supposed to have high-intensity treadmill exercise after 
lunch. But the subject preferred to have a fast walking exer-
cise (E* in Figure 3). Thus, 30 minutes of walking was per-
formed. Once the exercise started, EE measurements 
informed the controller about the exercise, which subse-
quently suggested less aggressive insulin dosing to prevent 
postexercise hypoglycemia. The HEA system triggered a low 
glucose prediction alarm at 15:45 hours, and 2 glasses of 
orange juices (30 g CHO) were consumed by the subject. At 
dinner at 18:05 hours 75 g CHO was provided.

As shown in Figure 3, around 21:00 and 24:00 hours, 
there were discrepancies in CGM readings; thus, the YSI val-
ues were used in the controller for 1 sampling time (10 min-
utes) to bring glucose values into the target range. After 
glucose levels reached the target range, the subject had his 
usual snack around 22:40 hours. At 01:45, 04:32, and 06:30 
hours, the HEA triggered alarms, and juice (37 g CHO) was 
provided each time. The EE and GSR information was lost 
for the first few hours of the experiment in the database 
because of technical problems (during battery replacement) 
even though these signals were used during the complete 
closed-loop period.

Table 2.  Comparison of Open-loop and Closed-loop Experiments.

Experiment <55 55-70 70-180 180-250 >250 Mean ± SD Min-Max Hypoglycemia

OL experiments  
1 0 0.1 40.1 42.7 17.2 198 ± 59.2 68-389 Mild
2 11.4 6.2 53.5 10.1 18.9 158 ± 98.5 40-400 Severe
3 3.7 2.6 32.3 16.9 44.5 228 ± 105.9 40-400 Severe
4 11.7 4.6 53 15.2 15.5 154 ± 94.4 40-400 Severe
5 0.1 0.3 75.4 23.0 1.2 143 ± 47.4 54-256 Severe
6 6.9 5 37.4 21.3 29.4 191 ± 99.7 40-400 Severe
7 0 0 40.1 33.5 26.3 209 ± 69.5 70-397 None
8 2.1 3.7 60.7 27.8 5.8 155 ± 59.9 45-368 Severe
9 15 10.4 58 9.3 7.3 122 ± 73.4 40-400 Severe

10 0.6 3.7 65.1 17.2 13.4 156 ± 77.1 44-400 Severe
11 4.5 3.2 60 24.8 7.5 153 ± 66.1 40-367 Severe

MAAP experiments
1 0 0 62.6 24.3 13 178 ± 47.3 75-253 None
2 0 0.9 53 36.1 10 170 ± 59.7 66-290 Mild
3 0 0 54.5 38 7.5 177 ± 47.6 90-300 None
4 0 1.5 64 24 10.5 162 ± 54.9 64-290 Mild
5 0 0 60.8 27.5 11.7 169 ± 57.5 71-304 None
6 0 7 67.3 11.3 14.5 153 ± 72.8 59-348 Mild

IMAAP experiments
1 0 0 66 29 5 164 ± 54.5 73-375 None
2 0 0 32.1 38.6 29.3 210 ± 68.2 80-349 None
3 0 0 60 24 16 176 ± 66.5 72-345 None

IMAAP, integrated multivariable adaptive artificial pancreas; MAAP, multivariable adaptive artificial pancreas. Mean, standard deviation, minimum, and 
maximum values are shown in mg/dl. Glucose intervals are shown in percentage of time (columns 2-6).
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On the second day, the protocol-based high-intensity 
treadmill exercise was performed after lunch. Overall, dur-
ing the CL study, CGM values stayed inside the target range 
66% of the time, between 180 and 250 mg/dl 29% of the 
time, and above 250 mg/dl 5% of the time. No hypoglycemia 
occurred. Whenever the hypoglycemia limit was approached 
based on HEA predictions, CHO was provided and glucose 
levels rose.

