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Better TIR, HbA1c, and less
hypoglycemia in closed-loop insulin
system in patients with type 1 diabetes:

a meta-analysis

Xiaojuan Jiao

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
-3.55mg/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 TIDM in clinical practice.

INTRODUCTION

Type 1 diabetes mellitus (T1IDM) is an auto-
immune disease that results in the (near)
destruction of pancreatic beta cells and insuf-
ficientinsulin production by the pancreas and
is caused by a variety of genetic and environ-
mental pathogenic factors." Type 1 diabetes
accounts for 5%-10% of all people with
diabetes. Globally, itis estimated that 1 106 500
people aged 0-19 years have type 1 diabetes,
with 182600 new cases diagnosed each year.”

, Yunfeng Shen, Yifa Chen

Insulin therapy was discovered between 1921
and 1922 and is considered to be crucial in
the management of TIDM. 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.’

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.* Addi-
tionally, the DCCT and the Epidemiology of
Diabetes Interventions and Complications’
(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,
butincreases 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.” 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 TIDM 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.” ® 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.”
Two researchers (X]J, 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) (3.9-10mmol/L or 70-180mg/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 (HbAlc) indi-
cator, which reflects overall blood glucose levels over a
period of 2-3months. 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) (<3.9mmol/L or
<70mg/dL), and HbAlc (%), 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 54mg/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).'0 '
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 1> 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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closed loop Control
Study or Subgroup Mean SD Total Mean
Boris Kovatchev 2020 64 11 64 57 14 61

Boris P Kovatchev 2020 67.3 11.5 78 589 147 78
H. Thabit 2015 (Adults) 67.7 10.6 32 56.8 14.2 33
H. Thabit 2015 (Children and Adolescents) 61.2 11.9 25 516 118 24
Marc D. Breton 2020 67 10 78 55 13 22
Martin Tauschmann 2018 65 8 46 54 9 40
McAuley, S. A 2020 69.9 95 61 547 127 59
Pierre-Yves Benhamou 2019 685 94 63 594 10.2 63
S.A. Brown 2019 7112 112 59 14 56
S.A. Brown 2020 67.6 12.6 54 604 17.1 55
Total (95% CI) 613 491

Heterogeneity: Tau? = 1.44; Chi2 = 11.42, df =9 (P = 0.25); I =21%
Test for overall effect: Z = 12.46 (P < 0.00001)

SD Total Weight

Mean Difference

IV. Random, 95% CI

Mean Difference
1V. Random. 95% CI

10.5%  7.00[2.57, 11.43]
11.6%  8.40[4.26, 12.54] —_—
6.2%  10.90 [4.82, 16.98]
53%  9.60[2.96, 16.24]
6.6%  12.00[6.13, 17.87]
14.2%  11.00 [7.38, 14.62] I
12.2% 15.20 [11.18, 19.22] —
153%  9.10 [5.67, 12.53] —
11.0%  12.00[7.71, 16.29] —_—
71%  7.20[1.57,12.83]
100.0%  10.32 [8.70, 11.95] <
-20 -10 0 10 20

Favours [control] Favours [closed loop ]

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

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, 12=21%) higher in CLS, which
was equal to 2hours 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 HbAlc, with a decline of 0.30% (95%
CI -0.41% to -0.19%, p<0.00001, 1>=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 2.14hours 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 10.57mg/dL lower (-13.12to -8.01mg/dL,
p<0.00001), and CV and SD were lower by 1.41 (-2.38
to —0.44, p=0.004) and 6.37mg/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=0.19kg, 95% CI 0.03 to
0.36kg, p=0.02; online supplemental appendix 12).

