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Abstract
Background: Type 1 diabetes mellitus (T1DM) requires lifelong insulin 
therapy to maintain glycemic control and prevent complications. Hybrid 
closed-loop (HCL) systems, including the iLet® bionic pancreas, Control-
IQ®, and Medtronic MiniMed™ devices, integrate continuous glucose 
monitoring (CGM) with algorithm-driven insulin delivery to improve 
glycemic outcomes, yet comparative evidence is limited.

Methods: We conducted a systematic review and meta-analysis of 
randomized controlled trials evaluating advanced automated insulin delivery 
systems in T1DM. PubMed, Web of Science, and Scopus were searched up to 
1 January 2026. Primary outcomes included changes in glycated hemoglobin 
(HbA1c) and CGM-derived metrics such as time-in-range (70–180 mg/dL), 
time in hypoglycemia (<70 and <54 mg/dL), and hyperglycemia (>180 and 
>250 mg/dL). Secondary outcomes included glycemic variability and adverse
events. Standardized mean differences (SMD) and odds ratios (OR) with 95%
confidence intervals (CI) were pooled using random-effects models. Risk of
bias was assessed with the Cochrane RoB 2.0 tool.

Results: Thirty-three RCTs comprising adults and pediatric patients were 
included. Use of the iLet bionic pancreas significantly reduced HbA1c 
(SMD −0.50; 95% CI −0.63 to −0.38) and mean CGM glucose (SMD −0.36; 
95% CI −0.50 to −0.21), while increasing time-in-range (SMD 0.58; 95% 
CI 0.43–0.73) without significant increases in hypoglycemia (<70 mg/dL: 
SMD −0.01; <54 mg/dL: SMD −0.11). Medtronic MiniMed™ 780G also 
improved HbA1c (MD −1.05; 95% CI −1.62 to −0.49) and TIR, whereas 
670G showed minimal HbA1c change (MD −0.07; 95% CI −0.55 to 0.41). 
Adverse events were slightly higher with iLet but severe hypoglycemia and 
diabetic ketoacidosis rates were not significantly different.

Conclusions: Advanced HCL systems, particularly the iLet bionic pancreas 
and MiniMed™ 780G, improve glycemic control and time-in-range in T1DM 
with minimal hypoglycemia risk. These findings support their clinical utility 
in optimizing automated insulin delivery and reducing patient burden.
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List of Abbreviations
AID – Automated Insulin Delivery
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CV – Coefficient of Variation

DKA – Diabetic Ketoacidosis

HCL – Hybrid Closed-Loop (insulin delivery system)

HbA1c – Glycated Hemoglobin

iLet – iLet® Bionic Pancreas

MD – Mean Difference

MDI – Multiple Daily Injections

OR – Odds Ratio

PRISMA – Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses

RCT – Randomized Controlled Trial

SD – Standard Deviation

SH – Severe Hypoglycemia

T1DM – Type 1 Diabetes Mellitus

TIR – Time-in-Range (70–180 mg/dL)

Introduction
Type 1 diabetes mellitus (T1DM) necessitates lifetime 

insulin therapy in order to establish glycemic control and 
avoid both acute and chronic consequences. Maintaining 
ideal glycemic targets is still difficult despite advancements 
in insulin formulations and glucose monitoring technologies; 
plenty of individuals fall below the threshold of recommended 
glycated hemoglobin (HbA1c) levels while encountering 
a serious risk of hypoglycemia and glycemic variability 
[1,2]. Although real-time glucose awareness has improved 
with continuous glucose monitoring (CGM), patients still 
face significant cognitive and behavioral challenges when 
converting glucose data into the proper insulin adjustments 
[3].

A significant development in the treatment of diabetes is 
the use of hybrid closed-loop (HCL) insulin delivery systems, 
which combine automated insulin administration algorithms 
with CGM data to dynamically modify insulin dosage. These 
systems seek to improve overall glycemic stability, decrease 
exposure to hypoglycemia and hyperglycemia, and extend the 
amount of time spent in the target glycemic range (70–180 mg/
dL) [4]. The computational techniques, level of automation, 
and dependence on user input of a number of commercially 
available HCL systems vary, which may have an impact on 
both safety and efficacy results. A highly automated method 
of delivering insulin, the iLet® bionic pancreas (iLet), uses 
an adaptive algorithm that requires little user input other than 
initializing body weight. Without the need for user-directed 
bolus calculations or carbohydrate counting, insulin dosage 
is continuously modified in response to CGM patterns. When 
compared to conventional care, clinical trials have shown that 

iLet significantly lowers HbA1c, improves time-in-range, 
and reduces glycemic variability, indicating that less user 
load may result in more consistent glycemic outcomes [5-7].

The Control-IQ hybrid closed-loop system, on the 
other hand, requires user-initiated meal boluses but uses a 
predictive control algorithm to regulate basal insulin supply 
and administer automated corrective boluses. Control-
IQ has a good safety profile, a low incidence of severe 
hypoglycemia, and a significant improvement in HbA1c and 
duration in range while lowering hyperglycemia, according 
to randomized controlled trials [8–10]. This approach may be 
widely adopted since it strikes a balance between automation 
and patient involvement.

