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Abstract

Currently, glycated hemoglobin Alc (HbAlc) has been widely used to assess the glycemic control of patients with diabetes.
However, HbA 1c has certain limitations in describing both short-term and long-term glycemic control. To more accurately
evaluate the glycemic control of diabetes patients, the continuous glucose monitoring (CGM) technology has emerged.
CGM technology can provide robust data on short-term glycemic control and introduce new monitoring parameters such
as time in range, time above range, and time below range as indicators of glycemic fluctuation. These indicators are used
to describe the changes in glycemic control after interventions in clinical research or treatment modifications in diabetes
patient care. Recent studies both domestically and internationally have shown that these indicators are not only associated
with microvascular complications of diabetes mellitus but also closely related to cardiovascular disease complications and
prognosis. Therefore, this article aims to comprehensively review the association between CGM-based glycemic parameters
and cardiovascular disease complications by analyzing a large number of domestic and international literature. The purpose
is to provide scientific evidence and guidance for the standardized application of these indicators in clinical practice, in order
to better evaluate the glycemic control of diabetes patients and prevent the occurrence of cardiovascular disease complica-
tions. This research will contribute to improving the quality of life for diabetes patients and provide important references
for clinical decision-making.
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Background

Diabetes mellitus is a metabolic disorder characterized by
elevated blood glucose levels due to defects in insulin secre-
tion and/or action [1]. According to estimates, the global
number of individuals aged 20-79 years with diabetes was
536.6 million in 2021 and is projected to increase to 783.2
million by 2045 [2]. Among individuals with diabetes, car-
diovascular disease (CVD) is the leading cause of death,
with a twofold increased risk compared to those without
diabetes [3, 4]. The annual direct treatment cost for diabetes
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exceeds $827 billion globally. Additionally, between 2011
and 2030, the estimated GDP loss due to diabetes worldwide
will reach $1.7 trillion, with high-income countries account-
ing for $900 billion and middle- to low-income countries
accounting for $800 billion [5]. Research has shown that
the major contributors to diabetes treatment costs are the
macrovascular and microvascular complications, including
coronary artery disease, myocardial infarction, peripheral
vascular disease, retinopathy, end-stage renal disease, and
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peripheral neuropathy [6, 7]. Large-scale studies such as the
Diabetes Control and Complications Trial (DCCT) [8] and
the UK Prospective Diabetes Study (UKPDS) [9] have dem-
onstrated a significant correlation between the incidence of
clinical complications and blood glucose levels, as indicated
by HbAlc. Strict control of blood glucose levels can reduce
the occurrence of long-term complications associated with
diabetes. Furthermore, it has been found that for every 1%
reduction in HbAlc, there is a significant decrease in the
risk of diabetes-related endpoints, diabetes-related mortality,
myocardial infarction, and microvascular complications. The
results also indicate that there is no observed threshold for
these risks, meaning that the risk decreases proportionally
with any decrease in blood glucose levels. Although there is
substantial evidence linking increased HbA1c levels to dia-
betes-related complications, patients with the same HbAlc
value can have different risks of complications. For example,
in the DCCT cohort [10, 11], only 11% of the variation in the
risk of retinopathy could be explained by overall glycemic
exposure (HbA1c and duration of diabetes). Another study
[12] found a weak correlation between average HbAlc levels
and the presence and severity of cardiovascular autonomic
neuropathy. The measurement of HbA 1c results can also be
influenced by various factors unrelated to blood glucose lev-
els, such as age, race, anemia, chronic kidney failure, preg-
nancy, and medication use [13]. Moreover, HbA1c can only
reflect blood glucose exposure over the past 8—12 weeks
and cannot describe daily or intraday blood glucose fluctua-
tions. A study by Beck et al. [14] demonstrated that there
can be diverse blood glucose fluctuations at the same HbAlc
level. Therefore, these limitations of HbAlc highlight the
necessity of using other supplementary methods to assess
blood glucose levels in diabetic patients, taking into account
individual patient characteristics, other blood glucose moni-
toring indicators, and potential risk factors for complica-
tions. In recent years, with the continuous development of
continuous glucose monitoring (CGM) technology and the
emergence of multiple novel blood glucose control indices,
it is now possible to obtain comprehensive information on
a patient's blood glucose control throughout the day and the
actual situation of patients with significant blood glucose
fluctuations. For example, CGM blood glucose parameters
such as time in range (TIR), time above range (TAR), and
time below range (TBR) not only provide a visual represen-
tation of blood glucose fluctuations and effectively identify
the risk of hypoglycemia but have also been widely used in
clinical practice to evaluate the blood glucose control status
of diabetic patients, treatment efficacy, and predict the inci-
dence of clinical complications [15]. However, numerous
domestic and international studies have shown that these
indices are not only associated with microvascular com-
plications in diabetes but also closely linked to macrovas-
cular complications such as CVD. Therefore, based on a

@ Springer

comprehensive analysis of a large number of domestic and
international literature, this study aims to provide a review of
the relationship between CGM-based blood glucose indices
and the occurrence of cardiovascular disease complications.
The objective is to provide a scientific basis and guidance
for the standardized application of these indices in clinical
practice.

