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OBJECTIVEdA keymilestone in progress towards providing an efficacious and safe closed-loop
artificial pancreas system for outpatient use is the development of fully automated, portable devices
with fault detection capabilities to ensure patient safety. The ability to remotely monitor the oper-
ation of the closed-loop system would facilitate future physician-supervised home studies.

RESEARCH DESIGN AND METHODSdThis study was designed to investigate the
efficacy and safety of a fully automated, portable, closed-loop system. The Medtronic Portable
Glucose Control System (PGCS) consists of two subcutaneous glucose sensors, a control algo-
rithm based on proportional-integral-derivative with insulin feedback operating from a Black-
Berry Storm smartphone platform, Bluetooth radiofrequency translator, and an off-the-shelf
Medtronic Paradigm Veo insulin pump. Participants with type 1 diabetes using insulin pump
therapy underwent two consecutive nights of in-clinic, overnight, closed-loop control after a
baseline open-loop assessment.

RESULTSdEight participants attended for 16 overnight studies. The PGCS maintained mean
overnight plasma glucose levels of 6.46 1.7 mmol/L (1156 31 mg/dL). The proportion of time
with venous plasma glucose,3.9, between 3.9 and 8 (70 and 144 mg/dL), and.8 mmol/L was
7, 78, and 15%, respectively. The proportion of time the sensor glucose values were maintained
between 3.9 and 8 mmol/L was greater for closed-loop than open-loop (84.5 vs. 46.7%; P ,
0.0001), and time spent ,3.3 mmol/L was also reduced (0.9 vs. 3%; P , 0.0001).

CONCLUSIONSdThese results suggest that the PGCS, an automated closed-loop device, is
safe and effective in achieving overnight glucose control in patients with type 1 diabetes.
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Intensive management of type 1 diabe-
tes is necessary to achieve near-normal
glucose levels to obtain A1C values

associated with a reduced risk of micro-
vascular and macrovascular complica-
tions. Large-scale studies have revealed
that in some patients, such efforts are

associated with an increased risk of severe
hypoglycemia (1). The effects of intensive
management on the incidence of severe
hypoglycemiamay be even greater in chil-
dren and adolescents (2), particularly in
the setting of diminished counterregula-
tory hormone responses (3,4). Despite

the development of insulin analogs and
increasing use of insulin pump therapy,
approximation of physiologic insulin de-
livery has not been achievable by most.
Presently, children with an A1C ,7%
spend approximately one-quarter of
each 24-h period with glucose levels
.11.1 mmol/L (200 mg/dL) (3). Even
with use of sensor-augmented pump
therapy, the epitome of technology cur-
rently available to patients, one-third or
less patients achieve an A1C target ,7%
(5,6), and the incidence of severe hypo-
glycemia is not reduced.

Currently, there are two principal
approaches to b-cell replacement ther-
apy. Islet-cell transplantation has demon-
strated promising results in recovery of
hypoglycemia awareness and reduction
in episodes of hypoglycemia (7). Unfortu-
nately, there are risks associatedwith immu-
nosuppressive therapy (8), and currently,
,75% of patients are insulin-independent
4 years after transplant (7). The second
and, arguably, more promising therapeutic
approach to b-cell replacement is a closed-
loop artificial pancreas incorporating a con-
tinuous glucose sensor, insulin pump, and
control algorithm.

Commercially available insulin pumps
and glucose sensors are considered suffi-
ciently accurate for use in a closed-loop
system (9,10). Despite the delays inherent
in absorption and action of insulin deliv-
ered subcutaneously, previous studies have
demonstrated superiority of such systems
over standard pump therapy (11–18). Au-
tomation of insulin delivery is not a novel
concept (11,12); however, the closed-loop
system in many reports was not fully auto-
mated. In some studies, sensor glucose was
enteredmanually every 5 to 15min (15–17)
or changes to the pump delivery rate were
made manually by a physician or research
nurse (13–17). Furthermore, insulin de-
livery in studies published to date was
based on a control algorithm contained
in a desktop or laptop computer (11–18),
implying that the system was not readily
portable or practical in an ambulatory set-
ting. A key milestone in progress toward
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making a closed-loop artificial pancreas
system available for outpatient use is the
development of fully automated, porta-
ble devices with fault detection capa-
bilities to ensure safety. An additional
desirable feature of these devices is the
ability to remotely monitor the opera-
tion of the closed-loop system via data
transmitted over a wireless network, fa-
cilitating future physician-supervised
home studies.