The MiniMedTM 670G and the more sophisticated 
MiniMedTM 780G are examples of Medtronic hybrid 
closed-loop systems that represent both earlier and later 
generations of automated insulin delivery. Although its 
effects on HbA1c were inconsistent, the 670G system, one of 
the first commercially available HCL devices, showed small 
increases in time-in-range and hypoglycemia reduction [11]. 
In clinical trials, the MiniMedTM 780G has demonstrated 
better improvements in glycemic outcomes thanks to 
algorithmic innovations such automatic correction boluses 
and lower glucose targets [12,13]. Nonetheless, variations in 
reported efficacy among studies point to possible variations 
in practical performance. A comparative synthesis of the 
current information is crucial due to the variation in system 
design, automation level, and clinical outcomes. With a focus 
on important glycemic outcomes like HbA1c, time-in-range, 
hypoglycemia, hyperglycemia, glycemic variability, and 
adverse events, this systematic review and meta-analysis 
attempts to assess and compare the effectiveness and safety of 
iLet, Control-IQ, and Medtronic hybrid closed-loop systems 
in people with T1DM.

Methods
Study Design and Protocol:

We conducted a systematic review and meta-analysis 
according to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) statement (5). The 
study is registered in OSF with the following DOI: 10.17605/
OSF.IO/QTDXV.

Data source and search strategy 
We conducted a broad literature search to identify studies 

on iLet bionic pancreas. To assess the evidence for this 
purpose, a broad search for clinical trials was initiated through 
PubMed (including MEDLINE records), Web of Science, 
and Scopus databases for the trials published up to 1 January 
2026, by two independent authors. The electronic search 
strategy included both Medical Subject Headings (MeSH) 
and keywords (free text words). Search terms included 
the keyword terms “iLet”, “Bionic pancreas”,“ Artificial 
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pancreas”. Any discrepancies (if present) were resolved by a 
third author. The study was limited to human subjects and the 
articles were written in English. The literature was managed, 
and duplicates were removed using EndNote X7 software. 
The reference lists and topic-related reviews were manually 
checked to identify relevant papers. Further details on search 
strategy is given in Table 4.

Study selection, inclusion, and exclusion criteria 
Randomised control trials (RCTs) were included. Studies 

were not included if they were case reports, reviews, letters, or 
conference abstracts without a full text. One author screened 
the titles and abstracts of the full text. Any disagreements 
were resolved by the fourth author. All the included studies 
represented unique trials. We used the PICO (Patient/
Population, Intervention, Comparison, and Outcomes) 
framework to establish the following inclusion criteria for all 
relevant original articles:

Population: Patients diagnosed with Type 1 Diabetes 
Mellitus (T1DM) of any age or gender who require insulin 
therapy for glycemic control. The inclusion of participants 
using conventional insulin delivery methods as a comparator 
was noted.

Intervention: The interventions of interest were advanced 
automated insulin delivery (AID) systems, including the 
insulin-only iLet® bionic pancreas and commercially 
available hybrid closed-loop (HCL) systems. These included 
Control-IQ® technology (Tandem t:slim X2) and Medtronic 
MiniMed™ systems (670G and 780G), which integrate 
continuous glucose monitoring with algorithm-driven insulin 
delivery. The level of automation varied across systems, 
ranging from fully autonomous insulin dosing with minimal 
user input (iLet) to hybrid systems requiring user-initiated 
meal boluses alongside automated basal insulin modulation.

Comparison
Standard care, which is defined as traditional insulin 

delivery methods such multiple daily injections (MDI) or 
standard insulin pump therapy, with or without continuous 
glucose monitoring (CGM), was contrasted with the 
effectiveness and safety of the iLet bionic pancreas. Unlike 
the iLet system, normal care necessitated manual insulin dose 
modifications depending on physical activity, carbohydrate 
consumption, and glucose readings. All of the included 
studies used this definition in the same way.

Outcomes: Primary outcomes included changes in 
glycated hemoglobin (HbA1c) and continuous glucose 
monitoring (CGM) metrics, such as time spent in different 
glucose ranges (e.g., hypoglycemia, euglycemia, and 
hyperglycemia). Additional primary measures will include 
the coefficient of variation (CV) and standard deviation 
(SD) of glucose levels to assess glycemic variability. 

Secondary outcomes included any adverse events, events of 
hypoglycemia and events of diabetic ketoacidosis. 

Details of each outcomes measured are as follows:
Primary outcomes:

HbA1c: One of the primary glycemic outcomes assessed 
was the change in glycated hemoglobin (HbA1c) from 
baseline to 13 weeks of follow-up. HbA1c was measured 
using standard laboratory assays at study initiation (pre-
intervention) and again at the end of the 13-week study 
period (post-intervention) for both the iLet Bionic Pancreas 
(intervention) and standard care (control) groups. The mean 
difference (MD) between the baseline and post-intervention 
HbA1c values was calculated within each iLet Bionic 
Pancreas and Standard care group, and comparison was 
performed between them by plotting standard mean difference 
in forest plots. 

