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ABSTRACT
Continuous glucose monitoring (CGM)- derived time in range 
(TIR) correlates with hemoglobin A1c (A1c) among patients 
with type 2 diabetes mellitus (T2DM); however, there is a 
paucity of data evaluating its association with microvascular 
complications. We conducted this systematic review to 
examine the association between TIR and microvascular 
complications of diabetic retinopathy (DR), diabetic 
nephropathy (DN), and diabetic peripheral neuropathy (DPN). 
We conducted a comprehensive literature search on PubMed, 
Scopus, and Web of Science online databases following 
the Preferred Reporting Items for Systematic Reviews and 
Meta- Analyses guidelines. Full- text original articles that 
evaluated the association between CGM- derived TIR and risk 
of microvascular complications and were published between 
2010 and June 2021 were included in our systematic review. 
The quality of the included studies was evaluated using the 
National Heart, Lung, and Blood Institute Quality Assessment 
Tool for Observational Cohort and Cross- Sectional Studies. 
Data were analyzed using qualitative synthesis. Eleven studies 
on a total of 13 987 patients were included in the systematic 
review. The median sample size, baseline A1c, and diabetes 
duration were 466 patients (range: 105–5901), 8.2% (SD 
0.5%), and 11.3 years (1.0), respectively. Majority of the 
studies were conducted in Asia (10 out of 11). Four studies 
evaluated the relationship between CGM- derived TIR and DR 
and CGM- derived TIR and DN, while seven studies evaluated 
the relationship between CGM- derived TIR and DPN. A 10% 
increase in TIR was associated with a reduction in albuminuria, 
severity of DR, and prevalence of DPN and cardiac autonomic 
neuropathy. In addition, an association was observed between 
urinary albumin to creatinine ratio but not with estimated 
glomerular filtration rate. This review summarizes recent 
evidence supporting an association between CGM- derived TIR 
and microvascular complications among patients with T2DM. 
A larger- scale multicenter investigation that includes more 
diverse participants is warranted to further validate the utility of 
TIR as a predictor of diabetic microvascular complications.

INTRODUCTION
Hemoglobin A1c (A1c) is the primary tool for 
monitoring long- term glycemic control and 
assessing the risk of diabetes- related complica-
tions.1 2 However, A1c has several limitations. 
A1c is affected by factors such as age, race/
ethnicity, hemoglobinopathies, hemolytic 

anemia, recent blood transfusion, chronic 
kidney disease, and pregnancy, resulting in 
discrepancies between measured A1c and 
true glycemic control. Furthermore, A1c 
fails to provide information about extremes 
of hypoglycemia or hyperglycemia, glucose 
trends, and glycemic variability.3 Intermit-
tent self- monitored blood glucose (SMBG) 
is not influenced by conditions affecting red 
blood cell turnover and provides information 
beyond A1c; however, it is inconvenient and 
unpopular among patients of all age groups.

Continuous glucose monitoring (CGM) 
devices are increasingly popular, affordable, 
reliable in improving A1c, and overcome 
many of the limitations with A1c, and SMBG 
and CGM- derived metrics are now incorpo-
rated into the management of patients with 
diabetes.4 CGM devices measure intersti-
tial fluid glucose every 1–5 min and provide 
several metrics. Mean glucose from CGM has 
also been used to calculate glucose manage-
ment indicator (GMI), also known as ‘esti-
mated A1C’.5 Time in range (TIR) is another 
metric, defined as the percentage of time 
glucose between 70 mg/dL and 180 mg/
dL (3.9–10.0 mmol/L). Over the last few 
years, TIR has become popular as a surro-
gate marker of glycemic control, which also 
correlates with A1c.4 International consensus 
recommends TIR of 70% to align with A1c 
of ~7%, with a 0.5% decline in A1c per 10% 
increase in TIR.4 6 Furthermore, a 5% increase 
in TIR was associated with significant clinical 
benefits among patients with type 2 diabetes 
mellitus (T2DM).4

While A1c remains the primary predictor of 
the development and progression of micro-
vascular complications among patients with 
T2DM, there is growing evidence to support 
the association between TIR and diabetes- 
related microvascular complications.7–9 In a 
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study by Sheng et al9 on patients with T2DM, the authors 
calculated TIR from a 7- point SMBG and found lower 
TIR to have higher odds of having diabetic retinopathy 
(DR), diabetic nephropathy (DN), and diabetic periph-
eral neuropathy (DPN), suggesting a strong correlation 
between calculated TIR and risk of diabetes- related 
microvascular complications.

Although adoption of TIR in clinical practice is gradu-
ally increasing and becoming well established, its use as 
a predictor of long- term risk of diabetes- related micro-
vascular complications is still growing and needs further 
validation. Therefore, we performed a systematic review 
to summarize the published literature evaluating CGM- 
derived TIR as a predictor of diabetes- related micro-
vascular complications and discuss its implications on 
future clinical practice and research among patients with 
diabetes.

METHODS
This systematic review was performed using the guide-
lines established by the Preferred Reporting Items for 
Systematic Reviews and Meta- Analyses statements.10 For 
this study, a comprehensive literature search was done 
to identify original research articles in various databases. 
Before the literature screening process, a protocol was 
submitted to the International Prospective Register of 
Systematic Reviews (PROSPERO ID: CRD42021259988).