The progress of blood glucose monitoring
technology and the emergence of time

in range (TIR) as a key indicator for glycemic
control

Previous studies have shown that blood glucose can be moni-
tored using various methods. Traditional blood glucose mon-
itoring methods mainly include biochemical analyzers and
home blood glucose meters, which utilize the reactions of
glucose oxidase and hexokinase. Biochemical analyzers pro-
vide high accuracy in measuring blood glucose but require
professional operation and are time-consuming, while home
blood glucose meters are small in size, provide rapid results,
and can be operated by patients themselves. However, both
of these techniques cannot continuously record the dynamic
changes in blood glucose levels. On the other hand, CGM
technology, which combines the advantages of biochemical
analyzers and home blood glucose meters, can continuously
record the dynamic changes in blood glucose levels, making
it widely used in clinical practice [16]. CGM mainly consists
of a disposable wired sensor inserted into subcutaneous tis-
sue, a transmitter connected to the sensor, and a receiver
(or application) that displays glucose data. The sensor is
the core component and directly determines the accuracy of
blood glucose monitoring. Subsequently, CGM technology
has made revolutionary advancements, including improve-
ments in accuracy, reduction in device size and invasiveness,
extension of sensor lifespan, and the approval of insulin dos-
ing decisions. Additionally, factory-calibrated CGM devices
no longer require fingerstick blood glucose measurements.
These improvements have reduced the burden on diabetes
patients, increased patient satisfaction and compliance with
device use and medication therapy, and enhanced clinical
awareness of CGM technology. As a result, CGM is widely
applied in patients with type 1 diabetes mellitus (T1DM) and
those receiving intensified insulin therapy for type 2 diabe-
tes mellitus (T2DM) [17]. The advancements in CGM tech-
nology have also led to significant progress in its integra-
tion with continuous subcutaneous insulin infusion (CSII)
or insulin pumps. This integration enables more accurate
insulin delivery, as CGM technology provides real-time
blood glucose data and trends, allowing the insulin pump
to make more precise adjustments based on blood glucose
fluctuations. Furthermore, the development of closed-loop
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systems, also known as automated insulin delivery systems,
has emerged. These systems continuously monitor blood
glucose and automatically adjust insulin delivery to maintain
stable blood glucose levels. CGM technology has also facili-
tated the development and validation of novel blood glucose
indices, including TIR, TAR, TBR, and coefficient of vari-
ation (CV) as measures of glycemic fluctuation. Research
has shown that TIR is more accurate than self-monitoring
of blood glucose (SMBG) and HbAlc in assessing blood
glucose control [18]. Currently, CGM is divided into two
categories: intermittent CGM (iICGM) and real-time CGM
(rtCGM). There is increasing evidence of the significant
advantages of CGM technology in improving blood glu-
cose control. Multiple studies have demonstrated the clini-
cal efficacy, safety, and other benefits of using rtCGM and
iCGM in patients with TIDM and T2DM. The DIAMOND
trial showed that compared to traditional SMBG, the use
of rtCGM in patients receiving multiple daily injections
(MDI) for TIDM and T2DM can improve HbAlc levels,
reduce time spent in hypoglycemia and hyperglycemia, and
lower the occurrence of moderate to severe hypoglycemia
[19, 20]. Researchers have also reported reduced diabetes-
related distress and increased confidence in managing hypo-
glycemia among rtCGM users [21]. Additionally, a recent
randomized trial found that the use of rtCGM significantly
increased the time spent in normal blood glucose range for
individuals with impaired hypoglycemia awareness and
reduced the occurrence of severe hypoglycemia [22]. The
IMPACT study and the REPLACE randomized controlled
trial have also demonstrated the association of iCGM use
with reduced hypoglycemia, increased TIR, decreased
blood glucose variability, and improved patient satisfaction,
although no significant reduction in HbAlc was observed
[23, 24]. However, a recent prospective observational study
showed that compared to SMBG, the use of iCGM signifi-
cantly reduced HbA1c levels in a large population of patients
with TIDM and T2DM [25]. Some of these studies have
also shown that the use of iCGM can significantly reduce
hospitalizations due to hypoglycemia [26, 27]. In 2017, an
expert consensus on interpreting continuous glucose moni-
toring (CGM) data was established, which identified 14 key
CGM metrics for assessing blood glucose status, including
the recommendation of TIR as a key indicator for blood
glucose control in clinical trials [28]. In 2019, the expert
group reconvened to establish specific CGM targets related
to these metrics, including TIR measurement methods, tech-
nical requirements, and individualized patient goal setting,
to assist healthcare professionals and diabetes patients in
interpreting and utilizing CGM data for routine clinical care
[29]. The 2020 DM Prevention and Treatment Guidelines
[1] introduced TIR as an indicator for evaluating blood glu-
cose levels. From consensus to guidelines, TIR has gained

increasing attention from both healthcare professionals and
patients due to its simple and intuitive presentation of blood
glucose levels. It is considered a "promising" indicator that
has the potential to surpass HbAlc in evaluating treatment
effectiveness and blood glucose control (Table 1, 2).

The blood glucose fluctuation indices
of CGM and their definitions

1. Average Glucose Profile (AGP): Divides the blood glu-
cose data within a 24-h period into multiple time seg-
ments (usually 2 or 3 h per segment) and calculates the
average blood glucose value for each segment. Reflects
the daily synchronicity of blood glucose patterns and is
typically represented by the interquartile range (IQR) of
the AGP [30].

2. Mean Blood Glucose (MBG): Represents the average
blood glucose level over a specific period of time, typi-
cally measured in millimoles per liter (mmol/L) or mil-
ligrams per deciliter (mg/dL) [31].