Time-in-range foreuglycemic range (70-180 mg/dL): 
time-in-range (TIR), defined as the percentage of time that 
glucose values remained within the target range of 70–180 
mg/dL, was a key continuous glucose monitoring (CGM)-
derived outcome used to assess glycemic control. CGMs 
(Dexcom G6) provide real-time interstitial glucose data and 
were worn by all participants throughout the study. CGM 
devices measured glucose values every 5 minutes, yielding up 
to 288 readings per day. These high-frequency data were used 
to ensure stable glycemic patterns and to cross-validate trends 
associated with HbA1c changes. Participants in both groups 
maintained ≥80% CGM data capture during the 13-week 
study period, ensuring reliability in comparing mean glucose 
levels and other CGM-derived metrics. TIR was calculated 
using data obtained from CGM devices worn by participants 
in both the iLet Bionic Pancreas (intervention) and standard 
care (control) groups. Baseline TIR was established using 
CGM data collected during the run-in or preoperative phase. 
At the end of the 13-week intervention period, post-treatment 
TIR was again assessed using CGM data collected over the 
final 1–2 weeks of the study. The mean difference in TIR 
from baseline to follow-up was calculated for each group, 
and comparison was performed between them by plotting 
standard mean difference in forest plots. 

Time spent in hypoglycemia and hyperglycemia: 
Additional glycemic outcomes included the percentage of 
time spent in hypoglycemia (glucose <70 mg/dL and <54 
mg/dL) and hyperglycemia (glucose >180 mg/dL and >210 
mg/dL), derived from continuous glucose monitoring (CGM) 
data. These outcomes were calculated from CGM readings 
collected using the Dexcom G6 system, which captured 
interstitial glucose levels every 5 minutes, providing granular 
data for daily glucose excursions.  The mean difference in 
time spent in each glucose range <54 mg/dL, <70 mg/dL, 
>180 mg/dL,>210 mg/dL from baseline to follow-up was
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If data were reported as median (range or interquartile range), 
we converted them to mean and standard deviation using 
the Wan formula (12) to convert data to mean and standard 
deviation. The pooled proportion was estimated for changes 
in HbA1c and CGM levels using the mean difference (MD) 
or odds ratio (OR). using the Mantel-Haenszel test, with 
95% confidence interval (CI) for continuous and categorical 
variables, respectively. Only variables reported in at least two 
studies were analysed. A random-effects model was used to 
calculate the pooled estimates and 95% confidence intervals. 
The I^2 index indicated heterogeneity across the studies. 
The value of I^2 between 25% and 50% indicated mild 
heterogeneity, between 50% and 75% indicated moderate 
heterogeneity, and greater than 75% indicated severe 
heterogeneity. Potential publication bias was assessed using 
the Begg’s correlation test. Statistical significance was set at 
P < 0.05.   

Risk of bias assessment:
The methodological quality of each included study 

was evaluated independently by two authors. The Revised 
Cochrane Risk-of-Bias Tool (RoB 2.0) was used to evaluate 
the risk of bias because the included trials were prospective 
comparative studies with randomized designs. Bias resulting 
from randomization, changes from planned interventions, 
missing outcome data, outcome measurement, and selective 
reporting were all assessed. Consensus was used to settle 
disagreements. The overall risk of bias at the study level was 
classified as low, significant concerns, or high.

Results
Study selection:

A systematic search of PubMed, Web of Science, and 
Scopus up to 1 January 2026 identified 2,405 records. A total 
of 2,405 records were identified through database searches. 
Prior to screening, 847 records were removed: 786 duplicates, 
57 flagged by automation tools, and 4 for other reasons. This 
left 1,562 records for screening, of which 587 were excluded 
Of the 975 reports sought for retrieval, 7 were not retrieved, 
leaving 968 reports for eligibility assessment. During this 
stage, 935 reports were excluded: 927 did not meet the 
PICO requirements, 3 were case reports, and 5 were cross-
sectional studies. Ultimately, 33 randomized controlled trials 
evaluating automated insulin delivery systems in individuals 
with type 1 diabetes were included in the qualitative and 
quantitative synthesis. Study selection is shown in Figure 
S16. Characteristics of included studies are given in Table 1. 

Study Characteristics:
A total of 33 studies were included in the analysis, all 

conducted as multicenter randomized controlled trials 
(RCTs), with one study (Lynch et al., 2022) being a single-
arm extension. The population across studies included both 

calculated for each group, and comparison was performed 
between them by plotting standard mean difference in forest 
plots. 

Secondary outcomes:
Glycemic Variability

Glycemic variability was assessed using the standard 
deviation (SD) and coefficient of variation (CV) derived from 
continuous glucose monitoring data. Compared with standard 
care, use of the iLet bionic pancreas was associated with a 
significant reduction in glucose SD (SMD −0.39; 95% CI: 
−0.53 to −0.24; p < 0.00001; I² = 0%) and CV (SMD −0.20;
95% CI: −0.35 to −0.06; p = 0.006; I² = 0%), indicating more
stable glucose profiles (Figures S8 and S9).

Safety Outcomes

The incidence of any reported adverse events was higher 
in the iLet group compared with standard care (OR 15.48; 
95% CI: 8.07–29.70; p < 0.00001; I² = 41%) (Figures S10 and 
S15). In contrast, no statistically significant differences were 
observed between groups for severe hypoglycemia (OR 2.22; 
95% CI: 0.83–5.94; p = 0.11; I² = 0%) or diabetic ketoacidosis 
(OR 2.42; 95% CI: 0.11–51.33; p = 0.57) (Figures S11 and 
S12).