The Medtronic Portable Glucose
Control System (PGCS) is a portable,
automated, closed-loop device consisting
of a BlackBerry Storm smartphone (Re-
search in Motion, Waterloo, ON, Canada),
an unmodified Medtronic Paradigm Veo
insulin pump, two MiniLink REAL-Time
Transmitters (Medtronic Minimed, North-
ridge, CA) modified to transmit at 1-min
rather than 5-min intervals, two Enlite
glucose sensors (Medtronic Minimed),
and a Medtronic custom-built radiofre-
quency translator, as illustrated in Fig. 1.

In this study, we describe the safety
and efficacy of the PGCS, an automated
closed-loop device, focusing on overnight
glucose control in adolescents and young
adults with type 1 diabetes.

RESEARCH DESIGN AND
METHODSdThis study was designed
to determine the efficacy and safety of an
automated, portable, overnight closed-
loop system based on fingerstick meter
glucose calibration. The primary end
point was the percentage of time spent
in euglycemia with overnight closed-loop

control (range 3.9–8 mmol/L [70–144
mg/dL]). The secondary end points were
1) comparing overnight efficacy of the
portable closed-loop system versus
open-loop control, as measured by sensor
glucose values, and 2) evaluating the
length of time under closed-loop control
without investigator intervention.

Participants fulfilling the following
criteria were recruited: age 12–25 years,
diagnosis of type 1 diabetes for .1 year,
A1C ,8.5%, and insulin pump therapy
use for at least 6 months.Written informed
consent was obtained from subjects aged
$18 years and written parental consent
and subject assent for subjects aged ,18
years. The study was approved by the hu-
man research ethics committee of Princess
Margaret Hospital for Children.

Study procedures
Baseline open-loop assessment. At the
initial outpatient visit, participants un-
derwent insertion of a subcutaneous glu-
cose sensor and iPro2, Professional
Continuous Glucose Monitoring device
(Medtronic Minimed) to be worn for
6 days to establish baseline overnight
glycemic levels. Participants were also
given a calibrated glucometer, OneTouch
Verio (LifeScan, Inc., Milpitas, CA) for the
study duration. The iPro2 was returned
and uploaded at the end of the 6-day
period. Glucose levels from the glucometer
were merged with iPro2 sensor data to
obtain a retrospective 6-day continuous
glucose tracing. Participants were asked to
proceed with their routine diabetes care.

Overnight in-clinic closed-loop studies.
During the week after the baseline open-
loop assessment, participants were ad-
mitted to the clinical research facility at
1700 h for the overnight closed-loop
studies. Two subcutaneous glucose sen-
sors were inserted into sites chosen by the
participant, and an intravenous catheter
was placed in an antecubital vein for blood
sampling. The participant’s pump was dis-
connected, and the study pump (Paradigm
Veo; Medtronic Minimed) containing the
subject’s usual analog insulin, insulin aspart
(NovoRapid; Novo Nordisk, Bagsvaerd,
Denmark), or insulin lispro (Humalog; Eli
Lilly, Indianapolis, IN), was attached. An
evening meal was consumed at 1800 h.
An insulin bolus was delivered by the par-
ticipant, based on his or her usual insulin-
to-carbohydrate ratio and insulin sensitivity
factor. Participants were switched from
open-loop to closed-loop control at
2100 h, and this was continued until
0700 h the following morning. Partici-
pants reverted to open-loop control
from 0700 to 2100 h, followed by a sec-
ond consecutive night of overnight
closed-loop control.