Selection criteria
Studies included in this systematic review met the 
following inclusion criteria: (1) cross- sectional/obser-
vational studies examining the association between 
CGM- derived TIR and microvascular complications 
among patients with T2DM, (2) full- text and (3) English- 
language articles, and (4) published between January 
1, 2010 and June 5, 2021. We excluded the following 
studies: (1) review articles and (2) systematic review with 
or without meta- analysis.

Search strategy
On June 5, 2021, we conducted a comprehensive liter-
ature search in electronic databases (PubMed, Scopus, 
and Web of Science) for publications between 2010 and 
June 2021 with English language restrictions. The search 
strategy was designed and conducted by the principal 
investigator (RR), with input from the study’s coinvesti-
gators (RM, NJ, and VJ), using the following keywords: 
((“Continuous glucose monitor” OR “Continuous 
glucose monitoring” OR “Dexcom” “Freestyle Libre” OR 
“Guardian” OR “Flash glucose monitoring” OR “Time in 
Range” OR “Time- in- range” OR “TIR”) AND (“Diabetes 
complications” OR “Microvascular complications” OR 
“Retinopathy” OR “Neuropathy” OR “Nephropathy” OR 
“Complication” OR “Microalbuminuria” OR “Albumin-
uria”)) AND (“Type II diabetes” OR “type 2 diabetes”). 
Next, the bibliographies of the selected articles were 
manually searched for any additional studies. After 
screening for duplicate studies, two reviewers (RM and 

NJ) independently reviewed the title and abstract of the 
identified publications. Studies were then excluded if 
they did not address our research question or meet our 
prespecified inclusion criteria. Finally, the full texts of the 
remaining articles were examined to determine the final 
exclusion for our systematic review. Any conflicts during 
the study selection process were resolved by the third 
reviewer (RR). Figure 1 shows the schematic diagram of 
the study selection process.

Data collection
A predefined Excel sheet was used for extraction of data 
from each study. The following data were extracted from 
each included study: (1) title, (2) primary author, (3) 
year of publication, (4) duration of study, (5) country 
of the study population, (6) study design, (7) aim of the 
study, (8) sample size, (9) pertinent variables measure, 
(10) results, (11) conclusion, and (12) limitations of the 
study.

Quality assessment
Two independent reviewers (RM and VJ) assessed the 
study quality and risk of bias in the included studies 
using the National Heart, Lung, and Blood Institute 
Quality Assessment Tool for Observational Cohort and 
Cross- Sectional Studies (Study Quality Assessment Tools; 
https://www.nhlbi.nih.gov/health-topics/study-quality- 
assessment-tools).11 Any disagreement was resolved by 
the other involved research reviewers (RR and VJ). Based 
on 14 questions, an overall rating was assigned as good, 

Figure 1 PRISMA method flow diagram of study selection. 
PRISMA, Preferred Reporting Items for Systematic Reviews 
and Meta- Analyses.
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fair, and poor for study quality, corresponding to low, 
moderate, or high risk of bias.

Data synthesis
Before this systematic review, an initial literature search 
in the subject field revealed only a few studies with hetero-
geneous data points. Hence, we could not perform a 
meta- analysis, and a qualitative synthesis was performed.

RESULTS
Study selection
We identified 110 publications using our initial search of 
online databases: PubMed, Scopus, Web of Science, and 
manual review of the bibliography. Of these, 22 duplicate 
publications were removed. Of 88 records screened, 63 
were excluded based on screening of the title/abstract 
and 10 were excluded being either review articles or 
meta- analysis. Fifteen eligible publications were retrieved 
in full text, of which four did not meet the inclusion 
criteria. Ultimately, we included 11 articles in our system-
atic review (figure 1).12–22 There was complete agreement 
between authors regarding article inclusion, risk of bias 
assessment, and data extraction. Detailed characteristics 
of the included studies are summarized in online supple-
mental file 1.

Baseline characteristics
A total of 13 987 patients across 11 studies were included 
in our systematic review. The median sample size was 466 
patients (range: 105–5901, IQR: 616). Ten studies were 
cross- sectional in design, while one study was an interim 
analysis of an ongoing prospective observational study.20 
The mean age of the participants was 59.3 years (SD 
1.3), A1c at baseline 8.2% (SD 0.5%), and duration of 
diabetes 11.3 years (SD 1.0). For patients with retinop-
athy, nephropathy, and neuropathy, the mean duration 
of diabetes was 11.8, 13.1, and 11.0 years, the mean age 
was 62.1, 61.6, and 59.1 years, and the mean baseline 
A1c was 8%, 7.8%, and 8.1%, respectively. Five studies 
were conducted in China,12–15 21 two in South Korea,17 18 
two in Japan,20 22 one in India,19 and one in the USA.16 
Five studies used Medtronic’s CGM device,12 15–18 four 
studies used Abbott’s Freestyle Libre CGM (FLP- CGM) 
device,19–22 one study used Meiqi CGM device,14 while 
in one study both Medtronic and Meiqi CGM devices13 
were used. In all 11 studies, TIR was defined by the time 
per cent during 24 hours when the glucose was in the 
range of 70–180 mg/dL (3.9–10 mmol/L). The duration 
of use of CGM device varied in all studies and ranged 
between 3 and 14 days. Calibrations of the CGM device 
when applicable (in 6 of 11 studies) was done using two 
to four capillary blood glucose readings. In one study, the 
number of calibrations was not reported by the authors.15 
GMI values based on CGM data were available for only 
five studies and ranged between 7 and 7.5.16–19 21 We have 
summarized the baseline characteristics of the included 
studies in table 1. On the study quality assessment tool, 
one study was rated ‘good’ and ten studies were rated 

‘fair’; none was rated ‘poor’, eliminating increased risk 
of bias in the studies included in our systematic review 
(online supplemental file 1).

