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Original Article

The ideal aim of closed loop insulin delivery is to normalize 
plasma glucose without increased exposure to hypoglycemia. 
To date, in-clinic and outpatient studies have demonstrated that 
closed loop insulin delivery reduces overall time spent in a 
hypoglycemic range.1-3 Closed loop therapy has also been 
shown to reduce hypoglycemia exposure in specific scenarios 
that are likely to precipitate hypoglycemia, for example exer-
cise,4 and alcohol consumption5 when compared to standard 
insulin pump therapy. These were short term in-clinic studies, 
and severe hypoglycemia remains a risk during automated insu-
lin delivery in free living patients. Exercise is particularly prob-
lematic because of the rapid falls in glucose that may develop 
and the inherent delay in response in current unihormonal artifi-
cial pancreas (AP) systems due to sensor function and subcuta-
neous insulin delivery. The combination of an overreading 
sensor and exercise may be particularly problematic and result 

in severe hypoglycemia. To counter these risks, limits to insulin 
delivery were generated and embedded in a hybrid closed loop 
insulin delivery algorithm. This study aimed to test the effec-
tiveness of this strategy by challenging the performance of a 
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Abstract
Background: Hypoglycemia remains a risk for closed loop insulin delivery particularly following exercise or if the glucose 
sensor is inaccurate. The aim of this study was to test whether an algorithm that includes a limit to insulin delivery is effective 
at protecting against hypoglycemia under those circumstances.

Methods: An observational study on 8 participants with type 1 diabetes was conducted, where a hybrid closed loop system 
(HCL) (Medtronic™ 670G) was challenged with hypoglycemic stimuli: exercise and an overreading glucose sensor.

Results: There was no overnight or exercise-induced hypoglycemia during HCL insulin delivery. All daytime hypoglycemia 
was attributable to postmeal bolused insulin in those participants with a more aggressive carbohydrate factor.

Conclusion: HCL systems rely on accurate carbohydrate ratios and carbohydrate counting to avoid hypoglycemia. 
The algorithm that was tested against moderate exercise and an overreading glucose sensor performed well in terms of 
hypoglycemia avoidance. Algorithm refinement continues in preparation for long-term outpatient trials.
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hybrid closed loop system under conditions of overreading glu-
cose sensor, exercise and both combined. This study was purely 
exploratory with no comparator and no specific endpoint. We 
report the results of a 4-day (and 3-night) in-clinic study using a 
hybrid closed loop system in patients with type 1 diabetes, when 
the continuous glucose monitoring data were intentionally cali-
brated to overread true blood glucose values, alone and then in 
combination with exercise.

Methods

Study Design/Subjects

An in-clinic 4 day (and 3 night) observational study in 8 par-
ticipants with type 1 diabetes (see Figure 1). Inclusion crite-
ria were (1) type 1 diabetes greater than 2 years, (2) insulin 
pump therapy for at least 6 months, (3) HbA1c <9%, and (4) 
age 12-50 years. Ethics was granted by the Princess Margaret 
Hospital for Children Ethics Committee, and the trial is reg-
istered (ACTRN12614001005640).

Hybrid Closed Loop System

The components of the hybrid closed loop system (HCL) 
were the Minimed Medtronic’s next generation insulin pump 
(670G) and fourth-generation glucose sensor (Enlite III). 
The insulin pump housed a hybrid closed-loop algorithm 
comprised of a modified PID controller with an insulin feed-
back component, and additional safety settings—primarily a 
maximum delivery rate. This maximum delivery rate is a 
function of the total daily dose, requires a sensor glucose 
value and insulin delivery profile. It is recalculated every 24 
hours, and therefore has the ability to adapt. Micro boluses of 
insulin were delivered every 5 minutes according to the 

algorithm output representing “basal” insulin delivery. Meals 
were announced by entering the carbohydrate content of the 
food and a capillary blood glucose level for which an insulin 
bolus was delivered according to the participant’s individual-
ized carbohydrate ratio and insulin sensitivity factor (correc-
tion factor). The controller gains and the safety thresholds of 
the system were determined based on a minimum of 2 days 
of historical insulin and sensor data from the pump. This is 
automatically updated every 24 hours, and hence is adaptive 
to changing insulin requirements. The glucometer used was 
the Contour® next link 2.4 from Bayer.