Venous plasma glucose wasmeasured
every 30 min on both nights during over-
night closed-loop control using the YSI
2300 STAT (Yellow Springs Instruments,
Yellow Springs, OH). If the plasma glucose
was ,2.8 mmol/L (50 mg/dL) on two oc-
casions 15 min apart or the plasma glucose
was .15 mmol/L (270 mg/dL) for 1 h,
closed-loop control was stopped and
the system reverted to open-loop control.
Blood samples for plasma insulin deter-
mination were collected hourly during
overnight closed-loop control. Samples
were assayed using a one-step chemilu-
minescent noncompetitive immunoassay
(ARCHITECT; Abbott Diagnostics, Ab-
bott Park, IL) with coefficients of varia-
tion of ,2% for means of 17, 46, and
130 mU/L.

System considerations
Raw sensor data were transmitted to the
BlackBerry by way of the radiofrequency
(RF) translator module that translates the
Medtronic proprietary 916-MHz RF pro-
tocol to the Bluetooth communication pro-
tocol, and vice versa. After sensor data are
processed, the BlackBerry calculates pump
strokes based on the closed-loop control
algorithm and sends pump delivery com-
mands over the Bluetooth interface to the
translator. The translator forwards the
same commands to the Veo pump over
the translator’s 916-MHz interface. Insulin

Figure 1dThe components of the Medtronic PGCS.
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is delivered as a series of microboluses in
multiples of 0.025 units every min.

The algorithm calculates the average of
two sensor signals to determine insulin
delivery. The deviation of sensor signal is
continuously evaluated to ensure that both
sensors trackwithin predetermined param-
eters. If the sensor deviation falls outside
these parameters, the fault detection will be
triggered to request another blood glucose
level to be entered for calibration.

Remote monitoring of the subject was
accomplished by packaging real-time
data into compressed files and sending
them to a remote monitoring station over
the wireless cellular communication net-
work. During this study, experiments
were remotely monitored in real-time in
Perth, Western Australia, and in North-
ridge, California. Historical data were also
available daily directly from BlackBerry
downloads and remotely in archived
form.

Control algorithm
Specifics of the control algorithm have
been described in detail (12,19). Insulin
delivery was modeled on the multiphasic
insulin response of the b-cell and con-
sisted of three principal componentsd
proportional, integral, and derivative
(PID)das used in other studies (11,12),
with a modification to include feedback
of a model-predicted insulin profile (19).
Insulin feedback (IFB) allows for more
physiologic replication of a functioning
b-cell, which is widely believed to reduce
insulin secretion as plasma insulin levels
increase (20). Further details regarding
the PID algorithm with IFB are available
in the Supplementary Data.

The PGCS used fault detection set-
tings regarding 1) correlation of sensor
signals, 2) deviation of sensor glucose
(SG1 and SG2) from the mean (SG), 3)
mutual difference in rate of glucose
change (direction of trend), 4) loss of sen-
sor signal, RF, or Bluetooth connectivity,
and 5) insulin delivery limits. A system of
triggers was developed to allow appropri-
ate temporal tolerance for the faults to
clear. The system required a minimum
of one calibration every 12 h and could
request a calibration in the event of sce-
nario 1, 2, or 3 above. If a calibration is
not entered within 15 min of the request,
or both sensor signals or the Bluetooth
connection are lost for 15 min, the system
automatically reverts to open-loop mode.
As the system reverts to open-loop mode,
the pump rate is set to deliver no in-
sulin for 2 h. This is a temporary basal

rate setting before it reverts to the pre-
programmed basal rate after 2 h. This will
ensure that a hypoglycemic patient will not
receive further basal insulin for 2 h.

Statistics
Depending on distribution, data are ex-
pressed as mean 6 SD or as median and
range or interquartile range (25th–75th
centile), where appropriate. Comparisons
between overnight closed-loop and open-
loop control were made using a Mann-
Whitney U test for nonparametric data
and a Student t test for data conforming
to a normal distribution. Distribution of
sensor glucose values was compared using
x2 tests. Calculations used StatsDirect 2.7.2
software (StatsDirect Ltd, Cheshire, U.K.).

RESULTSdEight subjects (four males)
underwent 145 h of closed-loop control
over 16 nights. Median age was 14.8
years (range 12.6–24), duration of diabe-
tes was 6.9 years (range 3.8–21.5), dura-
tion of pump therapy was 3.8 years (range
2.6–10.8), and BMI was 21 kg/m2 (range

18–30). Mean A1C was 7.3 6 1.1%, and
total daily dose of insulin was 0.9 6 0.1
units/kg. All participants were negative for
C-peptide.