Association between CGM-derived TIR and DR
Four cross- sectional studies evaluated the association 
between TIR and DR.12 19 20 22 One study used Medtronic 
CGM over 72 hours,12 while three studies used the FLP- 
CGM device to collect 14 days of data.19 20 22 One study 
used FLP- CGM data over the middle 8- day period, 
excluding the first 2 days and the last 4 days.20 The average 
prevalence of DR was 27.4% (range: 22.2%–30.1%). One 
study categorized participants into three groups based 
on glycemic profile (‘TIR profile’, ‘hypo profile’, and 
‘hyper profile’) and showed higher odds of proliferative 
DR (‘hypo profile’: OR=2.84, 95% CI 1.65 to 4.88; ‘hyper 
profile’: OR=1.39, 95% CI 0.78 to 2.45) as well as non- 
proliferative DR (‘hypo profile’: OR=1.44, 95% CI 1.20 
to 1.73; ‘hyper profile’: OR=1.33, 95% CI 1.11 to 1.58) 
compared with ‘TIR profile’.19 Two studies found a statis-
tically significant association between a 10% increase in 
TIR and reduction in severity of DR,12 20 while no signif-
icant association between TIR and DR was found in the 
study by Kuroda et al.22 In both these studies, higher A1c 
was found to be associated with increased severity of DR 
(p<0.01),12 20 while the relationship between A1c and DR 
was not assessed in the other two studies.19 22

In summary, a 10% increase in TIR is associated with 
reduction in severity of DR and higher time spent in 
target range is associated with decrease in severity of DR. 
In addition, CGM- derived TIR was found to be similar to 
A1c in predicting DR among patients with T2DM.

Association between CGM-derived TIR and DN
The association between TIR and nephropathy was evalu-
ated in four studies.17 19 20 22 In one study, CGM was done 
using Medtronic’s CGM device for 3 days (GOLD) and 
6 days (iPro2), respectively,17 while in three studies FLP- 
CGM device was used to record data over 14 days.19 20 22 In 
three studies, urinary albumin to creatinine ratio (UACR) 
>30 was used to define DN,17 19 20 while in one study the 
authors used UACR and estimated glomerular filtra-
tion rate (eGFR) values to determine its association with 
TIR.22 Participants were categorized into normoalbu-
minuria (UACR <30 mg/g), microalbuminuria (UACR 
30–300 mg/g), or macroalbuminuria (UACR >300 mg/g) 
in two studies.19 20 In one study, participants were grouped 
into with and without albuminuria.17 The prevalence 
of albuminuria in these four studies was 32.67% (range 
27%–36.6%), with a higher prevalence of microalbumin-
uria compared with macroalbuminuria (22.6% vs 8.5%, 
respectively). In another study, participants were catego-
rized into three groups based on glycemic profile (‘TIR 
profile’, ‘hypo profile’, and ‘hyper profile’).19 Compared 
with ‘TIR profile’, both ‘hyper’ and ‘hypo’ profiles 
had higher odds of macroalbuminuria (‘hypo profile’: 
OR=1.58, 95% CI 1.25 to 1.98; ‘hyper profile’: OR=1.37, 
95% CI 1.10 to 1.71). Additionally, ‘hyper’ and ‘hypo’ 
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profiles also had higher odds of diabetic kidney disease, 
compared with ‘TIR profile’ (‘hypo profile’: OR=1.65, 
95% CI 1.18 to 2.31; ‘hyper profile’: OR=1.88, 95% CI 1.37 
to 2.58).19 Two studies showed a statistically significant 
association between a 10% increase in TIR and reduction 
in severity of albuminuria.17 20 In multiple regression anal-
ysis, Kuroda et al22 found an association between TIR and 
UACR (β=−0.100, p=0.043) but not with eGFR (β=−0.011, 
p=0.824). Out of the four studies evaluating the relation-
ship between TIR and DN, two studies found similar asso-
ciation between A1c and DN.17 20 One study found higher 
A1c among patients with albuminuria compared with 
patients without albuminuria (8.5% vs 8.0%, p<0.01),17 

while in the second study the authors found a statistically 
significant association between severity of albuminuria 
and A1c (p<0.01).20 In the rest of the two studies, the asso-
ciation between A1c and DN was not evaluated.19 22

In summary, two studies showed decrease in severity 
of albuminuria with a 10% increase in TIR, one study 
showed increased time spent in target range to be asso-
ciated with lower risk of macroalbuminuria and diabetic 
kidney disease, while in one study increased TIR was asso-
ciated with a decrease in UACR but not with eGFR. In 
limited studies evaluating the relationship between CGM- 
derived TIR and DN, it was found to be similar to A1c in 
predicting DN among patients with T2DM.

