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OBJECTIVE

The objective of this study was to determine the safety, feasibility, and efficacy
of a predictive hyperglycemia and hypoglycemia minimization (PHHM) system
compared with predictive low-glucose insulin suspension (PLGS) alone in over-
night glucose control.

RESEARCH DESIGN AND METHODS

A 42-night trial was conducted in 30 individuals with type 1 diabetes in the age
range 15–45 years. Participants were randomly assigned each night to either
PHHM or PLGS and were blinded to the assignment. The system suspended the
insulin pump on both the PHHM and PLGS nights for predicted hypoglycemia but
delivered correction boluses for predicted hyperglycemia on PHHM nights only.
The primary outcome was the percentage of time spent in a sensor glucose range
of 70–180 mg/dL during the overnight period.

RESULTS

The addition of automated insulin delivery with PHHM increased the time spent in
the target range (70–180 mg/dL) from 71 6 10% during PLGS nights to 786 10%
during PHHMnights (P< 0.001). The averagemorning blood glucose concentration
improved from 1636 23 mg/dL after PLGS nights to 1426 18 mg/dL after PHHM
nights (P < 0.001). Various sensor-measured hypoglycemic outcomes were similar
on PLGS and PHHM nights. All participants completed 42 nights with no episodes
of severe hypoglycemia, diabetic ketoacidosis, or other study- or device-related
adverse events.

CONCLUSIONS

The addition of a predictive hyperglycemia minimization component to our exist-
ing PLGS systemwas shown to be safe, feasible, and effective in overnight glucose
control.
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There have been significant advances in
the development of automated insulin
delivery in recent years. In general, these
systems use feedback from continuous
glucose sensors to inform insulin delivery
based upon current glucose values, rate
of change, and various predictionmodels.
Several approaches have demonstrated
the feasibility of feedback-based insulin
modulation, and advances in both sen-
sor performance and algorithms have
demonstrated a reduction in hypoglyce-
mia, glucose variability, and decreased
mean glucose levels in controlled inpa-
tient settings (1–5) as well as outpatient
studies (6–13) extending to 12 weeks of
use in the home setting (14).
In patients with type 1 diabetes, the

overnight period is a critical time for
optimizing glucose control given the risk
of prolonged nocturnal hypoglycemia,
which can lead to seizures (15) and,
rarely, death (16). Patients with type 1 di-
abetes have reduced counterregulatory
hormone responses during sleep (17) as
well as increased acoustic arousal thresh-
old (18) and therefore do not always re-
spond to hypoglycemia alarms (19).Much
of the benefit conferred by the use of
current closed-loop systems is largely
gained through improved overnight con-
trol (20,21). In a multinational study (21)
of 30 adults using the insulin-only closed-
loop system initially overnight for 2weeks
followed by 24/7 closed-loop control for
another 2 weeks, the overall percent-
age of time spent during the daytime
and nighttime in range (70–180 mg/dL)
was 73% for both overnight-only and
24/7 closed-loop control. Both were su-
perior to sensor-augmented pump ther-
apy alone.
A central objective in our approach has

been to develop a simple system that was
primarily operational at night, with mini-
mal alarms and requiring minimal system
maintenance, allowing patients to have
undisturbed sleep. We have previously
developed and tested a Kalman filter–
based predictive low-glucose insulin sus-
pension (PLGS) system in .2,600 nights
in participants between 4 and 45 years of
age (22,23). These initial randomized
studies demonstrated a clear reduction in
the duration of time spent at ,60 mg/dL
for.3 h, ranging from 68% to 81% across
all age groups compared with sensor-
augmented pump therapy. The reduc-
tion in hypoglycemia was accompanied
by a modest increase in mean morning

glucose values ranging from 4 to 17 mg/dL,
depending on the age group. To further
improve glucose control, we added an in-
sulin-dosing component to the existing
PLGS to create a predictive hyperglycemia
and hypoglycemia minimization (PHHM)
system, allowing small amounts of insulin
to be delivered beyond the existing prede-
termined basal insulin delivery. The objec-
tives of this study were to determine the
feasibility, efficacy, and safety of PHHM
versus PLGS alone in a 6-week randomized
controlled trial.