Sensor performance
Interstitial glucose values tracked venous
plasma glucose levels effectively during
overnight closed-loop control. Point ac-
curacy of the sensor, expressed as median
(interquartile range) and mean 6 SD rel-
ative absolute difference from the venous
plasma glucose were 7.5% (3.3–18.5) and
12.3 6 12.7%, respectively, similar to
previously published studies (9,10,12,15)
and in keepingwith the published accuracy
of this sensor (21).

Glycemic control
Mean plasma glucose during overnight
closed-loop control was 6.46 1.7 mmol/L
(1156 31mg/dL). The proportion of time
with venous plasma glucose ,3.9, be-
tween 3.9 and 8 (70 and 144 mg/dL),
and.8mmol/Lwas 7, 78, and15%respec-
tively. Time in target during closed-loop

Figure 2dSummary of the overnight closed-loop experiment in the eight participants. The open-
loop period is represented by the shaded area. An evening meal and prandial bolus were ad-
ministered at 1800, and the closed-loop mode commenced at 2100. A: Sensor glucose (blue)
closely tracks plasma glucose (red). B: Pump delivery rates are represented as a black dashed line,
and hourly plasma insulin measurements are represented in green.
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operation (3.9–8.0 mmol/L) was signifi-
cantly higher after midnight than before
midnight (85 vs. 66%; P = 0.001). Plasma
glucose ,3.3 mmol/L occurred in 3 of 16
study nights and within the first 3.5 h.
Plasma glucose readings ,3.9 mmol/L
were significantly more common in the
first 3 h of closed-loop control than there-
after (13.9 vs. 4%; P = 0.005). Sensor and
venous plasma glucose levels during
closed-loop control are shown in Fig. 2A
and insulin delivery rates and hourly

plasma insulin in Fig. 2B. Glycemic control
during closed-loop insulin delivery was su-
perior to prestudy home overnight open-
loop control (Fig. 3).

Investigator intervention
Investigator intervention was required on
7 of 16 nights (Table 1). No intervention
was required for the first four subjects.
Sensor fault detection requested finger-
stick calibration on both closed-loop
nights for two subjects. These subjects

had the greatest relative-absolute differ-
ence between sensor glucose and plasma
glucose, and between them accounted for
46% of plasma glucose levels out of target
range for the entire study. The sensors
were inserted in the left and right abdo-
men in subject 5 and in the left and right
buttocks in subject 6. These subjects had
similar BMIs, 22 and 26 kg/m2, respec-
tively; thus, patient phenotype did not
explain the difference between sensor
and plasma glucose.

For one further subject (2 nights),
the Bluetooth link was lost for .15 min
and needed to be re-established. The loss
of Bluetooth connectivity was attributed
to the smartphone Bluetooth interface.
One patient (age 24 years, weight 94
kg, total daily dose 105 units) required
rescue carbohydrates for plasma glucose
2.5 mmol/L (sensor 3.5 mmol/L). He
commenced closed-loop 3 h after an
evening meal where he gave himself a
preprandial bolus of 22.7 units but did
not finish the meal. The plasma glucose
was 3.8 mmol/L (sensor glucose 4.7
mmol/L) at commencement of closed-
loop control. His usual basal rate was
2.7 units/h, and during closed-loop, he
received only 0.67 units of insulin over 3
h before the study night was terminated,
as per protocol.

CONCLUSIONSdThis study demon-
strates the feasibility and safety features
of a portable, automated, closed-loop
system for overnight glucose control in
adolescents and young adults with type 1
diabetes. This represents a further step

Figure 3dComparison of overnight closed-loop (red) with prestudy open-loop (blue) control.
*P , 0.0001.

