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Abstract

Background Continuous glucose monitoring (CGM) is increasingly popular for managing Type 2 Diabetes Mellitus
(T2DM). Many systematic reviews have reported on CGM'’s effectiveness, but with heterogeneous methodologies

and objectives. We aim to conduct an umbrella review (UR) to consolidate a most contemporaneous and comprehen-
sive evidence base comparing CGM with self-monitoring of blood glucose or usual care (SMBG/UC).

Methods Ovid MEDLINE, Ovid Embase, Cochrane Database of Systematic Reviews, CINAHL, Epistemonikos, SCOPUS,
Web of Science and PubMed were searched from their dates of inception to 28th June 2024. Systematic reviews

(SR) with or without meta-analyses comparing the use of CGM with SMBG or usual care (UC) for T2DM management
in patients treated with or without insulin were included. Narrative synthesis of HbATc, glycemic variability metrics
and other physical measurements were done. Corrected covered area (CCA) was calculated to assess suitability

of meta-meta-analysis.

Results 31 SRs were included in this UR. There was high overlap within meta-analyses of HbA1c, time-in-range (TIR),
time-above-range (TAR) and time-below-range (TBR). A primary study-level meta-analysis demonstrated that com-
pared to SMBG/UC, CGM was associated with significantly greater HbA1c decrease (n=11,494, MD =-0.40% [95%
Cl:-0.54 t0 -0.25]), TR increase (n= 1452, MD=6.00% [95%Cl: 3.13 to 8.88]) and TAR decrease (n=1113, MD=-4.33%
[95%Cl: -8.37 t0 -0.28]).These findings were invariant with CGM modality, study funding, pre-existing insulin treatment
and risk-of-bias. Meta-analysis of patient reported outcome measures (PROMs) demonstrated insignificant differences
in PROMs with CGM use compared to SMBG/UC.

Conclusion CGM could lead to better clinical outcomes than SMBG/UC and was of moderate evidence certainty
(GRADE), while its effect on PROMs remains inconclusive. We recommend the introduction of CGM into standard care
alongside SMBG for T2DM and further research exploring patient experience and acceptability of CGM use.
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Text box 1. Contributions to the literature

- The effectiveness of the use of continuous glucose monitoring (CGM)
devices for management of type 2 diabetes mellitus (T2DM) has been
evaluated in a number of ways across multiple studies, but the totality
of the evidence has not been consolidated into a single review.

+ CGM is better than self-monitoring of blood glucose or usual care

in reducing glycated hemoglobin levels and increasing time-in-range
but no significant differences were found in patient-reported outcome
measure changes.

« CGM is a promising alternative for T2DM management, although more
studies on patient usability and experience is needed.

Introduction

Type 2 Diabetes Mellitus (T2DM) contributes signifi-
cantly to global disease burden, with a projected preva-
lence of 7079 per 100,000 by 2030 [1]. Amongst T2DM
patients, poor glycemic control has been consistently
associated with vascular complications [2, 3] and overall
increased mortality [4].

Technological innovations have enabled close moni-
toring of the patient’s blood glucose profile through the
continuous glucose monitoring (CGM) device [5], which
is a subcutaneous device left on the patient that sam-
ples the interstitial fluid to estimate blood glucose levels.
Unlike self-monitoring of blood glucose (SMBG), CGM
generates a continuous glycemic profile of the individual
across the day, empowering behavioral modifications to
improve glycemic control [6]. Furthermore, as SMBG
involves pricking oneself to obtain blood for a glucometer
to estimate the blood sugar, there are barriers to this aris-
ing from needle-related fear, pain and inconvenience [7,
8], which CGM was designed to overcome. Initially indi-
cated for patients with Type 1 Diabetes Mellitus (T1DM)
due to its synergy with insulin pumps [9] and the high
risk of dysglycemia [10] in T1IDM, CGM is an increas-
ingly common intervention for patients with T2DM for
self-education and behavioral modification [11].

One of the most common outcomes evaluated in
T2DM trials is that of glycated hemoglobin (HbAlc).
HbA1lc demonstrates strong prognostication of end-stage
complications, including coronary heart disease [12],
renal and cardiovascular complications [13], neuropa-
thy [14], depression [15] and all-cause mortality [16]. As
such, appropriate HbAlc management has the potential
to improve quality and quantity of life amongst T2DM
patients. However, a shortcoming of HbAlc is that it rep-
resents the average glycemic control of a T2DM patient
over the previous two to three months but not day-to-
day glycemic variability (GV) [17]. Recent findings have
demonstrated an association between high GV and hypo-
glycemia [18, 19], which can cause distress and poor
treatment adherence. A popular GV metric is that of
time-in-range (TIR) of blood glucose within 70-180 mg/
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dL [20, 21], and has shown strong association with dia-
betes-related complications such as vasculopathy and
retinopathy [22, 23]. As such, both TIR and HbAlc are
important endpoints to be evaluated in therapeutic trials
of T2DM.

CGM is becoming increasingly popular due to its
comfort, ease-of-use and self-education on their diabe-
tes management [24, 25]. Numerous systematic reviews
(SRs) with or without meta-analyses have demonstrated
that CGM is associated with greater HbAlc reduction
than SMBG [26], and increase patient awareness and
management of their glycemic excursions [27]. However,
it was noted that the present SRs had differing research
questions and methodologies, leading to heterogeneity
in outcomes synthesis and reporting. For example, some
SRs restricted their inclusion criteria to studies investi-
gating flash glucose monitoring (FGM), otherwise known
as intermittently-scanned CGM (isCGM), only [28-33]
while other SRs included only studies investigating real-
time CGM (rtCGM) [34, 35]. In addition, some SRs only
included randomized controlled trials (RCTs) [27, 29, 34,
36—40], while others focused primarily on glycemic con-
trol rather than HbAlc reduction [27, 31, 40—42].

Goals of this investigation

Thus, we conducted an umbrella review (UR) of SRs on
CGM in T2DM patients to address the following: (1)
consolidate the most contemporaneous evidence on the
effectiveness of CGM in reducing HbAlc and improving
GV metrics amongst patients with T2DM as compared
to SMBG or usual care (UC), and (2) compare other
outcomes, such as patient reported outcome measures
(PROMs), between patients using CGM and SMBG/UC.

Methods

This umbrella review was registered in PROSPERO (ID:
CRD42023447844) and reported according to the Pre-
ferred Reporting Items for Overview of Reviews (PRIOR)
guidelines [43], with reference to methodological guide-
lines for umbrella reviews in the Cochrane Handbook for
Systematic Reviews of Interventions [44].

Search strategy

Seven databases, namely the Cochrane Database of Sys-
tematic Reviews, CINAHL, Epistemonikos, SCOPUS,
Web of Science, Medline and Embase, were searched
from their respective dates of inception to 28th June 2024,
including ahead-of-print and in-process publications and
indexed citations. Bibliographies of included studies were
hand-searched to identify more studies. A medical infor-
mation specialist was consulted to construct the strategy
on OvidSP, a search platform for both Embase and MED-
LINE, comprising Medical Subject Headings (MeSH) and
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text terms relating to T2DM and CGM. The strategy was
then translated as befitting the syntax of the remaining
databases, presented in eMethods 1.

Study selection

The PICOTS framework was used to formulate the
research question [45]. The population was limited to
adult patients with T2DM who were either insulin-
treated or non-insulin-treated, with no limitation by age
or country. The intervention of interest was any modal-
ity of CGM, including professional CGM, retrospec-
tive CGM (rCGM), rtCGM and FGM. The comparison
of interest was SMBG/UC. The primary outcomes were
mean difference or standardized mean difference changes
in both endpoint and pre-post change in HbAlc values,
Time-In-Range (TIR), Time-Above-Range (TAR), Time-
Below-Range (TBR) and patient reported outcome meas-
ures (PROMs) between the CGM and SMBG/UC groups.
For the time frame of interest, meta-analyses of studies
with a follow-up duration of three months or more were
the primary focus of analysis. This is because HbAlc
changes are likely seen only after three months, given
that it is a measure of average blood sugar level over three
months. However, for completeness, we also considered
meta-analyses which included studies with a duration of
three months or less. If a meta-analysis of meta-analyses
were conducted, such meta-analyses would be excluded
in the sensitivity analysis. Likewise, primary studies with
a follow-up length of three months or less would be
excluded in sensitivity analysis if a meta-analysis of pri-
mary studies was conducted. The setting was limited to
peer-reviewed systematic reviews, with or without meta-
analyses of RCTs and or prospective studies investigating
CGM in the community or outpatient setting. Narrative
reviews, systematic reviews of qualitative studies and SRs
investigating exclusively T1IDM studies were excluded.
Gray literature was excluded due to a lack of peer review,
which reduces its certainty of evidence and methodologi-
cal quality.

Data collection

Titles and abstracts of publications retrieved from the
above databases were uploaded onto Covidence, a sys-
tematic review management platform. Two investi-
gators (amongst Y.Y.,, EH. and S.B.S.) screened the
title-abstracts against the inclusion and exclusion crite-
ria independently. Full-texts for relevant abstracts were
then retrieved and assessed by two investigators inde-
pendently for inclusion in the UR. Data of each included
SR was extracted by one investigator and verified by the
other on a piloted data extraction sheet. It was prospec-
tively planned that disagreements between the investiga-
tors at the screening, extraction and quality assessment
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stages would be reconciled in a discussion, failing which,
the senior author (S.T.) would adjudicate.

