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Original Article

Closed-loop insulin delivery systems, which adjust insulin 
delivery based on data from a continuous glucose monitor 
(CGM), are designed to limit glucose excursions outside the 
normoglycemic range, however narrow that range may be. 
Development of these systems has the potential to improve 
the lives of individuals with type 1 diabetes by helping them 
achieve the therapeutic goal of restoring near-normoglyce-
mia. Even well before the 2006 launch of the Artificial 
Pancreas Project1—a consortium of leading diabetes research 
institutions in both Academia and Industry—many studies 
have demonstrated the feasibility of a variety of closed-loop 
systems in individuals with type 1 diabetes, including insu-
lin-only artificial pancreas systems2-12 and bihormonal 
systems.13-15

We previously reported that the Hypoglycemia–
Hyperglycemia Minimizer (HHM) System was a feasible 

basis for the development of a closed-loop insulin delivery 
system.16 The Predictive Hypoglycemia Minimizer System 
(“Hypo Minimizer”) is a modification of the HHM System, 
which focuses on preemptively mitigating hypoglycemia by 
attempting to control glucose to above a specified low glu-
cose threshold (LGT).
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Abstract
Background: The Predictive Hypoglycemia Minimizer System (“Hypo Minimizer”), consisting of a zone model predictive 
controller (the “controller”) and a safety supervision module (the “safety module”), aims to mitigate hypoglycemia by 
preemptively modulating insulin delivery based on continuous glucose monitor (CGM) measurements. The “aggressiveness 
factor,” a pivotal variable in the system, governs the speed and magnitude of the controller’s insulin dosing characteristics in 
response to changes in CGM levels.
Methods: Twelve adults with type 1 diabetes were studied in closed-loop in a clinical research center for approximately 
24 hours. This analysis focused primarily on the effect of the aggressiveness factor on the automated insulin-delivery 
characteristics of the controller, and secondarily on the glucose control results.
Results: As aggressiveness increased from “conservative” to “medium” to “aggressive,” the controller recommended less 
insulin (–3.3% vs –14.4% vs –19.5% relative to basal) with a higher frequency (5.3% vs 14.4% vs 20.3%) during the critical 
times when the CGM was reading 90-120 mg/dl and decreasing. Blood glucose analyses indicated that the most aggressive 
setting resulted in the most desirable combination of the least time spent <70 mg/dl and the most time spent 70-180 mg/dl, 
particularly in the overnight period. Hyperglycemia, diabetic ketoacidosis, or severe hypoglycemia did not occur with any of 
the aggressiveness values.
Conclusion: The Hypo Minimizer’s controller took preemptive action to prevent hypoglycemia based on predicted changes 
in CGM glucose levels. The most aggressive setting was quickest to take action to reduce insulin delivery below basal and 
achieved the best glucose metrics.
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The Hypo Minimizer control algorithm utilizes CGM and 
insulin-infusion data to predict future hypoglycemia, and has 
been developed to attenuate or suspend insulin infusion to 
mitigate, if not prevent, this predicted hypoglycemia. In 
addition, the Hypo Minimizer algorithm generates proactive 
alerts in advance of predicted hypoglycemia, to better assist 
the patient in the prevention of hypoglycemia. In contrast to 
threshold-based low-glucose suspend systems, which 
abruptly suspend insulin infusion when the CGM reading 
breaches a LGT (eg, 90 mg/dl), the Hypo Minimizer is 
designed to mitigate low-glucose excursions in advance by 
incremental titrations of insulin dose.

One of the pivotal variables in this system is the 
“aggressiveness factor.”17 The aggressiveness factor in 
certain model predictive control frameworks is an adjust-
able tuning parameter that gives relative weights to how 
“undesirable” it is to change the value of the manipulated 
variable away from a set point versus how undesirable the 
resulting predictions of the controlled variable are. In the 
case of the Hypo Minimizer algorithm, the manipulated 
variable is the insulin infusion amount, and its set point is 
the subject’s basal profile, which had been optimized prior 
to this study in consultation with the subject’s physician; 
the controlled variable is the glucose as measured by the 
CGM. Thus, the Hypo Minimizer’s aggressiveness factor 
is a parameter that affects the speed and magnitude of the 
insulin-dosing response, as calculated by a controller, to 
predictions of CGM levels.