Study Protocol (Figure 1)

All participants had insulin pump settings optimized with 6 
days of sensor augmented pump therapy and clinical review 
prior to the study. Optimization was from a single clinician 
(MDB) interpreting the data and changing insulin pump set-
tings in a patient-centered approach. Participants underwent 
an incremental exercise test to determine their peak rate of 
oxygen consumption (VO

2
 peak). This test involves cycling 

on an ergometer (Lode, Corival; InMed Pty Ltd, Seven Hills, 
NSW, Australia) at a fixed cadence against a resistance that 
increases every 3 minutes until the participant can no longer 
sustain the required workload. The initial workload was set 
at 50 W and increased in 25 W increments. During the test, 
the expired air of the participants was collected and analyzed 
using an indirect calorimetry system (Vmax Spectra; 
SensorMedics Corp, Yorba Linda, CA, USA).

At least 48 hours of insulin requirements were col-
lected on to the HCL insulin pump by duplicating the par-
ticipants’ regular insulin pump settings (basal rates, 
carbohydrate ratio, and insulin sensitivity factor), and 
then instructing the study participants to duplicate all 

Figure 1.  Study protocol flow diagram.
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insulin pump actions they entered into their own pump, on 
to the HCL pump. The “carbohydrate factor” was calcu-
lated for each participant (carbohydrate factor = individu-
alized carbohydrate ratio × total daily dose) so that the 
aggressiveness of the carbohydrate ratios could be com-
pared between participants—which is particularly useful 
if patients are on a low carbohydrate diet. Typically the 
carbohydrate factor is 500 when patients begin carbohy-
drate counting but changes with time with individual 
requirements. A low carbohydrate factor would deliver 
more insulin for ingested carbohydrate (a more aggressive 
carbohydrate ratio with respect to total daily dose) and a 
high value would deliver less insulin for ingested carbo-
hydrate (a less aggressive carbohydrate ratio with respect 
to total daily dose). Participants were not physically 
attached to the HCL insulin pump during this period as it 
was an investigation device at the time. Participants 
started the in-clinic phase only if the total daily doses 
between their own pump and the HCL insulin pump were 
>95% concordant to ensure the controller gains and the 
safety thresholds of the HCL were appropriate for the 
individual. Participants were instructed to avoid extreme 
physical exercise in the 48 hours prior to the in-clinic 
phase.

Participants presented fasted to the Clinical Children’s 
Research Facility at 7:30 am on the day of the in-clinic phase.

On day 1, participants had an IV cannula inserted, and 
the HCL pump was then attached to the participant, and 
HCL (Automode) initiated. Food intake was unrestricted 
throughout the study, and was bolused for using the par-
ticipant’s individual carbohydrate ratio. Capillary blood 
glucose values were taken prior to each meal, and prior 
to sleep, and once overnight, and the sensor calibrated 
with each blood glucose level (at least 6 times per day). 
Auto-calibration was disabled in anticipation of the 
requirement to artificially calibrate the sensor on day 2. 
Plasma glucose was taken every 30 minutes for 2 hours 
after each meal, hourly during waking hours, and 2 
hourly overnight.

On day 2, the glucose sensor was artificially overcali-
brated by entering glucose values 20% greater than the true 
capillary glucose value. Bolus delivery was calculated using 
the normal blood capillary blood glucose value. The associa-
tion between the plasma glucose and sensor glucose was then 
monitored, and the sensor calibrated with each capillary glu-
cose time point in an attempt to keep it 20% greater than the 
plasma value.

On day 3, the sensor overcalibration was maintained. 
Food was restricted on day 3 to ensure that lunch was 
given at noon, with no additional food until exercise 4 
hours later. At 4:00 pm, participants exercised at 55% of 
their previously ascertained peak V0

2
 on a stationary bicy-

cle for 45 minutes. Plasma glucose and lactate were mea-
sured every 15 minutes during exercise. Overcalibration 
continued all night.

On day 4, the sensor was changed (during closed loop the 
HCL insulin pump delivers a predetermined safe basal rate 
for up to 1.5 hours before reverting to open loop settings 
while it waits for a new sensor value to become available). 
The study ended at 4:00 pm on day 4.

Throughout the study, plasma glucose values were taken 
every 20 minutes if the glucose value was <72 mg/dL. 
Participants were treated for hypoglycemia if the plasma glu-
cose was <62 mg/dL, or if they felt hypoglycemic above this 
value. The primary outcome was hypoglycemic events, 
defined as plasma glucose <62 mg/dL. Hypoglycemia events 
were checked for their temporal association with an insulin 
bolus for carbohydrate ingestion, and time since the algo-
rithm delivery insulin.