Subgroup analysis

The heterogeneity for most of the outcome indicators
was relatively low (I? <50%). However, the I? 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.

closed loop Control Mean Difference Mean Difference

__Study or Subgroup Mean D Total Mean D Total Weight IV, Ran % Cl 1V. Random, 95% ClI

Boris Kovatchev 2020 72 07 64 72 09 61 15.4% 0.00 [-0.28, 0.28] —

H. Thabit 2015 (Adults) 73 038 32 76 11 33 5.7% -0.30[-0.77, 0.17] I

H. Thabit 2015 (Children and Adolescents) 76 11 25 79 06 24 5.1% -0.30[-0.79, 0.19] I

Marc D. Breton 2020 7 08 78 76 09 22 7.2% -0.60 [-1.02, -0.18]

Martin Tauschmann 2018 74 06 46 77 05 40 229%  -0.30[-0.53,-0.07] -

McAuley, S. A 2020 7 06 61 74 08 59 19.2% -0.40 [-0.65, -0.15] - -

S.A. Brown 2019 7.06 079 112 7.39 0.92 56 15.6% -0.33 [-0.61, -0.05] - -

S.A. Brown 2020 718 0.8 54 7.53 1.14 55 9.1% -0.35[-0.72, 0.02] -

Total (95% Cl) 472 350 100.0% -0.30 [-0.41, -0.19] ‘

Heterogeneity: Tau? = 0.00; Chi2 = 7.00, df = 7 (P = 0.43); I> = 0% 1 _0"5 5 ofs 1

Test for overall effect: Z = 5.35 (P < 0.00001)

Favours [closed loop] Favours [control]

Figure 3 Forest plot for glycated hemoglobin changes (%). IV, inverse-variance.
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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 (>180mg/dL); TBR (%), time below target range
(<70mg/dL); TIR (%), time in target range (70-180 mg/dL);
V,variable.

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 HbAlc, 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 TIDM, starting from 70 mg/dL to 180 mg/
dL.*** 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.” Beck et al’® 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 T1IDM or type 2 diabetes mellitus
(T2DM).** 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 TIDM. Most of the previous studies
covered a study period of 2 weeks or less.”” ™ 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.”®*' 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.

HbAlc level was used as an acceptable standard for
glucose control since its recommendation by DCCT. In
DCCT, an inverse relationship was found between the
HbAlc value and the incidence of DR in patients with
T1DM. With each 1% increase in HbAlc, the risk of DR
and nephropathy increased by 54% and 42%, respec-
tively. Moreover, other studies have confirmed higher
HbAlc level as an independent risk factor for diabetic
complications.”** This study showed that CLS has better
HbAlc levels, suggesting that the use of CLS in T1IDM
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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 HbAlc levels compared with regular
insulin therapy.”* Patients with CLS in this study bear a
better HbAlc level even compared with those with SAP,
suggesting that the use of CLS in TIDM could further
reduce the risk of diabetes-related complications.

In the Beck et al® study, it was shown that TIR was nega-
tively correlated with HbAlc (r=—0.67) and a 10-percentile
decrease in TIR should result in a decrease in HbAlc of
around 0.6 percentile.” However, a decrease of only 0.3
percentile was shown in this meta-analysis. The consis-
tency between TIR and HbAlc could be influenced by
other factors, such as glycemic variability.”® 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.”' ** A larger study found no relation-
ship between GV and composite score of cardiovascular
risk.”” 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.” *® 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.”’ It is reasonable to specu-
late that this also applies to patients with TIDM. Acute
hypoglycemia could exacerbate chronic inflamma-
tion, endothelial dysfunction, and arteriosclerosis by
its proinflammatory effects.*’ This meta-analysis used
TBR, time below 3 mmol/L and 3.3 mmol/L (50 mg/dL
and 54mg/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 12hours 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 TIDM 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 TIDM (even be applied to T1IDM outpa-
tients for lifetime).

Contributors XJ and YC were responsible for data mining and analysis and for
statistical analysis. YS and XJ were responsible for study concept and design and
drafting of the manuscript.

Funding This work was supported by the Key R&D Program of Jiangxi Province
(grant number 20192BBG70027) and the National Natural Science Foundation of
China (NSFC) (grant number 81860151).

Competing interests None declared.
Patient consent for publication Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data sharing not applicable as no datasets generated
and/or analyzed for this study.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability
and responsibility arising from any reliance placed on the content. Where the
content includes any translated material, BMJ does not warrant the accuracy and
reliability of the translations (including but not limited to local regulations, clinical
guidelines, terminology, drug names and drug dosages), and is not responsible
for any error and/or omissions arising from translation and adaptation or
otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Xiaojuan Jiao http://orcid.org/0000-0002-2316-3692

6

BMJ Open Diab Res Care 2022;10:¢002633. doi:10.1136/bmjdrc-2021-002633


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-2316-3692

a Emerging technologies, pharmacology and therapeutics

REFERENCES

1 Thrower SL, Bingley PJ. Prevention of type 1 diabetes. Br Med Bull
2011;99:73-88.

2 International Diabetes Federation. Diabetes atlas. 8th edition, 2017.

3 Hirsch IB. Clinical review: realistic expectations and practical use
of continuous glucose monitoring for the endocrinologist. J Clin
Endocrinol Metab 2009;94:2232-8.

