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Introduction

Poor glycemic control is associated with an increased risk of 
both life-threatening acute and chronic complications in 
patients with type 1 diabetes (T1D). Improving glycemic 
outcomes in patients with T1D remains challenging despite 
advances in diabetes care; moreover, only a small subset of 
patients meets the American Diabetes Association’s recom-
mended targets.1 Recent technological innovations used in 
diabetes management include such systems as continuous 
glucose monitor (CGM), sensor-augmented insulin delivery, 
and associated automated insulin delivery (AID) systems. 

AID systems, or closed-loop systems, consist of three main 
components: a CGM, a control algorithm that makes auto-
mated insulin dosing decisions based on real-time CGM 
glucose values, and an insulin pump. Evidence shows that 
AID improves glycemic control, that is, increases time in 
range and decreases the risk of hypoglycemia.2-4 These sys-
tems are expected to be the standard of care for patients with 
T1D in the near future and to decrease the burden of diabe-
tes. Although the use of CGMs and pumps is increasing in 
the T1D population, there are many people with T1D who do 
not use these technologies for a variety of reasons including 
body image, compatibility with sports, the potential 
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Abstract
Background: We investigated the potential benefits of automated insulin delivery (AID) among individuals with type 1 
diabetes (T1D) in sub-populations of baseline device use determined by continuous glucose monitor (CGM) use status and 
insulin delivery via multiple daily injections (MDI) or insulin pump.

Materials and Methods: In a six-month randomized, multicenter trial, 168 individuals were assigned to closed-loop control 
(CLC, Control-IQ, Tandem Diabetes Care), or sensor-augmented pump (SAP) therapy. The trial included a two- to eight-
week run-in phase to train participants on study devices. The participants were stratified into four subgroups: insulin pump 
and CGM (pump+CGM), pump-only, MDI and CGM (MDI+CGM), and MDI users without CGM (MDI-only) users. We 
compared glycemic outcomes among four subgroups.

Results: At baseline, 61% were pump+CGM users, 18% pump-only users, 10% MDI+CGM users, and 11% MDI-only users. 
Mean time in range 70-180 mg/dL (TIR) improved from baseline in the four subgroups using CLC: pump+CGM, 62% to 73%; 
pump-only, 61% to 70%; MDI+CGM, 54% to 68%; and MDI-only, 61% to 69%. The reduction in time below 70 mg/dL from 
baseline was comparable among the four subgroups. No interaction effect was detected with baseline device use for TIR 
(P = .67) or time below (P = .77). On the System Usability Questionnaire, scores were high at 26 weeks for all subgroups: 
pump+CGM: 87.2 ± 12.1, pump-only: 89.4 ± 8.2, MDI+CGM 87.2 ± 9.3, MDI: 78.1 ± 15.

Conclusions: There was a consistent benefit in patients with T1D when using CLC, regardless of baseline insulin delivery 
modality or CGM use. These data suggest that this CLC system can be considered across a wide range of patients.
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complexity of the systems, and increased daily hassles with 
inserting devices and alarms. One of the additional barriers 
to the use of AID systems is not wanting to give up control of 
the diabetes management to an algorithm.5 It is also known 
that not every user benefits equally from using these sys-
tems.6 Therefore, the chosen technology must be individual-
ized according to patients’ needs and skill levels. The 
initiation and success of any technology is always contingent 
upon the patient’s perception that the technology is safe, reli-
able, and effective.

We recently published the results of the International 
Diabetes Closed-Loop (iDCL) trial, a randomized clinical 
trial testing the efficacy and safety of the Control-IQ system 
(Tandem Diabetes Care) compared with sensor-augmented 
pump (SAP) therapy.7 Control-IQ is an advanced hybrid 
closed-loop system that adjusts basal insulin delivery based 
on 30-minute predicted glucose levels and includes a hypo-
glycemia safety module, as well as automated correction 
boluses. Premeal boluses remain a requirement for this 
hybrid system which was approved for clinical use by the 
FDA in December 2019.

The use of the closed-loop system in this six-month trial 
involving patients with T1D was associated with an overall 
significant improvement in glucose control compared with 
sensor-augmented insulin pump use. The benefits of using 
this technology in patients without previous knowledge of 
such devices have not been fully assessed. During enroll-
ment, we intentionally recruited a proportion of subjects who 
were not currently using one or more components (prespeci-
fied 20% each CGM nonuse and pump nonuse, that is, mul-
tiple daily injections (MDI) with and without CGM) of an 
AID system. In this analysis, we assess the benefit of the 
closed-loop system, the acceptance of this technology, and 
the durability of use in these subgroups.