The following information was extracted from each SR:
study characteristics, systematic review methodology,
quality assessment outcomes, and narrative synthesis
and/or meta-analysis findings of the following outcomes:
(1) HbAlc measurements, (2) TIR, TAR and TBR values,
(3) PROMs, (4) GV measures, and (5) other physiological
measurements.

No missing data from any publication was reported
during data extraction.

Quality assessment

Risk-of-bias of each systematic review was assessed by
two investigators independently using the A MeaSure-
ment Tool To Assess systematic Reviews 2 (AMSTAR-2)
instrument [46], with conflicts resolved via a three-way
consensus-making discussion between the senior author
and the investigators.

Quality assessment findings informed the discussion of
narrative synthesis outcomes and sensitivity analysis sub-
sequently, whereby the impact of high-risk-of-bias SRs on
the outcomes were explored and discussed. Risk-of-bias
findings were visualised on a traffic-light plot [47].

Risks-of-biases for primary studies were extracted from
the SRs using the Cochrane Risk-of-Bias Tool 2 (RoB2)
[48], and the Newcastle-Ottawa Scale [49] (NOS) or the
Cochrane Risk Of Bias In Non-randomised Studies of
Interventions [50] (ROBINS-I). If a single primary study
was assessed for risk-of-bias by more than one SR, we
conservatively picked the assessment that graded the pri-
mary study with a higher risk-of-bias.

Overlap analysis

Overlap of primary studies amongst included meta-anal-
yses in a UR is a methodological problem [51]. To assess
primary study overlap, the Graphical Representation
of Overlap for Overviews [52] (GROOVE) was used to
evaluate the corrected covered area (CCA), a statistical
measure of overlap in primary studies between SRs [51].
Structural missingness refers to the impossibility of a SR
including a primary study published after its publication
date. CCA was adjusted for structural missingness to
avoid underestimation [52]. The following CCA thresh-
olds were described by Bracchiglione et al.:

1. CCA <5%: Slight overlap

2. 5% < CCA <10: Moderate overlap
3. 10% < CCA <15%: High overlap
4. CCA>15%: Very High overlap

The interpretation and application of described CCA
thresholds for the current UR were based on existing
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literature [53]. Specifically, if the CCA of all studies was
less than 10%, a meta-meta-analysis of endpoints was
done using the summary effect sizes reported by the
included meta-analyses. Between studies with “high” or
“very high” overlap as assessed by the GROOVE tool,
preference for inclusion in meta-meta-analysis would be
given to the study that i) was of higher study quality, ii)
included more studies with larger sample size, iii) was
published more recently. Both studies would be retained
otherwise.

If the CCA of all included meta-analyses was more
than 10%, all unique primary studies included across
these meta-analyses would be retrieved instead, and a
subsequent round of data extraction from these primary
studies was done. This was done by using the primary
study statistics reported by the SRs, or extracting from
the primary studies, to provide an accurate summary
effect estimate.

Statistical analysis and heterogeneity assessment
Narrative synthesis of findings reported by included SRs
of each primary and secondary endpoint was attempted
and reported. Data analysis was performed using R ver-
sion 4.3.1. (The R Foundation) [54], using the metafor
[55] and meta [56] packages. Recovery of studies for
meta-analysis with incomplete outcome reporting, such
as missing variances or pre-post within-group differ-
ences, was done by contacting the corresponding authors
for information. If authors were uncontactable, reason-
able statistical inference and data imputation methods
were employed, as recommended by the Cochrane Hand-
book (vers 5.1.0) [57].

Meta-analysis for a particular endpoint was conducted
if at least two studies, be it meta-analyses or primary
studies, reported it with consistent outcome measure-
ment and effect size estimation. The methods described
subsequently would apply to both meta-meta-anal-
ysis, or meta-analysis of primary studies, contingent
on the extent of primary study overlap as quantified by
GROOVE. A random-effects model with inverse-vari-
ance weighting was fitted to pool (1) mean difference in
pre-post within-group differences of HbAlc between
CGM and control groups and (2) standardized mean dif-
ference (SMD) in endpoint PROM scores between CGM
and control groups. A priori determined subgrouping
by CGM modality, presence of study funding and pres-
ence of insulin therapy was done. Random effects model
was used to account for study heterogeneity arising from
community setting, geographic distribution and pos-
sible co-interventions alongside CGM and SMBG. The
results were visualized as forest plots. SMD was chosen
for PROM meta-analysis, considering the heterogene-
ity in PROM instruments used across different studies.
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Heterogeneity was estimated using the restricted maxi-
mum likelihood estimator (REML), as it has the least bias
compared to other estimators regardless of sample size
[58]. Subgroup differences were assessed using Cochran’s
Q. Publication bias was assessed using funnel plots and
Egger’s regression test [59] for meta-analyses includ-
ing 10 studies or more. The significance level was set at
p<0.05 for all hypothesis testing.

Sensitivity and subgroup analyses

Sensitivity analysis by varying correlation coefficient
from O to 1 was done to ensure the robustness of variance
imputation via correlation. Then, the random-effects
model was fitted only on RCTs as such a study design
minimizes bias and confounding, thus best establishing
causality [60]. A Baujat plot [61] was produced for each
meta-analysis to identify (1) studies disproportionately
contributing to the summary effect estimate and (2) stud-
ies with significantly greater variance. Such outliers were
excluded from a post-hoc Baujat-informed meta-analysis.
Meta-regression was fitted on the dataset based on a pri-
ori determined variables, such as publication year, study
region and baseline characteristics for meta-analyses
with more than eight studies to ensure interpretability of
results [62].

Evidence certainty assessment

Evidence certainty was assessed for the primary and
secondary endpoints using the Grading of Recommen-
dations, Assessment, Development, and Evaluation
(GRADE) framework [63] by the two investigators, with
conflicts reconciled by the senior author.

Results
The title-abstracts of 989 studies were screened against
the inclusion and exclusion criteria, of which 938 stud-
ies were excluded, and the full-text articles of the remain-
ing 51 studies were retrieved for evaluation. The full-text
articles of 13 studies identified from citation searching
and keyword searching of the included studies were also
retrieved. 33 articles were excluded from the 64 articles
from which full-texts were retrieved, leaving 31 articles
for inclusion into the review [26—42, 64—77] (eFigure 1).
Amongst the studies, 2 were health technology assess-
ments with systematic review methodology, of which
1 further conducted meta-analysis, 9 were SRs without
meta-analysis, and the remaining 20 were SRs with meta-
analyses. The publication year range was 2011 to 2024.
4 of the SRs [26, 36, 70, 75] searched only one database
(Table 1). The corrected cover area (CCA) of included
T2DM studies across included SRs was 10.12% after cor-
recting for structural missingness (eFigure 3a), indicating
high overlap.
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Table 1 Summary of characteristics of included systematic reviews of studies evaluating the effectiveness of continuous glucose

monitoring from 2011 to 2024

Author Year Meta Funding Sources T2D Commercial Risk of bias Narrative Meta-analysis
Analysis and COI Studies Funding in tool(s) used synthesis endpoints
Conducted? included  Primary Studies endpoints
Gandhi 2011 [41]  Yes Funding 3RCTs Not reported Investigator's own  Patient Qol/Satis- HbATc (%)
not reported checklist faction
COls not reported
Hoeks 2011 [35] No Funding 1 RCT Not reported Others HbA1c (%) Not reported
not reported Hypo/Hypergly-
No COls cemia
TIR
Adverse events
CGM compliance
Glycemic Control
Meade 2012 (73]  No Funding 3RCTs Not reported No quality assess-  Hypo/Hypergly-  Not reported
not reported 2 PCSs ment done cemia
COls not reported
Poolsup 2013 [64]  Yes Funding 4 RCTs Not reported Maastricht— HbA1c (%) HbA1c (%)
not reported Amsterdam
No COls
Bidonde 2017 [67] Yes Funding 1 RCT Not reported RoB2 Not reported HbA1c (%)°
not reported
COls not reported
Garcia-Lorenzo Yes Funded 5RCTs Not reported RoB2 Not reported HbA1c (%)
2018 [69] COls not reported Health economics
Mattishent 2018  No Funded 1CS Not reported No quality assess-  Hypo/Hypergly-  Not reported
[72] COls not reported 1 PCS ment done cemia
1RCT Patient Qol/Satis-
faction
Adverse events
Park 2018 [74] Yes Not funded 3 RCSs Not reported RoB2,NOS Adverse events HbA1c (%)
No COls 7 RCTs Physical activity
Blood pressure
Body weight/BMI
Dicembrini 2019 Yes Not funded 5RCTs Not reported Jadad Hypo/Hypergly-  HbA1c (%)
[36] COls not reported cemia
Insulin dose
Patient Qol/Satis-
faction
lda 2019 [34] Yes Not funded 7 RCTs Not reported RoB2 Patient Qol/Satis- HbATc (%)
No COls faction Body weight/BMI
Hypo/Hypergly-
cemia
Hypo/Hypergly-
cemia
Blood pressure
Janapala 2019 [70] VYes Not funded 5RCTs Not reported RoB2 HbA1c (%) HbA1c (%)
No COls
Ontario 2019[32]  No Funding 1PCS Not reported RoB2,ROBINS-I TIR Not reported
not reported 1 RCT HbA1c (%)
COls not reported Glycemic Control
Hypo/Hypergly-
cemia
Patient Qol/Satis-
faction
Adverse events
Pleus 2019 [75] No Funded 10 RCTs Not reported No quality assess-  Adverse events Not reported
COls present 2 PCSs ment done
Ang 2020 [28] No Not funded 2 RCTs Not reported No quality assess- ~ TIR Not reported
No COls ment done Patient Qol/Satis-
faction