The aim of this feasibility study was to evaluate the effect 
of the Hypo Minimizer’s aggressiveness factor on the auto-
mated insulin-delivery characteristics of the controller in 
response to CGM levels.

Methods

This nonrandomized, uncontrolled, feasibility study enrolled 
12 adults with type 1 diabetes at a clinical research center 
(CRC; Sansum Diabetes Research Institute [SDRI], Santa 
Barbara, CA) from July 16 to August 27, 2013. Participants 
were studied in closed-loop for approximately 24 hours, 
receiving 3 meals of 30-70 g carbohydrates (CHO) each, 
with matched insulin boluses administered at meal times.

This study abided by the principles of the Declaration of 
Helsinki, and received approval from the relevant institu-
tional review board (Compass Independent Review Board). 
All subjects provided written informed consent prior to study 
initiation.

Study Objectives

The primary objective was to evaluate the effect of the 
aggressiveness factor on the quantitative insulin-dosing 
characteristics of the Hypo Minimizer’s controller. The sec-
ondary objective was to evaluate the ability of the Hypo 
Minimizer to safely maintain glucose levels >70 mg/dl.

Participants and Study Design

Inclusion and exclusion criteria for participants and study 
design were similar to those previously described by Finan 
and colleagues.16 Briefly, adults with type 1 diabetes using 
an insulin infusion pump along with rapid-acting insulin 
and with an A1c <10% were enrolled. Prior to the CRC 
visit, individual participants’ pump settings, including basal 
rates and insulin-to-CHO ratios, were assessed and a CGM 
sensor was inserted. The Hypo Minimizer was assessed 
during the CRC visit, which lasted approximately 24 hours 
for each participant. Close clinical supervision and regular 
Yellow Springs Instruments (YSI) monitoring were per-
formed. The CGM was calibrated in accordance with the 
manufacturer’s instructions. A follow-up telephone call 
was conducted 24 hours after discharge.

Treatment Interventions

Treatment interventions included algorithm-initiated and 
investigator-initiated treatment for hypoglycemia. For algo-
rithm-initiated treatment for hypoglycemia, the Hypo 
Minimizer’s safety module includes warnings for imminent 
hypoglycemia, which advise considering ingesting 16 g of 
supplemental CHO. In this study, per protocol, the investiga-
tor administered the supplemental CHO at the time of the 
warning. For investigator-initiated treatment for hypoglyce-
mia, treatment interventions were given in the form of sup-
plemental CHO in the absence of a Hypo Minimizer System 
warning for hypoglycemia when the YSI indicated a glucose 
concentration <60 mg/dl. Due to the short duration of the 
intervention, no severe hyperglycemia was expected to 
occur; however, in the case of mild hyperglycemia, in this 
study defined as hyperglycemia not requiring protocol-man-
dated safety intervention, treatment consisted of additional 
insulin at the discretion of the investigator, to better ensure 
algorithm activity.

Investigational Device

The Hypo Minimizer consisted of an insulin pump 
(OneTouch® Ping® Glucose Management System, Animas 
Corporation, West Chester, PA)/CGM (Dexcom G4® Platinum 
CGM, Dexcom, Inc, San Diego, CA) system, regulated by a 
proprietary, investigational closed-loop algorithm run on the 
University of California Santa Barbara (UCSB)/SDRI 
Artificial Pancreas System (APS©) platform.18 The Hypo 
Minimizer algorithm included a zone model predictive con-
troller (zMPC; the “controller”)19 to control insulin delivery 
and a safety supervision module (SSM; the “safety module”) 
20,21 with built-in warnings for imminent hypoglycemia.

Based on new glucose data received from the CGM nom-
inally every 5 minutes, glucose and insulin data from the 
recent past, and internal model states, the Hypo 
Minimizer algorithm provided a prediction describing 
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the optimal glucose outcome for the near future by manipu-
lating near-future insulin delivery amounts. An insulin 
micro-bolus consisting of the dose determined to result in 
the best glucose outcome was delivered immediately. This 
process was repeated every 5 minutes.

