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ABSTRACT
The study aimed to evaluate the effectiveness and safety 
of long-term use of closed-loop insulin system (CLS) 
in non-pregnant patients with type 1 diabetes mellitus 
(T1DM) using systematic review and meta-analysis. A 
literature search was performed using MEDLINE, EMBASE, 
and the Cochrane Library. Randomized controlled trials 
(RCTs) on long-term use (not less than 8 weeks) of CLS 
in patients with T1DM were selected. Meta-analysis was 
performed with RevMan V.5.3.5 to compare CLS with 
controls (continuous subcutaneous insulin infusion with 
blinded continuous glucose monitoring or unblinded 
sensor-augmented pump therapy or multiple daily 
injections or predictive low-glucose suspend system) in 
adults and children with type 1 diabetes. Research quality 
evaluation was conducted using the Cochrane risk of bias 
tool. Eleven RCTs (817 patients) that satisfied the eligibility 
criteria were included in the meta-analysis. Compared 
with controls, the CLS group had a favorable effect on 
the proportion of time with sensor glucose level in 3.9–
10 mmol/L (10.32%, 8.70% to 11.95%), above 10 mmol/L 
(−8.89%, −10.57% to −7.22%), or below 3.9 mmol/L 
(−1.09%, −1.54% to −0.64%) over 24 hours. The CLS 
group also had lower glycated hemoglobin levels (−0.30%, 
−0.41% to −0.19%), and glucose variability, coefficient of 
variation of glucose, and SD were lower by 1.41 (−2.38 
to −0.44, p=0.004) and 6.37 mg/dL (−9.19 mg/dL to 
−3.55 mg/dL, p<0.00001). There were no significant 
differences between the CLS and the control group in 
terms of daily insulin dose, quality of life assessment, 
and satisfaction with diabetes treatment. CLS is a better 
solution than control treatment in optimizing blood glucose 
management in patients with T1DM. CLS could become a 
common means of treating T1DM in clinical practice.

INTRODUCTION
Type 1 diabetes mellitus (T1DM) is an auto-
immune disease that results in the (near) 
destruction of pancreatic beta cells and insuf-
ficient insulin production by the pancreas and 
is caused by a variety of genetic and environ-
mental pathogenic factors.1 Type 1 diabetes 
accounts for 5%–10% of all people with 
diabetes. Globally, it is estimated that 1 106 500 
people aged 0–19 years have type 1 diabetes, 
with 132 600 new cases diagnosed each year.2 

Insulin therapy was discovered between 1921 
and 1922 and is considered to be crucial in 
the management of T1DM. Diabetes manage-
ment in modern countries often includes the 
use of insulin analogs and mechanical tech-
nologies (such as insulin pump and contin-
uous glucose monitors (CGM)) to improve 
treatment of type 1 diabetes.3

T1DM is associated with microvascular and 
macrovascular complications. In 1993, the 
Diabetes Control and Complications Trial 
(DCCT) for the first time demonstrated that 
intensive glucose lowering reduced the risk 
of long-term diabetes complications.4 Addi-
tionally, the DCCT and the Epidemiology of 
Diabetes Interventions and Complications5 
(EDIC) revealed that intense insulin treat-
ment reduces the risk of all-cause mortality, 
cardiovascular events, and microvascular 
complications, including diabetic retinop-
athy (DR), nephropathy, and neuropathy. 
Currently, intensive insulin treatment for 
T1DM is being adapted throughout the world.