Adverse events
HbA1c (%)
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Author Year Meta Funding Sources T2D Commercial Risk of bias Narrative Meta-analysis
Analysis and COI Studies Funding in tool(s) used synthesis endpoints
Conducted? included  Primary Studies endpoints
Asarani 2020 [33]  No Funded 2 RCTs Not reported No quality assess-  Patient QoL/Satis-  Not reported
No COls 1 PCS ment done faction
Adverse events
Azhar 2020 [66] No Not funded 1RCS Not reported No quality assess-  Patient QoL/Satis-  Not reported
No COls 1CS ment done faction
2 PCSs Care provider
Qol/Satisfaction
HbA1c (%)
Castellana 2020 Yes Funding 2 RCTs 4 RoB2,NHLBI Patient Qol/Satis- HbATc (%)
[68] not reported faction TIR, TBR, TAR
COls present Hypoglycemia
Insulin dose
SMBG readings
Cowart 2020 [29]  No Not funded 3RCTs 6; 2 unknown RoB2 HbATc (%) Not reported
No COls Hypo/Hypergly-
cemia
TIR
Patient Qol/Satis-
faction
Evans 2020 [30] Yes Funded 2 RCTs Not reported No quality assess-  Not reported HbA1c (%)
COls present ment done
Maiorino 2020 Yes Funding 2RCTs 13 RoB2 Not reported HbA1c (%)
[27] not reported TIR
COls present Hypo/Hypergly-
cemia
Aggarwal 2022 No Not funded 5RCTs Not reported Jadad,NOS HbA1c (%) Not reported
[65] No COls 1 RCS TIR
Health economics
Gao 2022 [31] Yes Funded 10 RCTs Not reported RoB2 Not reported HbA1c (%)
No COls
DiMolfetta 2023 Yes Funded 2 NRCTs 13 RoB2,NHLBI Not reported HbA1c (%)
[26] COls present 4 RCSs TIR
7 RCTs Hypo/Hypergly-
cemia
Kieu 2023 [71] No Not funded 1 NRCT 6 NHLBI,NHLBI HbATc (%) Not reported
No COls 1 PCS TIR
3RCTs
Roldan 2023 [76]  Yes Funded 6 RCTs Not reported No quality assess-  Not reported HbATc (%)
No COls ment done Hypo/Hypergly-
cemia
Seidu 2023 [39] Yes Funded 26 RCTs Not reported RoB2 Not reported HbA1c (%)
COls present TR
Hypo/Hypergly-
cemia
Glycemic control
Patient QoL/Satis-
faction
Body weight/BMI
Blood pressure
Lipids
Adverse events
Lifestyle habits
Uhl 2023 [40] Yes Not funded 14 RCTs 10 RoB2 Not reporteed HbA1c (%)
COls not reported TR
Hypo/Hypergly-

cemia
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Author Year Meta
Analysis

Conducted?

T2D
Studies
included

Funding Sources
and COI

Commercial
Funding in
Primary Studies

Risk of bias
tool(s) used

Narrative
synthesis
endpoints

Meta-analysis
endpoints

Not funded
No COls

Ferreira 2024 [38]  Yes 6 RCTs

Jancev 2024 [77]  Yes Not funded

No COls

12 RCTs

Not funded
No COls

Kong 2024 [42] Yes 17 RCTs 16

Funded
No COlIs

Lu 2024 [37] Yes 11 RCTs

Not reported

Not reported

Not reported

RoB2 HbA1c (%) HbA1c (%)

TIR
Hypo/Hypergly-
cemia

Glycemic Control
Patient QoL/Satis-
faction

HbATc (%)

TIR
Hypo/Hypergly-
cemia

Glycemic Control
Adverse events

HbATc (%)

TIR
Hypo/Hypergly-
cemia

Patient Qol/Satis-
faction

Body weight/BMI
Blood pressure
Lipids

HbATc (%)

TIR
Hypo/Hypergly-
cemia

RoB2 Not reporteed

JBI—RCT Not reporteed

RoB2 Not reported

2 Bidonde 2017 included only 1 RCT in meta-analysis of CGM efficacy outcomes, thus findings may not be reliable

COlI Conflict of interest, JBI Joanna-Briggs Institute, NHLBI National Heart, Lung and Blood Institute, NOS Newcastle-Ottawa Scale, PCS prospective cohort study, RCS
Retrospective cohort study, RoB2 Cochrane Risk-of-Bias Tool 2, ROBINS-I Risk-Of-Bias In Non-randomized Studies of Intervention

8 SRs [27, 32, 35, 41, 64, 67, 68, 73] did not declare their
funding sources, or absence thereof, while 4 SRs were
commercially funded [30, 37, 39, 75]. The study quality
was visualized in eFigure 2a-b. Most papers did not pro-
vide a rationale for the study designs included (27/31),
report funding sources of primary studies (18/31), or suf-
ficiently interpret the risk-of-bias assessments and their
impact on the review conclusions (24/31). There was
poor reporting of methodology for study selection (8/31)
and data extraction (10/31) amongst some studies as well.

From data reported by the 25 SRs [26, 27, 29, 31, 32,
34-42, 42, 64-72, 74] which conducted quality assess-
ment, the majority of studies [26, 27, 29, 31, 32, 34-41,
64, 65, 67-71, 74, 77] used the Cochrane Risk-of-Bias
2 Tool (RoB2) to assess study quality of RCTs. Gener-
ally, SRs highlighted poor documentation of allocation
concealment [78-94], and incomplete outcome report-
ing [82, 84, 88, 95-99]. As such, all RCTs were at either
moderate or high risk-of-bias. A number of SRs [26, 27,
31, 36, 39, 68] highlighted the absence of participant
and assessor blinding to exposure and outcome assess-
ment was highlighted as a risk-of-bias. However, it was
noted that the intervention (i.e. introducing a subcutane-
ous device) was difficult to conceal to both participants

and assessors [68], and thus risk-of-bias might be over-
estimated in some SRs. 7 studies assessed risk-of-bias in
Non-Randomised Studies of Interventions (NRSI) [26,
32, 65, 66, 68, 71, 74], with a majority using the National
Heart, Blood, Lung Institute (NHLBI) risk-of-bias instru-
ment. Generally, SRs highlighted issues in sample size
calculation and loss to follow-up.

HbA1c
Narrative synthesis
19 included SRs conducted a meta-analysis on HbAlc
outcomes [26, 27, 30, 31, 34, 36-42, 64, 68-70, 74, 76,
77], while eight SRs [28, 29, 32, 35, 64—66, 71] conducted
a narrative synthesis of the same. Amongst SRs which
narratively synthesized HbAlc outcomes, one SR con-
cluded that more studies on CGM use amongst a T2DM-
specific cohort were needed to sufficiently assess CGM’s
effectiveness [66]. The remainder [28, 32, 35, 64, 71]
either suggested that current trial outcomes significantly
improved T2DM outcomes when CGM is prescribed
over SMBG or that no significant difference is seen
between the two [29, 66].

Amongst the 19 SRs conducting meta-analysis, 15
studies concluded a significant improvement in HbAlc
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reduction in CGM patients over UC with effect sizes
between —0.74% to —0.20%, ranging from low to high
heterogeneity (I>=0% to 89%) [26, 31, 34, 36-42, 64, 69,
70, 76, 77]. Two SRs concluded a significant reduction
in HbA1lc for real-time and professional CGM patients
but not for flash CGM [37, 74]. Three SRs demonstrated
that HbAlc reduction was invariant with CGM modality
through meta-regression or subgroup analysis [38—40].
Two SRs concluded an insignificant difference in HbAlc
reduction between CGM and UC patients with high het-
erogeneity (I*>80%) [27, 68].

There was methodological heterogeneity across the
URs which conducted meta-analysis, for example, either
pooling differences in follow-up HbAlc values between
intervention and control [27, 34, 36, 41, 64, 70, 76], or
differences in HbA1lc reduction from baseline to follow-
up between intervention and control [26, 30, 31, 37-40,
42, 68, 69, 74, 77]. Some meta-analyses opted for a fixed-
effect model [64, 70], citing low between-study heteroge-
neity as a rationale, while most opted for random effects.
One SR pooled weighted mean difference [38] and one
SR pooled standardized mean difference using Hedge’s G
values [42].

The corrected cover area calculated after adjusting for
structural zeros was 20.49% (eFigure 3b), indicating a
very high overlap in included studies for meta-analyses of
HbAlc outcomes, thus motivating a primary study level
data extraction.