3. Time in Range (TIR): The percentage of time within
the target blood glucose range (70-180 mg/dL or 3.9-
10.0 mmol/L) within a 24-h period [31].

4. Time Above Range (TAR): Part of the High Blood Glu-
cose Index (HBGI), indicating the time when blood glu-
cose levels are above the target range (181-250 mg/dL.
or 10.1-13.9 mmol/L).

5. Time Below Range (TBR): Part of the Low Blood Glu-
cose Index (LBGI), indicating the time when blood glu-
cose levels are below the target range (54—69 mg/dL or
3.0-3.8 mmol/L) and (< 54 mg/dL or < 3.0 mmol/L).

6. Coefficient of Variation (CV): Calculated as (standard
deviation/mean) X 100%, CV is an independent param-
eter reflecting the degree of blood glucose variability.

7. Standard Deviation (SD): The square root of variance,
representing the distribution or variability of blood glu-
cose readings around the mean. SD is greatly influenced
by the mean blood glucose level.

8. Variability Independent of Mean (VIM): Derived from
logarithmic curve fitting, VIM is calculated as 100 x SD/
meanf3, where f is the regression coefficient of the natu-
ral logarithm of the standard deviation to the natural
logarithm of the mean [32]. A smaller VIM value indi-
cates less blood glucose fluctuation and more stable
blood glucose control.

9. Mean Amplitude of Glycemic Excursions (MAGE): Cal-
culated by summing the amplitudes of all valid glycemic
fluctuations (excluding those below a certain threshold,
typically 1 standard deviation) and dividing by the num-
ber of valid fluctuations.
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Table 1 Studies assessing the impact of TIR, TAR, and TBR on cardiovascular complications in patients with diabetes

Study

Patients, population

CGM measuring parameters

Main rasults

Bezerra et al. [60]

Cutruzzola et al. [48]
DEVOTE

Bergenstal et al. [57, 58]

DIGAMI 2
Mellbin et al. [61]

Duan et al. [47]

EI Malahi et al. [62]
Guo et al. [39]

Guo et al. [36]
Helleputte et al. [34]

Jaiswal et al. [42]
Jun et al. [41]
Kim et al. [40]

Liet al. [54]

Lu et al. [45]

Lu et al. [59]

Maastricht
Foreman et al. [33]

Mesa et al. [51]
Racca et al. [43]

Snell-Bergeon et al. [53]

Su et al. [46]

Wang et al. [50]

Wang et al. [52]

Wang et al. [35]

Wang et al. [55]

171,T1IDM
70,T1DM

7637,T2DM and diagnosed with CVD or
at high risk of CVD

578,T2DM and AMI

180,T2DM

515,T1IDM

349,T2DM

510,DM combined with AF
54, T1DM and no known CVD

44, T1DM
80,TIDM
284, T2DM

336,T2DM

2215,T2DM

6225,T2DM

853,T2DM

152,T1DM and no history of CVD
40,T1DM combined with IAH

75,T1DM

232,T2DM

45, T2DM and 45,T2DM combined with

CAS

216,T2DM combined with CAD

523,T2DM

1351,T2DM

TIR

TIR
TIR,dTIR

48-h TIR

TIR,MAGE

TIR,SD,CV

TIR

TIR

any CGM parameters

LBGI

TIR,TBR,TAR,SD,CVMAGE

TIR,TAR

TIR

TIR

TIR

TIR

TBR
TBR,LBGLCV

TIR,TAR,SD.MBG

TIR,TAR

TIR,TAR

TIR

TIR,MAGE,SD,CV

TIR

TIR is associated with cardiovascular
complications

It is no significant association with CIMT

Both TIR and dTIR were negatively asso-
ciated with the risk of first MACE, and
dTIR was also significantly negatively
correlated with the time to severe hypo-
glycemic episodes

TIR is no association with acute cardiovas-
cular complications

TIR is negatively correlated with CIMT,
while MAGE is positively correlated
with CIMT

These parameters are no correlation with
macrovascular complications

It is associated with the occurrence of
CAN

Better TIR is associated with a decreased
risk of stroke

All of them were found to be unrelated to
arterial stiffness

Negatively correlated with CAN
Both are associated with CAN

TIR of 70-180 mg/dL and a
TAR > 180 mg/dL were significantly
associated with CAN

TIR is significantly and independently
associated with diabetic LEAD

With a 10% increase in TIR, there is a
6.4% decrease in the risk of abnormal
CIMT

Lower TIR is associated with an increased
long-term risk of all-cause and cardio-
vascular mortality

A decrease in TIR was associated with
greater arterial stiffness

It was significantly associated with CAS

Associated with better cardiovascular
autonomic function and lower prevalence
of CAN

These parameters are associated with coro-
nary artery calcification in males, with
no observed link in females

Decreased TIR and increased TAR are risk
factors for CIMT thickening

The decrease in TIR and the increase in
TAR are independent risk factors associ-
ated with CAS

It is independently associated with the
severity of coronary artery disease and
the risk of ACS

High MAGE, SD, CV, and low TIR are
associated with an increased risk of
HFpEF

It is negatively correlated with the risk of
LEAD
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Table 1 (continued)