4 Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications (DCCT/EDIC) Research
Group, Nathan DM, Zinman B, et al. Modern-Day clinical course
of type 1 diabetes mellitus after 30 years' duration: the diabetes
control and complications trial/epidemiology of diabetes
interventions and complications and Pittsburgh epidemiology of
diabetes complications experience (1983-2005). Arch Intern Med
2009;169:1307-16.

5 Maser RE, Wolfson SK, Ellis D, et al. Cardiovascular disease
and arterial calcification in insulin-dependent diabetes mellitus:
interrelations and risk factor profiles. Pittsburgh epidemiology
of diabetes complications Study-V. Arterioscler Thromb
1991;11:958-65.

6 Trevitt S, Simpson S, Wood A. Artificial pancreas device systems
for the closed-loop control of type 1 diabetes: what systems are in
development? J Diabetes Sci Technol 2016;10:714-23.

7 Weisman A, Bai J-W, Cardinez M, et al. Effect of artificial pancreas
systems on glycaemic control in patients with type 1 diabetes: a
systematic review and meta-analysis of outpatient randomised
controlled trials. Lancet Diabetes Endocrinol 2017;5:501-12.

8 Bekiari E, Kitsios K, Thabit H, et al. Artificial pancreas treatment for
outpatients with type 1 diabetes: systematic review and meta-
analysis. BMJ 2018;361:k1310.

9 Tarsilla M. Cochrane Handbook for systematic reviews of
interventions. Journal of Multidisciplinary Evaluation 2008;6:142-8.

10 Luo D, Wan X, Liu J, et al. Optimally estimating the sample mean

from the sample size, median, mid-range, and/or mid-quartile range.

Stat Methods Med Res 2018;27:1785-805.

11 Wan X, Wang W, Liu J, et al. Estimating the sample mean and
standard deviation from the sample size, median, range and/or
interquartile range. BMC Med Res Methodol 2014;14:135.

12 Thabit H, Tauschmann M, Allen JM, et al. Home use of an artificial
beta cell in type 1 diabetes. N Engl J Med 2015;373:2129-40.

13 Tauschmann M, Thabit H, Bally L, et al. Closed-Loop insulin delivery

in suboptimally controlled type 1 diabetes: a multicentre, 12-week
randomised trial. Lancet 2018;392:1321-9.

14 McAuley SA, Lee MH, Paldus B, et al. Six months of hybrid closed-
loop versus manual insulin delivery with Fingerprick blood glucose
monitoring in adults with type 1 diabetes: a randomized, controlled
trial. Diabetes Care 2020;43:3024-33.

15 Kropff J, Del Favero S, Place J, et al. 2 month evening and night
closed-loop glucose control in patients with type 1 diabetes under

free-living conditions: a randomised crossover trial. Lancet Diabetes

Endocrinol 2015;3:939-47.

16 Kovatchev BP, Kollar L, Anderson SM, et al. Evening and overnight
closed-loop control versus 24/7 continuous closed-loop control for
type 1 diabetes: a randomised crossover trial. Lancet Digit Health
2020;2:e64-73.

17 Kovatchev B, Anderson SM, Raghinaru D, et al. Randomized
controlled trial of mobile closed-loop control. Diabetes Care
2020;43:607-15.

18 Brown SA, Kovatchev BP, Raghinaru D, et al. Six-Month randomized,

multicenter trial of closed-loop control in type 1 diabetes. N Engl J
Med 2019;381:1707-17.

19 Brown SA, Beck RW, Raghinaru D, et al. Glycemic outcomes of use

of CLC versus PLGS in type 1 diabetes: a randomized controlled
trial. Diabetes Care 2020;43:1822-8.