Results

Eight participants (3 male, 5 female) completed the study. 
Mean age was 18 years (range 14-36), mean HbA1c was 
7.9% (range 6.3-8.8). One participant did not complete the 
study due to failure of the glucose sensor and came out of 
closed loop function on day 3 immediately prior to the 
exercise phase (and is excluded from data analysis). 
Demographic and clinical data are presented in Table 1. 
Overall, the mean plasma glucose was 148 ± 14 mg/dL. 
Percentage time in plasma glucose ranges <72 mg/dL, 
72-144 mg/dL, 72-180 mg/dL, 180-270 mg/dL, and >270 
mg/dL were 1.5 ± 1.4%, 50.9 ± 11.6%, 75.2 ± 10.3%, 22.0 
± 10.5%, and 1.3 ± 1.6%, respectively. There were 9 hypo-
glycemic events (plasma glucose <63 mg/dL) during the 
study. The distribution of these events is shown in Table 2. 
Individual patient CGM, YSI glucose, and insulin deliv-
ery data over the entire study are presented in the supple-
mentary material.

On day 1 (no hypoglycemic stimuli), there were 2 
hypoglycemic events. Both of these events occurred in a 
single participant, and were closely related to an insulin 
bolus for ingested carbohydrate (15 and 65 minutes after 
bolus), no algorithm calculated insulin had been delivered 
for 105 and 70 minutes prior to the hypoglycemia respec-
tively. There was no overnight hypoglycemia on the first 
night.

On day 2 (overreading sensor), there were 3 hypoglyce-
mic events in 2 participants. As observed in day 1, the hypo-
glycemic events were closely related to an insulin bolus 
delivered for an ingested meal (120, 140 and 185 minutes 
after bolus), and no algorithm calculated insulin had been 
delivered for 55, 65, and 110 minutes prior to the hypoglyce-
mia, respectively. There was no hypoglycemia on the second 
night.

On day 3 (overreading sensor, and afternoon exercise) 
there were 3 hypoglycemic events that occurred in 3 par-
ticipants. One event proceeded exercise, and occurred 136 
minutes after an insulin bolus for carbohydrate, and no 
algorithm calculated insulin had been delivered for 184 



de Bock et al	 71

minutes. One event occurred 305 minutes after exercise, 
121 minutes after an insulin bolus, and no algorithm cal-
culated insulin had been delivered for 70 minutes. The 
third event occurred after exercise and at night, however 
this occurred after the participant exited closed loop due 
to a pump site failure and resultant hyperglycemia that 
was corrected with a manual bolus of insulin (50% of the 
suggested correction according to the patient insulin sen-
sitivity factor). The mean plasma glucose at the beginning 
of exercise was 137 mg/dL (range 85 to 236). The mean 
fall in blood glucose during the 45 minutes of exercise 
was 38 mg/dL (range −2 to 68). On day 2 and day 3, dur-
ing the sensor overcalibration period, the mean sensor 
glucose overread achieved was 14% above the plasma 
glucose value.

On day 4 (sensor change), there was no hypoglycemia.
Examining the temporal relationship between bolused insu-

lin and hypoglycemia, it was noted that participants who expe-
rienced daytime hypoglycemia had a carbohydrate factor lower 
(mean 353, range 328-399) than those who did not experience 
daytime hypoglycemia (mean 462, range 413-550)

Discussion

The results demonstrate that the insulin limit strategy was 
effective in avoiding overnight and exercise-induced 
hypoglycemia even in the presence of an overreading glu-
cose sensor. The hypoglycemia events observed were 
related to excessive meal boluses. Avoidance of overnight 
hypoglycemia and exercise-induced hypoglycemia even 
with an overcalibrated sensor confirmed the effectiveness 
of the strategy. Observation that time in target range was 
75%, demonstrated that insulin limits did not compromise 
control.