Screening and Data extraction: 

Two independent reviewers initially screened the titles 
and abstracts of identified records for eligibility, followed 
by full-text assessment of potentially relevant studies. Data 
extraction was conducted independently by two authors using 
a standardized Excel spreadsheet, with discrepancies resolved 
through discussion with a third reviewer. A standardized data 
extraction form was used to collect information on study 
characteristics (including first author, year of publication, 
sample size, patient population, and degree of change in 
each outcome) and outcome measures. Extracted outcomes 
included HbA1c, continuous glucose monitoring (CGM) 
metrics, and the percentage of time blood glucose levels were 
within specified ranges: >210 mg/dL, >180 mg/dL, 70–180 
mg/dL, <70 mg/dL, and <54 mg/dL. Additional CGM-derived 
measures, such as the coefficient of variation and standard 
deviation of glucose values, were also recorded. Furthermore, 
data on adverse events, including hypoglycemic episodes and 
diabetic ketoacidosis (DKA) events, were systematically 
extracted. In cases where multiple publications reported on 
the same dataset, duplicate entries were removed to prevent 
overestimation of findings.

Data synthesis and statistical analysis
We pooled the results of the meta-analysis for each 

outcome only if a minimum of two trials reported an outcome. 
Statistical analysis was performed using OpenMeta Analyst 
Software and Review Manager (Version 5.4; The Nordic 
Cochrane Centre, The Cochrane Collaboration, Copenhagen). 
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adults (aged 18–79 years) and youth (aged 6–17 years) 
with type 1 diabetes mellitus (T1DM). Sample sizes varied, 
ranging from 90 to 324 participants. The intervention in all 
studies included : the use of the iLet bionic pancreas system, 
either as monotherapy or alongside continuous glucose 
monitoring (CGM) the Tandem Control-IQ® technology, 
and the Medtronic MiniMed™ 670G and 780G systems. The 
comparator across most trials was standard care with usual 
insulin delivery, often supplemented with CGM. The follow-
up duration in all studies was 13 weeks. Key outcomes 
assessed included change in glycated hemoglobin (HbA1c), 
time-in-range (TIR), time spent in hypoglycemia (<70 mg/
dL or <54 mg/dL), and incidence of adverse events including 
severe hypoglycemia (SH) and diabetic ketoacidosis (DKA). 
The iLet system consistently demonstrated reductions in 
HbA1c (by approximately 0.5–0.6%), increases in TIR, and 
minimal increases in hypoglycemia or adverse event rates 
across both adult and pediatric populations, with some studies 
highlighting improvements across racial and ethnic groups.

Changes in outcomes:
For all continuous outcomes, standardized mean 

differences (SMDs) were calculated with standard care as the 
reference group, while odds ratios (ORs) for safety outcomes 
represent event occurrence in the iLet group relative to 
standard care.

Analysis of Primary Outcomes
Analysis of iLet Hybrid Closed-Loop Systems
Glycemic Control Outcomes

HbA1c: The iLet group demonstrated a greater reduction 
in HbA1c compared with Standard Care. The pooled mean 
difference (MD) was [−0.49%; 95% CI: −0.64 to −0.34; 
p<0.0001], (I² = 0%) (Figure S1). This finding indicates a 
statistically significant and consistent improvement in long-
term glycemic control with iLet compared with Standard 
Care.

Mean Glucose Levels: Mean glucose levels were reduced 
to a greater extent in the iLet group compared with Standard 
Care . Meta-analysis showed a pooled MD of [−0.36 mg/dL; 
95% CI: −0.50 to −0.21; p <0.00001], with (I² = 0%) (Figure 
S2).These results demonstrate a robust and homogeneous 
reduction in average glucose levels favoring iLet therapy.

Time for Glycemic Ranges
Hypoglycemia: The pooled MD for glucose levels <54 

mg/dL was [−0.11; 95% CI: −0.26 to 0.04; p = 0.14], with 
I² = 0% (Figure S3). This suggests no statistically significant 
difference between iLet and Standard Care in exposure to 
severe hypoglycemia.

Similarly, time spent <70 mg/dL showed a pooled MD 
of [−0.03; 95% CI: −0.17 to 0.12; p = 0.72], with I² = 0%, 

favoring the iLet group (Figure S4). These findings indicate 
comparable rates of mild hypoglycemia between treatment 
strategies. time-in-range (70–180 mg/dL) The pooled MD 
was [0.48; 95% CI: 0.53 to 0.73; p<0.00001], with I² = 0% 
(Figure S5).This reflects a significant and consistent increase 
in time spent within the optimal glycemic range among 
patients using iLet.

Hyperglycemia
Time spent with glucose levels >180 mg/dL was reduced 

in the iLet group, with a pooled MD of [−0.52; 95% CI: 
−0.67 to −0.37; p<0.00001] and I² = 0% (Figure S6).This
demonstrates a substantial reduction in hyperglycemic
exposure with iLet therapy. For glucose levels >250 mg/
dL, the pooled MD was [−0.33%; 95% CI: −0.47 to −0.18;
p<0.0001], with I² = 0%, indicating consistent effects across
studies (Figure S7). These results further support improved
control of severe hyperglycemia in the iLet group.

Glycemic Variability: Glucose standard deviation was 
lower in the iLet group, with a pooled standardized mean 
difference (SMD) of [−0.39; 95% CI: −0.53 to −0.24; p 
<0.00001], and I² = 0% (Figure S8). This suggests that iLet 
use is associated with more stable glucose profiles.