Table 1 Baseline characteristics of studies evaluating the association between CGM- derived TIR and microvascular 
complications among patients with T2DM

Characteristics

All included 
studies
(N=11)

TIR and diabetic 
retinopathy
(n=4)

TIR and diabetic 
nephropathy
(n=4)

TIR and diabetic 
neuropathy
(n=7)

Sample size, n (range) 466 (105–5901) 2315.5 (281–5901) 932.5 (281–5901) 349 (105–740)

Sex (%)

  Male 60.8 58.1 62.0 62.6

  Female 39.2 41.9 38.0 37.4

Age, years, mean (SD)* 59.3 (1.3) 62.1 (0.99) 61.6 (0.4) 59.1 (2.8)

Baseline A1c, %, mean (SD)* 8.2 (0.5) 8.0 (0.6) 7.8 (0.4) 8.1 (0.6)

Duration of diabetes, years, mean (SD)† 11.3 (1.0) 11.8 (0.7) 13.1 (0.2) 11.0 (1.1)

Study location (n)

  China 5

  South Korea 2

  Japan 2

  India 1

  USA 1

CGM device used (n)

  Medtronic 5

  Abbott Freestyle Libre 4

  Meiqi 1

  Medtronic+Meiqi 1

Duration of CGM use (n)

  3 days 4

  14 days 4

  3 and 6 days for GOLD (Medtronic) and iPro2 
(Medtronic), respectively‡

2

  Two 6- day periods, separated by 2 weeks§ 1

CGM device calibrations (n)

  Not applicable 4

  At least two times per day 3

  At least four times per day 3

  Not reported 1

*Two studies (Yang et al21 and Kuroda et al22) reported the median age and the median baseline A1c in their study and hence were not included in 
the final calculation of mean age and average baseline A1c of the participants.
†Four studies (Yang et al,21 Kuroda et al,22 Guo et al,13 and Guo et al14) reported the median values for the duration of diabetes and hence were not 
included in the calculation of the mean duration of diabetes.
‡Yoo et al17 and Kim et al18 used GOLD (Medtronic) and iPro2 (Medtronic) CGM over 3 and 6 days, respectively.
§Mayeda et al16 collected CGM data over two 6- day periods, separated by 2 weeks.
A1c, hemoglobin A1c; CGM, continuous glucose monitoring; T2DM, type 2 diabetes mellitus; TIR, time in range.
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Association between CGM-derived TIR and diabetic neuropathy
Seven studies examined the relationship between CGM- 
derived TIR and diabetic neuropathy.13–16 18 21 22 Four 
studies evaluated the association of TIR with DPN,14 16 21 22 
two studies examined the association of TIR and cardio-
vascular autonomic neuropathy (CAN),13 18 and in one 
study the association of TIR with peripheral nerve func-
tion was evaluated.15 Three studies used Medtronic 
CGM,15 16 18 two studies used Freestyle Libre,21 22 while 
Meiqi14 and both Meiqi and Medtronic13 were used in 
one study each. The CGM data were collected for 3 days 
in three studies,13–15 for 2 weeks in two studies,21 22 for 
both 3 days (GOLD) and 6 days (iPro2) in one study,18 
and for two 6- day periods, separated by 2 weeks, in one 
study.16

Each of the studies evaluating DPN/CAN used different 
surrogates for examining neuropathy. Three studies 
used sudomotor function,14 the Michigan Neuropathy 
Screening Instrument,16 and the Numerical Rating 
Scale21 to assess DPN. Kuroda et al22 used the diagnostic 
criteria of the Japanese Study Group of Diabetes Neurop-
athy23 to diagnose DPN. CAN was evaluated in two studies 
using a combination of five (three parasympathetic and 
two sympathetic) and four (three parasympathetic and 
one sympathetic) cardiovascular autonomic function 
tests.13 18 Li et al15 examined peripheral nerve function by 
electrophysiological measurement of motor and sensory 
nerves to calculate composite Z- score for conduction 
velocity, latency, and amplitude to assess peripheral nerve 
function.

The prevalence of DPN and CAN was 46.6% and 
32.1%, respectively. Yang et al21 showed a decline in 
TIR to be directly associated with increased prevalence 
of any painful DPN (OR=2.66, 95% CI 1.16 to 6.10, 
p<0.05), while Guo et al14 found an increase in TIR to 
be inversely related to prevalence of sudomotor dysfunc-
tion (OR=0.979, 95% CI 0.971 to 0.987, p<0.001). In 
one study by Mayeda et al,16 a 10% decrease in TIR was 
associated with increase in prevalence of DPN (OR=1.25, 
95% CI 1.02 to 1.52, p<0.05) and that the rate of DPN 
was lower in participants with TIR >70% compared with 
participants with TIR <70% (43% vs 74%). Kuroda et al22 
found TIR to be weakly associated with presence of DPN 
(β=−0.106, p=0.033). Kim et al18 showed the OR of CAN 
per 10% increase in TIR to be 0.894 (95% CI 0.81 to 0.99, 
p<0.05). Guo et al13 found an increase in TIR quartiles to 
be inversely associated with prevalence of CAN (p<0.05). 
Li et al15 assessed peripheral nerve function and found 
higher TIR to be associated with a higher composite 
Z- score of conduction velocity (b=0.230, p<0.001), higher 
composite Z- score of amplitude (b=0.099, p=0.010), and 
lower composite Z- score of latency (b=0.172, p<0.001). 
The authors further concluded the higher TIR tertile 
group to have lower risk of slowing conduction velocity 
(TIR medium: OR 0.44, p<0.001; TIR high: OR 0.26, 
p<0.001), lower risk of amplitude reduction (TIR high: 
OR 0.60, p<0.05), and higher rate of reduced latency 

(TIR medium: OR 1.57, p<0.05; TIR high OR 1.71, 
p<0.05) compared with the low tertile group.