RESEARCH DESIGN AND METHODS

This study was conducted at three clinical
centers. The protocol was approved by
each institutional review board, and writ-
ten informed consent was obtained from
each participant or parent, with assent
obtained as required. Major eligibility cri-
teria included age range of 15–45 years,
diagnosis of type 1 diabetes with use of
daily insulin therapy for$12months, and
useof insulin pump therapy for$6months.
Participants were required to have an en-
rollment glycated hemoglobin (HbA1c)
concentration of #10.0% (86 mmol/mol),
to live with a person available to provide
assistance when the study system was in
use at night, and to ensure uninterrupted
internet access during system use. Partic-
ipants were excluded if they had a history
of diabetic ketoacidosis or severe hypo-
glycemia within the 6 months preceding
study enrollment, were pregnant, or
had a medical and/or psychiatric condi-
tion considered to interfere with the
ability to complete the protocol. Addi-
tional eligibility criteria are listed in
Supplementary Table 1.

PLGS
Details of the PLGS algorithm have been
described previously (23–25) and are
briefly summarized here. The algorithm
suspended basal insulin delivery if the
current sensor glucose concentration was
#70 mg/dL at any time or ,230 mg/dL
and predicted to fall to,80 mg/dL in the
next 50 min. Basal insulin was restored on
the first sensor rise during insulin suspen-
sion, and suspension time could not ex-
ceed 120 min in a 150-min window or a
cumulative total of 180 min/night. The
PLGS component of the algorithm func-
tioned during both intervention and con-
trol nights, enabling us to independently
assess the effects of the hyperglycemia
minimization component.

PHHM
Insulin was added via a series of auto-
mated fractional correction boluses for
predicted hyperglycemia. Using a Kalman
filter and a prediction horizon of 30 min,
the system delivered an automated cor-
rection boluswhen the estimated glucose
concentration was predicted to exceed
140 mg/dL. The correction bolus used
an insulin sensitivity factor calculated us-
ing individualized total daily dose (TDD) of
insulin (1,800/TDD) with a target of
140 mg/dL, accounting for insulin-on-
board (IOB) from any prior boluses. The
IOB calculation used a 224-min linear in-
sulin decay curve. The bolus amount was
limited to 10% of the calculated amount
for a correction to 140 mg/dL. This was a
feedback process that occurred every
5 min. If there was no predicted hypogly-
cemia, the preprogrammed basal rate
was continued. The system allowed the
participant to modify the basal rates dur-
ing the study and allowedmanual boluses
overnight if desired by the participant.
Safety constraints included an IOB limit
of 63 the basal rate (in units per
hour), a maximum individual bolus
of 7.5 units, and a maximum overnight
cumulative bolus of 1.753 the mean
basal insulin that would have been de-
livered over 8 h.

System
Both the PHHM and PLGS algorithms
were implemented using a bedside com-
puter with wireless communication to an
insulin pump. The system included a
MiniMed Paradigm REAL-Time Veo Sys-
tem and enhanced Enlite glucose sensor
(Medtronic Diabetes, Northridge, CA), in
which the sensor and pump communi-
cated with a bedside laptop computer.
Audible sensor glucose alerts were set at
60 and 300 mg/dL on the pump, but
there were no additional alerts for auto-
mated pump suspensions or automated
correction boluses. There were real-time
automated notifications to clinical
staff, triggered by glucose values ,60
or .300 mg/dL or for the loss of sensor
signal or loss of communication with the
remote monitoring system after 90 min.
Participants used the Bayer Contour
Next Link Meter for capillary blood glu-
cose monitoring (Bayer HealthCare LLC,
Whippany, NJ).

Synopsis of Study Protocol
A run-in phase preceded the random-
ized trial. During the initial part of the
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run-in phase, the sensor was initiated and
used for 14–21 days to verify that the
participant could successfully use the
pump and sensor. Successful partici-
pants then used the complete system
with the PHHM activated at home for
5 nights to verify the ability to use it
successfully. Three participants did not
successfully complete the first part
of the run-in phase (Supplementary
Fig. 2).
During the randomized trial, the sys-