T1DM is characterized by large fluctuations 
in blood glucose. Mild adjustments to insulin 
doses may lead to dramatic fluctuations in 
blood glucose. Intensive insulin treatment is 
a more rigorous strategy for glycemic control, 
but increases the risk of hypoglycemia. There-
fore, a combination of real-time CGM and 
insulin therapy was developed which allows 
users to manually modify the insulin infusion 
rate according to the CGM value, named the 
sensor-augmented pump (SAP). Further-
more, recent advances have developed an 
artificial pancreas: the closed-loop insulin 
system (CLS). Its components include a 
subcutaneous CGM, which transmits intermit-
tent signals containing subcutaneous glucose 
concentrations to a controller, which hosts 
a control algorithm and the user interface, 
and an insulin pump, which automatically 
delivers a subcutaneous rapid-acting insulin 
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analog in response to glucose values. Insulin delivery is 
adjusted by the control algorithm in real time. Commu-
nication between the system components is wireless.6 On 
September 28, 2016, the US Food and Drug Administra-
tion approved the first artificial pancreatic system named 
Medtronic’s MiniMed 670G hybrid closed-loop system 
for individuals with T1DM aged over 14 years.

Systematic reviews and meta-analyses have been 
performed prior to this study to demonstrate that closed-
loop techniques were feasible and beneficial in a variety 
of clinical settings.7 8 However, these meta-analyses 
were published prior to 2019 and the studies included 
had observation periods of less than 8 weeks. Since 
2019, multiple studies have been published with longer 
follow-up periods and a large number of participants and 
involving multiple algorithm models. The inclusion of 
these studies in the analysis allows for a more compre-
hensive assessment of the efficacy and safety of CLS use 
in patients with type 1 diabetes and will provide a more 
solid basis for clinical use of CLS.

MATERIALS AND METHODS
Data sources and search strategies
Two independent reviewers searched PubMed, EMBASE, 
and the Cochrane Library from database inception 
to May 2021 for articles published in English. Search 
terms included ‘artificial pancreas’, ‘closed loop system’, 
‘Diabetes Mellitus, Type 1’, ‘randomized clinical trials’, 
and their relative phrases. Details of the search strategy, 
including keywords and subject headings, are provided in 
online supplemental appendix 3. Relevant papers were 
retrieved with these search terms. Titles and abstracts of 
the articles obtained were screened by two independent 
reviewers and the full texts of these articles were reviewed. 
When a disagreement was encountered, it was discussed 
with a senior reviewer, and the article with the disagree-
ment was included first, carefully read in full, and then 
included in the statistical analysis if it met the inclusion 
and exclusion criteria.

Inclusion and exclusion criteria
All randomized controlled clinical trials on CLS with a 
study period of not less than 8 weeks were considered 
eligible for inclusion. Controls could be SAP therapy, 
conventional insulin pump therapy, and multiple daily 
injections (MDI) therapy. Studies with intervention dura-
tion of less than 8 weeks, pregnant women, or individuals 
with severe diseases or who were prescribed additional 
medications were excluded from the study. In addition, 
case reports, reviews, commentaries, editorials, and 
letters were excluded.

Data extraction and quality assessment
Two independent reviewers extracted the data using 
a standardized form online supplemental appendix 5. 
The following data were extracted from all the studies: 
demographic parameters, methodological features, 
primary and secondary outcome indicators, and severe 

adverse events. The methodological quality of each clin-
ical trial was evaluated by the Cochrane risk of bias tool.9 
Two researchers (XJ, YC) have independently evaluated 
the studies based on selection bias (random sequence 
generation and allocation concealment), detection bias 
(blinding of outcome assessment), performance bias 
(blinding of participants and personnel), attrition bias 
(incomplete outcome data), and reporting bias (selective 
reporting), as well as overall assessment of the risk of bias 
(other bias).

Outcomes
This study evaluated the efficacy and safety of a closed-
loop insulin pump in patients with type 1 diabetes. As 
insulin infusion in this system is automatically regulated 
by CGM glucose values, the proportion (%) of time in 
target range (TIR) (3.9–10 mmol/L or 70–180 mg/dL) 
not only reflects real-time changes in blood glucose 
but also its safety, especially in patients with uncon-
scious hypoglycemia and nocturnal hypoglycemia, when 
compared with the glycated hemoglobin (HbA1c) indi-
cator, which reflects overall blood glucose levels over a 
period of 2–3 months. Therefore, TIR was used as the 
primary outcome.