Out of five studies evaluating DPN or peripheral 
nerve function, three studies evaluated the relationship 
between TIR and A1c,14–16 while it was not examined in 
two studies.21 22 There was no statistically significant rela-
tionship between TIR and A1c among patients with and 
without sudomotor dysfunction. One study found higher 
A1c in patients with sudomotor dysfunction compared 
with patients without sudomotor dysfunction; however, 
this association was not statistically significant (8.94 vs 
8.6, p=0.118).14 In another study, the authors did not 
find statistically significant relationship between A1c and 
severity of DPN (p=0.139).16 Assessment of nerve func-
tion by Li et al15 demonstrated A1c to be independently 
associated with composite Z- score of conduction velocity, 
latency, and amplitude (p<0.001). Compared with the 
relationship between A1c and DPN, the association 
between A1c and CAN was limited with only two studies 
examining this relationship. While one study showed 
higher A1c to be associated with greater prevalence 
of CAN (p=0.041),18 in another study this association 
trended toward statistical significance (p=0.053).13

In summary, increase in TIR was associated with 
decrease in prevalence and severity of both DPN and 
CAN. TIR >70% was associated with significantly lower 
prevalence of DPN compared with TIR <70%. Addition-
ally, based on limited studies, TIR was found to more 
closely correlate with DPN and CAN compared with A1c.

DISCUSSION
To our knowledge, this is the first systematic review 
examining the relationship between CGM- derived TIR 
and microvascular complication among patients with 
T2DM. The risk of microvascular complications and 
chronic hyperglycemia, as measured by A1c, has been 
well established in both patients with type 1 diabetes 
mellitus (T1DM) and patients with T2DM in landmark 
trials such as The Diabetes Control and Complica-
tions Trial (DCCT) and the UK Prospective Diabetes 
Study.24 25 CGM provides more comprehensive glucose 
data beyond A1c, is convenient for the patients,26 and 
has shown promising evidence supporting improved 
glycemic control and quality of life among patients with 
diabetes.27 Several studies have assessed the relation-
ship between CGM- derived metrics and A1c. One study 
by Vigersky and McMahon28 analyzing 18 randomized 
controlled trials found a strong correlation between A1c 
and TIR 70–180 mg/dL, while Beck et al29 found that 
a 10% change in TIR of 70–180 mg/dL correlates with 
the mean A1c change by ~0.5%. Current international 
consensus recommends TIR of 70% to align with A1c 
of ~7%, with each 10% increase in TIR to correspond 
with ~0.5% A1c reduction.4 6 In a previous work, Beck et 
al7 validated a strong correlation between TIR derived 
from SMBG among patients in DCCT and risk of micro-
vascular complications. With this association between 
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SMBG- derived TIR and microvascular complications, 
along with recent data validating the association of CGM- 
derived TIR with A1c, there is a growing interest in using 
CGM- derived TIR as a surrogate marker for assessment of 
various diabetes- related complications. This idea has been 
supported by many recent studies and the evidence is 
constantly growing. One study found a 6.4% reduction in 
risk of abnormal carotid intima- media thickness, a surro-
gate for cardiovascular disease, when TIR increased by 
10%.30 In a study by Ranjan et al31 on patients with T1DM, 
improved TIR over 1 year was associated with reduced 
albuminuria (19% reduction in UACR per 10% increase 
in TIR). Lu et al12 found an inverse correlation between 
TIR quartile and severity of DR. Yoo et al17 reported albu-
minuria, a microvascular complication of diabetes, to 
be inversely related with TIR, while Mayeda et al16 estab-
lished an association between DPN among patients with 
T2DM and chronic kidney disease. The results of these 
studies further strengthen the potential of TIR as a tool 
for predicting the risk of development and progression 
of diabetes- related microvascular complications. In this 
systematic review of 11 original published articles, we 
found a strong correlation between CGM- derived TIR 
and microvascular complications.

Although CGM- derived TIR provides important infor-
mation not captured by A1c, it is still insufficient in 
providing a complete description of glycemic control. 
Glycemic variability (measured by mean absolute 
glucose, SD, and coefficient of variation) has also been 
suggested to be an independent predictor of diabetes- 
related complications.32 It results in oxidative stress33 and 
endothelial dysfunction34 and can lead to cardiovascular 
as well as microvascular complications.35–37 Glycemic 
variability was not consistently assessed in the 11 studies 
included in our systematic review, and hence we did not 
evaluate its association with microvascular complications 
in our systematic review.

The association between TIR and microvascular 
complications was adjusted for A1c. The association was 
independent of A1c for severity of neuropathic pain,21 
sudomotor dysfunction,14 conduction velocity,15 CAN,13 
severity of DR,12 and albuminuria.20 Varghese et al19 
also observed an A1c independent association between 
TIR and retinopathy as well as nephropathy parameters 
among hypo and hyper profiles versus TIR profiles. In 
three studies, the association between TIR and CAN,18 
albuminuria,17 and DR20 was found to be dependent 
on A1c. Additionally, Mayeda et al16 did not observe any 
association between A1c and DPN. Parameters, although 
non- uniformly defined among 11 studies, were consis-
tently applied to the study subjects.