Meta-analysis of primary studies
Data were extracted for 41 studies [78—118], of which the
variances of 15 studies were imputed using correlation.
A correlation coefficient of 0.3 was elected to arrive at a
more conservative pooled estimate. A meta-analysis of 34
studies (Fig. 2b), comprising 28 RCTs [78-91, 93-99, 103,
108, 111, 112, 114, 115, 117], four retrospective NRSIs
[102, 105, 106, 109] and two non-randomised controlled
trials (NRCT) [104, 107] involving 11,494 patients dem-
onstrated that CGM use was significantly associated with
greater HbAlc reduction over SMBG/UC (MD =-0.40%
[95% CI: —0.54 to —0.25]), with significant heterogeneity
(I’=81%, t*=0.100). This was invariant with study type
and sensitivity analyses using different coefficients to re-
impute missing variances(eFigure 5a-c). A post-hoc sen-
sitivity analysis (eFigure 5d) excluding outliers [82, 83, 86,
90, 99, 108] identified using a Baujat plot (eFigure 11a),
showed a reduction in heterogeneity (I*>=26%) and an
overall effect significantly favoring CGM over SMBG/
UC. Funnel plot (eFigure 4a) and Egger’s test (p=0.105)
(Supplementary Table 2) were insignificant for publica-
tion bias.

A meta-analysis of 28 RCTs (Fig. 1b) involving 2695
patients, subgrouped by CGM modality, demonstrated
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(@)All studies, subgrouped by study type

Study or SMBGIUC Mean Difference Mean Difference
Subgroup Mean  SD Total Mean  SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Yang 2021 420 15382 96 -220 19000 96 200249, -151 -

Liu 2020 630 26153 30 -480 26676 30 -150(-284;-0.16] —_—
Zhang2022(2) 187 22292 50 -067 17867 50 -120[-199,-041 ——

Cox 2020 130 08900 20 -0.19 18100 10 -1.11[230; 0.08] —=—

Allen 2008 116 10400 27 -032 10200 25 6 -0.84[-1.40;-0.28] =

Yoo 2008 110 13115 29 -040 11127 28 % -0.70[-1.33;-0.07] —=

Zhang 2021 15312832 78 -090 17396 78 % 0.63[-1.11;-0.15] =

Moon 2022 060 0.7000 15 000 1.1000 15 % -0.60[-1.26; 0.06] —s

Zhou 2021 23410617 30 177 11274 30 % 057 [-1.12;-0.02] —-

Yaron 2019 08504500 53 -0.32 03900 48 % -0.53[-0.69; -0.37] =

Martens 2021 -1.10 1.5000 115 -0.60 1.2000 58 % -0.50(-0.91;-0.09) +#

Aijan 2019 -040 02846 50 0.10 03768 52 % -0.50[-0.63;-0.37] -]

Erhrardt 2011 -1.00 1.1000 50 -0.50 0.8000 50 3.4% -0.50(-0.88;-0.12] |
Tildesley 2013 <130 12359 25 -0.84 15806 25 % -0.46[-1.25; 0.33] —
Cosson2009  -063 03400 11 -031 02900 11 % -0.32[-0.58;-0.06]

Furler 2020 070 09872 149 -040 09499 150 % -0.30[-0.52;-0.08]

Blackberry 2014 270 1.8000 46 -2.40 14000 46
Bergenstal 2022 -1.121.1000 59 -0.82 0.9000 55
Beck 2017 080 06800 79 -0.50 0.9070 79

% -0.30[-0.96; 0.36]
% -0.30 [067; 0.07]
% -0.30[-0.55;-0.05]

{1 1 ] *‘lll

Wada 2020 046 04820 49 017 02910 51 b -029[-045,-013)
Price 2021 050 09000 44 -030 07000 23 020[-059; 0.19] -
Yeoh 2018 100 18396 14 -080 14290 16 -020[-1.39; 0.99] ——
llany 2018 <054 08500 60 -048 09700 61 -0.06[-0.38; 0.26] 3
Cai 2019 037 11004 47 -036 12268 47 % -0.01[:048; 0.46) -
Taylor 2019 067 08200 10 -068 07400 10 % 0.01[-0.67; 0.69] e
Haak 2017 028 0.3409 149 -041 03706 75 0.13[003; 0.23] -]
Tang 2014 090 1.0421 32 107 10793 25 6 0.17[0.39; 0.73] .
Sato 2016 00110000 17 -0.30 0.8000 17 6 031[:030; 092 1
Sierra 2017 -044 22954 1408 000 22954 1408  43% -044[061,-027] E
Kim 2014 -060 15716 65 -020 18931 301  31% -040[084; 004] 8
Kesavadev2017 -0.50 14192 206 -0.30 12450 296 4.1% -0.20[-0.42; 0.02] 5
Anjana 2017 090 22197 2339 -0.70 24663 2339  44% -020[0.33;-007] Fl

»|
Rivera-Avila 2021 -120 20170 152 -060 16040 150 32% -0.60[-1.01;-0.19] B
Fantasia 2021 -150 16474 13 -160 23883 32 09% 0.10[-1.12; 1.32] —
Total (95% CI) 5707 5787 100.0% -0.40 [-0.54; -0.25]

Heterogeneity: Tau® = 0.1000; Chi’ = 172.79, df = 33 (P < 0.01); = 81% T r !

Test for subgroup differences: Chi = 1.76, df = 2 (P = 0.41) 32101 23
Favour CGM  Favour SMBGIUC

(b)RCTs only, subgrouped by CGM modality

Study or CcGM MBG/UC Mean Difference Mean Difference
Subgroup  Mean  SD Total Mean  SD Total Weight IV, Random, 95%Cl IV, Random, 95% CI
Yang 2021 42015382 9 22019000 96 36% -200[249,-151] —E—
Liu 2020 630 26153 30 -480 26676 30 12% -150(-284-016] ——=—t
Zhang2022(2) 187 22292 50 -067 17867 50 24% -120[-199-0.41 e
Allen 2008 116 10400 27 03210200 25 33% -0.84[140,-028 —
Zhang2021 15312832 78 09017396 78  37% -063[-1.11-0.15] -
Zhou 2021 23410617 30 177 11274 30 33% -057[1.12-0.02 —
Yaron2019  -085 04500 53 03203900 48 50% -053[-069;-0.37] =
Ajan 2019 040 02846 50 01003768 52 51% -0.50[063-037
Furler 2020 070 09872 149 040 09499 150 48% -0.30[-0.52;-0.08] |
Cai 2019 03711004 47 03612268 47 37% -0.010.48; 0.46] e
Haak2017 028 03409 149 04103706 75 52% 013[0.03;023] -1
-
Martens 2021 -110 15000 115 060 12000 58 40% -0.50[0.91;-0.09 -
Blackberry 2014 -2.70 18000 46 -240 14000 46 29% -0.30[-0.96; 0.36] —
Beck2017 080 06800 79 05009070 79 47% -0.30[055-005 =
Wada 2020 046 04820 49 01702910 51 50% -0.29[-0.45;-0.13] =
Yeoh 2018 100 18396 14 -0.80 14290 16 14% -020[-1.39; 0.99]
llany 2018 054 08500 60 -048 09700 61 44% -0.06[-0.38; 0.26] -
Sato 2016 00110000 17 -0.30 0.8000 17  34% 031[030; 0.92] =
N
Cox2020 130 08900 20 01918100 10 14% -111[:230; 0.08
Yoo 2008 410 13115 29 040 11127 28  30% -0.70[1:33-007 —s
Moon 2022 060 07000 15 00011000 15 29% -060[-126; 0.06] —
Erfrardt2011  -100 11000 50 -050 08000 50 42% -0.50[-0.88;-0.12 -
Tidesley 2013 130 12359 25 084 15806 25 24% -046[-125 033 —
Cosson2009 063 03400 11 -03102900 11 47% -0.32[-0.58:-0.06 =
Bergenstal 2022 -112 11000 59 08209000 55 42% -030[067. 0.07] 8
Price 2021 050 09000 44 03007000 23 41% -0.20[059; 019 ks
Tayor2019  -067 08200 10 -068 07400 10 28% 001[067; 069 —
Tang 2014 090 10421 32 107 10793 25 33% 0147(0.39; 0.73] —
.
Total (95% CI) 1261 100.0% -0.42[-0.60; -0.24] — —

Heterogeneity: Tau® = 0.1369; Chi” = 164.31, df = 27 (P < 0.01); I = 84%
Test for subgroup differences: Chi” = 4.11, df =2 (P = 0.13) 2 4 0 1 2
Favour CGM  Favour SMBGIUC

Fig. 1 a-b Forest plot for meta-analysis of primary studies comparing
CGM with SMBG from 2008 to 2022 by pooling the mean difference
in pre-post HbA1c (%) change between CGM and SMBG users (a)
across all studies, subgrouped by study type and (b) across RCTs

only subgrouped by CGM modality. Correlation coefficient

for imputation set at 0.30. CGM significantly associated with greater
HbA1c decrease over SMBG (a) (MD =-0.40, 95% Cl: —0.54 to —0.25)
(b) (MD=-0.42, 95% Cl: —0.60 to —0.24)

a significantly greater reduction in HbAlc in patients
on CGM compared to UC (MD=-0.42 [95% CIL: —0.60
to —0.24]), invariant with CGM modality, with high
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(a) Time-In-Range ( <180 mg/dL and >70 mg/dL)