The secondary outcomes included proportion (%) of 
time above target range (TAR) (>10 mmol/L or >180 mg/
dL), time below target range (TBR) (<3.9 mmol/L or 
<70 mg/dL), and HbA1c (%), which was measured 
at the end of the study for each study. In addition, low 
blood glucose index (LBGI), high blood glucose index 
(HBGI), coefficient of variation of glucose (CV), SD of 
glucose concentration (mg/dL), time below 50 mg/dL 
and 54 mg/dL, time above 250 mg/dL and 300 mg/dL, 
mean CGM glucose (mg/dL) (MG), total daily insulin 
dose, and body weight variation (kg) were also taken 
as secondary outcomes. In addition, there were post-
treatment assessments of satisfaction with diabetes treat-
ment and quality of life with diabetes. This meta-analysis 
summarized the adverse events associated with the inter-
vention to assess the safety of the treatment, including all 
adverse events, severe hypoglycemic events, severe hyper-
glycemic events, and diabetic ketosis events.

Data synthesis and analysis
Meta-analysis was conducted only if the data of at least two 
studies were available. Data are expressed as mean±SD, 
and if the original data are expressed as median (IQR) 
they are converted to mean±SD according to the Excel 
spreadsheet formula (online supplemental file 1).10 11 
Statistical analysis was performed with RevMan V.5.3.5 
software (Copenhagen: The Nordic Cochrane Center, 
The Cochrane Collaboration, 2014). The mean differ-
ence or standardized mean difference (SMD) between 
CLS and controls (%, 95% CI), p value for the overall 
effect, and I² were calculated by inverse variance and 
random effects models.

To identify the cause of heterogeneity, a meta-regression 
was carried out using Stata V.16.0 for results with high 
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heterogeneity (I2 >50%). A predefined subgroup analysis 
(overnight vs 24 hours, adult vs pediatric, algorithm type, 
study duration, type of study design, and control groups) 
was done to explore differences between different 
subgroups. Funnel chart was performed to evaluate 
publication bias.

RESULTS
Description of included studies
The flow chart of the study selection process is illustrated 
in figure 1. A total of 117 articles were reviewed in detail; 
107 studies were excluded at the full-text review stage 
and the DOIs or PubMed unique identifiers (PMIDs) of 
these ineligible studies are shown in online supplemental 
appendix 4. Ten articles,12–21 containing 11 studies with 
a total of 817 participants, were included in this anal-
ysis; one of the articles divided the study into two studies 
with different populations.12 The experimental groups 
included were all single-hormone CLS, and the control 
groups included continuous subcutaneous insulin infu-
sion (CSII) with blinded CGM or unblinded SAP therapy, 
MDI, and predictive low-glucose suspend (PLGS) system. 
The research observation period ranged from 8 weeks to 
26 weeks. The characteristics of the included studies are 
shown in table 1.

Assessment of potential bias
None of the trials masked the participants to the inter-
vention. The risk of selection bias, including random 
sequence generation and allocation concealment, was 
considered low. There is also a low risk of attrition and 
reporting bias. Other than masking, most of the studies 
had low risk or unclear (if the information was not avail-
able) risk of bias (online supplemental appendices 7 and 
8). The studies with low risk for each component other 
than masking were considered. A funnel plot of the 
primary outcomes showed no evidence of publication 
bias visually (online supplemental appendix 9).

Figure 1  Flow chart of the study selection process.
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Outcomes
Time in target range
Comparisons from 10 studies were pooled to analyze TIR. 
Compared with controls, TIR was 10.32% (95% CI 8.70% 
to 11.95%, p<0.00001, I²=21%) higher in CLS, which 
was equal to 2 hours and 27 min per day, with a weighted 
mean (WM) of 56.91% (2 hours and 39 min per day) for 
SAP (figure 2).