There are some limitations to our systematic review 
which need to be noted. The small number of avail-
able studies evaluating the association of CGM- derived 
TIR and microvascular complications and the quality of 
the studies included in the review are the most signifi-
cant limitations of our systematic review. We included 
keywords to search various databases instead of using 

medical subject headings or MeSH terms, resulting 
in limited search results. Even with broader terms the 
results were the same articles. However, we addressed 
this limitation of the study by manually searching the 
bibliographies of included articles to look for any addi-
tional studies. The involved studies were primarily cross- 
sectional in design, and in the absence of prospective 
studies a direct causal relationship cannot be estab-
lished between TIR and microvascular complications. 
Majority of the studies were conducted in Asia (10 out 
of 11 studies) and study participants were predominantly 
Asian (13 882 out 13 987), affecting the generalizability 
of our findings to other populations. There were signif-
icant methodological differences among various studies 
included in our systematic review. The studies differed 
in the type of CGM device used (Medtronic vs Freestyle 
Libre vs Meiqi), duration over which CGM data were 
collected (72 hours to 14 days), and calibration of CGM 
devices (two to four times per day). These differences 
could significantly impact the TIR.38 Additionally, there 
was no study involving the Dexcom CGM device, one of 
the most used CGM devices, owing to its ability to inte-
grate into hybrid- close loop systems. Furthermore, each 
study used different surrogates for assessment of neurop-
athy, retinopathy, and nephropathy. For DR, participants 
were classified into mild non- proliferative DR, moderate 
non- proliferative DR, and vision- threatening DR by Lu 
et al,12 versus simple DR, preproliferative DR, and prolif-
erative DR by Wakasugi et al,20 versus non- proliferative 
DR and proliferative DR by Varghese et al.19 To evaluate 
DN, patients were categorized into those with microal-
buminuria and macroalbuminuria in one study versus 
microalbuminuria, diabetic kidney disease, and macro-
albuminuria by Varghese et al,19 versus with and without 
albuminuria in the third study. Similarly, for defining 
DPN, different criteria like sudomotor dysfunction, Mich-
igan Neuropathy Screening Instrument, and Numerical 
Rating Scale were used in three different studies. To eval-
uate for CAN, one study used five cardiac reflex tests, 
while only four cardiac reflex tests were used in another 
study. This heterogeneity in outcomes assessed prevented 
quantitative analysis in our systematic review. A subgroup 
analysis between studies with more than 10–14 days of 
CGM data versus less than 10 days of CGM data could 
not be performed owing to lack of consistency in the 
duration of CGM data analyzed, low number of studies in 
each group, and heterogeneity in outcomes assessed in 
each study. Moreover, only in a few studies (6 out of 11) 
the authors evaluated the association of microvascular 
complications to a 10% change in TIR. In contrast, the 
other studies did not report these data and only assessed 
the outcomes for different TIR quartiles.

CONCLUSION
In summary, our study affirms the significant association 
between CGM- derived TIR and microvascular complica-
tions of DN, DR, and DPN among patients with T2DM. 
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However, heterogeneity in the CGM data reported a lack 
of uniformity in methodology and outcomes measured, 
limited race/ethnicity of the population evaluated in 
the included studies, and restricted generalization of 
the findings from our systematic review. Therefore, a 
larger- scale multicenter investigation that includes more 
diverse participants is warranted to further validate the 
association between CGM- derived TIR and microvascular 
complications among patients with T2DM.

Author affiliations
1Department of Internal Medicine, Division of Endocrinology, Diabetes, and 
Metabolism, Pikeville Medical Center, Pikeville, Kentucky, USA
2Department of Internal Medicine, University of Pikeville Kentucky College of 
Osteopathic Medicine, Pikeville, Kentucky, USA
3Department of Internal Medicine, Maulana Azad Medical College, New Delhi, Delhi, 
India
4Department of Internal Medicine, Adichunchanagiri Institute of Medical Sciences, 
Mandya, Karnataka, India
5Department of Biochemistry and Molecular Biology, Drexel University, Philadelphia, 
Pennsylvania, USA
6Department of Internal Medicine, Division of Endocrinology, Diabetes, and 
Metabolism, The University of Arizona College of Medicine - Phoenix, Phoenix, 
Arizona, USA
7Department of Internal Medicine, Division of Endocrinology, Diabetes, and 
Metabolism, Phoenix VA Medical Center, Phoenix, Arizona, USA
8Department of Internal Medicine, Division of Endocrinology, Diabetes, and 
Metabolism, University of Kentucky College of Medicine, Lexington, Kentucky, USA
9Barnstable Brown Diabetes Center, University of Kentucky, Lexington, Kentucky, 
USA

Twitter Rishi Raj @DrRishi_Raj

Contributors Conception and design: RR. Development of methodology: RR, RM. 
Data collection: RR, RM, NJ. Analysis and interpretation of data: RR, RM, NJ, VJ. 
Writing, review, and/or revision of the manuscript: RR, RM, NJ, VJ, RC, PAK. Study 
supervision: RR, RC, PAK.

Funding The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not- for- profit sectors.

Competing interests None declared.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the 
article or uploaded as supplementary information.

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 iDs
Rishi Raj http://orcid.org/0000-0002-4151-3246
Nivedita Jha http://orcid.org/0000-0001-9217-542X
Vivek Joshi http://orcid.org/0000-0002-0369-9502
Ricardo Correa http://orcid.org/0000-0003-2761-2907
Philip A Kern http://orcid.org/0000-0002-4761-7417

REFERENCES
 1 Laiteerapong N, Ham SA, Gao Y, et al. The Legacy Effect in Type 2 

Diabetes: Impact of Early Glycemic Control on Future Complications 
(The Diabetes & Aging Study). Diabetes Care 2019;42:416–26.

 2 Stratton IM, Adler AI, Neil HA, et al. Association of glycaemia 
with macrovascular and microvascular complications of type 
2 diabetes (UKPDS 35): prospective observational study. BMJ 
2000;321:405–12.

 3 Beck RW, Connor CG, Mullen DM, et al. The Fallacy of Average: 
How Using HbA1c Alone to Assess Glycemic Control Can Be 
Misleading. Diabetes Care 2017;40:994–9.