Study Patients, population CGM measuring parameters ~ Main rasults
Yan et al. [49] 95,T2DM and 115,T2DM combined TIR,TAR,CV Compared to patients with isolated T2DM,
with CAS those with T2DM combined with CAS

exhibit elevated TAR, CV, and decreased
TIR

Yuan et al. [38] 342, T2DM TIR Low TIR is an independent risk factor for
OHT

Zhou et al. [37] 1242, T2DM and concomitant chronic TIR,TAR,TBR MAGE TIR was negatively associated with

cardiovascular and CVD cardiac arrhythmias, while TAR, TBR,
and MAGE showed positive associations

with cardiac arrhythmias

CGM, Continuous glucose monitoring; T1DM, Type 1 diabetes mellitus; TIR, Time in range; CIMT, Carotid intima-media thickness; T2DM,
Type 2 diabetes mellitus; CVD, Cardiovascular disease; dTIR, derived TIR; MACE, Major adverse cardiovascular events; AMI, Acute myocar-
dial infarction; MAGE, Mean amplitude of glycemic excursions; SD, Standard deviation; CV, Coefficient of variation; CAN, Cardiac autonomic
neuropathy; DM, Diabetes mellitus; AF, Atrial fibrillation; LBGI, Low blood glucose index; TBR, Time below range; TAR, Time above range;
LEAD, Lower extremity arterial disease; CAS, Carotid artery stenosis; IAH, Impaired awareness of hypoglycemia; MBG, Mean blood glucose;
CAD, Coronary artery disease; ACS, Acute coronary syndrome; HFpEF, Heart failure with preserved ejection fraction; OHT, Orthostatic hyper-

tension

The relationship between CGM blood
glucose indicators and cardiovascular
diseases (CVD)

The relationship between TIR, TAR, TBR, and CVD.
Arterial stiffness (AS)

Foreman et al. [33] observed in the Maastricht study popula-
tion that an increase in daily glycemic variability (GV) and
a decrease in TIR were associated with greater arterial stiff-
ness. However, Helleputte et al. [34] found no association
between arterial stiffness and any CGM parameters (TIR,
TBR, TAR, or GV parameters) in patients with T1DM (all
p-values > 0.26). It is important to note that the current
research on the relationship between TIR and AS is still
relatively limited and there are some differences in research
methods and sample sizes. Furthermore, the causal relation-
ship between TIR and arterial stiffness has not been fully
elucidated and further research is needed to validate and bet-
ter understand this relationship. In summary, maintaining a
proportion of time within the target range for blood glucose
levels may contribute to improving arterial elasticity and
reducing stiffness, but the specific mechanisms influencing
and factors require further investigation.

Cardiac function (CF)

In a study conducted by Wang et al. [35], a HFA-PEFF score
was performed on 523 patients with T2DM. A HFA-PEFF
score of > 5 was defined as a positive result, and it was found
that T2DM patients with lower TIR had an increased risk
of heart failure with preserved ejection fraction (HFpEF).
A lower TIR was associated with a higher likelihood of

developing HFpEF. Further research and clinical practice
are needed to better understand the relationship between TIR
and cardiac function and to provide more effective man-
agement strategies for the cardiac health of patients with
diabetes.

Arrhythmias

Guo et al. [36] found that in patients with diabetes and atrial
fibrillation (AF), an increase in the quartiles of TIR was
significantly associated with a reduced risk of stroke. Zhou
et al. demonstrated that MAGE and TAR were positively
correlated with the occurrence of cardiac arrhythmias in
middle-aged patients with diabetes, while TIR was nega-
tively correlated with the occurrence of cardiac arrhythmias
in elderly patients with diabetes. MAGE and TBR were posi-
tively correlated with cardiac arrhythmias in elderly patients
[37]. Therefore, actively controlling glycemic variability in
patients with diabetes may help reduce the risk of severe
cardiac arrhythmias and their complications.

Cardiac autonomic neuropathy (CAN)

CAN is a common and serious complication, and dysfunc-
tion in any part of the reflex arc can lead to disorders in
orthostatic blood pressure response, including orthostatic
hypotension (OH) and orthostatic hypertension (OHT). OH
is a major risk factor for syncope and falls in the elderly
population, while OHT is associated with the early stages
of diabetic neuropathy. Yuan et al. [38] reported that low
TIR and low body mass index (BMI) were independent risk
factors for OH in patients with T2DM, while low TIR and
high BMI were independent risk factors for OHT. Addition-
ally, there was a negative correlation between absolute blood
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Table 2 Studies evaluating the relationship between glycemic fluctuation indices of other CGMs and cardiovascular complications

Study

Patients, population

CGM measuring parameters Main rasults

Benalia et al. [73]

Besch et al. [81]

Cesana et al. [71]

Dzhun et al. [66]

Gerbaud et al. [80]
HEART2D
Siegelaar et al. [82]
Ito et al. [72]
Naaman et al. [69]

Nusca et al. [84]

Snell-Bergeon et al. [53]

Suetal. [76]

Su et al. [74]
Takahashi et al. [78]
Wang et al. [67]

Xu et al. [68]

Yang et al. [64]
Yokota et al. [65]
Zhang et al. [75]

Zhang et al. [77]

204,poorly controlled T2DM

160,TAVI

17,T1IDM

78,T2DM and without CAD

327,DM and ACS
1115,T2DM and AMI
50,patients with dysglycemia
48,T1IDM

35,T2DM undergoing PCI

75,T1DM

222, AMI

344, T2DM with chest pain

417,ACS

343, T2DM

90,newly diagnosed T2DM

48,T2DM

100,asymptomatic T2DM and without
CAD

148,T2DM

237,STEMI patients undergoing primary
PCI

MAGE Associated with coronary artery disease
severity

MBG It is associated with an increased risk of
severe postoperative complications within
30 days