tem was used until 42 nights were com-
pleted with at least 4 h of sensor glucose
data per night. Each night, following initi-
ation procedures that included verifica-
tion that the meter-measured blood
glucose concentration was between
90 and 270 mg/dL, the system randomly
activated either PHHM or PLGS according
to a predefined schedule with the aim of
completing 21 nights with PHHM and
21 nights with PLGS. Participants were
blinded to the assignment. Participants
were advised to use the system on con-
secutive nights if possible but to avoid
system use during periods of illness. The
maximum number of days to complete
the 42 nights of the study was 90 days.
Upon waking, the system was stopped, a
meter blood glucose level was mea-
sured, and overnight carbohydrate intake
was recorded. Participants were instructed
to perform a blood ketone test if the blood
glucose concentration was $300 mg/dL
for.1 h or$400 mg/dL at any point dur-
ing system use. During the day, partici-
pants used the Veo pump and enhanced
Enlite glucose sensor in sensor-augmented
pump mode only. The threshold-based
low glucose suspend feature of the Veo
pump was disabled during the study.
During the randomized trial, study

visits occurred after completion of the
run-in phase (baseline), after 21 days,
and after completion of the study.
HbA1c was measured using a point-of-
care device (DCA 2000 or DCA Vantage;
Siemens) at study enrollment and at
each randomized trial visit. Adverse
event reporting included severe hypo-
glycemia (participant required assis-
tance of another person because of
altered consciousness and required ad-
ministration of carbohydrate or gluca-
gon, or other resuscitative actions),
diabetic ketoacidosis (as defined by the
Diabetes Control and Complications Tri-
al [26]), and any study- or device-related
event.

Statistical Methods
The primary outcomewas the percentage
of time spent in the concentration range
of 70–180 mg/dL pooled across nights.
Assuming an SD of 8% (derived from prior
studies) (23), a type I error rate of 5%,
and a two-sided test with the null hypoth-
esis stating that the difference is zero, a
sample size of 29 participants using the
system for 42 randomly assigned nights
(21 PLGS and 21 PHHM nights) provided
90% statistical power to detect a differ-
ence as small as 5.0% in the primary out-
come. The sample sizewas rounded up to
30 participants.

Analyses followed the intention-to-
treat principle, with each night analyzed
by the treatment arm assigned by ran-
domization. Analysis included sensor
readings from the time of system initia-
tion at bedtime until deactivation the fol-
lowing morning. All participants and all
randomized nights were included in the
primary analysis.

Continuous glucosemonitoring (CGM)–
derived outcome measures were calcu-
lated by pooling sensor data over nights
by treatment arm for each participant.
Repeated-measures regression models
with an unstructured covariance struc-
ture were used to test the differences
between the two treatment arms while
adjusting for the averaged bedtime
blood glucose value across nights. Loga-
rithmic or square root transformations
were used for secondary outcome vari-
ables with a skewed distribution.

Additional analyseswere performed for
night-level binary secondary outcomes
(e.g., the proportion of nights with at
least one sensor glucose concentration
of ,70 mg/dL). These analyses were re-
stricted to nights with at least 4 h of avail-
able sensor data. Generalized linearmixed
models with a logistic or identity link func-
tion were used to test the differences be-
tween the two treatment arms using
random participant effects and a within-
participant autocorrelation structure to
account for multiple nights from the
same participant, while adjusting for the
bedtime blood glucose levels.

For sensor accuracy analysis, all mea-
surements made using the home blood
glucose meter between the first and last
day of randomized usewere paired to the
closest sensor readingwithin65min. The
difference, absolute relative differ-
ence (ARD), and International Organiza-
tion for Standardization criteria (27)

(for reference values ,100 mg/dL,
CGM value within 615 mg/dL, and ref-
erence values $100 mg/dL, the CGM
value was within615%) were computed
for each pair.

The percentage of time spent in the
range from 70 to 180 mg/dL was the
primary outcome, and the other efficacy
metrics were considered secondary ex-
ploratory analyses. No adjustment was
made for multiple comparisons. All
P values are two tailed, and analyses
were performed using SAS version 9.4
(SAS Institute, Inc., Cary, NC).