Sato 2016 -1.50 19.1900 17 7.00 19.9300 17  3.8% -8.50[-21.65; 4.65]
Blackberry 2014 38.20 31.1000 46 35.30 24.3000 42 4.8% 290[-8.71;14.51]
Beck 2017 400 248300 78 -1.00 262500 75 8.7% 5.00[-3.10;13.10]
Wada 2020 18.20 23.8900 41 4.30 254000 35 51% 13.90[ 2.75; 25.05]

Martens 2021 19.00 36.0700 116 3.00 36.0700 59 5.0% 16.00[ 4.70; 27.30]

Cosson 2009 14.00 24.8400 7 13.00 29.5800 12 1.1% 1.00[-23.87; 25.87]

Moon 2022 3.10 17.9000 15 -1.00 14.9000 15  4.7% 4.10[-7.69; 15.89]
Bergenstal 2022 18.21 23.3000 59 11.55 23.5000 55 8.0% 6.66[-1.94; 15.26]
Cox 2020 50.00 19.2000 20 43.00 21.5000 10 2.7% 7.00[-8.76; 22.76]
Price 2021 -3.20 35.3600 42 -13.30 37.1500 19 1.8% 10.10[-9.73; 29.93]

Total (95% CI) 813 639 100.0% 6.00 [ 3.13; 8.88]
Heterogeneity: Tau’ = 4.6211; Chi’ = 15.51, df = 13 (P = 0.28); I = 16%
Test for subgroup differences: Chi’ = 0.29, df = 2 (P = 0.87)

Study or CGM SMBG/UC Mean Difference Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Haak 2017 -1.20 26.8200 149 -1.30 29.7700 75 89% 0.10[-7.90; 8.10] —

Ajjan 2023 873 385700 54 7.10 36.5700 50 3.2% 1.63[-12.81; 16.07]

Ajjan 2019 -5.40 27.3300 49 -8.75 27.6200 5 5.5% 3.35[-7.37; 14.07]

Furler 2020 13.70 59000 120 580 59000 123 366% 7.90[ 6.42; 9.38]
——

->
T 1

20 10 0 10 20

Favour SMBG/UC Favour CGM

(b) Time-Above-Range ( >180 mg/DL)

Heterogeneity: Tau’ = 13.0806; Chi’ = 16.85, df = 10 (P = 0.08); I = 41%
Test for subgroup differences: Chi’ = 7.20, df = 2 (P = 0.03)

Study or cGM SMBG/UC Mean Difference Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ajjan 2019 5.00 22.3800 49 10.79 22.0800 52 10.7% -5.79 [-14.47; 2.89]
Haak 2017 410 28.8800 149 160 33.0200 75 10.6% 2.50[-6.29;11.29]
Ajjan 2023 -5.00 429200 54 -8.63 435000 50 4.1% 3.63[-13.00; 20.26]
Wada 2020 -19.10 24.5300 41 -2.80 27.1200 35 7.2% -16.30[-28.01;-4.59] — =
Martens 2021 -18.00 36.0700 116 -2.00 37.4800 59 7.3% -16.00[-27.60; -4.40] — = ——
Beck 2017 -4.00 254600 78 1.00 26.9700 75 11.3% -5.00[-13.32; 3.32] —
Price 2021 3.40 35.7800 42 13.20 37.4600 19 3.0% -9.80[-29.82; 10.22]
Bergenstal 2022 -17.41 24.9000 59 -12.77 24.2000 55 10.3% -4.64 [-13.66; 4.38]
Moon 2022 -2.70 18.5000 15 1.00 14.8000 15 6.9% -3.70[-15.72; 8.32]
Cox 2020 27.00 19.7000 20 29.00 22.4200 10 4.2% -2.00 [-18.36; 14.36]
Ajjan 2016 9.13 36600 30 955 36600 15 24.3% -0.42[-2.69; 1.85] L
-
Total (95% ClI) 653 460 100.0% -4.33 [ -8.37; -0.28] -

20 -10 0 10 20
Favour CGM  Favour SMBG/UC

(c) Time-Below-Range ( <70 mg/dL)

Blackberry 2014 230 6.6000 46 4.30 6.5000 42 1.2% -2.00[-4.74; 0.74]

Beck 2017 -0.90 3.9000 78 -0.30 3.7200 75 5.3% -0.60[-1.81; 0.61]
Martens 2021 -0.10 0.6400 116 0.20 1.0000 59 27.5% -0.30[-0.58;-0.02]
Sato 2016 0.00 0.1000 17 -0.33 12900 17 14.5% 0.33[-0.29; 0.95]
Wada 2020 120 49000 41 -1.60 13.7800 35 04% 2.80[-2.01; 7.61]

Bergenstal 2022 -0.80 4.4000 59 1.22 28000 55 4.4% -2.02[-3.36;-0.68]
0.00 19500 20 1.00 22700 10 3.1% -1.00[-2.65; 0.65]

Moon 2022 -0.40 2.3000 156 0.00 02000 15 56% -0.40[-1.57; 0.77]
Price 2021 -0.30 1.6200 42 0.00 0.9200 19 13.7% -0.30[-0.94; 0.34]
Ajjan 2016 057 06700 30 0.70 06700 15 21.4% -0.13[-0.55; 0.29]
Total (95% CI) 723 531 100.0% -0.33 [-0.75; 0.09]

Heterogeneity: Tau’ = 0.0659; Chi®

4.19, df = 13 (P = 0.03); I = 46%
Test for subgroup differences: Chi’

24,df=2 (P =0.54)

Study or CcGM SMBG/UC Mean Difference Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ajjan 2023 -391 119200 54 129 17.1500 50 0.3% -5.20[-10.92; 0.52] —

Hazk 2017 -2.90 81700 149 -0.40 85000 75 1.6% -2.50[-4.83;-0.17] —

Ajjan 2019 0.40 87000 49 -1.80 7.7500 52 0.9% 2.20[-1.02; 5.42] ——

B

——
-]
]

Cosson 2009 -4.00 15.5200 7 200120400 12 0.1% -6.00[-19.36; 7.36] ————————F——

E

E
<

-15-10 -5 0 5 10 15
Favour CGM  Favour SMBG/UC

Fig. 2 a-c Forest plot for meta-analysis of primary studies comparing CGM with SMBG from 2009 to 2023 by pooling the mean difference
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in pre-post change of (a) TIR, (b) TAR and (c) TBR between CGM and SMBG/UC participants. CGM significantly associated with greater TIR increase
(MD= 6.00 [95%Cl: 3.13 to 8.88]) and greater TAR decrease (MD= —4.33 [95%Cl: —8.37 to —0.28]), and insignificantly associated with greater TBR
decrease (MD= —0.33 [95%Cl: —0.75 to 0.09]) over SMBG/UC participants. TIR and TBR were invariant with CGM modality (p = 0.87, p = 0.54)

but not TAR (p = 0.03)
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heterogeneity (I>=91%, t*=0.14). Of note, rCGM and
rtCGM subgroups were not heterogeneous, while the
FGM group was highly heterogeneous. Outlier exclusion
sensitivity analysis (eFigure 5e) similarly demonstrated
significantly greater HbAlc reduction with CGM use
over SMBG/UC, invariant with CGM modality. The het-
erogeneity in FGM significantly improved (I*=33%), as a
majority of outliers were FGM studies.

Subgroup analysis demonstrated that studies without
commercial funding showed an insignificantly greater
HbAlc reduction in CGM patients over SMBG/UC
patients (eFigure 5f). Otherwise, magnitude of pre-post
HbAlc reduction was invariant with funding status of
studies, insulin treatment and risk-of-bias (eFigure 5f-h).

Average baseline HbAlc value (%) and duration of
diabetes in years prior to study onset were significantly
associated with pre-post HbAlc change on meta-regres-
sion, with a beta-coefficient of —0.35 (p=0.001) and
0.030 (p=0.040) respectively. Thus, it might be inferred
from the included primary studies that each 1% increase
in baseline HbAlc could lead to a 0.35% greater HbAlc
reduction and each additional year in diabetes dura-
tion prior to CGM initiation could lead to 0.030% lesser
HbA1c reduction (Supplementary Table 1a).

Funnel plots and Egger’s regression test were insignifi-
cant for publication bias for all studies, each subgroup
of CGM modality, and each subgroup of funding status
(eFigure 4a-c, Supplementary Table 2).

Sensitivity analysis was done by pooling for the mean
difference in follow-up HbAlc between the CGM and
control groups. CGM remains strongly associated with
greater HbAlc reduction over SMBG/UC. This was
invariant with CGM modality, study funding, insulin
treatment and risk-of-bias and after Baujat plot-informed
outlier removal (eFigure 6a-f, 11c). Further sensitivity
analyses were done for the meta-analyses of pre-post
HbA1lc change for all studies and RCTs as well as end-
point HbAlc change for all studies, by including only
studies with a follow-up duration of three months of
more. In all analyses, CGM still remained significantly
associated with greater HbAlc reduction over SMBG/
UC (eFigure 5i — j, 6 h). This demonstrated the robust-
ness of our findings even when restricted to a clinically
meaningful follow-up period.