Research Design and Methods

Participants

For this secondary analysis, the aim was to assess the bene-
fits of AID in baseline device use subpopulations enrolled 
into the six-month multicenter iDCL trial.7 One hundred and 
sixty-eight individuals between 14 and 71 years of age with 

T1D participated in this study across seven clinical sites. All 
had T1D for ≥one year without a restriction on hemoglobin 
A1c (HbA1c). To collect baseline data, the trial began with a 
two- to eight-week run-in phase (with the duration depen-
dent on baseline pump and CGM use status and comfort 
level with devices during the run-in). Insulin pump nonusers 
were defined as using MDI as their method of treatment prior 
to starting the study. CGM nonusers were defined as not 
using a CGM in the prior 14 days.

Participants were randomized 2:1 to closed-loop control 
(CLC) using Tandem Control-IQ or SAP. SAP participants 
used either their personal pump with the study Dexcom G6 
CGM, or, if on MDI therapy, were trained on a Tandem pump 
without a low-glucose suspension feature and a Dexcom G6 
CGM.7 The participants who were already using a Dexcom 
CGM and an insulin pump could skip the run-in period. After 
randomization, each participant in the CLC group was 
trained on use of the Control-IQ system.

Closed-Loop System

The system consisted of an insulin pump (t:slim X2 insulin 
pump with Control-IQ Technology, Tandem Diabetes Care) 
and a CGM (Dexcom G6, Dexcom). Dexcom G6 does not 
require calibration. For participants randomized to the 
closed-loop arm who used MDI before the study (pump non-
users), use of the pump was initiated during the run-in phase 
with the pump connected to a Dexcom G6 CGM, but without 
a low-glucose suspension feature.

Human factor testing was evaluated by using the System 
Usability Scale, a ten-item technology-agnostic question-
naire that measures the perceived usability of a system,8 as 
well as technology acceptance and expectations question-
naires. All the participants and the parents of adolescents 
completed the INSPIRE survey which measures user experi-
ence with AID technologies.9

Statistical Analysis

Given the study was not powered for this subanalysis, 
descriptive statistics are provided with no statistical tests to 
compare groups. For the purpose of this analysis, the 
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participants were stratified into four subgroups: those already 
using an insulin pump and CGM at enrollment (pump+CGM), 
pump-only users (pump-only), MDI and CGM users 
(MDI+CGM), and MDI users without CGM (MDI-only). 
Outcomes were summarized as mean ± standard deviation 
or median [interquartile range, IQR] depending on the distri-
bution of data.

The interaction tests of percent time in target range 70-180 
mg/dL (TIR), percent time above 180 mg/dL, HbA1c, mean 
glucose, and percent time below 70 mg/dL with the four sub-
groups were prespecified in the Protocol Statistical Analyses 
Plan, and the results generated prior to this study. Modification 
of the treatment effect by baseline subgroups was assessed 
by including an interaction term in a linear mixed effects 
regression model that compared the outcome between the 
two treatment groups while adjusting for the baseline level of 
the dependent variable, age, previous use of a CGM and 
pump, and clinical center (random effect). All P values are 
two-tailed. Analyses were performed using SAS 9.4.

Results

Participants’ Characteristics

A total of 168 participants were randomly assigned to either 
the closed-loop group (112 participants) or the control group 
(56 participants) in a 2:1 randomization scheme.7 All partici-
pants completed the trial. In the previously reported primary 
analysis, the mean TIR was higher in the CLC group com-
pared with SAP with 2.6 more hours per day spent in target 
range with CLC. At enrollment there were 102 participants 
using pump+CGM, 31 using pump only, 16 using MDI and 
CGM, and 19 using MDI only therapy (Table 1). In the 
pump-only subgroup, seven of the 31 had no prior CGM use 
and 24 had previous (but not current) CGM use; in the MDI-
only subgroup, seven of the 19 had no prior CGM use and 12 
had previously used CGM. Baseline characteristics includ-
ing age, gender, diabetes duration, income, race, and ethnic-
ity were comparable among the subgroups.

Glycemic Outcomes

Table 2 summarizes the TIR at baseline and at the 26-week 
follow-up in the CLC and SAP arms for the four device sub-
groups. All subgroups had increased TIR in the CLC arm at 
26 weeks compared with baseline, whereas TIR in the SAP 
arm was similar at baseline and 26 weeks. The improvements 
in TIR in the CLC group compared with the SAP group 
among all four subgroups are evident between 1 a.m. and 
8 a.m. (Figure 1).

Additional glycemic outcomes including time spent in 
hyperglycemia and hypoglycemia, glycemic variability, and 
mean glucose were improved in the CLC group and gener-
ally were comparable among the four subgroups assigned to 
SAP. In the CLC group, HbA1c decreased from baseline to 

week 26 in all subgroups while showing mixed results in the 
subgroups assigned to SAP (Table 2).