Glycated hemoglobin
Compared with controls, the use of CLS demonstrated a 
favorable effect on HbA1c, with a decline of 0.30% (95% 
CI −0.41% to −0.19%, p<0.00001, I²=0%), with a WM of 
7.51% for the control (figure 3).

TAR, TBR, MG, GV, LBGI, and HBGI
For full-day glucose management, TAR and TBR 
were 8.89% (−10.57% to −7.22%, p<0.00001) and 
1.09% (−1.54% to −0.64%; p<0.00001) lower with CLS 
compared with controls, equal to 2.14 hours and 16 min, 
and LBGI and HBGI were lower by 0.22 (95% CI −0.34 
to −0.10, p=0.0005) and 1.94 (−2.46 to –1.42, p<0.00001), 
MG was 10.57 mg/dL lower (−13.12 to −8.01 mg/dL, 
p<0.00001), and CV and SD were lower by 1.41 (−2.38 
to –0.44, p=0.004) and 6.37 mg/dL (−9.19 to −3.55 mg/
dL, p<0.00001). The effect on TIR, TAR, TBR, MG, and 
glucose variability (GV) was consistent at night, during 
the day, and at 24 hours, as shown in figure 4, except for 
CV, which was not significantly different from the control 
group at night.

Daily insulin dose, body weight, satisfaction, and quality of life
There were no significant differences between the CLS 
and the control group in terms of daily insulin dose, 
quality of life assessment, and satisfaction with diabetes 
treatment (online supplemental appendices 10 and 11). 
However, the CLS group weighed more than the control 
group after treatment (SMD=0.19 kg, 95% CI 0.03 to 
0.36 kg, p=0.02; online supplemental appendix 12).

Subgroup analysis
The heterogeneity for most of the outcome indicators 
was relatively low (I2 <50%). However, the I2 of all night-
time blood glucose-related outcome indicators was more 
than 50%, which was highly heterogeneous. To further 
investigate the source of heterogeneity, meta-regression 
analyses were conducted using Stata V.16.0 for age cate-
gory, period of use, study duration, algorithm type, study 
type, and control groups. The results showed that the 
different control groups may be a source of heterogeneity 
(p=0.067; online supplemental appendix 13). There-
fore, a subgroup analysis was performed on the different 
control groups. The results showed that differences in 
controls were not the main source of heterogeneity in 
night-time blood glucose outcome indicators (online 
supplemental appendix 14). The definition of night-
time periods varied in the included studies, which were 
as follows: 23:00–07:00, 20:00–08:00, 00:00–8:00, and 
00:00–06:00, respectively. This could explain the hetero-
geneity in night-time blood glucose outcome indicators. 

Figure 2  Forest plot for time in target range (70–180 mg/dL). IV, inverse-variance.

Figure 3  Forest plot for glycated hemoglobin changes (%). IV, inverse-variance.
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In addition, a subgroup analysis of the main outcome 
indicator TIR was performed to analyze whether there 
were differences between the subgroups. The results 
revealed that there were significant differences in TIR 
values between the different control subgroups. In 
contrast, there were no significant differences in TIR 
values between the other predefined subgroups (online 
supplemental appendix 15).

Adverse events
There were 572 participants in the CLS group and 451 in 
the control group. In the CLS group, there were 5 cases 
with diabetic ketoacidosis, 42 cases with severe hyper-
glycemia, and 17 cases with severe hypoglycemia. In the 
SAP group, there were 7 cases with diabetic ketosis, 14 
cases with severe hyperglycemia, and 10 cases with severe 
hypoglycemia. A meta-analysis of adverse events (severe 
hypoglycemic events, hyperglycemic events, and diabetic 
ketoacidosis events) in the CLS and control groups found 
no significant difference in the risk of these adverse 
events between the two groups (online supplemental 
appendix 16).