20 Breton MD, Kanapka LG, Beck RW, et al. A randomized trial of
closed-loop control in children with type 1 diabetes. N Engl J Med
2020;383:836-45.

21 Benhamou P-Y, Franc S, Reznik Y, et al. Closed-Loop insulin delivery

in adults with type 1 diabetes in real-life conditions: a 12-week

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

multicentre, open-label randomised controlled crossover trial. Lancet
Digit Health 2019;1:e17-25.

American Diabetes Association. 6. Glycemic Targets: Standards of
Medical Care in Diabetes-2021. Diabetes Care 2021;44:573-84.
Battelino T, Danne T, Bergenstal RM, et al. Clinical targets

for continuous glucose monitoring data interpretation:
recommendations from the International consensus on time in range.
Diabetes Care 2019;42:1593-603.

Runge AS, Kennedy L, Brown AS, et al. Does Time-in-Range
matter? perspectives from people with diabetes on the success

of current therapies and the drivers of improved outcomes. Clin
Diabetes 2018;36:112-9.

Lu J, Ma X, Zhou J, et al. Association of time in range, as assessed
by continuous glucose monitoring, with diabetic retinopathy in type
2 diabetes. Diabetes Care 2018;41:2370-6.

Beck RW, Bergenstal RM, Riddlesworth TD, et al. Validation of time
in range as an outcome measure for diabetes clinical trials. Diabetes
Care 2019;42:400-5.

Bally L, Thabit H, Kojzar H, et al. Day-and-night glycaemic control
with closed-loop insulin delivery versus conventional insulin pump
therapy in free-living adults with well controlled type 1 diabetes:

an open-label, randomised, crossover study. Lancet Diabetes
Endocrinol 2017;5:261-70.

Brown SA, Breton MD, Anderson SM, et al. Overnight closed-loop
control improves glycemic control in a multicenter study of adults
with type 1 diabetes. J Clin Endocrinol Metab 2017;102:3674-82.
Dauber A, Corcia L, Safer J, et al. Closed-loop insulin therapy
improves glycemic control in children aged <7 years: a randomized
controlled trial. Diabetes Care 2013;36:222-7.

DeBoer MD, Breton MD, Wakeman C, et al. Performance of an
artificial pancreas system for young children with type 1 diabetes.
Diabetes Technol Ther 2017;19:293-8.

Dai X, Luo Z-C, Zhai L, et al. Artificial pancreas as an effective

and safe alternative in patients with type 1 diabetes mellitus:

a systematic review and meta-analysis. Diabetes Ther
2018;9:1269-77.

Bojestig M, Arnqvist HJ, Hermansson G, et al. Declining incidence
of nephropathy in insulin-dependent diabetes mellitus. N Engl J Med
1994;330:15-18.

Nordwall M, Abrahamsson M, Dhir M, et al. Impact of HbA1c,
followed from onset of type 1 diabetes, on the development of
severe retinopathy and nephropathy: the VISS study (vascular
diabetic complications in Southeast Sweden). Diabetes Care
2015;38:308-15.

Hermanides J, Nergaard K, Bruttomesso D, et al. Sensor-
augmented pump therapy lowers HbA(1c) in suboptimally controlled
Type 1 diabetes; a randomized controlled trial. Diabet Med
2011;28:1158-67.

Beck RW, Bergenstal RM, Cheng P, et al. The relationships between
time in range, hyperglycemia metrics, and HbA1c. J Diabetes Sci
Technol 2019;13:614-26.

Lu J, Ma X, Zhang L, et al. Glycemic variability modifies the
relationship between time in range and hemoglobin A1c estimated
from continuous glucose monitoring: a preliminary study. Diabetes
Res Clin Pract 2020;161:108032.

Cox DJ, Kovatchev BP, Julian DM, et al. Frequency of severe
hypoglycemia in insulin-dependent diabetes mellitus can be
predicted from self-monitoring blood glucose data. J Clin Endocrinol
Metab 1994;79:1659-62.

Kilpatrick ES, Rigby AS, Goode K, et al. Relating mean blood
glucose and glucose variability to the risk of multiple episodes of
hypoglycaemia in type 1 diabetes. Diabetologia 2007;50:2553-61.
Bonds DE, Miller ME, Bergenstal RM, et al. The association between
symptomatic, severe hypoglycaemia and mortality in type 2
diabetes: retrospective epidemiological analysis of the Accord study.
BMJ 2010;340:04909.