MAGE.,MBG,SD These parameters are not significantly cor-
related with CIMT

SD It is associated with diastolic dysfunction

and could predispose to development and
progression of heart failure in patients
with T2DM without CAD

SD An SD threshold value >2.7 mmol/L is the
strongest independent predictor of MACE

MAGE,SD The occurrence rates of MAGE and
MACE,SD are not related

MAGE Positively correlated with coronary artery
spasm

MAGE,SD,CV These parameters are all related to the
prevalence of CAN

MAGE,SD,CV These can improve the accuracy of identify-
ing patients with HPR

MBG,SD High MBG and SD in males associated

with increased coronary artery calcifica-
tion, while no gender differences observed

in females

MAGE The level of MAGE is significantly associ-
ated with the incidence of MACE

MAGE MAGE > 3.4 mmol/L was an independent
predictor for CAD

MAGE It is associated with an increased risk of

MACCE and is an independent adverse
prognostic factor

MAGE MAGE is a risk factor for CAN

MAGE MAGE is significantly associated with
CAN

MAGE MAGE is significantly negatively correlated
with both CO and LVEF

SD Associated with poor left ventricular dias-
tolic dysfunction

MAGE Associated with the degree of coronary
artery stenosis and CIMT

MAGE.MBG There are independent predictors of MACE

CGM, Continuous glucose monitoring; T2DM, Type 2 diabetes mellitus; MAGE, Mean amplitude of glycemic excursions; TAVI, Transcatheter
aortic valve implantation; MBG, Mean blood glucose; TIDM, Type 1 diabetes mellitus; SD, Standard deviation; CIMT, Carotid intima-media
thickness; CAD, Coronary artery disease; DM, Diabetes mellitus; ACS, Acute coronary syndrome; MACE, Major adverse cardiovascular events;
AMI, Acute myocardial infarction; CV, Coefficient of variation; CAN, Cardiac autonomic neuropathy; PCI, Percutaneous coronary intervention;
HPR, High platelet reactivity; MACCE, Major adverse cardiovascular and cerebrovascular events; CO, cardiac output; LVEF, Left ventricular
ejection fraction; STEMI, ST-segment elevation myocardial infarction

pressure changes and TIR. GUO et al. [39] conducted a CAN
function test on 349 patients with type 2 diabetes to explore
the correlation between TIR and CAN. The results showed
a significant negative correlation between TIR and the total
CAN score. After adjusting for age, duration of diabetes,
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gender, blood lipids, blood creatinine, BMI, blood pres-
sure, HbAlc, and other glycemic variability indicators, TIR
remained significantly correlated with CAN, independent of
HbAlc, and other glycemic variability indicators. A study
involving 284 outpatient patients with type 2 diabetes also
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confirmed a significant negative correlation between TIR
and CAN. It was also found that TAR was independently
associated with the presence and severity of CAN [40]. Jun
et al., after adjusting for mean blood glucose and clinical risk
factors for CAN, found that SD, CV, MAGE, percentage of
time spent in level 1 (blood glucose 54-69 mg/dL) and level
2 (blood glucose < 54 mg/dL) hypoglycemia, area under the
curve (AUC) during level 2 hypoglycemia, LBGI, HBGI,
and percentage of time spent in the range of 70 to 180 mg/
dL were all independently associated with CAN, with the
highest independent association observed for the percentage
of time spent in level 2 hypoglycemia [41]. Jaiswal et al.
also indicated a negative correlation between LBGI, AUC,
and CAN in patients with type 1 diabetes [42]. Racca et al.
also confirmed a correlation between low blood glucose
parameters such as TBR and LBGI and a lower prevalence
of CAN [43].

The aforementioned studies indicate a close association
between TIR, TBR, and CAN, suggesting that they serve
as protective factors for CAN. Obtaining data from both
TIR and TBR are beneficial for the clinical assessment of
CAN risk. Therefore, maintaining good glycemic control
can improve cardiovascular autonomic function. However,
it is crucial to consider the influence of other factors when
managing diabetes and preventing cardiac autonomic neu-
ropathy. A comprehensive treatment strategy is of utmost
importance in effectively managing diabetes and preventing
the development of cardiovascular autonomic neuropathy.

Carotid artery stenosis (CAS)

Carotid intima-media thickness (CIMT) is an early clinical
indicator of carotid atherosclerosis. A prospective cohort
study conducted in 2019 demonstrated that carotid plaques
and CIMT can enhance the identification of cardiovascu-
lar events (CVE) and serve as independent predictors of
cardiovascular events [44]. Lu et al. analyzed the relation-
ship between CIMT and TIR obtained from CGM in 2,215
patients with type 2 diabetes. The study found that patients
with abnormal CIMT had significantly lower TIR levels
compared to those with normal CIMT. After adjusting for
traditional cardiovascular disease risk factors, every 10%
increase in TIR was associated with a 6.4% decrease in the
risk of abnormal CIMT [45]. SUN et al. also found a nega-
tive correlation between CIMT and TIR, as well as a posi-
tive correlation between CIMT and TAR. Decreased TIR
and increased TAR were identified as risk factors for CIMT
thickening in patients with type 2 diabetes [46]. Duan et al.
further confirmed the negative correlation between CIMT
and TIR [47]. However, a cross-sectional study conducted
on patients with type 1 diabetes yielded different results. The
study aimed to evaluate the relationship between TIR col-
lected in the short-term and long-term and CIMT in patients