RESULTS

The trial included 30 participants, 15–43
years of age, 50% male, 87% Caucasian,
with a median duration of type 1 diabe-
tes of 17 years, a median HbA1c level of
7.5% (58 mmol/mol) at study enroll-
ment, and a median daily insulin dose
of 0.58 units/kg/day (Supplementary
Table 3). All 30 participants completed
the protocol-specified 42 nights of the
study (Supplementary Fig. 2). The me-
dian number of nights to complete the
study was 66. Overall, there were 1,353
randomized nights included in the pri-
mary analysis with a median of 8.1 h of
sensor data per night, for a total of
10,711 h of sensor data. Secondary
night-level analyses were limited to the
1,289 nights (95%) with $4 h of sensor
data.

Among randomized nights with $4 h
of sensor data, one or more pump sus-
pensions occurred on 433 (68%) of
the 641 PLGS nights and on 459 (71%)
of the 648 PHHM nights. The median
total duration of suspension on nights
with a pump suspension was 68 min
(interquartile range [IQR] 29, 115) dur-
ing PLGS nights and 63min (IQR 30, 121)
during PHHMnights. Median sensor glu-
cose concentration at the first pump
shutoff was 112 mg/dL for both PLGS
and PHHM nights.

One or more automatic boluses oc-
curred during 506 (78%) of the 648
PHHM nights; the median total insulin
delivery given by automatic bolus was 1.2
(IQR 0.4, 2.5) units/night (Supplementary
Table 4), with a median individual bolus of
0.05 units (range 0.025–1.225 units). The
median sensor glucose concentration at
the time of the first automatic bolus was
152mg/dL.With respect to total insulin de-
livery overnight, there was a median of 7.5
(IQR 5.2, 10.8) units of total manual
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boluses plus basal insulin deliveredduring
PLGS nights and a median of 8.4 (IQR 6.0,
12.0) units of total automatic, manual bo-
luses, and basal insulin delivered during
PHHM nights (P , 0.001). There were
347 (54%) nights with both pump suspen-
sions and automatic boluses during the
648 PHHM nights, with a representative
example shown in Supplementary Fig. 5.
Themean6 SD time spent in the range

of 70–180 mg/dL was 71 6 10% during
PLGS nights versus 78 6 10% during
PHHMnights (P, 0.001) (Fig. 1 and Table
1). Figure 2 shows that many, but not all,
participants had a higher percentage of
time spent in the range of 70–180 mg/dL
on the PHHM nights compared with
the PLGS nights. The mean 6 SD over-
night mean sensor glucose concentra-
tion was 152 6 16 mg/dL during PLGS
nights versus 143 6 15 mg/dL during
PHHM nights (P , 0.001) (Fig. 3). The
median overnight sensor coefficient of
variation was 34% (IQR 30%, 37%) dur-
ing PLGS nights versus 31% (IQR 27%,
34%) during PHHM nights (P , 0.001)
(Fig. 3). As shown in Figs. 1 and 3, the
PHHM system required ;3 h from the
time of activation before improvements
in glycemic metrics compared with
PLGS started to appear, and the curves
were still diverging at 8 h.
The median time spent at a concentra-

tion ,70 mg/dL was 1.0% (IQR 0.6%,
2.5%) during PLGS nights and 1.1% (IQR
0.7%, 2.3%) during PHHM nights (P =
0.75). Other sensor-measured hypoglyce-
mic outcomes also were similar between
PLGS and PHHM nights (Table 1 and
Supplementary Table 6). The above-
mentioned increase in time spent at a
concentration of 70–180 mg/dL was
achieved by a corresponding decrease in
the median time spent at a concentra-
tion of .180 mg/dL: from 26% (IQR
21%, 35%) during PLGS nights to 20%
(IQR 14%, 26%) during PHHM nights
(P , 0.001). Similar improvements were
observed for other sensor-measured
hyperglycemic outcomes (Table 1 and
Supplementary Table 6).
Themean6 SDmorning blood glucose

concentration was 1636 23 mg/dL after
PLGS nights versus 1426 18 mg/dL after
PHHM nights (P , 0.001, Table 1), with
sensor glucose levels equalizing ;2 h af-
ter system deactivation (Supplementary
Fig. 7). As seen in Supplementary Table
6, the frequency of elevated blood ke-
tones was low in both treatment arms.

Median HbA1c levels were 7.5% (IQR 6.9%,
7.7%) (58 mmol/mol; IQR 52 mmol/mol,
61 mmol/mol) at study enrollment, 7.1%
(IQR 6.7%, 7.4%) (54 mmol/mol; IQR
50 mmol/mol, 57 mmol/mol) at ran-
domization, and 7.1% (IQR 6.6%, 7.4%)
(54 mmol/mol; IQR 49 mmol/mol,
57 mmol/mol) at the end of the trial.