Figure 4 shows the results of the second experiment with 
the IMAAP algorithm. The CL study started at 07:50 hours. 
After a confirmatory YSI measurement, the subject had a 
breakfast containing 65 g CHO at 08:15 hours. Calibration of 
devices was performed with YSI value at 1010 (CGM: 193 
mg/dl, YSI: 250 mg/dl). The pump infusion site was changed 
at 11:40 hours because it seemed that the insulin pump was 
not working properly at the current insertion site. Seventy-
five grams of CHO at lunch was provided at 11:45 hours, and 
high-intensity treadmill exercise was performed after lunch. 
After the exercise started, the controller suggested less 
aggressive insulin dosing to prevent hypoglycemia. After the 
likelihood for postexercise hypoglycemia lessened (around 
30-45 minutes), the controller adapted itself to suggest more 
aggressive insulin dosing because glucose values were still 
above the target range. The HEA system gave an alarm about 

the potential hypoglycemia episode at 15:45 hours, and a 
complex CHO snack (peanut butter cookies) was provided. 
Another early alarm was triggered before dinner, and 15 
grams of potato chips were provided. Regular snacks, device 
calibration, and HEA-based additional snacks were provided 
during the night. CGM readings stayed above the target 
range most of the CL period. Only 32% of readings were 
observed to be within the target range, yet no hypoglycemic 
episodes were seen during the experiment. A snack in the 
form of complex CHO was provided to avoid potential hypo-
glycemic episodes, unlike the first experiments where simple 
CHO was given. The glucose concentration values stayed 
above the target range.

The results of the last experiment with the IMAAP system 
are shown in Figure 5. The first day of CL study started at 
08:10 hours, and breakfast with 71 grams CHO content was 
provided. The postprandial increase of glucose was coun-
tered by insulin infusions suggested by the controller. An 
alarm was triggered by HEA at 12:50 hours, and lunch was 
provided. After 30 minutes fast walking exercise (E* in 
Figure 5) after lunch, another alarm was given, and snacks 
were provided. At the time of the planned dinner, the HEA 
predicted hypoglycemia, but no additional snack was pro-
vided because dinner was due.

Figure 3.  Glucose concentration from continuous glucose monitor (CGM), infused insulin rate (Ins), energy expenditure (EE), and 
galvanic skin response (GSR) of Experiment 1. The green band indicates the target range of blood glucose concentration. The darker 
green section indicates the closed-loop duration. The black dashed line shows hypoglycemia threshold. Vertical bars: black, regular meal, 
snack, or exercise; green, hypoglycemia early alarm–based meal, snack, or juice; magenta, calibration. B, breakfast; L, lunch; D, dinner; S, 
snack; E, exercise; C, calibration; J, orange juice.
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During the night period, since there was a slow and almost 
linear increase in glucose readings, the controller suggested 
very small amounts of insulin to be infused. On the second 
day, high-intensity treadmill exercise was performed after 
lunch. The controller suggested less aggressive insulin dos-
ing during the exercise, though the level of glucose was 
increasing. During 60% of the CL study, the CGM readings 
values stayed inside the target range, and no hypoglycemia 
was seen.

Discussion of Results

A multivariable AP control system that integrated an HEA 
was tested as a possible system that could prevent hyper-
glycemia after meals yet alarm to alert for predicted hypo-
glycemia after exercise and during sleep. Clinical 
experiments showed that this system alarmed when hypo-
glycemia was predicted so that preventive action could be 
taken.

The HEA and control system used in these experiments 
are completely adaptive. Since the HEA system is tailored to 
the patient by using the patient’s past glucose information 
with stability, IOB and physiological constraints, it has 
advantages over the linear trend based alarm systems that are 

available in some of CGM devices. The accuracy problem of 
CGM devices is still under consideration and an alarm sys-
tem that is based on only the linear trends of CGM readings 
may not be sufficient. Our HEA system uses sleep, stress or 
physical activity information as well to predict glucose 
values.

In the first experiment with the IMAAP system (Figure 3), 
orange juice was provided for hypoglycemia prevention when 
an alarm was triggered. However, results showed that large 
amounts (30-37 g CHO) of orange juice (insisted upon by the 
subject, not recommended by team) caused too drastic 
increases in glucose level, and lower amounts would be suf-
ficient to avoid hypoglycemia as typically instructed for treat-
ment of low blood glucose levels. In the second experiment 
(Figure 4), instead of juice, complex CHOs were offered to 
avoid hypoglycemia. However, complex CHOs were seen to 
have very slow and long-lasting effects on glucose levels. 
This slow and long-lasting effect caused glucose values to 
stay above the target range for an extended period of time. We 
found that complex CHOs were not good candidates as rescue 
food for hypoglycemia prevention. During the third experi-
ment (Figure 5), orange juice (15 g CHO) was seen to be suf-
ficient to avoid hypoglycemia and not cause a large 
postprandial increase in glucose values.