 4 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.

 5 Bergenstal RM, Beck RW, Close KL, et al. Glucose management 
indicator (GMI): a new term for estimating A1c from continuous 
glucose monitoring. Diabetes Care 2018;41:2275–80.

 6 Danne T, Nimri R, Battelino T, et al. International consensus on use 
of continuous glucose monitoring. Diabetes Care 2017;40:1631–40.

 7 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.

 8 Hirsch IB, Sherr JL, Hood KK. Connecting the dots: validation of 
time in range metrics with microvascular outcomes. Diabetes Care 
2019;42:345–8.

 9 Sheng X, Xiong G- H, Yu P- F, et al. The correlation between time in 
range and diabetic microvascular complications utilizing information 
management platform. Int J Endocrinol 2020;2020:1–7.

 10 Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for 
systematic reviews and meta- analyses: the PRISMA statement. Ann 
Intern Med 2009;151:264–9.

 11 Study quality assessment tools | NHLBI, NIH, 2021. Available: 
https://www.ncbi.nlm.nih.gov/pubmed/

 12 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.

 13 Guo Q, Zang P, Xu S, et al. Time in range, as a novel metric of 
glycemic control, is reversely associated with presence of diabetic 
cardiovascular autonomic neuropathy independent of HbA1c in 
Chinese type 2 diabetes. J Diabetes Res 2020;2020:1–11.

 14 Guo Q- Y, Lu B, Guo Z- H, et al. Continuous glucose monitoring 
defined time- in- range is associated with sudomotor dysfunction in 
type 2 diabetes. World J Diabetes 2020;11:489–500.

 15 Li F, Zhang Y, Li H, et al. Tir generated by continuous glucose 
monitoring is associated with peripheral nerve function in type 2 
diabetes. Diabetes Res Clin Pract 2020;166:108289.

 16 Mayeda L, Katz R, Ahmad I, et al. Glucose time in range and 
peripheral neuropathy in type 2 diabetes mellitus and chronic kidney 
disease. BMJ Open Diabetes Res Care 2020;8:e000991.

 17 Yoo JH, Choi MS, Ahn J, et al. Association between continuous 
glucose Monitoring- Derived time in range, other core metrics, 
and albuminuria in type 2 diabetes. Diabetes Technol Ther 
2020;22:768–76.

 18 Kim MY, Kim G, Park JY, et al. The association between continuous 
glucose Monitoring- Derived metrics and cardiovascular autonomic 
neuropathy in outpatients with type 2 diabetes. Diabetes Technol 
Ther 2021;23:434–42.

 19 Varghese JS, Ho JC, Anjana RM, et al. Profiles of Intraday glucose in 
type 2 diabetes and their association with complications: an analysis 
of continuous glucose monitoring data. Diabetes Technol Ther 
2021;23:555–64.

 20 Wakasugi S, Mita T, Katakami N, et al. Associations between 
continuous glucose monitoring- derived metrics and diabetic 
retinopathy and albuminuria in patients with type 2 diabetes. BMJ 
Open Diabetes Res Care 2021;9:e001923.

 21 Yang J, Yang X, Zhao D, et al. Association of time in range, as 
assessed by continuous glucose monitoring, with painful diabetic 
polyneuropathy. J Diabetes Investig 2021;12:828–36.

 22 Kuroda N, Kusunoki Y, Osugi K, et al. Relationships between time 
in range, glycemic variability including hypoglycemia and types of 
diabetes therapy in Japanese patients with type 2 diabetes mellitus: 
Hyogo diabetes hypoglycemia cognition complications study. J 
Diabetes Investig 2021;12:244–53.

 23 Haneda M, Noda M, Origasa H, et al. Japanese clinical practice 
guideline for diabetes 2016. Diabetol Int 2018;9:1–45.

 24 Diabetes control and complications trial (DCCT): results of feasibility 
study. The DCCT Research Group. Diabetes Care 1987;10:1–19.

 25 King P, Peacock I, Donnelly R. The UK prospective diabetes study 
(UKPDS): clinical and therapeutic implications for type 2 diabetes. Br 
J Clin Pharmacol 1999;48:643–8.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2021-002573 on 3 January 2022. D

ow
nloaded from

 

https://twitter.com/DrRishi_Raj
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-4151-3246
http://orcid.org/0000-0001-9217-542X
http://orcid.org/0000-0002-0369-9502
http://orcid.org/0000-0003-2761-2907
http://orcid.org/0000-0002-4761-7417
http://dx.doi.org/10.2337/dc17-1144
http://dx.doi.org/10.1136/bmj.321.7258.405
http://dx.doi.org/10.2337/dc17-0636
http://dx.doi.org/10.2337/dci19-0028
http://dx.doi.org/10.2337/dc18-1581
http://dx.doi.org/10.2337/dc17-1600
http://dx.doi.org/10.2337/dc18-1444
http://dx.doi.org/10.2337/dc18-1444
http://dx.doi.org/10.2337/dci18-0040
http://dx.doi.org/10.1155/2020/8879085
http://dx.doi.org/10.7326/0003-4819-151-4-200908180-00135
http://dx.doi.org/10.7326/0003-4819-151-4-200908180-00135
https://www.ncbi.nlm.nih.gov/pubmed/
http://dx.doi.org/10.2337/dc18-1131
http://dx.doi.org/10.1155/2020/5817074
http://dx.doi.org/10.4239/wjd.v11.i11.489
http://dx.doi.org/10.1016/j.diabres.2020.108289
http://dx.doi.org/10.1136/bmjdrc-2019-000991
http://dx.doi.org/10.1089/dia.2019.0499
http://dx.doi.org/10.1089/dia.2020.0599
http://dx.doi.org/10.1089/dia.2020.0599
http://dx.doi.org/10.1089/dia.2020.0672
http://dx.doi.org/10.1136/bmjdrc-2020-001923
http://dx.doi.org/10.1136/bmjdrc-2020-001923
http://dx.doi.org/10.1111/jdi.13394
http://dx.doi.org/10.1111/jdi.13336
http://dx.doi.org/10.1111/jdi.13336
http://dx.doi.org/10.1007/s13340-018-0345-3
http://dx.doi.org/10.2337/diacare.10.1.1
http://dx.doi.org/10.1046/j.1365-2125.1999.00092.x
http://dx.doi.org/10.1046/j.1365-2125.1999.00092.x
http://drc.bmj.com/