Aggressiveness Factor

The primary parameter evaluated during this study was 
the aggressiveness factor, which affects how quickly and 
to what degree the controller responds to changes in glu-
cose. To investigate the effect of insulin-delivery charac-
teristics of the algorithm at the different aggressiveness 
factor values, 3 aggressiveness factor values were evalu-
ated: a “conservative” value, a “medium” value, and an 
“aggressive” value. Four participants were assigned to 
each of the 3 settings. In general, a “conservative” con-
troller will tend to adhere to the basal insulin delivery 
amount, unless the CGM indicates a severe excursion into 
hypoglycemia. An “aggressive” controller, on the other 
hand, will react more quickly to changing CGM levels, 
readily adjusting insulin delivery away from the basal 
amount to prevent modest predicted glucose excursions. 
The controller is designed to deliver only insulin doses 
that are corrective in nature; it is not designed to dose 
insulin that is directly related to CHO meals. As such, all 
“controller doses” reported in this study should be con-
strued as corrective doses.

This Hypo Minimizer is designed to have some redun-
dancy between the controller and the safety module.16 The 
safety module is not directly affected by the aggressiveness 
factor; therefore, the current analyses focus on the effect of 
the aggressiveness factor only on the controller.

Statistical Methods

This early-stage feasibility study was exploratory in nature, 
and thus never intended to be sufficiently powered to show 
statistically significant differences in glucose or insulin-
delivery metrics. Rather, it was intended to provide direc-
tional development guidance as part of our due diligence in 
designing the algorithm. To this end, the primary objective 
(to evaluate the effect of the aggressiveness factor on the 
quantitative insulin-dosing characteristics of the control-
ler) was evaluated for each aggressiveness factor subco-
hort (4 patients), in aggregate, using the CGM and YSI 
measurements, insulin infusion records, and logs of CHO 
meal consumption, as well as any other information col-
lected during these evaluations. A Statistical Analysis Plan 
was written and finalized prior to locking the final data-
base. All the summaries and analyses were performed 
using validated original software, commonly used com-
puter programs (eg, Matlab and Microsoft Excel), and SAS 
Version 9.1 or higher.

Results

Participant Characteristics

A total of 12 adults with type 1 diabetes were enrolled in the 
study and investigated in closed-loop. Participant character-
istics are shown in Table 1.

Effect of Aggressiveness Factor on Controller-
Calculated Insulin

Overall, a 79.4% reduction in insulin delivery during below-
threshold excursions (CGM <90 mg/dl) was observed with 
the Hypo Minimizer, relative to the basal rate the subject 
would have received in standard, open-loop conditions  
(0.21 vs 0.88 U/h). Regardless of the aggressiveness factor, 
the Hypo Minimizer algorithm took preemptive, insulin-
reducing action, prior to every below-threshold excursion; 
there were a total of 20 such preemptive actions taken  
(conservative: 6; medium: 6; aggressive: 8).

Table 2 shows the mean insulin dose calculated by the con-
troller relative to the corresponding basal rate, and the fre-
quency of samples for which the controller calculated an insulin 
delivery amount substantially (≥25%) lower than the corre-
sponding basal amount. As the controller is meant to minimize 
hypoglycemia, the metrics were calculated only when the 
CGM reading was decreasing from 1 sample to the next.

When the CGM was significantly higher than the LGT 
(defined as 120 <CGM ≤190 mg/dl) and decreasing (defined 

Table 1. Participant Characteristics (N = 12).

Characteristic  

Age, years, mean ± SD (range) 46.0 ± 10.9 (28.4-59.1)
Gender, n (%)
 Female 7 (58.3)
 Male 5 (41.7)
Ethnicity, n (%)
 Hispanic 1 (8.3)
 Non-Hispanic 11 (91.7)
Race, n (%)
 Asian 1 (8.3)
 White 11 (91.7)
Weight, lbs
 Mean ± SD (range) 163.7 ± 45.4 (107.8-276.0)
Body mass index, kg/m2