Figure 4.  Glucose concentration from continuous glucose monitor (CGM), infused insulin rate (Ins), energy expenditure (EE), and 
galvanic skin response (GSR) of Experiment 2. The green band indicates the target range of blood glucose concentration. The darker 
green section indicates the closed-loop duration. The black dashed line shows hypoglycemia threshold. Vertical bars: black, regular meal, 
snack, or exercise; green, hypoglycemia early alarm–based meal, snack, or juice; magenta, calibration. B, breakfast; L, lunch; D, dinner; S, 
snack; E, exercise; C, calibration.
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Stress is another factor that caused high glucose levels in 
the second experiment. In Figure 4, GSR values are seen to 
be high compared to the other 2 experiments. High GSR val-
ues indicate high stress levels. Physical or psychological 
stress decreases the insulin sensitivity of patients with type 1 
diabetes,35 necessitating higher amounts of insulin to achieve 
normoglycemia. A higher glucose profile was obtained in 
this experiment. This information can be confirmed with the 
last 3-6 hours periods of the first and third experiments as 
well as experiments with MAAP system (results are not 
shown), where again GSR values and glucose values are 
high due to low insulin sensitivity. High stress levels may 
cause the controller to over dosing of insulin as well. For 
example, if glucose levels stay above the target range after 
infusing enough insulin (Figure 4, 11:00-12:00 hours), the 
controller may overreact by recommending additional insu-
lin such as in Figure 4 around 14:30 hours. This high insulin 
suggestion might be the cause of the 2 early alarms between 
15:00 and 18:00 hours. If this high insulin infusion were 
given as soon as stress was detected, neither the glucose lev-
els would have stayed above the threshold nor HEA system 
would have triggered the alarms. The IMAAP system will be 
modified in future experiments to be more aggressive when 
stress is detected. Safeguards will also be added to prevent 

hypoglycemia by overdosing of insulin to compensate for 
lower insulin sensitivity. Confirmation of stress will be 
sought by monitoring the trends in other variables from the 
armband along with high GSR values.

All clinical experiments in the CRC were designed to be 
close to regular daily life as much as possible. We did not 
impose any standardization on meal times or amounts to 
test the performance of the system under real-life condi-
tions. The system requires fewer manual data entries from 
patients than other reported AP technologies. It does not 
require any meal or exercise information to be entered. 
Only the patient’s body weight and age group is needed 
before closed-loop control is started. The IMAAP system 
provides a good opportunity for patients with type 1 diabe-
tes not to be continuously reminded of their disease by 
eliminating announcements.

Though promising results were obtained, the study had 
some limitations. First, the number of clinical experiments 
with the IMAAP system was not large enough, and more 
clinical experiments are needed for better statistical analysis. 
For optimal operation of the proposed IMAAP system (or 
any AP), the accuracy of the devices used is crucial. 
Inaccuracies of CGM sensors may have contributed to hyper-
glycemia during our CL experiments at some points.

Figure 5.  Glucose concentration from continuous glucose monitor (CGM), infused insulin rate (Ins), energy expenditure (EE), and 
galvanic skin response (GSR) of Experiment 3. The green band indicates the target range of blood glucose concentration. The darker 
green section indicates the closed-loop duration. The black dashed line shows hypoglycemia threshold. Vertical bars: black, regular meal, 
snack, or exercise; green, hypoglycemia early alarm–based meal, snack, or juice; magenta, calibration. B, breakfast; L, lunch; D, dinner; S, 
snack; E, exercise; C, calibration; J, orange juice.
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Conclusions

An integrated HEA and AP control system was able to keep 
glucose concentration values in target range, reduce hypo-
glycemia in patients with type 1 diabetes, and generate 
early warnings when hypoglycemia was predicted. 
Postprandial hyperglycemia and postexercise and sleep-
induced hypoglycemia did not occur when the integrated 
system was used. Future experiments will factor into the 
algorithm a stronger element for stress as a contributor to 
decreasing insulin sensitivity, and thus decrease time spent 
in mild hyperglycemia.