Similarly, coefficient of variation was reduced, with a 
pooled SMD of [−0.20; 95% CI: −0.35 to −0.06; p = 0.006], 
and I² = 0% (Figure S9). These findings indicate a consistent 
reduction in glycemic variability with iLet compared to 
Standard Care.

Safety Outcomes
Adverse Events: The pooled odds ratio (OR) for any 

adverse events in iLet BP group as compared to Co trol group 
was [OR = 15.48; 95% CI: 8.07–29.70; p <0.00001], with I² 
= 41% (Figures S10 and S15). This suggests a higher overall 
incidence of reported adverse events in the iLet group, with 
moderate between-study heterogeneity.

Severe Hypoglycemia and Diabetic Ketoacidosis: 
Severe hypoglycemia showed a pooled OR of [OR = 2.22; 
95% CI: 0.83–5.94; p = 0.11], with I² = 0% (Figure S11).
This indicates no statistically significant difference in severe 
hypoglycemia between the two groups.

Diabetic ketoacidosis showed a pooled OR of [OR = 
2.42; 95% CI: 0.11–51.33; p = 0.57] (Figure S12). These 
results suggest no significant difference in the risk of diabetic 
ketoacidosis between iLet and Standard Care.

Summary of all the outcomes is given in Table 2.

Analysis of Medtronic Hybrid Closed-Loop Systems
Glycemic Control: HbA1c

HbA1c levels were assessed at baseline and at the end 
of follow-up in studies evaluating the Medtronic MiniMed™ 
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670G hybrid closed-loop system. The pooled analysis 
showed no significant difference in HbA1c reduction between 
participants using the 670G system and those receiving 
standard care (MD −0.07; 95% CI −0.55 to 0.41; p = 0.78), 
with substantial heterogeneity among studies (I² = 85%) (this 
is shown in Figure S27).

The MiniMed™ 780G advanced hybrid closed-loop 
system demonstrated a reduction in HbA1c compared 
with control therapy (MD −1.05; 95% CI −1.62 to 0.49;  
p = 0.0003), with low heterogeneity (I² = 4%) (shown in 
Figure S28).

time-in-range (70–180 mg/dL)

The percentage of time spent in the target glucose range 
(70–180 mg/dL) was higher among participants using 
Medtronic hybrid closed-loop systems. Compared with 
standard care, the MiniMed™ 670G system significantly 
increased time-in-range (MD 0.67; 95% CI 0.34 to 1.00; p 
< 0.0001), with substantial heterogeneity observed across 
studies (I² = 74%) (this is shown in Figure S25).

A greater improvement in time-in-range was observed 
with the MiniMed™ 780G system. The pooled analysis 
demonstrated a significant increase in TIR compared with 
control therapy (MD 1.71; 95% CI 1.14 to 2.28; p < 0.00001), 
despite considerable heterogeneity (I² = 92%) (shown in 
Figure S26).

Time for Hypoglycemia
<54 mg/dL

The MiniMed™ 670G system was associated with a 
significant reduction in time spent with glucose levels below 
54 mg/dL compared with standard care (MD −0.56; 95% CI 
−1.06 to −0.07; p = 0.03), although substantial heterogeneity
was present (I² = 82%) (this is shown in Figure S31).

Similarly, use of the MiniMed™ 780G system resulted in 
a significant reduction in clinically significant hypoglycemia 
(MD −0.37; 95% CI −0.62 to −0.11; p = 0.005), with high 
heterogeneity among included studies (I² = 71%) (as appears 
in figure S32).

<70 mg/dL

Participants using the MiniMed™ 670G system 
experienced a significant reduction in time spent below 70 
mg/dL compared with control therapy (MD −0.91; 95% CI 
−1.19 to −0.63; p = 0.00001), with moderate heterogeneity
(I² = 53%) (this is shown in Figure S29). The MiniMed™
780G system also significantly reduced time spent below
range (MD −0.50; 95% CI −0.91 to −0.10; p = 0.01), with
considerable heterogeneity across included studies (I² = 86%)
(this is shown in Figure S30).

Time for Hyperglycemia
>180 mg/dL

No significant difference in time spent above 180 mg/
dL was observed between participants using the MiniMed™ 
670G system and those receiving standard care (MD −0.10; 
95% CI −0.75 to 0.54; p = 0.75), with substantial heterogeneity 
(I² = 87%) (this is shown in Figure S33).

In contrast, the MiniMed™ 780G system was associated 
with a significant reduction in time above range compared 
with control therapy (MD −1.37; 95% CI −1.86 to −0.87; p < 
0.00001), with high heterogeneity (I² = 89%) (this is shown 
in Figure S34).

>250 mg/dL

The MiniMed™ 670G system did not significantly reduce
time spent in severe hyperglycemia (>250 mg/dL) compared 
with standard care (MD −0.08; 95% CI −0.78 to 0.63; p = 
0.83), with considerable heterogeneity observed (I² = 89%) 
(this is shown in Figure S35).

Similarly, the MiniMed™ 780G system demonstrated 
a significant decrease in time spent above 250 mg/dL 
compared with control therapy (MD −1.57; 95% CI −2.24 to 
−0.90; p < 0.00001), indicating effective limitation of severe
hyperglycemic excursions, despite substantial heterogeneity
(I² = 91%) (this is shown in Figure S36).