 Mean ± SD (range) 24.3 ± 4.7 (18.5-36.4)
Duration of type 1 diabetes, years
 Mean ± SD (range) 28.2 ± 12.2 (8.5-46.6)
Duration of pump use, years
 Mean ± SD (range) 10.8 ± 8.7 (1.4-32.6)
Hemoglobin A1c, %
 Mean ± SD 7.3 ± 1.0 (5.6-8.7)
 Range  
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as the current CGM value < the previous CGM value), the fol-
lowing insulin-dosing characteristics were observed. The con-
servative controller only minimally attenuated insulin dose, on 
average calculating 1.7% less insulin than the corresponding 
basal dose, and calculating substantial attenuation only 2.2% 
of the time (Table 2). When aggressiveness was increased to 
“medium” and “aggressive,” both the amount of insulin with-
held by the controller and the frequency of doses that were 
substantially attenuated increased. The aggressive controller 
calculated on average 9.8% less insulin than basal and attenu-
ated doses substantially 9.8% of the time (Table 2).

When the CGM was only marginally higher than the LGT 
(defined as 90 <CGM ≤120 mg/dl) and decreasing, indicating 
a potential near-future breach of the LGT, the trend in dose 
attenuation among the 3 aggressiveness factors was similar, 
though each of the controllers was significantly more active. In 
this region, the average insulin delivery amount calculated by 
the controller was 3.3%, 14.4%, and 19.5% less than the cor-
responding basal amount as the aggressiveness factor increased 
from conservative to medium to aggressive (Table 2). The fre-
quency of controller calculations resulting in substantial atten-
uation also increased with increasing aggressiveness.

When the CGM was at or marginally lower than the LGT 
(defined as 70 <CGM ≤90 mg/dl) and decreasing, the degree 
of activity was further increased for each of the controllers 
(Table 2). However, the aggressive controller actually with-
held less insulin (25.0%) than the medium controller (36.6%) 
and attenuated the dose less frequently (31.7% of the time vs 
43.8% for the medium controller). This counterintuitive 
result can likely be explained by the paucity of data at the 
low-glucose range observed in this small feasibility study, 
resulting in an increased effect of variability on the results.

Effect of Aggressiveness Factor on Glucose 
Metrics

The secondary objective of the study was related to the ability 
of the Hypo Minimizer to keep the subject’s glucose levels >70 
mg/dl. Table 3 shows the CGM and the YSI glucose results 

from the 12 subjects studied under closed-loop control. On 
average, very little closed-loop time was spent at glucose read-
ings <70 mg/dl (0.9% by CGM and 1.5% by YSI). Notably, 
only 0.4% and 0.3% of the overnight closed-loop time, defined 
as approximately 11:00 pm-7:00 am, was spent at levels <70 
mg/dl, as measured by CGM and YSI, respectively. For the 
overall period (which included 3 study meals), 68.3% of the 
time was spent between 70 and180 mg/dl according to CGM 
readings, while 70.0% of this time was spent in this same 
range according to YSI readings. For the overnight period, 
71.4% and 72.8% of the time was spent between 70 and 180 
mg/dl according to CGM and YSI readings, respectively.

Compared with the participants using the medium and 
aggressive settings, those with the conservative setting spent 
more time <70 mg/dl and less time in the normoglycemic 
range, both overall and overnight (Table 3). With the aggres-
sive setting, participants spent as much or less time <70 mg/
dl, both overall and overnight, as measured by both CGM and 
YSI; in fact, neither the medium nor aggressive controllers 
resulted in any time spent <70 mg/dl overnight, as measured 
by both CGM and YSI. In the overnight period, the aggres-
sive controller resulted in markedly more time spent in the 
normoglycemic range than the other 2 controllers (Table 3).

The median glucose values (Table 3) indicate that the par-
ticipants studied at the aggressive setting showed the lowest 
median glucose both overall and overnight, by CGM and 
YSI. Overnight, the aggressive setting showed medians of 
118 mg/dl by CGM and 116 mg/dl by YSI.

Figure 1 shows the median CGM tracing, with the inter-
quartile range (IQR), for the entire cohort. The median 
CGM tracing for all participants was almost entirely con-
tained within the desirable 70-180 mg/dl range. Furthermore, 
the IQR did not breach the lower threshold of 70 mg/dl.