Sensor data were available to the
controller for an average across partici-
pants of 91% of the time the system
was running on randomized nights (Sup-
plementaryTable 8). Among PHHMnights,
the system delivered 95% of the auto-
matic boluses requested by the controller
within 5 min.

Figure 1—CGM metrics for percentage of time spent in range, above range, and below range
from system activation by treatment arm.

Table 1—Efficacy and safety participant-level outcomes (N = 30 participants)

PLGS nights PHHM nights P value

Randomized nights (n) 22 (22, 23) 22 (21, 23) NA

Sensor readings (total h) 174 (167, 186) 180 (169, 195) NA

Bedtime blood glucose (mg/dL) 163 6 21 166 6 17 NA

Overall outcomes
Time spent in range 70–180 mg/dL

(primary outcome) (%) 71 6 10 78 6 10 ,0.001
Overnight mean glucose (mg/dL) 152 6 16 143 6 15 ,0.001
SD (mg/dL) 51 (46, 56) 43 (38, 48) ,0.001
Coefficient of variation (SD/mean) (%) 34 (30, 37) 31 (27, 34) ,0.001

Time spent in range 70–140 mg/dL (%) 48 6 13 52 6 12 0.03

Hypoglycemia outcomes
Time spent at ,70 mg/dL (%) 1.0 (0.6, 2.5) 1.1 (0.7, 2.3) 0.75
Time spent at ,60 mg/dL (%) 0.3 (0.0, 1.0) 0.4 (0.1, 0.8) 0.99
Time spent at ,50 mg/dL (%) 0.0 (0.0, 0.2) 0.1 (0.0, 0.2) .0.99
Area over curve 70 mg/dL 0.10 (0.03, 0.26) 0.11 (0.04, 0.22) 0.60
Low blood glucose index 0.50 (0.32, 0.85) 0.52 (0.38, 0.75) 0.17

Hyperglycemia outcomes
Time spent at .180 mg/dL (%) 26 (21, 35) 20 (14, 26) ,0.001
Time spent at .250 mg/dL (%) 5 (2, 9) 2 (1, 3) ,0.001
Time spent at .300 mg/dL (%) 0.2 (0, 1.3) ,0.1 (0, 0.2) 0.006
Area over curve 180 mg/dL 9.64 (7.97, 15.33) 5.64 (3.65, 7.93) ,0.001
High blood glucose index 5.23 (4.29, 7.42) 3.87 (3.03, 5.08) ,0.001

Morning glucose outcomes
Mean morning blood glucose (mg/dL) 163 6 23 142 6 18 ,0.001

Values are reported as the median (IQR) or mean 6 SD, unless otherwise indicated. Glucose
results from CGM unless specified as blood glucose. To convert glucose to mmol/L, divide by 18.
NA, not applicable.
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Among N = 7,443 sensor-meter glu-
cose pairs obtained during day and night
CGM use, the overall median difference
for the enhanced Enlite glucose sensor
was 21 mg/dL (IQR 219, 13), the me-
dian ARD was 11% (IQR 5%, 20%), the
mean ARD was 16%, and 65% of pairs
met the International Organization for
Standardization criteria (27).
There were no cases of severe hypo-

glycemia, diabetic ketoacidosis, or other
serious, study-related, or device-related
adverse events during the trial.

CONCLUSIONS

The PHHM algorithm doses insulin in a
conservative, gradual fashion and is safe
andeffective in overnight glucose control.
In this double-blind, 6-week at-home
study with night-level randomization,
PHHM demonstrated increased time in
range, lower mean glucose level, and re-
duced hyperglycemia without increased
hypoglycemia comparedwith PLGS alone.
In addition, there was a reduction in glu-
cose variability as well as a 21 mg/dL re-
duction in averagemorning blood glucose
level. There were no serious adverse

events such as diabetic ketoacidosis, se-
vere hypoglycemia, or hospitalizations.