with type 1 diabetes. It included 70 patients with type 1
diabetes and 35 healthy controls. The results showed a sig-
nificant increase in CIMT in patients with type 1 diabetes
compared to healthy controls, but no significant association
was found between TIR and CIMT. The study suggested
that young patients with type 1 diabetes may exhibit early
vascular abnormalities, but TIR is not related to subclinical
atherosclerosis [48]. The contradictory results may be attrib-
uted to the short interval between CGM measurements and
vascular studies (2 weeks, 3 months, and 6 months), which
may not influence the measurement of atherosclerosis mark-
ers. Additionally, the wide range of TIR standards may not
accurately differentiate between young patients with some
metabolic compensation and poorly controlled patients. This
study emphasizes the complexity of the interaction between
diabetes and atherosclerosis, and further prospective
research is needed to confirm the relationship between the
two. Furthermore, several studies have indicated a positive
correlation between the occurrence of carotid atherosclero-
sis in patients with type 2 diabetes and TAR, as well as a
negative correlation with TIR. Decreased TIR and increased
TAR are independent risk factors for T2DM combined with
CAS [49, 50]. However, a study conducted on patients with
T1DM suggested that only TBR was significantly associated
with carotid atherosclerosis after adjusting for the average
HbAlc over 5 years, while TIR, TAR, and other indicators
were only independently associated with microvascular com-
plications [51].

Therefore, there is a certain relationship between TIR
and CIMT, and controlling TIR may help reduce the risk of
CAS. Both high and low blood glucose levels may exacer-
bate the development of carotid atherosclerosis. However,
further research is still needed to clarify this relationship and
provide more specific guidance for the treatment of patients
with diabetes.

Coronary artery disease (CAD)

After controlling for confounding factors such as HbAIC,
Wang et al. found a significant independent correlation
between TIR and the severity of CAD as well as the risk
of acute coronary syndrome (ACS) in patients with T2DM
and concomitant CAD. A lower TIR level was associated
with a higher SYNTAX score (indicating greater severity
of coronary artery disease) and an increased risk of acute
coronary syndrome [52]. In a study by Snell-Bergeon et al.
[53], coronary artery calcification was found to be associated
with TIR and TAR in male patients with T1DM, but no such
association was observed in females. The potential gender
differences in this relationship warrant further investigation.
Currently, direct research on the relationship between TIR
and coronary artery stenosis is lacking, and further original
studies are needed to confirm these findings.
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Lower extremity arterial disease (LEAD)

A cross-sectional observational study conducted by Li et al.
[54] involving 336 patients with T2DM demonstrated an
association between TIR and LEAD. Patients with lower
TIR levels in the T2DM population showed a higher preva-
lence of LEAD (P <0.01), while the incidence of LEAD
decreased with increasing quartiles of TIR (P<0.05). In a
prospective study by Wang et al. [55] involving 1351 adult
patients with T2DM, a negative correlation was also found
between TIR and the risk of LEAD. After adjusting for
multiple variables, a 10% decrease in TIR was associated
with a 7% increased risk of progressive LEAD. Further-
more, the study by Wen et al. [56] indicated a correlation
between lower extremity arterial disease and carotid artery
disease. As the severity of lower extremity arterial disease
increased, so did the severity of carotid artery disease, and
both were associated with the occurrence of cardiovascular
and cerebrovascular disease (CCVD). These findings pro-
vide guidance for using TIR as a predictor of cardiovascular
and cerebrovascular disease.

Major adverse cardiovascular events (MACE)

Multiple studies have shown a close correlation between
blood glucose fluctuations and the occurrence of MACE in
patients with diabetes, highlighting the importance of clini-
cal attention to this issue. The DEVOTE trial [57], which
included 7637 patients diagnosed with CVD or at high risk
of CVD with T2DM, calculated the TIR based on the 8-point
glucose profile (8 pp) data of these patients within the tar-
get range. The results demonstrated a correlation between
TIR and the risk of first MACE. When comparing patients
with TIR >70% to those with TIR <50% or TIR <70%, the
former group showed a reduced risk of first MACE (HR
0.74,95% CI1 0.60-0.91, P <0.01). Additionally, Bergenstal
et al. conducted a post hoc analysis investigating the associa-
tion between the within the target TIR (derived TIR,dTIR)
obtained from the 8-point glucose profile of T2DM patients
in the DEVOTE trial and cardiovascular events or severe
hypoglycemic events. At 12 months, there was a signifi-
cant negative correlation between dTIR and time to first
MACE (P=0.0087) as well as time to severe hypoglyce-
mic episode (P <0.0001). There was also a nonsignificant
trend observed between HbA1lc and these outcomes, but
this association became nonsignificant after adding dTIR
to the model. These findings support setting a TIR target
of >70% and suggest that dTIR can serve as a clinical bio-
marker, potentially replacing the use of HbAlc in certain
situations [58]. Another prospective cohort study involv-
ing 6,225 Chinese adults with type 2 diabetes revealed that
for every 10% decrease in TIR, the risk of CVD mortality
increased by 5% (HR 1.05, 95% CI 1.00-1.11), and the risk
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of all-cause mortality increased by 8% (HR 1.08, 95% CI
1.05-1.12) [59]. This indicates that lower TIR is associated
with an increased long-term risk of all-cause and cardio-
vascular mortality. In a study by Bezerra et al. [60], it was
demonstrated that TIR is also associated with cardiovascular
complications in patients with type 1 diabetes and may be a
better predictive indicator than HbAlc.