DISCUSSION
This systematic review and meta-analysis found that in 
non-pregnant patients with T1DM, CLS application 
increased TIR and decreased TBR, TAR, and HbA1c, as 

compared with controls, validating previous findings that 
glucose control improves and the risk of hypoglycemia is 
reduced with CLS even in longer applications.

In this study, TIR was used as the primary outcome indi-
cator. The results revealed that the use of CLS resulted 
in an additional 10.32% increase in TIR when compared 
with controls. This TIR difference was achieved by reduc-
tions in time above and below target range, respectively. 
The closed-loop system allows for responsive, progressive 
regulation of insulin delivery, either below or above a 
predetermined glucose threshold range. This improves 
the proportion of time spent in the target glucose 
range and reduces average blood glucose levels without 
increasing the risk of hypoglycemia. TIR was described 
as the percentage of time for glucose levels to fall in the 
target range according to the recommendations of the 
guidelines for T1DM, starting from 70 mg/dL to 180 mg/
dL.22 23 Besides being reflective of the day-to-day experi-
ence of individuals with diabetes,24 TIR can be used to 
predict the risk of future diabetic complications, mainly 
microvascular complications.25 Beck et al26 reported the 
relationship between TIR and the development of DR 
and microalbuminuria using a 7-point glucose curve 
from the DCCT data set to validate TIR as a clinical trial 
outcome measure. With each 10% decrease in TIR, there 
was 64% and 40% increase in the risk of DR and micro-
albuminuria, respectively. In contrast, it is reasonable to 
assume that increased TIR could retard the progression 
of DR and microalbuminuria. Generally, the 2021 Amer-
ican Diabetes Association guidelines have recommended 
TIR for assessment of glucose control and indicated that 
the target value for TIR was greater than 70%. Each 5% 
increase in TIR resulted in clinically significant benefits 
for patients with either T1DM or type 2 diabetes mellitus 
(T2DM).22 The significant improvement in TIR asso-
ciated with CLS suggested its importance in improving 
glucose control and reducing the risk of future complica-
tions in patients with T1DM. Most of the previous studies 
covered a study period of 2 weeks or less.27–30 Studies 
included in this meta-analysis, however, had an observa-
tion period of 8–26 weeks. More importantly, the results 
obtained from the meta-analysis are consistent with 
previous studies.7 8 31 The longer periodicity of the studies 
included in this meta-analysis means that there are more 
variables and confounding factors and the results of these 
longer period studies are more convincing. Long-term 
use of the CLS system allows for good glycemia control 
over time, rather than short-term effects.

HbA1c level was used as an acceptable standard for 
glucose control since its recommendation by DCCT. In 
DCCT, an inverse relationship was found between the 
HbA1c value and the incidence of DR in patients with 
T1DM. With each 1% increase in HbA1c, the risk of DR 
and nephropathy increased by 54% and 42%, respec-
tively. Moreover, other studies have confirmed higher 
HbA1c level as an independent risk factor for diabetic 
complications.32 33 This study showed that CLS has better 
HbA1c levels, suggesting that the use of CLS in T1DM 

Figure 4  Forest plot of differences in sensor glucose 
metrics between CLS versus control, presented by time of 
day (24 hours, night, day). CLS, closed-loop insulin system; 
CV, coefficient of variation of glucose; HBGI, high blood 
glucose index; LBGI, low blood glucose index; MD, mean 
difference; MG, mean glucose (mg/dL); TAR (%), time above 
target range (>180 mg/dL); TBR (%), time below target range 
(<70 mg/dL); TIR (%), time in target range (70–180 mg/dL); 
V,variable.
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was more likely to reduce diabetes-related complications. 
The control group for most of the studies included in 
this meta-analysis was SAP. It has been demonstrated 
that the use of SAP significantly improves glycemia 
control and reduces HbA1c levels compared with regular 
insulin therapy.34 Patients with CLS in this study bear a 
better HbA1c level even compared with those with SAP, 
suggesting that the use of CLS in T1DM could further 
reduce the risk of diabetes-related complications.