Glycemic variability

Narrative synthesis

Six SRs [28, 29, 34, 41, 71, 76] reported time-inr-range
(TIR), time-below-range (TBR) and time-above-range
(TAR) outcomes for T2DM exclusive studies, with
one SR reporting similar outcomes for mixed T1DM
and T2DM studies. Generally, TIR, TAR and TBR was
defined as a percentage of the day when blood glucose
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stayed between 70 mg/dL to 180 mg/dL, above 180 mg/
dL and below 70 mg/dL respectively.

For TIR, six SRs 28, 29, 34, 41, 71, 76] conducted a nar-
rative synthesis, with all SRs concluding nonsignificant or
low evidence certainty of CGM patients having greater
TIR than SMBG/UC patients. Seven SRs [26, 37-40, 42,
77] conducted a meta-analysis on pre-post change in
TIR, with summary effect sizes ranging from an increase
of 2.52% to 11.06% in the CGM arm over SMBG/UC
and five SRs concluding significantly greater increases
in TIR in the CGM arm [26, 37, 38, 40, 77]. Heteroge-
neity ranged between 0% to 91.3%. One SR conducted a
meta-analysis on follow-up TIR values rather than pre-
post change, reporting a significant increase in TIR by
78.11 min in the CGM group over SMBG/UC [27].

For hypoglycemia, six studies conducted a narrative syn-
thesis, with three SRs [29, 32, 73] concluding that CGM
led to lower time spent in hypoglycemia than SMBG/UC,
presumably due to increased patient awareness of hypogly-
cemia trends, while the remaining three concluded [35, 36,
72] nonsignificant effects on time spent in hypoglycemia
between CGM and SMBG/UC. One SR noted that hypo-
glycemia awareness was increased amongst the partici-
pants, especially the elderly, following the implementation
of CGM during the study period. Nine studies conducted
meta-analysis on TBR, with two concluding [34, 38, 39,
42, 76, 77] significant reductions in TBR amongst CGM
patients over SMBG/UC, and three SRs [26, 27, 40] con-
cluding no significant difference. Seven SRs conducted
meta-analysis on TAR, with three SRs concluding sig-
nificant reductions in TAR amongst CGM patients over
SMBG/UC [38, 39, 77] and four SRs concluding no signifi-
cant difference [27, 34, 40, 42].

Three SRs reported glycemic variability (GV) measures
apart from TIR, TBR and TAR. One SR [32] stated that
results were inconsistent due to nonstandard reporting of
GV scales, while another concluded significant improve-
ment in GV [35] with CGM use, although specific meas-
ures were not mentioned. One SR included a study [36]
which reported no significant difference in the coefficient
of variation (CV) between CGM and SMBG/UC users at
follow-up.

The corrected cover area calculated for TIR, TAR and
TBR after adjusting for structural zeros were 33.33%,
41.38%, 29.82% respectively (eFigure 3c-d), indicating
very high overlap in included studies for meta-analyses of
glycemic variability outcomes. Thus, primary study level
data extraction and meta-analysis was conducted.

Meta-analysis of primary studies

Meta-analysis of pre-post change in TIR of 14 studies
involving 1452 participants showed that CGM use was
significantly associated with greater pre-post TIR increase
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over SMBG/UC (MD=6.00% [95%CIL: 3.13 to 8.88])
(Fig. 2a ). This was invariant with outlier inclusion sensi-
tivity analysis (eFigure 7a, eFigure 11d), CGM modality,
study funding, insulin treatment and risk-of-bias (Fig. 2a,
eFigure 7b-d). On further subgroup analysis, studies utiliz-
ing rCGM, studies without commercial funding, studies
recruiting only insulin-treated patients and low risk-of-
bias studies had insignificant differences in pre-post TIR
change between CGM and SMBG/UC. Study trials
recruiting both insulin-treated and non-insulin-treated
participants were associated with greater pre-post increase
in TIR amongst CGM participants compared to study tri-
als recruiting only insulin-treated participants (B=4.40,
p=0.045) on meta-regression (Supplementary Table 1b).

Meta-analysis of pre-post change in TAR of 11 stud-
ies involving 1113 participants showed that CGM use
was significantly associated with greater pre-post TAR
decrease over SMBG/UC (MD=-4.33% [95%CI: —8.37
to —0.28]) (Fig. 2b). This was invariant with outlier inclu-
sion sensitivity analysis (eFigure 8a, eFigure 11e), CGM
modality, study funding, insulin treatment and risk-of-
bias (Fig. 2b, eFigure 8b-d). Study trials utilising rCGM
over FGM (B=-9.90, p=0.029) and studies conducted
in Europe over Asia (B=9.66, p=0.029) were associated
with a decrease and increase in pre-post TAR respec-
tively on meta-regression (Supplementary Table 1c).

Meta-analysis of pre-post change in TBR of 14 stud-
ies involving 1254 participants showed no significant dif-
ference between CGM and SMBG/UC in pre-post TAR
change (MD=-0.33% [95%CI: —0.75 to 0.09]) (Fig. 2c).
This was invariant with outlier inclusion sensitivity analy-
sis (eFigure 9a, eFigure 11f), CGM modality, study fund-
ing, and risk-of-bias but not insulin treatment (Fig. 2d,
eFigure 9b-d). Studies without funding compared to com-
mercially funded trials (B=0.79, p=0.015) and studies
recruiting both insulin-treated and non-insulin-treated
participants compared to studies recruiting only insulin-
treated participants (B=-2.02, p=0.0028) were associated
with an increase and decrease in pre-post TBR respectively
on meta-regression. Baseline BMI (B=-0.091, p=0.027)
and planned wear time of CGM devices (B=-0.054,
p=0.037) were also significantly associated with pre-post
TBR decrease. (Supplementary Table 1d).

Funnel plots for TIR, TAR and TBR meta-analyses
were symmetrical (eFigure 4d-f) and Egger’s regression
test were insignificant for publication bias (Supplemen-
tary Table 2).

Patient reported outcome measures

Narrative synthesis

Eight SRs conducted a narrative synthesis on patient
reported outcome measures (PROMs), of which five SRs
[28, 29, 32, 34, 36] synthesized primary study findings

Page 11 of 23

relating to standardized PROM instruments, while the
remaining three synthesized [33, 66, 72] qualitative
descriptions of patient experience and sentiment post-
CGM use. Amongst the five SRs that synthesized quali-
tative findings from primary studies, two SRs [32, 36]
concluded no significant difference in quality-of-life
between CGM and SMBG/UC patients, two SRs [28, 29]
concluded a significant increase in quality-of-life amongst
CGM patients over UC while one SR [34] described the
evidence of CGM improving quality-of-life over UC to be
mixed between significant and insignificant improvement.
The three SRs [33, 66, 72] synthesizing qualitative find-
ings concurred that CGM increased diabetes awareness
and improved function in daily living amongst T2DM
patients. However, many participants were still concerned
with sensor injection pain, inconvenience of sensor wear,
cutaneous complications and infections, and subsidies.
Three SRs conducted a meta-analysis of standardized
mean difference in pre-post change of PROMs, with one
SR synthesizing satisfaction scores [38] while two SRs
subgrouped outcomes into three domains [39, 42], namely
diabetes-related distress, treatment satisfaction and qual-
ity-of-life. One SR demonstrated a significant increase in
treatment satisfaction amongst CGM patients [38], one
SR demonstrated no difference in pre-post changes across
the three domains [42] while the remaining SR showed
only a significant difference in treatment satisfaction
favoring the SMBG arm [39]. There was high overlap in
PROM meta-analysis (25.00%), thus a primary study-level
meta-analysis was conducted.

Meta-analysis of primary studies

PROM scores were extracted from the aforementioned
primary studies for meta-analysis. 21 unique instruments
were utilized to collect PROMs across seven domains:
treatment satisfaction, diabetes-related distress, treat-
ment adherence, diabetes self-management, patient edu-
cation, quality-of-life and patient empowerment. The
most frequently utilized instruments for each domain
were the Diabetes Distress Scale [119] for diabetes-
related distress, World Health Organisation Quality Of
Life [120] instrument for quality-of-life, Diabetes Treat-
ment Satisfaction Questionnaire [121] for treatment sat-
isfaction and Summary of Diabetes Self-Care Activities
[122] measure for self-management. Distress scores were
negated to align the scale direction with other domains
due to the negative coding distress-related question-
naires. A meta-analysis of standardized mean difference
in pre-post PROM scores between CGM and SMBG/UC
groups was conducted for each aforementioned PROM
domain. Sample size of meta-analyses with more than
one study ranged from 485 to 938. Effect sizes ranged
from SMD=0.10 to SMD=1.32, while heterogeneity
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Study or CGM SMBG/UC Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% CI
Sato 2016 0.70 7.1000 17 240 8.0000 17 -0.22[-0.89; 0.46] -

Speight 2021 0.10 0.3500 134 0.10 0.3600 139 0.00[-0.24;0.24] L

Yaron 2019 247 07700 46 218 08300 36 0.36[-0.08;0.80] ™

Wada 2020 360 6.8900 45 040 78700 45 043[001;085 =

Cox 2020 050 06000 20 010 06000 10 065[0.13;1.43] e

Aronson 2023 050 05000 51 010 05000 48 0.79[0.38;1.20] -
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Fig. 3 Forest plot for meta-analysis of primary studies comparing CGM with SMBG from 2014 to 2023 by pooling the standardized mean difference
of pre-post change in patient reported outcome measures subgrouped by domains, specifically satisfaction, distress, adherence, self-management,
patient education, quality-of-life and empowerment. None of the domains demonstrated a statistically significant effect size

ranged from 1?=0% to 1>=98%. pre-post change in all
seven PROM domains was invariant between CGM and
SMBG/UC arms (Fig. 3), and remained so after repeating
the meta-analysis for studies utilising FGM, rCGM and
rtCGM only respectively (eFigure 9a-c).