However, the DIGAMI 2 study [61] reported no relation-
ship between 48-h TIR and acute cardiovascular complica-
tions in 578 patients with type 2 diabetes and acute myocar-
dial infarction (AMI). The study results also indicated that
glycemic variability was not associated with a composite
measure of death, non-fatal stroke, and reinfarction during
the initial hospitalization and up to 1-year follow-up. The
discrepancy in these findings may be attributed to the rela-
tively short duration of CGM in the patients. Similarly, a
study [62] by EI Malahi et al. also indicated no association
between TIR, SD, CV, and macrovascular complications in
patients with T1DM, possibly due to the significant impact
of insulin use on blood glucose in these patients. Further-
more, Mita et al. [63] designed a prospective observational
study in 2019 to investigate the relationship between blood
glucose fluctuations and cardiovascular events in patients
with type 2 diabetes. The results of this study are expected
to be published in 2024.

The above-mentioned studies suggest that assessing TIR
over an extended period of time in patients with diabetes
can help identify individuals at higher risk of developing
cardiovascular disease, enabling early prevention. However,
further research is needed to validate these findings.

The relationship between other CGM blood glucose vari-
ability indices and cardiovascular disease.

Cardiac structure and function

Yang et al. conducted a study involving 48 elderly patients
with T2DM to investigate the correlation between blood glu-
cose variability and cardiac function using dynamic blood
glucose monitoring and echocardiography. The results
revealed a significant negative correlation between MAGE
and cardiac output (CO) as well as left ventricular ejection
fraction (LVEF) [64]. Additionally, a study involving 100
asymptomatic patients with type 2 diabetes and no coro-
nary artery disease demonstrated that glycemic variability
assessed by SD was associated with left ventricular diastolic
function [65]. Dzhun et al. also found that increased SD
was related to diastolic dysfunction and could potentially
contribute to the progression and occurrence of heart fail-
ure in patients with type 2 diabetes and no coronary artery
disease [66]. Wang et al. also discovered a positive corre-
lation between HFA-PEFF score and CV, SD, and MAGE
[35]. These findings suggest that reducing glycemic vari-
ability may serve as a potential novel therapeutic strategy
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for preventing the development of HFpEF in patients with
type 2 diabetes.

Cardiac autonomic neuropathy (CAN)

Wang et al. pointed out that the duration of diabetes and
MAGE are risk factors for diabetic CAN [67]. Xu et al. also
found a significant correlation between MAGE and CAN,
with higher MAGE values associated with a higher preva-
lence of CAN [68]. Naaman et al. discovered that increased
CV, SD, and MAGE were all associated with a higher prev-
alence of CAN in patients with TIDM [69]. Racca et al.
further revealed a significant positive correlation between
CV and CAN after adjusting for confounding factors [43].

In summary, blood glucose variability indices such as
MAGE are closely associated with the occurrence of CAN.
Therefore, in addition to controlling blood glucose levels,
it is important to pay attention to the management of blood
glucose fluctuations to reduce the risk of CAN in patients
with diabetes. These research findings provide important
theoretical evidence for the prevention and treatment of
CAN and offer guidance for the clinical management of
patients with diabetes.

Carotid artery stenosis (CAS)

Several studies have reported a positive correlation between
CIMT and blood glucose variability indices, includ-
ing standard deviation of blood glucose (SDBG), MBG,
MAGE, and maximum amplitude of glycemic excursions
(MAXAGE). These indices are considered risk factors for
CIMT thickening in patients with type 2 diabetes [46, 47]. A
meta-analysis has indicated that controlling glycemic vari-
ability can improve insulin resistance, reduce the thickness
of the carotid intima-media layer, and lower the risk of CVD
[70]. However, a study by Cesana et al. [71] exploring the
relationship between blood glucose variability and CIMT in
patients with uncomplicated T1DM found that the thickness
and stiffness of the carotid intima-media were significantly
associated with age, blood pressure, heart rate, and daily
insulin intake but, not significantly correlated with indices
such as MBG, SD, MAGE, and postprandial hyperglycemic
peaks. The discrepancy in these results may be attributed to
the relatively short duration of continuous glucose monitor-
ing, which only captured 24-h blood glucose levels. Addi-
tionally, the inclusion of a limited number of study subjects
may have affected the strength of the results.

Coronary artery disease (CAD)
Some studies have shown an association between blood

glucose variability and the progression of CAD. For
instance, Tsuyoshi Ito et al. [72] found that patients with

higher MAGE were more likely to experience coronary
artery spasm, and MAGE was positively correlated with
changes in coronary artery diameter under acetylcholine
stimulation. These findings suggest that daily blood glucose
variability may play a role in the mechanism of coronary
artery spasm. Snell-Bergeon et al. [53] found a relationship
between coronary artery calcification and MBG and SD in
male patients with type 1 diabetes, but no such association
was observed in females. Benalia et al. [73] discovered that
T2DM patients admitted for AMI with poor glycemic con-
trol had significantly higher SYNTAX scores, and patients
with higher GV represented by MAGE had increased sever-
ity of CAD, independent of HbAlc levels. Su et al. [74] con-
ducted coronary angiography on 344 patients with T2DM
and chest pain symptoms, revealing that 252 patients had
coronary artery disease (luminal diameter stenosis > 50%),
while 92 patients did not. Furthermore, the study found
that MAGE (p <0.001) was significantly higher in patients
with coronary artery disease compared to those without,
and MAGE > 3.4 mmol/L was an independent predictor for
coronary artery disease. Zhang et al. [75] also confirmed
that T2DM patients with higher MAGE had more severe
coronary artery stenosis, and they highlighted a significant
correlation between blood glucose fluctuations and intima-
media thickness of the carotid artery in T2DM patients.