Abbreviations

AP, artificial pancreas; BGC, blood glucose concentration; CGM, 
continuous glucose monitor; CHO, carbohydrate; CL, closed loop; 
EE, energy expenditure; GPC, generalized predictive control; GSR, 
galvanic skin response; HEA, hypoglycemia early alarm; IMAAP, 
integrated multivariable adaptive artificial pancreas; IOB, insulin 
on board; MAAP, multivariable adaptive artificial pancreas; OL, 
open loop; SD, standard deviation.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
work was supported by the National Institutes of Health NIH/
NIDDK R01 DK 085611.

References

	 1.	 Steil GM, et al. Feasibility of automating insulin delivery for 
the treatment of type 1 diabetes. Diabetes. 2006;55(12):3344-
3350.

	 2.	 Schaller HC, et al. On-line adaptive algorithm with glucose 
prediction capacity for subcutaneous closed loop control of 
glucose: evaluation under fasting conditions in patients with 
Type 1 diabetes. Diabet Med. 2006;23(1):90-93.

	 3.	 Bruttomesso D, et al. Closed-loop artificial pancreas using sub-
cutaneous glucose sensing and insulin delivery and a model 
predictive control algorithm: preliminary studies in Padova and 
Montpellier. J Diabetes Sci Technol. 2009;3(5):1014-1021.

	 4.	 Clarke WL, et al. Closed-loop artificial pancreas using subcu-
taneous glucose sensing and insulin delivery and a model pre-
dictive control algorithm: the Virginia experience. J Diabetes 
Sci Technol. 2009;3(5):1031-1038.

	 5.	 Steil GM, et al. The effect of insulin feedback on closed 
loop glucose control. J Clin Endocrinol Metab. 2011;96(5): 
1402-1408.

	 6.	 Ruiz JL, et al. Effect of insulin feedback on closed-loop glu-
cose control: a crossover study. J Diabetes Sci Technol. 
2012;6(5):1123.

	 7.	 El-Khatib FH, et al. A bihormonal closed-loop artificial 
pancreas for type 1 diabetes. Sci Transl Med. 2010;2(27): 
27ra27-27ra27.

	 8.	 Russell SJ, et al. Blood glucose control in type 1 diabetes 
with a bihormonal bionic endocrine pancreas. Diabetes Care. 
2012;35(11):2148-2155.

	 9.	 Turksoy K, et al. Multivariable adaptive closed-loop control of 
an artificial pancreas without meal and activity announcement. 
Diabetes Technol Ther. 2013;15(5):386-400.

	10.	 Buckingham B, et al. Prevention of nocturnal hypoglycemia 
using predictive alarm algorithms and insulin pump suspen-
sion. Diabetes Care. 2010;33(5):1013-1017.

	11.	 Elleri D, et al. Suspended insulin infusion during overnight 
closed-loop glucose control in children and adolescents with 
type 1 diabetes. Diabet Med. 2010;27(4):480-484.

	12.	 Ward WK, Castle JR, El Youssef J. Safe glycemic manage-
ment during closed-loop treatment of type 1 diabetes: the role 
of glucagon, use of multiple sensors, and compensation for 
stress hyperglycemia. J Diabetes Sci Technol. 2011;5(6):1373-
1380.

	13.	 Weinzimer SA, et al. Fully automated closed-loop insulin 
delivery versus semiautomated hybrid control in pediat-
ric patients with type 1 diabetes using an artificial pancreas. 
Diabetes Care. 2008;31(5):934-939.

	14.	 Elleri D, et al. Automated overnight closed-loop glucose con-
trol in young children with type 1 diabetes. Diabetes Technol 
Ther. 2011;13(4):419-424.

	15.	 Elleri D, et al. Closed-loop basal insulin delivery over 36 hours 
in adolescents with type 1 diabetes: randomized clinical trial. 
Diabetes Care. 2013;36(4):838-844.