Table 1dInvestigator intervention during automated, portable, closed-loop control

Plasma glucose
at event

Sensor glucose
at event

Sensor glucose
after fingerstick
calibration

Sensor glucose
at resumption

Subject No. Event mmol/L mmol/L mmol/L Exit closed-loop? mmol/L Notes

5 Calibration request 9.4 6.5 9.6 No N/A
5 Calibration request 10 4.6 7.7 Yes N/A Error not

resolved by
calibration

6 Calibration request 5 4.4 5.1 No N/A
6 Calibration request 7.1 6.4 8.4 No N/A
7 Hypoglycemia 2.5 3.5 Yes N/A Study ceased as

per protocol
8 Loss of Bluetooth

connection
6.2 6.6 Yes 7.7 Out of closed-loop

for 35 min
8 Loss of Bluetooth

connection
7.7 8.3 Yes 7.5 Out of closed-loop

for 54 min
N/A, not applicable.
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toward making such technology available
to patients in the outpatient setting. Mon-
itoring of system operation from a remote
location using data transmission over a
wireless network is an achievable goal and
is an additional safety feature, paving the
way for physician-supervised home stud-
ies. Automated fault detection requested
fingerstick calibration of the system when
sensor correlation was below a specified
threshold or sensor glucose values de-
viated significantly from the mean. Fur-
ther study is necessary to determine the
optimum fault detection settings to max-
imize patient safety yet minimize disrup-
tion to the operation of the closed-loop
system.

Initial commercially available fully
closed-loop systems will likely focus on
overnight glucose control to minimize
nocturnal hypoglycemia. The effects of
intensive management of type 1 diabetes
on the incidence of hypoglycemia are well
documented. In the Diabetes Control and
Complications Trial (1), 55% of severe
hypoglycemia occurred during sleep,
and in the pediatric population, 75% of
episodes of severe hypoglycemia oc-
curred overnight (22). Although arousal
thresholds are not impaired by hypogly-
cemia (23), 71% of low-glucose alarms
are not responded to during sleep (24).
An overnight closed-loop system that au-
tomatically suspends insulin delivery in
response to impending hypoglycemia
would minimize exposure to prolonged
hypoglycemia and adverse outcomes
such as seizures (25). In our study, al-
though plasma glucose ,3.3 mmol/L
(60 mg/dL) occurred in 3 of 16 study
nights, the sensor readings indicated
that hypoglycemia was significantly less
common during closed-loop compared
with open-loop therapy. Episodes of hy-
poglycemia during closed-loop therapy
occurred during the first 3.5 h and likely
related to “insulin on board” from earlier
open-loop therapy. Development of a
“start-up algorithm” is necessary to
smooth the transition between open-
loop and closed-loop sessions and ac-
count for insulin delivered before initia-
tion of the closed-loop program to further
reduce exposure to hypoglycemia.

The other main concern regarding
nocturnal hypoglycemia pertains to the
use of glucose sensors that may overread
the true plasma glucose value, leading to an
overestimation of insulin requirements. In
this series of experiments, as previously
(12), the overnight glucose target was set at
6.6 mmol/L (120 mg/dL) to provide a

margin of error. The median error of cur-
rently available real-time continuous glu-
cose monitors is between 10 and 16%
when plasma glucose levels are between
70 and 180 mg/dL (9,10,26,27). A sensor
error overreading the plasma glucose by
33% would drive the true glucose to
only 90 mg/dL. Furthermore, the Veo cal-
ibration algorithm was recently compared
with that in the Paradigm REAL-time
(PRT) sensor-augmented pump (28). Sen-
sor error reduced significantly in the 40–
120 mg/dL range, and hypoglycemia
detection was improved from 55% in the
PRT to 82% in the Veo, while retaining
accuracy at higher glucose levels.

This study represents progress to-
ward the development of an automated,
portable, closed-loop system for outpa-
tient use. The associated remote monitor-
ing capabilities will facilitate future
physician-supervised home studies. Fur-
ther research is needed to optimize auto-
mated fault detection settings and to
ensure current mechanisms are effective.
In the current study, fault detection set-
tings successfully identified sensor fail-
ure. Despite the limitations of current
transcutaneous sensors, this portable glu-
cose control system reduced exposure to
hypoglycemia and hyperglycemia in ado-
lescents and young adults with type 1
diabetes. Future developments of the
system will include a smartphone with
more robust Bluetooth connectivity. The
combination sensor-infusion set requir-
ing only one insertion site is currently
undergoing clinical trials and will also be
incorporated into this system tominimize
insertion sites for the patient.
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