Wang Y, Wang J. Does industrial agglomeration facilitate
environmental performance: new evidence from urban China? J
Environ Manage 2019;248:109244.

BMJ Open Diab Res Care 2022;10:¢002633. doi:10.1136/bmjdrc-2021-002633


http://dx.doi.org/10.1093/bmb/ldr020
http://dx.doi.org/10.1210/jc.2008-2625
http://dx.doi.org/10.1210/jc.2008-2625
http://dx.doi.org/10.1001/archinternmed.2009.193
http://dx.doi.org/10.1161/01.atv.11.4.958
http://dx.doi.org/10.1177/1932296815617968
http://dx.doi.org/10.1016/S2213-8587(17)30167-5
http://dx.doi.org/10.1136/bmj.k1310
http://dx.doi.org/10.1177/0962280216669183
http://dx.doi.org/10.1186/1471-2288-14-135
http://dx.doi.org/10.1056/NEJMoa1509351
http://dx.doi.org/10.1016/S0140-6736(18)31947-0
http://dx.doi.org/10.2337/dc20-1447
http://dx.doi.org/10.1016/S2213-8587(15)00335-6
http://dx.doi.org/10.1016/S2213-8587(15)00335-6
http://dx.doi.org/10.1016/S2589-7500(19)30218-3
http://dx.doi.org/10.2337/dc19-1310
http://dx.doi.org/10.1056/NEJMoa1907863
http://dx.doi.org/10.1056/NEJMoa1907863
http://dx.doi.org/10.2337/dc20-0124
http://dx.doi.org/10.1056/NEJMoa2004736
http://dx.doi.org/10.1016/S2589-7500(19)30003-2
http://dx.doi.org/10.1016/S2589-7500(19)30003-2
http://dx.doi.org/10.2337/dc21-S006
http://dx.doi.org/10.2337/dci19-0028
http://dx.doi.org/10.2337/cd17-0094
http://dx.doi.org/10.2337/cd17-0094
http://dx.doi.org/10.2337/dc18-1131
http://dx.doi.org/10.2337/dc18-1444
http://dx.doi.org/10.2337/dc18-1444
http://dx.doi.org/10.1016/S2213-8587(17)30001-3
http://dx.doi.org/10.1016/S2213-8587(17)30001-3
http://dx.doi.org/10.1210/jc.2017-00556
http://dx.doi.org/10.2337/dc12-1079
http://dx.doi.org/10.1089/dia.2016.0424
http://dx.doi.org/10.1007/s13300-018-0436-y
http://dx.doi.org/10.1056/NEJM199401063300103
http://dx.doi.org/10.2337/dc14-1203
http://dx.doi.org/10.1111/j.1464-5491.2011.03256.x
http://dx.doi.org/10.1177/1932296818822496
http://dx.doi.org/10.1177/1932296818822496
http://dx.doi.org/10.1016/j.diabres.2020.108032
http://dx.doi.org/10.1016/j.diabres.2020.108032
http://dx.doi.org/10.1210/jcem.79.6.7989471
http://dx.doi.org/10.1210/jcem.79.6.7989471
http://dx.doi.org/10.1007/s00125-007-0820-z
http://dx.doi.org/10.1136/bmj.b4909
http://dx.doi.org/10.1016/j.jenvman.2019.07.015
http://dx.doi.org/10.1016/j.jenvman.2019.07.015

	Better TIR, HbA1c, and less hypoglycemia in closed-­loop insulin system in patients with type 1 diabetes: a meta-­analysis
	Abstract
	Introduction
	Materials and methods
	Data sources and search strategies
	Inclusion and exclusion criteria
	Data extraction and quality assessment
	Outcomes
	Data synthesis and analysis

	Results
	Description of included studies
	Assessment of potential bias
	Outcomes
	﻿Time in target range﻿﻿﻿
	﻿Glycated hemoglobin﻿﻿﻿
	TAR, TBR, MG, GV, LBGI, and HBGI
	Daily insulin dose, body weight, satisfaction, and quality of life

	Subgroup analysis
	Adverse events

	Discussion
	Conclusion
	References