	16.	 Breton M, et al. Fully integrated artificial pancreas in type 1 
diabetes modular closed-loop glucose control maintains near 
normoglycemia. Diabetes. 2012;61(9):2230-2237.

	17.	 Westerterp KR, Plasqui G. Physical activity and human energy 
expenditure. Curr Opin Clin Nutr Metab Care. 2004;7(6):607-
613.

	18.	 Riddell MC, Milliken J. Preventing exercise-induced hypogly-
cemia in type 1 diabetes using real-time continuous glucose 
monitoring and a new carbohydrate intake algorithm: an obser-
vational field study. Diabetes Technol Ther. 2011;13(8):819-
825.

	19.	 Kelly D, Hamilton JK, Riddell MC. Blood glucose levels and 
performance in a sports cAMP for adolescents with type 1 dia-
betes mellitus: a field study. Int J Pediatr. 2010. Available at: 
http://www.hindawi.com/journals/ijpedi/2010/216167/.

	20.	 Perala CH, Sterling BS. Galvanic Skin Response as a 
Measure of Soldier Stress. ARL-TR-4114. Army Research 
Lab Aberdeen Proving Ground MD Human Research and 
Engineering Directorate; 2007.

	21.	 Group DR. Epidemiology of severe hypoglycemia in the 
Diabetes Control and Complications Trial. Am J Med. 
1991;90(4):450-459.

	22.	 Palerm CC, Bequette BW. Hypoglycemia detection and predic-
tion using continuous glucose monitoring-a study on hypogly-
cemic clamp data. J Diabetes Sci Technol. 2007;1(5):624-629.

	23.	 Palerm CC, et al. Hypoglycemia prediction and detection using 
optimal estimation. Diabetes Technol Ther. 2005;7(1):3-14.

	24.	 Sparacino G, et al. Glucose concentration can be predicted 
ahead in time from continuous glucose monitoring sensor time-
series. IEEE Trans Biomed Eng. 2007;54(5):931-937.

	25.	 Eren-Oruklu M, et al. Estimation of future glucose concentra-
tions with subject-specific recursive linear models. Diabetes 
Technol Ther. 2009;11(4):243-253.

http://www.hindawi.com/journals/ijpedi/2010/216167/


Turksoy et al	 507

	26.	 Turksoy K, et al. Hypoglycemia early alarm systems based 
on multivariable models. Ind Eng Chem Res. 2013;52(35): 
12329-12336.

	27.	 Eren-Oruklu M, et al. Adaptive system identification for 
estimating future glucose concentrations and hypoglycemia 
alarms. Automatica. 2012;48(8):1892-1897.

	28.	 Bayrak ES, et al. Hypoglycemia early alarm systems based 
on recursive autoregressive partial least squares models. J 
Diabetes Sci Technol. 2012;7(1):206-214.

	29.	 Turksoy K, et al. Multivariable adaptive identification and 
control for artificial pancreas systems. IEEE Trans Biomed 
Eng. 2014, 61(3):883-891. doi:10.1109/TBME.2013.2291 
777.

	30.	 Andre D, et al. The Development of the SenseWear® Armband, 
a Revolutionary Energy Assessment Device to Assess Physical 
Activity and Lifestyle. Pittsburgh, PA: BodyMedia; 2006.

	31.	 Clarke DW, Mohtadi C, Tuffs PS. Generalized predictive con-
trol—part I. The basic algorithm. Automatica. 1987;23(2): 
137-148.

	32.	 Clarke DW, Mohtadi C, Tuffs PS. Generalized predictive 
control—part ii extensions and interpretations. Automatica. 
1987;23(2):149-160.

	33.	 Turksoy K, et al. Adaptive Multivariable Closed-Loop Control 
of Blood Glucose Concentration in Patients with Type 1 
Diabetes. Washington, DC: American Control Conference; 
2013:2905-2910.

	34.	 American College of Sports Medicine. ACSM’s Resource 
Manual for Guidelines for Exercise Testing and Prescription. 
Philadelphia, PA: Wolters Kluwer Health/Lippincott Williams 
& Wilkins;2010.

	35.	 Finan DA. Modeling and Monitoring Strategies for Type 1 
Diabetes. Ann Arbor, MI: ProQuest; 2008.