The addition of insulin delivery re-
sulted in improved glucose control after
3 h of system activation andwas increas-
ingly effective as the night progressed.
As is common with overnight systems
(28), there is an extended effect from eve-
ning meals and insulin, which may take
several hours of systemuse to equilibrate.
Greater time spent in range and a reduc-
tion in hyperglycemia were achieved
through increased insulin delivery (me-
dian 1.2 units) during the night. Overall,
there was;10% more insulin dosed dur-
ing PHHM nights compared with PLGS
nights. This result is similar to that in the
study by Hovorka et al. (29), where lower
glucose levels during use of a closed-loop
system at night were achieved by deliver-
ing an increased amount of insulin during
the overnight period (8.1 vs. 7.2 units). On
PHHM nights, there was no increased ac-
tivity of the PLGS component of the
system despite the additional insulin dos-
ing. After PHHM nights, improved glyce-
mic control persisted for ;2 h in the
morning after system deactivation, after

which time glycemic control was similar
after PLGS and PHHM nights.

This was a multicenter study with a
unique design of night-level randomiza-
tion. Unlike the more commonly used
crossover study design, bias was mini-
mized as both participants and investi-
gators were blinded to treatment
assignment each night. This study was
conducted at home in free-living condi-
tions. There were no restrictions on ex-
ercise, food intake, or insulin delivery
before or during system use.

The system administered fractional bo-
luses, and therefore participantswere still
able to use the bolus calculator function
to deliver manual corrections if desired
during the night and in the morning after
the system was deactivated. Our system
was designed as a simple, safe, minimal-
maintenance, add-on approach to cur-
rent pump therapy. Unlike some other
systems, it did not take full control of in-
sulin delivery, and it allowed partici-
pants to intervene at any stage. To our
knowledge, there is only one clinical study
(30) to date directly comparing different
(model predictive control and propor-
tional-integral-derivative) algorithms. At
present, conclusions based on performance
comparisons of systems between different
studies must be taken cautiously and in the
context of limited evidence.

A continuumexists between basal-only
closed-loop control and combination
basal/bolus control. The distinction be-
tween the two types of controller be-
comes less meaningful as the maximum
delivery rate of the basal-only controller
increases or the typical correction bolus
size of the basal/bolus controller de-
creases. With our basal/bolus controller,
individual correction boluses were typi-
cally very small (Supplementary Fig. 5
and Supplementary Table 4), but the con-
troller occasionally delivered larger bo-
luses (.1.0 units) when participants’ TDD
was large and predicted CGM values were
very high. This approach reduced the risk
of over-delivery while retaining the ability
to correct significant hyperglycemia more
rapidly than a typical basal-only system.

There are several closed-loop ap-
proaches designed to provide 24/7
closed-loop control (14,20,21,31); how-
ever, the improvement in glycemic out-
comes has been largely realized by
improved overnight glucose control. In
other insulin-only overnight closed-loop
systems, the mean overnight glucose

Figure 2—Percentage of time spent in the glucose concentration range of 70–180 mg/dL by
treatment arm (N = 30 participants). The diagonal represents the line of identity.
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concentration ranged from 137 to
148 mg/dL (9,14,32–34), and 1–2.6% of
readings were ,70 mg/dL. The present
PHHM study was comparable with a
mean sensor glucose concentration of
143mg/dL and 1.1% of values,70mg/dL.
Increasingly, there is a greater demand

for customizability of closed-loop devices
and perhaps a system that operates only
at night and allows patients to continue
with sensor-augmented pump therapy
during the day may be a desired option
prior to fully automated approaches being
available.
Our goalwas to developan easy-to-use,

safe system that would alleviate the

burden of diabetes for patients. Patients
report sensor alarms as annoying, in-
trusive, and disruptive to their sleep
(35). Ease of use will impact the uptake
of these technologies as they become
commercially available.

There is no adaptive component to our
PHHMalgorithmat this stage, and thismay
be the focus of our future research. In ad-
dition, it will be important to determine the
efficacy of this system in a younger cohort
of participants with physiological differ-
ences in insulin sensitivity to see whether
our approach is as successful in this group.

In conclusion, the PHHM system per-
formed well, achieving 78% time spent

in the range of 70–180 mg/dL with
no increased hypoglycemia compared
with the PLGS system alone. This was
achieved with overnight closed-loop con-
trolwith a system requiringminimal system
maintenance.
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