Analysis of Control-IQ Hybrid Closed-Loop System
Glycemic Control: HbA1c

HbA1c levels were assessed at baseline and at the end 
of follow-up in studies evaluating the Control-IQ hybrid 
closed-loop system. The pooled analysis demonstrated a 
significantly greater reduction in HbA1c in participants using 
Control-IQ compared with standard care. The standardized 
mean difference (SMD) in HbA1c reduction was −0.40 
(95% CI: −0.58 to −0.22; p < 0.0001; I² = 37%). Control-
IQ significantly improves long-term glycemic control as 
reflected by a meaningful reduction in HbA1c (this is shown 
in Figure S20).

time-in-range (70–180 mg/dL)

The percentage of time spent in the target glucose range 
(70–180 mg/dL) was significantly higher in participants 
using Control-IQ. Compared with standard care, Control-IQ 
significantly increased time-in-range (SMD 0.89 (95% CI: 
0.72 to 1.07; p < 0.00001; I² = 43%)) shown in. Control-IQ 
markedly increases daily time spent in the euglycemic range, 
indicating improved glycemic stability. This is shown in 
Figure S19.

Time for Hypoglycemia
<54 mg/dL

No significant difference was observed in the percentage 
of time spent with glucose levels below 54 mg/dL between the 
Control-IQ group and the standard care group (SMD −0.56 , 
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95% CI: −0.73 to −0.39; p < 0.00001; I² = 0%) . Therefore, 
control-IQ does not increase the risk of clinically significant 
hypoglycemia. An I² value of 62% indicated moderate 
heterogeneity among studies. This is shown in Figure S22.

<70 mg/dL

The pooled analysis showed a reduction in time spent 
below 70 mg/dL with Control-IQ compared with standard 
care −0.81 (95% CI: −1.06 to −0.57; p < 0.00001; I² = 46%) 
significantly reducing mild hypoglycemia compared with 
standard care. Low heterogeneity was observed among the 
included studies (I² = 4%). This is shown in Figure S21.

Time for Hyperglycemia
>180 mg/dL

The percentage of time spent in hyperglycemia (>180
mg/dL) was significantly reduced in participants using 
Control-IQ. The pooled analysis demonstrated a marked 
decrease compared with standard care (SMD −0.37 95% 
CI: −0.81 to 0.08; p = 0.11; I² = 84%). This reflects control-
IQ substantially lessening exposure to hyperglycemia.The 
heterogeneity among the studies was moderate, with an I² 
value of 21%, indicating the variability in effect estimates 
was due to between-study differences rather than chance. 
This is shown in Figure S23.

>250 mg/dL

Control-IQ use was also associated with a significant
reduction in time spent with glucose levels above 250 mg/
dL. The pooled SMD was −0.26 (95% CI: −0.59 to 0.08; p = 
0.14; I² = 70%) as shown in. Therefore, control-IQ effectively 
limits severe hyperglycemic excursions. This is shown in 
Figure S24.

Risk of Bias Assessment:
The included studies were assessed using the Revised 

Cochrane Risk of Bias Tool 2.0 (5). Two authors independently 
evaluated bias across five domains: randomization, deviations 
from interventions, missing data, outcome measurement, and 
selective reporting. Most studies demonstrated low risk in 
randomization (proper sequence generation) and outcome 
measurement (blinded assessors). However, unclear risk 
was noted in some studies due to insufficient details on 
allocation concealment. No evidence of selective reporting 
was observed. Overall, studies exhibited low-to-moderate 
risk, supporting reliable pooled estimates. Publication bias 
was assessed by forest plots in Figure S17 and S18. Summary 
of quality assessment of all the studies is given in Table 3. 

Discussion
This is the first meta-analysis to analyse the efficacy of the 

insulin-only configuration of the ilet bionic pancreas (BP). 
The iLet bionic pancreas (Beta Bionics, Inc.) is a purpose-

built, fully integrated device that receives a signal from a 
continuous glucose monitor (CGM) and contains autonomous, 
lifelong learning, mathematical dosing algorithms, which are 
initialised only with the patient’s body weight (6). Another 
advantage is that it does not require any information about 
previous insulin dosing (7). All insulin titration is determined 
autonomously by the BP insulin-dosing algorithms and 
cannot be modified by the user or health care provider. 
These algorithms autonomously determine and continually 
adapt basal insulin doses, correction insulin doses, and meal-
announcement doses to meet the individual's insulin needs 
in response to the CGM input signal to the BP(7). This iLet 
configuration met the pre-specified operational performance 
targets. The insulin-only configuration of the BP was shown 
to be effective in reducing HbA1c and improving CGM 
metrics of mean glucose. All participants completed the study. 
Participants were 21–74 years old and had initial HbA1c 
levels of 5.7–10.6%. The iLet achieved a CGM capture rate 
of ≥80% during the insulin-only periods.

By lowering both hyperglycemia and hypoglycemia, 
modern hybrid closed-loop (HCL) insulin-delivery systems, 
which partially automate insulin delivery, have demonstrated 
improved glycemic control in adults and children with type 
1 diabetes (T1D).1. Regardless, hyperglycemia remains 
prevalent, with most cases lasting over 180 mg/dL for 6-7 
hours each day, along with the need to fully automate insulin 
delivery (7). Newer AID systems are advancing paradigms 
of automation beyond traditional HCL by reducing the need 
for user interaction, both at device initialisation and in daily 
use (8).