There was no interaction effect with baseline device use 
for TIR (P=0.67), time above 180 mg/dL (P = .50), HbA1c 
(P = .43), mean glucose (P = .21), or time below 70 mg/dL 
(P = .77).

Glucose Monitoring, System Use, and Adverse 
Events

Median percentage of CGM use over the 26-week trial was 
similar among the four subgroups for both SAP and CLC: 
pump+CGM (96% and 98%), pump-only (94% and 98%), 
MDI+CGM (96% and 98%), and MDI-only (92% and 98%).

In the CLC group, all users attained high rates of closed-
loop use. The median percentage of time the system was in 
closed-loop mode was 92% (IQR: 90%-94%) in the 
pump+CGM group, 91% (86%-95%) in the pump-only 
group, 94% (89%-95%) in the MDI+CGM group, and 91% 
(88%-95%) in the MDI-only group. Reported device issues 
were similar in all four subgroups. Among closed-loop users, 
seven participants out of 102 (7%) in the pump+CGM group 
reported a total of eight episodes involving hyperglycemia 
with ketosis, including one diabetic ketoacidosis (DKA).
Three participants out of 31 (10%) reported an episode of 
hyperglycemia with ketosis in the pump-only group, none 
out of 16 in the MDI+CGM group, and two out of 19 (11%) 
in the MDI-only group.

The results of the Technology Expectation survey were 
similar in all four subgroups at baseline. The mean total 
scores were 145 ± 17 for pump+CGM, 152 ± 20 for pump-
only, 149 ± 16 for MDI+CGM, and 143 ± 27 for MDI-only. 
There was an increase between baseline Technology 
Expectations scores and follow-up Technology Acceptance 
scores in the pump+CGM group (157 ± 18), pump-only 
group (159 ± 16), and MDI+CGM group (156 ± 21). 
However, the MDI-only group did not show an increase in 
their score (141 ± 22). On the System Usability Questionnaire, 
scores were high at 26 weeks for all subgroups: 87.2 ± 12.1 
for pump+CGM, 89.4 ± 8.2 for pump-only, 87.2 ± 9.3 for 
MDI+CGM, and the lowest score of 78.1 ± 15 for the MDI-
only subgroup. The results of the INSPIRE survey were sim-
ilar in all four subgroups at baseline as well as the end of the 
study among adolescents, adults, and parents.

Discussion

This multicenter randomized control clinical trial (RCT) 
showed a consistent benefit in participants with T1D when 
using CLC, similar to the results of the overall RCT, regard-
less of baseline insulin delivery modality or CGM use. These 
data suggest that this CLC system can be considered across a 
wide range of patients. One of the strengths of this study is 
that it was designed to be broadly inclusive to represent the 
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larger population living with T1D. Unlike other studies, we 
recruited a wide age range of participants without consider-
ing HbA1c or insulin delivery method. An additional objec-
tive of this study was to test the feasibility of a direct 
transition from MDI use to CLC therapy.

Most clinical trials recruit tech savvy participants and few 
trials include MDI participants; thus, it is difficult to estab-
lish an appropriate comparison with our study. More simi-
larly inclusive studies, with more diverse populations are 
required to expand findings to a larger T1D patient popula-
tion including those not currently using the devices being 
evaluated in the study. Based on the T1D Exchange registry 
report in 2019, about 62% of registry participants were using 
MDI as their insulin delivery modality,1 which confirms the 
importance of including MDI users in these studies. A lower 
percentage (38%) were using a CGM.1 These rates differ by 
age group, with young adults having the lowest rates of pump 
and CGM usage.

Overall, the Control-IQ system was found to be easy to 
use, reliable, and able to improve glycemic control across all 
subgroups of patients. The training only required short out-
patient visits. Importantly, this trial was among the few trials 
that enrolled both insulin pump and MDI users. The success-
ful direct transition of MDI to CLC users in this pivotal trial 
provides evidence to support quickly transitioning MDI 

patients to this commercially available CLC. The partici-
pants without experience using a CGM or an insulin pump 
had similar time in target range and time in CLC compared 
with those who used CGM and pump therapy at study base-
line, and they were no more likely to report adverse events. 
The finding provides direct evidence of transitioning pump 
users not currently using CGM through CGM use to CLC 
use with two visits (two weeks of CGM run-in phase) and 
MDI patients not currently using CGM to CGM, and to CLC 
in about four to eight weeks (minimum of 14 days run-in for 
CGM and 14 days for insulin pump).