In the Beck et al26 study, it was shown that TIR was nega-
tively correlated with HbA1c (r=−0.67) and a 10-percentile 
decrease in TIR should result in a decrease in HbA1c of 
around 0.6 percentile.35 However, a decrease of only 0.3 
percentile was shown in this meta-analysis. The consis-
tency between TIR and HbA1c could be influenced by 
other factors, such as glycemic variability.36 CV and SD 
are the metrics for GV, which reflects blood glucose fluc-
tuations. Analysis of the DCCT data set did not show any 
relationship between microvascular complications and 
above-average GV.31 32 A larger study found no relation-
ship between GV and composite score of cardiovascular 
risk.33 In the study, CV and SD were lower in CLS when 
compared with controls. GV was shown to be predictive of 
severe hypoglycemia in type 1 diabetes.37 38 This suggests 
that the use of CLS could reduce the risk of hypogly-
cemia without increasing the risk of microvascular and 
cardiovascular complications.

Undoubtedly, hypoglycemia acts as a barrier to 
improving glycemic control and compliance in clinical 
practice. In the Action to Control Cardiovascular Risk in 
Diabetes trial, it was shown that patients with T2DM in 
the intensive treatment group with more than one event 
of severe hypoglycemia had significantly higher annual 
mortality than those without severe hypoglycemia, 
suggesting that severe hypoglycemia is an important 
cause of increased mortality.39 It is reasonable to specu-
late that this also applies to patients with T1DM. Acute 
hypoglycemia could exacerbate chronic inflamma-
tion, endothelial dysfunction, and arteriosclerosis by 
its proinflammatory effects.40 This meta-analysis used 
TBR, time below 3 mmol/L and 3.3 mmol/L (50 mg/dL 
and 54 mg/dL), and LBGI to assess the risk of hypogly-
cemia and showed that these measurements improved 
compared with controls. This suggests that the use of CLS 
may reduce the risk of hypoglycemia and thus reduce 
mortality in patients with type 1 diabetes.

Some of the adverse events observed in the CLS group 
occurred as a result of operator error, device disconnec-
tion, and low battery levels. This requires clinicians to 
train patients more carefully and correctly in the use 
of CLS, such as with device disconnections or battery 
replacements, and demand professionals to check the 
device regularly. Although their quality of life did not 
improve significantly compared with the control group, 
subjects in the CLS group felt more positive about their 
diabetes status and gained greater satisfaction from 
managing their condition compared with the control 
group. The absence of an increase in diabetes treatment 

satisfaction or a reduction in diabetes distress in our trial 
could partly be explained by the counterbalancing of 
potential benefits with the burden of adding new tech-
nology to diabetes self-management or trial protocol 
requirements.

The strengths of this meta-analysis are the high-quality 
studies included, which are multicenter and multi-
country studies, the long follow-up period of not less 
than 8 weeks, and the wide age range of participants from 
children to seniors, supporting the generalizability of the 
findings. Limitations of the analysis included statistical 
assumptions, such as deriving the mean and SD from 
the median and IQR, respectively. Specific definitions 
of night-time varied among the studies included, but 
was taken as 12 hours when calculating the specific time, 
which might overstate the effect of nocturnal glucose 
control. The most important limitation is the heteroge-
neity of the control groups. It is indeed very different to 
have an insulin pump or an MDI treatment, for example.

CONCLUSION
Long-term use of CLS improved glucose control and 
reduced the occurrence of hypoglycemia and GV in non-
pregnant patients with T1DM as compared with controls 
(CSII with blinded CGM or unblinded SAP therapy or 
MDI or PLGS system). CLS could be widely used in clin-
ical practice in the future for long-term treatment of 
patients with T1DM (even be applied to T1DM outpa-
tients for lifetime).
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