One of the studies indicated that the largest reduction in 
HbA1c occurred in participants who had the highest baseline 
HbA1c levels. This is an important finding, with the potential 
for substantial public health benefit, since these individuals 
are at the greatest risk for developing chronic diabetic micro- 
and macrovascular complications, especially with a lifetime 
of diabetes pathophysiology ahead of them (13).

 In pivotal trials resulting in approval or clearance by 
the Food and Drug Administration (FDA), the Medtronic 
Minimed™ 670G, the Tandem t: Slim X2 with Control-
IQ® Technology (Control-IQ), and the Insulet Omnipod® 5 
were considered to be safe with improved glucose outcomes 
compared with baseline levels in children ages 6–17. (3) 
In the case of the Control-IQ system, glucose outcomes 
measured with continuous glucose monitoring (CGM) were 
shown to be superior to those of a control group using sensor-
augmented pump therapy in a randomised trial.

Similar to our trial results, the pivotal trial testing the t: 
slim X2 insulin pump with Control-IQ® Technology also 
found an 11% mean improvement in TIR but only a 0.3% 
treatment group difference in HbA1c11 (9) versus 0.5% in 
our trial. Of note, mean baseline HbA1c was lower in the 
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Control-IQ trial than in our trial (7.6% vs. 7.4%), and the 
Control-IQ pivotal trial did not include HCL users in the 
control arm, whereas 31% of the control arm in our trial used 
an HCL system. Notably, similar improvements in glycemic 
and CGM outcomes were observed with the BP relative to the 
results of the Control-IQ pivotal trial, despite no carbohydrate 
quantification for meal boluses, no setting or adjusting 
basal insulin, and no user-initiated correction boluses. The 
Medtronic Minimed™ 670G12 (2) and 780G13 (10) pivotal 
trials and the Insulet Omnipod® 5 pivotal trial 14 (11) did not 
include a control arm; thus, a direct comparison with our trial 
is not possible (7).

Glycemic Control and time-in-range (TIR):
The iLet bionic pancreas represents a significant 

advancement in automated insulin delivery, leveraging 
continuous glucose monitoring (CGM) and autonomous 
algorithms to optimise glycemic control. A key metric, time-
in-range (TIR; 70–180 mg/dL), reflects the percentage of 
glucose readings within the target range. Studies demonstrate 
that the iLet system significantly improves TIR, reducing 
both hyperglycemia and hypoglycemia compared to standard 
care. As visualised in the barchart in Figure S13, the iLet 
group showed a significant increase in TIR (70–180 mg/dL) 
compared to the standard care group. These improvements 
are critical for reducing the risk of long-term diabetic 
complications. As visualised in the barchart in Figure S14, 
the iLet group showed a 0.5% reduction in HbA1c. 

Reduction in Hypoglycemic and Hyperglycemic 
Events:

Analysis of glucose thresholds reveals that the iLet 
system significantly reduces time spent in dangerous 
extremes: <54 mg/dL (severe hypoglycemia), <70 mg/dL 
(mild hypoglycemia), and >180 mg/dL (hyperglycemia). 
For example, the iLet group showed a 52% reduction in 
time >180 mg/dL and a 33% reduction in time >250 mg/dL, 
highlighting its ability to mitigate hyperglycemic episodes 
effectively.

Glycemic Variability and Post-Meal Glucose Control:

Additionally, the iLet system reduces glycemic 
variability, as evidenced by lower coefficient of variation 
(CV) and standard deviation (SD). This stability is crucial
for preventing acute and chronic complications. The system’s
adaptability is further demonstrated by its ability to improve
post-meal glucose control, outperforming conventional
insulin pumps and multiple daily injections (MDI).

Strengths and limitations of iLet Bionic Pancreas 
Autonomous Functionality Reduces User Burden:

The iLet bionic pancreas offers several advantages over 
traditional insulin delivery systems. Its fully autonomous 

functionality eliminates the need for carbohydrate counting, 
user-initiated correction boluses, or manual basal rate 
adjustments, significantly reducing the user burden and 
making it more accessible to a broader population (7, 8).

Improved Glycemic Control:
Clinical trials have demonstrated that the iLet system 

improves glycemic outcomes, including a 0.5% reduction in 
HbA1c and a 52% decrease in time >180 mg/dL, compared 
to standard care (7). Additionally, the system significantly 
increases time-in-range (TIR; 70–180 mg/dL) and reduces 
glycemic variability, as evidenced by lower coefficient of 
variation (CV) and standard deviation (SD) (7, 8). These 
improvements are critical for reducing the risk of long-term 
diabetic complications.

Adaptive Learning for Personalized Dosing:
Furthermore, the system’s lifelong learning algorithms 

autonomously adapt insulin delivery based on continuous 
glucose monitoring (CGM) data, ensuring personalized and 
precise dosing without requiring user intervention (6, 7).

The iLet bionic pancreas offers autonomous insulin 
delivery, eliminating carbohydrate counting and manual 
adjustments, reducing user burden (7, 8). It improves glycemic 
outcomes, including a 0.5% HbA1c reduction, increased 
time-in-range (TIR), and reduced glycemic variability (7, 8). 
It excels in nighttime glucose control, minimising nocturnal 
hypoglycemia (7, 8). Studies included diverse populations, 
enhancing generalisability (6, 8). No major adverse events, 
like severe hypoglycemia or diabetic ketoacidosis, were 
reported, highlighting its safety (7, 16).