Safety

Eight administrations of supplemental CHO were given to mit-
igate hypoglycemia (conservative: 1; medium: 3; aggressive: 
4); 6 were based on algorithm recommendations. Of the other 

Table 2. Insulin Delivery Calculations by Algorithm Aggressiveness Factor.

Glucose range and criteria Insulin delivery metric

Aggressiveness factor value (%)

Conservative Medium Aggressive

Significantly higher than the 
LGT, 120 <CGM ≤ 190 mg/dl, 
decreasing

Average insulin delivery calculated by controller 
(relative to corresponding basal amount)

−1.7 −3.0 −9.8

Frequency of attenuationa 2.2 4.3 9.8
Marginally higher than the 
LGT, 90 < CGM ≤ 120 mg/dl, 
decreasing

Average insulin delivery calculated by controller 
(relative to corresponding basal amount)

−3.3 −14.4 −19.5

Frequency of attenuationa 5.3 14.4 20.3
At or marginally lower than the 
LGT, 70 < CGM ≤ 90 mg/dl, 
decreasing

Average insulin delivery calculated by controller 
(relative to corresponding basal amount)

−6.4 −36.6 −25.0

Frequency of attenuationa 11.5 43.8 31.7

aThe percentage of controller recommendations that were substantially less than the corresponding basal amount (by at least 25%).
CGM, continuous glucose monitor; LGT, low glucose threshold.
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2 administrations, 1 was in response to a YSI reading <70 mg/
dl (YSI 56.2 mg/dl; CGM 76 mg/dl), and the other was at the 
discretion of the investigator. One algorithm recommendation 
was ignored at the discretion of the investigator.

There were no protocol-defined glucose-related safety 
events (severe diabetic ketoacidosis or severe hypoglycemia). 
There were 16 total “treatments” for mild hyperglycemia (con-
servative: 2; medium: 7; aggressive: 7), which consisted of 
small corrective boluses given at the investigator’s discretion to 
reduce glucose to better ensure algorithm activity.

CGM-Related Issues

Two device malfunctions were reported. In both cases, 
there was a loss of wireless communication between the 

CGM and the controller. For 1 subject, the device was restarted 
within 3 hours. For the other subject, after 2 failed attempts 
to restart the system, a new computer was used to restart the 
closed-loop within 2 hours. For both subjects, a correction 
bolus was administered to compensate for the missing basal 
insulin during the interruption.

Discussion

Results of this study demonstrated that the Hypo Minimizer was 
able to take preemptive action to prevent hypoglycemia based 
on predicted changes in glucose levels as measured by CGM. 
These predictions of hypoglycemia were evidenced by the con-
troller’s actions, which consisted of reducing insulin delivery 

Table 3. Glucose Control Metrics by Algorithm Aggressiveness Factor Based on CGM and YSI.

Range

Closed-loop glucose control metrics

Overall Overnight (approx. 11:00 pm-7:00 am)

Conservative 
(n = 4)

Medium  
(n = 4)

Aggressive 
(n = 4)

All subjects 
(n = 12)

Conservative 
(n = 4)

Medium 
(n = 4)

Aggressive 
(n = 4)

All subjects 
(n = 12)

CGM
Time spent <70 mg/dl (%) 1.3 1.1 0.4 0.9 1.3 0.0 0.0 0.4
Time spent 70-180 mg/dl (%) 60.9 73.0 71.0 68.3 64.7 66.5 83.0 71.4
Median glucose (mg/dl) 154 149 133 148 136 166 118 149
YSI
Time spent <70 mg/dl (%) 0.8 3.3 0.3 1.5 0.8 0.0 0.0 0.3
Time spent 70-180 mg/dl (%) 63.3 73.0 73.8 70.0 67.8 69.9 80.7 72.8
Median glucose (mg/dl) 152 144 137 145 129 157 116 141

CGM, continuous glucose monitor; YSI, Yellow Springs Instruments.

Figure 1. Median CGM tracing shown with the IQR for the entire cohort (N = 12). The shaded area is the approximately 
normoglycemic range of 70-180 mg/dl. CGM, continuous glucose monitor; IQR, interquartile range.
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rates below the subjects’ corresponding preprogrammed basal 
rates in the times leading up to low glucose levels.