Adverse events
Seven SRs [28, 32, 33, 35, 72, 74, 75] narratively synthe-
sized adverse events with CGM use. Five of these SRs

[28, 33, 35, 74, 75] summarized cutaneous complications
presented in CGM patients, which mostly involved pain,
itching and redness at the injection site that were eas-
ily managed with topicals and self-limiting. One SR [70]
further calculated an overall incidence rate of cutane-
ous complications amongst CGM users, reporting 1090
events observed across 1158 participants, with 138 to
158 accumulated years of wear time, arriving at a rate
of 1 cutaneous complication event for every 8 weeks of
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wear time. Three of these SRs summarized hypoglycemia
incidence within CGM patients, of which two concluded
[72, 74] that CGM users had no hypoglycemic events,
while one reported [32] infrequent severe hypoglyce-
mic events amongst CGM users. Two SRs conducted a
meta-analysis of odds ratio of adverse events between
CGM and SMBG/UC. One SR reported a higher risk of
adverse events in the SMBG arm over CGM (RR: 1.22
[95% CI: 1.01 to 1.47]) [39]. The other SR reported no
significant differences in the odds of severe hypoglyce-
mia or macrovascular complications between CGM and
SMBG/UC [77].

Cost effectiveness assessment

One SR [65] reported higher healthcare costs per annum
for CGM patients (USD$23,021 p.a.) than patients on
usual care (USD$21,502 p.a.).The same study concluded
that healthcare resource utilization, emergency events
and hospitalization were lower amongst CGM users.

One SR [69] used the results of their own meta-analysis
of HbAlc outcomes in their included studies in a cost-
effectiveness assessment. The SR utilized Markov mod-
eling with end-stage complication events for a lifetime
horizon based on annual cycles, simulating 2 cohorts of
1000 Spanish T2DM patients aged 57 years old. The SR
concluded that the mean incremental quality-adjusted
life years (QALY) of CGM patients over UC was 0.27,
yielding an incremental cost-effectiveness ratio of
€180,533 per QALY, which was significantly higher than
an estimated willing-to-pay threshold of €25,000.

Other physiological measurements

Three SRs conducted a meta-analysis on pre-post change
in body mass-related measurements, specifically weight
and body mass index, demonstrating no significant dif-
ference in pre-post outcomes between CGM and SMBG/
UC [34, 39, 42]. The same three SRs also conducted a
meta-analysis on pre-post change in diastolic and sys-
tolic blood pressure, demonstrating no significant differ-
ence between CGM and SMBG/UC. Two SRs conducted
a meta-analysis on cholesterol outcomes, demonstrating
no significant difference in pre-post outcomes between
CGM and SMBG/UC [39, 42].

GRADE

GRADE assessment was conducted for the meta-ana-
lysed outcomes, differences in pre-post change in HbAlc
and follow-up PROM scores between CGM and SMBG/
UCgroups. The evidence certainty was rated moderate
for pre-post change in HbAlc, TIR and TAR outcomes,
low for pre-post change in TBR and very low for pre-
post change in PROM scores. Serious issues were raised
regarding the methodological quality of the primary
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studies conducted, and the lack of precision and direct-
ness in outcome measurement for PROM. This is mainly
due to the lack of consistency in the PROM instruments
used, even within domains. The low number of studies
and small within-study sample size also contributed to an
imprecise estimate of PROM changes between CGM and
SMBG/UC participants. (Table 2).

Discussion

To our knowledge, this is the first UR to consolidate
the evidence base for comparing CGM with SMBG/
UC in T2DM outcomes. We found that currently pub-
lished SRs strongly concur that the CGM was associ-
ated with greater HbAlc reduction and time-in-range
(TIR) increase as compared to SMBG, yielding better
outcomes in glycemic control. The SRs also concurred
that the use of CGM was not associated with significant
adverse events, except for cutaneous complications that
resolved with topicals. However, the evidence for the
impact of CGM use on patient reported outcome meas-
ures (PROMs) was mixed.

HbA1c
Our meta-analysis robustly concurred with the findings
from previous SRs that CGM use led to significantly
greater HbAlc reduction than SMBG. The mean differ-
ence in pre-post HbAlc change of 0.42% estimated by
our meta-analysis of RCTs was greater than the mini-
mal clinically important difference (MCID) of 0.30% for
HbA1c change to be clinically and statistically significant
in decreasing diabetic complications [123, 124]. Hence,
it is reasonable to infer that CGM may be associated
with improved diabetes outcomes compared to SMBG/
UC. However, similar to the meta-analyses done by the
included SRs, there was high heterogeneity amongst the
primary studies. This was expected given the wide geo-
graphic distribution and temporal range of the primary
studies, employment of different CGM modalities, and
variability in insulin therapies initiated in recruited par-
ticipants. The latter point reflects not only a therapeutic
heterogeneity but possible heterogeneity in the T2DM
severity of recruited populations across studies. Of note,
insulin resistance was not robustly incorporated into
sensitivity analyses across included SRs apart from meta-
regression on baseline HbA1lc values. This might be due
to insufficient evaluation of insulin resistance across pri-
mary studies. Thus, future studies may consider quanti-
tatively evaluating baseline insulin resistance through
methods such as oral glucose tolerance tests or fasting
insulin levels [125, 126].

CGM modality was a strong source of heterogene-
ity. Retrospective CGM (rCGM) and real-time CGM
(rtCGM) subgroups had low heterogeneity, while the
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flash glucose monitoring (FGM) subgroup was highly
heterogeneous. This might be so as FGM efficacy is sig-
nificantly contingent on patient compliance, given that
patients are required to actively scan their sensor to
record a glycemic reading. A recent SR recommended
the indication of FGM for patients with T2DM only if
they (1) are highly motivated to scan their devices and (2)
possess low hypoglycemia risk [127], highlighting the sig-
nificant dependence of FGM on patient compliance for
therapeutic benefit. Hence, variation in patient compli-
ance to scanning across FGM trials might contribute to
subgroup heterogeneity.

Many primary studies were funded by medical technol-
ogy companies with products for diabetes management,
especially CGM devices, in the market, which raises
concerns over bias and conflicts of interest [128-132].
However, our meta-analysis demonstrated that summary
effect size of changes in HbAlc, TIR, time-above-range
(TAR) and time-below-range (TBR) were invariant with
study funding. Hence, concerns of industrial and funding
bias might not be significant.

Glycemic control and variability

TIR reporting is useful given the international consensus
on its applicability as a clinical endpoint in diabetes man-
agement [133], with a call for standardization of CGM
data reporting amongst clinicians and researchers alike.
Previous studies have also established an inverse associa-
tion between TIR and end-stage diabetes complications,
such as retinopathy [23, 134], neuropathy [135], renal
damage [23, 136], cardiovascular complications and all-
cause mortality [137], reinforcing its clinical significance.
Although included SRs largely concur that CGM use is
associated with greater TIR, other glycemic variability
(GV) measures were either unreported or vague.

Our meta-analysis findings on TIR robustly concurred
with our narrative synthesis of SR findings, specifically
that there was a significant increase in TIR amongst
CGM participants over SMBG/UC participants. Fur-
thermore, the mean difference in pre-post TIR change of
6.0% estimated by the meta-analysis was greater than the
MCID of 5%, which approximates to an additional one
hour of blood sugar levels within range and was associ-
ated with lower rates of diabetes-related complications
[138, 139]. This finding concurred with the clinically
meaningful difference in HbA1lc change estimated in our
meta-analysis with CGM use compared to SMBG/UC.
However, a significant increase in TIR was only observed
amongst rtCGM users in our meta-analysis, and not
FGM or rCGM. This may be due to the unblinded nature
of rtCGM which educates users on their day-to-day GV
without the need for doctor’s consult or patient educa-
tion from other healthcare professionals in rCGM or
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inconvenience of scanning the device in FGM [8, 140].
Meanwhile, our findings for TAR and TBR were not as
conclusive, which concurred with our narrative synthe-
sis of SR findings. This may be due to the smaller sample
sizes and effect sizes observed. Of note, rtCGM sub-
groups were of lowest heterogeneity in both meta-analy-
ses, which supported our findings on rtCGM in TIR.