Prior to Control-IQ, the only commercially available 
closed-loop system was the MiniMed 670G HCL system 
which modulates basal insulin delivery (without automated 
boluses). The pivotal studies testing this system included 
only participants experienced with insulin pump therapy.10 
Following FDA approval, Petrovski et al tested a standard-
ized protocol to initiate the HCL system in individuals on 
MDI. The transition to HCL lasted a total of 10 days includ-
ing assessment, training, and manual mode and automode 
activation. TIR continuously improved over time from 
46.9% ± 18.5% at baseline, reaching a plateau after one 
month of 75.6% ± 7.1% in the third month of Auto Mode.11

In our study, in addition to the glycemic outcomes we 
assessed whether the Control-IQ system would decrease the 

Figure 1.  24-hour TIR envelope plots for the four different subgroups based on their baseline technology use status: (a) pump+CGM, 
(b) pump-only, (C) MDI+CGM, and (d), MDI-only. Abbreviations: TIR, time in target range; CGM, continuous glucose monitor; MDI, 
multiple daily injections.
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diabetes burden similarly in all four subgroups. The technol-
ogy acceptance survey showed support for benefit similarly 
regardless of their previous experience with technology. The 
INSPIRE questionnaires that assess the impact of AID sys-
tems on quality of life, and burden of disease in individuals 
with T1D and parents, as well as the System Usability 
Questionnaire all support the strong positive impact of this 
device on daily management of T1D.

Several studies tracked the hurdles to using the only other 
FDA-approved closed-loop system (MiniMed 670G) system 
in real life, all of them reinforcing the importance of the human 
factor in usability and acceptability of the technology.12,13 The 
key obstacles to consistent use of the devices included their 
compatibility with sports, burdensome management require-
ments, the frequency of user input (sensor calibrations, the 
number of alarms), and fear of hypoglycemia.

We compared our findings with those of another closed-
loop study testing the safety and performance of the Omnipod 
hybrid closed-loop system with T1D participants six years 
and older.14 Similar to our study, the glycemic outcomes 
were comparable for those who entered the study using insu-
lin pump or MDI. Time in range was similar in pump users 
compared with MDI users in all age groups (adults: 74.7 ± 
8.5 vs 71 ± 3.7, adolescents: 79.5 ± 11.2 vs 77.8 ± 18.3 
children 66.9 ± 13.9 vs 78.4 ± 7.3). The time below 70 mg/
dL was also similar in all groups—adults:1.9% (1.0%-3.1%) 
vs 0.8% (0.6-2.6), adolescent: 2.6% (0.8-3.0) vs 1.7% (0.2%-
4.3%), children 1.6% (0.6%-3.4%) vs 1.9% (1.2%-2.8%).14 
However, the closed-loop system in this study was an inves-
tigational device that used a modified version of the Omnipod 
Insulin Management System (Insulet Corp., Acton, MA), 
consisting of a tubeless insulin pump (Pod), a modified 
Personal Diabetes Manager, the Dexcom G4, and the 
Omnipod personalized MPC algorithm running on a 
Windows 10 tablet configured with the portable AP System.

Similar to our study, in the FLAIR study (Fuzzy Logic 
Automated Insulin Regulation), 20% of the participants were 
not current pump users, 38% were not current CGM users, 
and 12% were neither a pump nor a CGM user. The percent 
time above 180 mg/dL and time below 54 mg/dL were simi-
lar in four subgroups using the advanced hybrid closed-loop 
system (percent time above 180 mg/dL in participants who 
used CGM with MDI: 35%, CGM with pump: 41%, non-
CGM with MDI: 34%, non-CGM with pump 31%; percent 
time below 54 mg/dL in participants who used CGM with 
MDI: 0.31%, CGM with pump: 0.42%, non-CGM with 
MDI: 0.21%, non-CGM with pump: 0.40%).15

Our study has several limitations. First, the sample size of 
each subgroup is small. Moreover, our participants consisted 
mainly of white individuals with annual household income 
above $100 000. Furthermore, the participants were a self-
selected group who were interested in joining a clinical trial 
and motivated to follow the study protocol and be adherent 
to study requirements and might be different from the gen-
eral population. In addition, the baseline HbA1c was lower 

than general population with T1D regardless of their baseline 
method of management. Thus, our findings may not be fully 
generalizable to the broader population of individuals with 
T1D.

Conclusions

This iDCL study demonstrated that adults and adolescents 
with T1D benefited from using Control-IQ, regardless of 
their baseline insulin delivery modality or CGM use. 
Previous studies have shown that diabetes devices, including 
insulin pumps, CGM, and closed-loop systems, reduce glu-
cose variability and improve glycemic control as well as 
overall quality of life for individuals with T1D as they pro-
vide increased glycemic information and greater flexibility 
with insulin dosing. Our study findings support the success-
ful use of CLC across subgroups with different baseline 
device usage profiles, and therefore attention should be paid 
to limiting barriers to access for individuals to realize the 
benefits from these types of devices. It will also be important 
to obtain long-term follow-up in the general population with 
T1D to better understand the risks, benefits, and adherence 
of using diabetes technology in patients of all ages regardless 
of their previous experience of using diabetes technology.
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