The primary objective of this study was to evaluate the 
effect of the aggressiveness factor on the quantitative insu-
lin-dosing characteristics of the Hypo Minimizer’s controller. 
Differences in insulin-dosing characteristics were observed 
with the 3 aggressiveness factors. Typically, with increasing 
aggressiveness, the controller reduced insulin relative to 
basal more quickly and with greater magnitude and fre-
quency in anticipation of a potential breach of the LGT. By 
both CGM and YSI, the aggressive setting resulted in the 
least amount of time spent below the 70 mg/dl threshold 
overall (0% for overnight) and the most time spent in the 
70-180 mg/dl range, particularly overnight. Moreover, the 
aggressive setting resulted in the lowest median glucose 
regardless of measurement device and time range. This find-
ing is relevant in that it shows (albeit in this small study) that 
the relatively aggressive insulin-reducing action did not 
result in a trade-off of higher glucose values, as might have 
been expected. Therefore, the most aggressive setting was 
found to be the most feasible for further investigation.

Preemptive insulin-reducing action was taken prior to 
every below-threshold excursion for all 3 aggressiveness 
factors. Overall, the most aggressive controller attenuated 
doses most frequently, and decreased the delivered dose 
most compared to the corresponding basal amount; however, 
in the glucose region just below the LGT, the aggressive con-
troller withheld less insulin (25.0% vs 36.6%) and attenuated 
the dose less frequently (31.7% vs 43.8% of the time) than 
the medium controller. These counterintuitive results are 
probably due to sample sizes that were relatively small and 
therefore susceptible to effects of variability in individual 
subject’s in-clinic data, particularly at the low-glucose range.

This study is limited primarily by the small sample size, 
relatively short observation period, and use of an artificial, 
sedentary CRC-based environment. In addition, the study 
was exploratory in nature and was not statistically powered 
to show reductions in hypoglycemia metrics; however, the 
insulin-delivery characteristics of the controller were ana-
lyzed formally and found to demonstrate feasibility for fur-
ther product development.

Recent evidence suggests that the psychological and physi-
cal benefits of a closed-loop system outweigh practical chal-
lenges, when used overnight at home.22 If the efficacy and safety 
of the current system can be demonstrated in an outpatient set-
ting, it has the potential to substantially improve the lives of 
individuals with type 1 diabetes. The system could potentially 
reduce the occurrence of hypoglycemia, particularly nocturnal 
hypoglycemia (in this study, 0% of overnight time was spent 
below 70 mg/dl with the medium and aggressive settings). In 
addition, it could help individuals with type 1 diabetes maintain 
normoglycemia and achieve their therapeutic goals.

In principle, a closed-loop system such as this one may be 
made more effective by tailoring controller aggressiveness to 
the individual, even in a recursive, adaptive framework. The 

appropriate aggressiveness factor would depend on the 
accuracy of the model predictions. Model predictions that 
accurately predict the trajectory of a particular subject’s glu-
cose should beget a very aggressive controller, while model 
predictions that show some mismatch in its predictions—
while still useful—should beget a conservative controller 
that “hedges its bets” by responding only to large, compel-
ling fluctuations in glucose. Assessing the accuracy of the 
model predictions in real time is in many cases impossible 
due to the nature of the controller, which continuously adjusts 
insulin dose, thereby effectively changing the predicted 
future from one given sample to the next. However, predic-
tive accuracy may be assessed retrospectively in recent his-
tory, providing an indication of how the model predictions 
may be performing currently. CGM sensor accuracy is 
another crucial input to the accuracy of the model predic-
tions, which may be similarly evaluated for the recent history 
via comparisons to, for example, finger-stick readings. More 
research is warranted to determine the feasibility of this next 
level of sophistication.

Conclusions
The objectives of this feasibility study were met; these included 
showing the ability of the Hypo Minimizer to respond by varying 
insulin infusion rates based on closed-loop CGM glucose levels in 
an attempt to keep glucose levels above a specified threshold. The 
aggressive setting of the controller was found to have the most 
desirable attributes related to its tendency to reduce or suspend 
insulin within the appropriate CGM context.
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