Hypoglycemia was always observed during the daytime 
and related to the meal bolus. The individual carbohydrate 
ratios varied between patients for different times of the day, 
depending on the patient’s insulin requirement (range 1 unit 
for 6 grams to 1 unit for 15 grams). Using a carbohydrate 
factor (carbohydrate ratio × TDD) is a useful way to compare 
patients. The relationship between hypoglycemic events and 

bolused insulin for meals is highlighted by a clear separation 
with only participants having a carbohydrate factor < 400 
experiencing hypoglycemia. Review of carbohydrate ratios 
and education on accurate carbohydrate counting are there-
fore still important when using HCL systems. Premeal blood 
glucose level did not predict subsequent hypoglycemia, and 
therefore any correction for hyperglycemia according to the 
patient insulin sensitivity factor did not contribute to the 
hypoglycemic events.

The average cessation of insulin prior to hypoglycemia 
was 110 minutes, but cessation of insulin delivery alone was 
unable to prevent the hypoglycemic event. HCL systems are 
reliant on a preset carbohydrate ratio, therefore if this setting 
is too aggressive (as seen in this study), hypoglycemia is 
more likely.

Exercise-induced hypoglycemia is a significant chal-
lenge for people with type 1 diabetes, and is a major con-
tributor to low rates of physical activity in this population. 
Many strategies and position statements have been pub-
lished describing strategies to reduce this risk—which 
include eating carbohydrate, reducing insulin, and using 
sprints.6,7 Application of this in real life, when exercise can 
be spontaneous, is challenging. The observation of no exer-
cise-induced hypoglycemia using this HCL system (even 
with an overcalibrated sensor) suggests that it may help 
patients exercise with renewed confidence.

The performance of the fourth-generation sensor in 
terms of accuracy can not be defined in this study. 
Typically, sensors oscillate between under- and overread-
ing from a reference glucose value (plasma sample or 
glucometer), hence the absolute value is used to express 
the mean absolute relative difference (MARD). In this 
study, we artificially calibrated the sensor to only over-
read. The 14% overread that we sustained would there-
fore correlate to a much higher MARD in practice (as any 
underreading values would add to this). Recent literature 
reported a 12.6 ± 11.0% MARD using the same sensor.8 
The implication is that while we simulated a hypothetical 
situation of sustained glucose sensor overread, this (1) is 
unlikely to occur in real-world scenarios and (2) suggests 
that sensor accuracy is currently robust enough to not 

Table 1.  Demographics.

Participant Sex HbA1c Age (years)
Length of 

diabetes (years) BMI (kg/m2)

Total daily dose 
(U/kg/d) (mean last 

5 days)
Carbohydrate 
ratio (mean)

Carbohydrate 
factor

Insulin sensitivity 
factor (correction 

factor)

1 M 6.3 14 3 17.8 0.83 8 424 2.2
2 M 8.0 18 8.4 28.9 0.96 4 328 1
3 F 7.9 14 2.6 22.3 0.91 7 413 1.8
4 F 7.1 17 2.5 26.3 0.70 7 350 2
5 F 8.3 18 9 28.4 0.44 9 333 2.3
6 M 8.5 36 23 29.1 0.85 6.8 551 1.5
7 F 8.8 16 6.2 26.9 1.02 6 462 1.5
8 F 7.1 14 9.5 24.2 0.79 8.5 400 3
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contribute to hypoglycemia. The caveat to this is short-
term very poor accuracy; however, the Medtronic HCL 
system has built-in safety that monitors for extreme sen-
sor discordance, and automatically exits the closed loop 
function.

This study has a major limitation with respect to having 
no comparator. Nevertheless, this study was not designed 
to compare the HCL system to standard pump therapy with 
respect to hypoglycemia reduction, as this has been shown 
in numerous inpatient and outpatient studies. The purpose 
was to explore the performance of the algorithm with a 
view to modifying parameters within it, and also to uncover 
important lessons while we prepare for a long-term outpa-
tient trial.

Conclusions

We conclude that (1) algorithm refinement for this HCL system 
continues to be required in preparation for long-term home tri-
als, (2) HCL systems that rely on accurate carbohydrate count-
ing and appropriate carbohydrate ratios are vulnerable to 
daytime hypoglycemia and therefore clinical review and 
patient education will remain important, and (3) avoidance of 
hypoglycemia during exercise suggests that closed loop sys-
tems should give patients renewed confidence to exercise and 
therefore benefit from a more active lifestyle. Future studies to 
compare the HCL systems against currently available technol-
ogy such as the “predictive low glucose suspend”9 function are 
required to demonstrate incremental improvement and are 
occurring in long-term outpatient trials currently.
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