8 BMJ Open Diab Res Care 2022;10:e002573. doi:10.1136/bmjdrc-2021-002573

Emerging technologies, pharmacology and therapeutics

 26 Ajjan RA, Cummings MH, Jennings P, et al. Accuracy of 
flash glucose monitoring and continuous glucose monitoring 
technologies: implications for clinical practice. Diab Vasc Dis Res 
2018;15:175–84.

 27 Rodbard D. Continuous glucose monitoring: a review of recent 
studies demonstrating improved glycemic outcomes. Diabetes 
Technol Ther 2017;19:S- 25–S- 37.

 28 Vigersky RA, McMahon C. The relationship of hemoglobin A1c to 
Time- in- Range in patients with diabetes. Diabetes Technol Ther 
2019;21:81–5.

 29 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.

 30 Lu J, Ma X, Shen Y, et al. Time in range is associated with carotid 
intima- media thickness in type 2 diabetes. Diabetes Technol Ther 
2020;22:72–8.

 31 Ranjan AG, Rosenlund SV, Hansen TW, et al. Improved time in range 
over 1 year is associated with reduced albuminuria in individuals 
with sensor- augmented insulin Pump- Treated type 1 diabetes. 
Diabetes Care 2020;43:2882–5.

 32 Brownlee M, Hirsch IB. Glycemic variability: a hemoglobin 
A1c- independent risk factor for diabetic complications. JAMA 
2006;295:1707–8.

 33 Quagliaro L, Piconi L, Assaloni R, et al. Intermittent high glucose 
enhances apoptosis related to oxidative stress in human umbilical 
vein endothelial cells: the role of protein kinase C and NAD(P)H- 
oxidase activation. Diabetes 2003;52:2795–804.

 34 Horváth EM, Benko R, Kiss L, et al. Rapid 'glycaemic swings' induce 
nitrosative stress, activate poly(ADP- ribose) polymerase and impair 
endothelial function in a rat model of diabetes mellitus. Diabetologia 
2009;52:952–61.

 35 Cardoso CRL, Leite NC, Moram CBM, et al. Long- Term visit- to- 
visit glycemic variability as predictor of micro- and macrovascular 
complications in patients with type 2 diabetes: the Rio de Janeiro 
type 2 diabetes cohort study. Cardiovasc Diabetol 2018;17:10.1186/
s12933- 018- 0677- 0.

 36 Monnier L, Mas E, Ginet C, et al. Activation of oxidative stress 
by acute glucose fluctuations compared with sustained 
chronic hyperglycemia in patients with type 2 diabetes. JAMA 
2006;295:10.1001/jama.295.14.1681:1681–7.

 37 Kilpatrick ES, Rigby AS, Atkin SL. A1C variability and the risk 
of microvascular complications in type 1 diabetes: data from 
the diabetes control and complications trial. Diabetes Care 
2008;31:2198–202.

 38 Freckmann G. Basics and use of continuous glucose monitoring 
(CGM) in diabetes therapy. J Lab Med 2020;44:71–9.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2021-002573 on 3 January 2022. D

ow
nloaded from

 

http://dx.doi.org/10.1177/1479164118756240
http://dx.doi.org/10.1089/dia.2017.0035
http://dx.doi.org/10.1089/dia.2017.0035
http://dx.doi.org/10.1089/dia.2018.0310
http://dx.doi.org/10.1177/1932296818822496
http://dx.doi.org/10.1177/1932296818822496
http://dx.doi.org/10.1089/dia.2019.0251
http://dx.doi.org/10.2337/dc20-0909
http://dx.doi.org/10.1001/jama.295.14.1707
http://dx.doi.org/10.2337/diabetes.52.11.2795
http://dx.doi.org/10.1007/s00125-009-1304-0
http://dx.doi.org/10.1186/s12933-018-0677-0
http://dx.doi.org/10.1001/jama.295.14.1681
http://dx.doi.org/10.2337/dc08-0864
http://dx.doi.org/10.1515/labmed-2019-0189
http://drc.bmj.com/

	Time in range, as measured by continuous glucose monitor, as a predictor of microvascular complications in type 2 diabetes: a systematic review
	Abstract
	Introduction
	Methods
	Selection criteria
	Search strategy
	Data collection
	Quality assessment
	Data synthesis

	Results
	Study selection
	Baseline characteristics
	Association between CGM-derived TIR and DR
	Association between CGM-derived TIR and DN
	Association between CGM-derived TIR and diabetic neuropathy


	Discussion
	Conclusion
	References