Patient reported outcome measures

Our meta-analysis could not robustly conclude if CGM
use was associated with increased PROM scores com-
pared to SMBG/UC. This was in keeping with our narra-
tive synthesis of PROM outcomes reported by included
SRs. Furthermore, we noted a lack of standardization
in testing of PROMs across CGM trials, both in the
domains assessed and questionnaires used within a
domain, which may decrease the comparability of find-
ings in the field. This represented a gap in CGM research,
where quality-of-life amongst patients with T2DM has
not been adequately characterized. Beyond quantitative
evaluations of quality-of-life, patient experience of CGM
in diabetes management, extending to even caregivers,
family and the workplace, has been thoroughly charac-
terized for TIDM [141-145] by many qualitative studies,
to the point where a meta-synthesis was done [146]. Yet,
comparatively few qualitative studies have been done to
understand the same for patients with T2DM exclusively.
Of the few which did, a study found that amongst youths
and adolescents, CGM was better received than SMBG as
it eliminated the need to do multiple finger-pricks across
the day, and the real-time blood glucose data empowered
patients to make lifestyle adjustments [147]. Thus, more
work is needed to better understand the experience of
T2DM patients in using CGM for widespread clinical
adoption and higher treatment compliance.

Methodological issues across primary studies

and systematic reviews

The UR consolidated methodological gaps across the pri-
mary studies reviewed by the included SRs. It was con-
cerning that all RCTs were either of moderate or high
risk-of-bias, as it reduces confidence in the conclusion
that CGM leads to better outcomes for patients with
T2DM than SMBG. The primary study meta-analyses
subgrouped by overall risk-of-bias were not particularly
revealing as well, which we hypothesized to be due to
consistent methodological gaps across these studies.
However, a case may be made that blinding participants
to outcomes measured using CGM devices in the respec-
tive studies would contradict the behavioral modification
element of CGM-based therapy, especially for rtCGM
and FGM modalities. Hence, hypothetical studies which



Tan et al. Archives of Public Health (2024) 82:231

blinded participants to CGM data would be irrelevant
to clinical practice except in the case of rCGM. Fur-
thermore, in the setting of CGM trials, consideration of
adherence to CGM usage and wear-time must be made
especially in pragmatic trials. With comprehensive
reporting on such CGM usage metrics, investigators can
better contextualize the efficacy of CGM in blood sugar
control with respect to individual use patterns.

The UR incidentally found methodological gaps in
the conduct of SRs consistent across included studies,
as described in the Results. Many SRs failed to describe
the rationale for including studies of a particular design
or designs. Thus, inherent biases of study types, such as
confounding in NRSIs, were not adequately explored and
discussed, which lowered the certainty of the SRs’ con-
clusions. Many meta-analyses did not explore heteroge-
neity through subgroup analysis or meta-regression. This
reduced the explanatory power and validity of the SRs’
meta-analyses. Lastly, insufficient reporting of funding
sources of primary studies amongst SRs complicated the
assessment of industry influence on the execution and
outcomes of primary studies.

These methodological gaps are concerning as clinical
practice guidelines (CPGs) worldwide are increasingly
based on SRs published, as recommended by interna-
tional consensus bodies [148, 149]. It follows that if SRs
are conducted with low methodological rigor, then the
resultant CPGs formulated based on those SRs may
be founded on poor evidence, which may compromise
patient care and safety. This observation is echoed in
other fields as well using tools such as AMSTAR [150],
AMSTAR-2 [151] and GRADE [152]. Thus, conducting
an umbrella review would serve as an additional check-
point on the evidence certainty and potential risks-of-
bias in these SRs, thereby ensuring that subsequent CPGs
are developed upon high quality evidence.

Research and practical recommendations
Medical boards worldwide can explore the incorporation
of CGM into prevailing national CPGs for the manage-
ment of T2DM. The United States has formally recom-
mended CGM for the management of both TIDM and
T2DM recently [153], which indicates a gradual accept-
ance of CGM as a standard of care for T2DM. Beyond
incorporation into CPGs, institutions can explore train-
ing healthcare professionals to be competent in (1)
the indication of the appropriate CGM therapy for the
appropriate T2DM patient and (2) interpreting the CGM
results holistically apart from the HbAlc and TIR values
solely.

A related development in patient-centric T2DM thera-
peutics is that of closed-loop automatic insulin delivery
(AID) systems, where insulin is automatically infused to
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a patient according to their glycemic status as monitored
by a CGM [154]. Recent trials demonstrated the efficacy
of AIDs in improving glycemic control whilst minimizing
hypoglycemic events [155, 156]. Given the difficulty of
glycemic management in T2DM patients due to insulin
resistance and higher body mass, AIDs are a potentially
safer and less distressing alternative to insulin injections
for T2DM management.

Another development in T2DM therapeutics is that
of novel pharmacologics, especially sodium-glucose
cotransporter 2 inhibitors (SGLT2i) and glucagon-like
peptide-1 receptor agonists (GLP1-RA). Although these
drugs have additional benefits such as cardioprotective
effects and weight loss [157], the risk of hypoglycemia
is not well-understood when these drugs are taken with
conventional OHAs or insulin. As such, recent stud-
ies have utilized CGM to understand the blood sugar
dynamics of patients on these novel drug combinations
[158-160], as well as that of high-risk populations, such
as people who are fasting [161], using SGLT2is and
GLP1-RAs. Thus, CGM remains a powerful tool to evalu-
ate glycemic changes following novel interventions so as
to better understand their safety profile.

Of note, patient education is an increasingly important
factor in the management of chronic diseases, including
that of T2DM. CGM has been studied as a patient educa-
tion tool where practitioners used CGM to help patients
with T2DM understand how certain lifestyle and dietary
choices would change their blood sugar [162-164]. This
was associated with not only better glycemic control, but
also greater satisfaction and lower diabetes-related dis-
tress [11, 164]. Yet, these benefits are contingent on suf-
ficient counseling on the healthcare professional’s part
to help patients learn how to interpret the results on
their CGM interfaces as well as diet, exercise and glu-
cose excursion education [162, 163]. Thus, more work
might be needed to better understand the role of CGM in
patient education and activation towards optimal glyce-
mic control amongst adults with T2DM.

There are multiple gaps in CGM research. Firstly,
multi-center trials recruiting more participants should be
conducted to further validate the efficacy of CGM in all
aspects across other demographics. Secondly, more cost-
effectiveness studies should be done to guide healthcare
resource allocation and public copayment models for
potential CGM subsidies. Thirdly, more quantitative and
qualitative studies on PROMs with CGM use should be
done to further improve CGM devices and therapies for
patient-centric use.

Strengths and limitations
The strengths of our UR include the comprehen-
sive search of literature conducted and the breadth of
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sensitivity analysis done in the meta-analysis. To ensure
that the results produced were not spurious, we were con-
servative in our imputation to avoid overestimating effect
estimates. Sensitivity analyses with different correlation
coefficients confirmed that imputation did not cause the
data to vary significantly and were reported in the Sup-
plement to address methodological issues in data impu-
tation. A protocol was also clearly defined for handling
and reporting overlaps in meta-analyses included in our
SRs. Hence, our meta-analysis is the most contemporane-
ous at the point of writing and devoid of overlaps. Lastly,
our meta-analysis also comprehensively explored sources
of heterogeneity amongst the included primary studies,
eventually drawing conclusions on how CGM modality,
commercial funding and insulin therapy might affect the
effectiveness of CGM.

There were limitations in the included studies and
meta-analysis. Firstly, many SRs included studies inves-
tigating both T1IDM and T2DM patients. This may have
reduced the extent of outcome reporting and synthesis
for T2DM patients on CGM by these SRs. We mitigated
this by ensuring that extracted results discussed in this
UR were specific for T2DM patients. Secondly, a signif-
icant number of outcomes were imputed in the HbAlc
reduction meta-analysis, as some studies did not report
a pre-post within-group HbAlc change score. We miti-
gated this through the aforementioned sensitivity analy-
ses by varying the correlation coefficient for imputation.
Furthermore, comparing our final meta-analysis with that
of the included meta-analyses, we noticed no significant
differences in effect size and only moderate differences in
the standard deviation for the same studies, respectively.
Lastly, although the most recent SRs included in our
study was published in 2024, yet the most recent primary
study included across the SRs and analyzed in this UR
was published in 2022. This represented a gap in CGM
primary data, which may have incorporated recent devel-
opments in therapeutics and patient education discussed
previously.

Conclusion

CGM was demonstrated to be associated with greater
HbAlc and TAR reductions and TIR increase than
SMBG/UC in patients with T2DM, and this finding was
of moderate evidence certainty. Our findings were mostly
invariant with funding status, pre-existing insulin treat-
ment, CGM modality and risk-of-bias of primary stud-
ies.. Various PROMs were found to not differ significantly
between groups using CGM and SMBG/UC, and the
overall evidence was of very low certainty due to the sig-
nificant inconsistency in assessing PROMs and the low
sample size. Countries can explore the incorporation of
CGM into standard care and clinical practice guidelines
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for the management of T2DM. Qualitative studies
exploring the experience and acceptability of CGM in
T2DM patients are also strongly recommended to facili-
tate wider clinical adoption and greater patient accept-
ability of CGM.
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