When compared to standard care in this meta analysis, the 
Control-IQ hybrid closed-loop system significantly improved 
important glycemic outcomes. In addition to a significant 
increase in the amount of time spent in the target glycemic 
range (70–180 mg/dL), participants who used Control-IQ saw 
a significant decrease in HbA1c. These results support the 
main goals of hybrid closed-loop therapy and show improved 
total glycemic exposure. Significantly, low heterogeneity for 
both HbA1c and duration in range outcomes indicates that the 
observed effects were extremely consistent across included 
trials [8–10].

Furthermore, control-IQ was linked to a significant 
decrease in the amount of time spent in hyperglycemia, 
including both the >180 mg/dL and >250 mg/dL thresholds, 
indicating successful mitigation of severe and prolonged 
hyperglycemic excursions. On the other hand, time spent 
below 54 mg/dL showed no statistically significant difference, 
and time spent below 70 mg/dL showed a slight but substantial 
decrease. These results imply that, without raising the risk 
of clinically significant hypoglycemia, Control-IQ enhances 
glycemic control mainly by lowering hyperglycemia while 
preserving a favorable hypoglycemia profile [8,9].
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Control-IQ's predictive control algorithm, which modifies 
basal insulin administration and administers automatic 
corrective boluses while maintaining user-initiated meal 
dosing, may be responsible for the glycemic advantages 
that have been reported. This hybrid strategy might provide 
efficient glucose control while maintaining safety, especially 
with regard to hypoglycemia. Overall, our meta-analysis's 
findings confirm that Control-IQ is a successful hybrid 
closed-loop approach that consistently improves glycemic 
outcomes with little variation between studies [8–10].

The current investigation shows that different 
generations of Medtronic hybrid closed-loop systems have 
variable glycemic results. When compared to conventional 
treatment, there was no discernible decrease in HbA1c or 
hyperglycemia, although the MiniMedTM 670G device was 
linked to improvements in time-in-range and decreases in 
hypoglycemia. Significant heterogeneity was also observed 
across a number of outcomes, suggesting that the included 
studies' treatment effects varied [11].

The MiniMedTM 780G advanced hybrid closed-loop 
device, on the other hand, showed more noticeable glycemic 
advantages. The 780G system was found to significantly 
lower HbA1c, increase time-in-range, and significantly lower 
both moderate and severe hyperglycemia. These results 
imply that the 780G system's algorithmic improvements 
result in better glycemic control when compared to 
previous Medtronic devices [12,13]. However, significant 
heterogeneity remained across a number of outcomes, 
emphasizing response variability and study-level variations. 
Effective hypoglycemia mitigation was demonstrated by both 
Medtronic systems, which were linked to decreases in the 
amount of time spent in hypoglycemia, including glucose 
levels below 54 mg/dL and 70 mg/dL. Newer-generation 
algorithms may, however, provide improved glycemic 
control, especially in lowering hyperglycemic exposure, as 
seen by the larger and more consistent gains seen with the 
780G system. The MiniMedTM 780G outperforms the 670G 
in some glycemic categories [11–13]. Overall, Medtronic 
hybrid closed-loop systems show clinically important 
advantages, but the size and consistency of effects seem to be 
generation dependent [11–13]. With notable improvements 
in HbA1c, duration in range, hyperglycemia, and glycemic 
variability, as well as minimal heterogeneity, indicating 
high repeatability, iLet showed the most consistent overall 
glycemic effect based on pooled data. With notably strong 
decreases in hyperglycemia and a pleasant hypoglycemia 
profile, Control-IQ demonstrated equal efficacy in improving 
HbA1c and time-in-range, demonstrating balanced 
performance and safety. Medtronic systems demonstrated 
generation-dependent efficacy; the MiniMedTM 780G 
outperformed the 670G, although there was more variation 
between studies. All of these results point to the possibility 

that more automation and adaptive algorithms could lead to 
more reliable glycemic results.

Limitations
There are various limitations to this study. Firstly, 

statistical power for some secondary outcomes may be reduced 
due to the limited number of included studies. Secondly, even 
though the majority of the included studies were randomized, 
the assessment of long-term efficacy and safety was limited 
by the relatively short follow-up periods (13 weeks). Third, 
pooled estimates may have been impacted by differences 
in comparator therapy within standard care. Lastly, some 
studies lacked thorough reporting on allocation concealment, 
which could contribute residual methodological ambiguity 
even though the risk of bias was generally minimal.

Conclusion
The analysis of the studies indicates that the insulin-only 

configuration of the BP was shown to be effective in reducing 
HbA1c and improving CGM metrics of mean glucose, 
hyperglycemia, and TIR compared with prospectively 
collected data for the study participants who participated 
in the SC control group during the immediately preceding 
13-week period, without increasing CGM-measured
hypoglycemia. However, further studies are required to
support this conclusion and provide a well-supported insight
into the efficacy of iLet Bionic Pancreas

What Impact this Study might have in the 
Future

This observation led to changes in the cartridge 
replacement procedure and to design changes in the next-
generation cartridge connector and iLet that will be used in 
the pivotal clinical trial.
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