These studies indicate a correlation between blood glu-
cose fluctuations and the presence and severity of CAD in
diabetic patients. The impact of blood glucose variability on
vascular complications should not be overlooked in diabetic
patients. Therefore, early assessment of glycemic variabil-
ity may help identify high-risk patients for coronary heart
disease and serve as a therapeutic target for primary and
secondary prevention.

Major adverse cardiovascular events (MACE)

Su et al. also found a significant correlation between
admission MAGE levels and the incidence of MACE in
AMI patients, indicating that increased GV during admis-
sion may be more important than admission blood glu-
cose and previous long-term abnormal glycemic status in
predicting MACE within one year in AMI patients [76].
Zhang et al. [77] also demonstrated a relationship between
higher MAGE and MACE during in-hospital and 30-day
follow-up periods in patients with first-time percutaneous
coronary intervention for acute myocardial infarction. A
study conducted abroad included 417 patients with reper-
fusion in ACS to explore the association between GV and
ACS prognosis. The results showed that major adverse car-
diovascular events were more common in the high MAGE
group (p=0.002). In multivariate analysis, GV assessed
by MAGE was an independent predictor of adverse prog-
nosis in patients with cerebrovascular disease and ACS
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(p=0.045) [78]. A meta-analysis [79] also indicated that
regardless of diabetes status and subtypes of coronary
heart disease, MAGE at admission may be associated
with the incidence of MACE during follow-up in coro-
nary heart disease patients. Gerbaud et al. [80] proposed
that during the initial hospitalization period, GV assessed
by SD (critical value >2.70 mmol/L) was an independent
predictor of cardiovascular complications in DM patients
with ACS, including recurrent AMI, acute heart failure,
and cardiac death. Besch et al. [81] calculated the average
daily & blood glucose in the first two days after transcath-
eter aortic valve implantation (TAVI) in 160 patients and
used it as a measure of postoperative glycemic variability
to analyze major complications within 30 days, including
death, stroke, myocardial infarction, acute heart failure,
and life-threatening arrhythmias. The rate of major com-
plications within 30 days was 12% in patients in the lowest
quartile of glycemic variability, while it increased to 26%
and 39% in the third and fourth quartiles, respectively.
Multivariate analysis showed that glycemic variability was
independently associated with the risk of major complica-
tions within 30 days (p =0.006).

Although most studies have reported an association
between GV and CAD and its prognosis, some literature
has reported a lack of association between GV and CAD.
The HEART2D study [82] reported that daily glycemic
variability assessed by MAGE, mean absolute glucose
(MAG), and SD was not associated with cardiovascular
events in 1,115 T2DM patients after AMI, and it was
suggested that treatment strategies targeting GV did not
have significant benefits in reducing subsequent cardio-
vascular events. In addition, the FLAT-SUGAR trial [83]
compared the effect of short-acting insulin with glucagon-
like peptide-1 receptor agonists (GLP-1RA) on glycemic
variability in patients receiving basal insulin therapy. They
reported that GLP-1RA significantly reduced glycemic
variability determined by CGM compared to prandial insu-
lin. Although glycemic variability improved, there were no
statistically significant differences in cardiac arrhythmias,
cardiovascular risk biomarkers, or severe hypoglycemic
events.

Nusca et al. [84] found a significant correlation between
glycemic status and high platelet reactivity (HPR) in
T2DM patients undergoing percutaneous coronary inter-
vention (PCI) and receiving clopidogrel treatment. HbAlc
could identify patients at higher risk of thrombosis. How-
ever, the combined use of GV represented by MAGE and
CV with HbAlc could achieve higher diagnostic accu-
racy. Therefore, future research should focus on evaluating
whether individualized anti-thrombotic and hypoglycemic
treatments based on these parameters can reduce the inci-
dence of thrombotic events in patients undergoing PCI.
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Summary and outlook

This review provides a comprehensive summary of the
research progress on the association between glycemic
fluctuation indices measured by CGM and CVD compli-
cations. Through a comprehensive analysis of numerous
relevant studies, the following conclusions have been
drawn. Firstly, there is a clear association between glyce-
mic fluctuation indices and CVD complications. Studies
have indicated that both high and low glycemic fluctua-
tions are closely related to the occurrence and develop-
ment of CVD. Increased glycemic fluctuations may lead to
endothelial dysfunction, enhanced inflammatory response,
and intensified oxidative stress, thereby increasing the risk
of CVD [85]. Secondly, the application of CGM technol-
ogy provides more accurate and comprehensive data sup-
port for the study of glycemic fluctuation indices and CVD
complications. Compared to traditional blood glucose
monitoring methods, CGM technology can provide con-
tinuous and real-time glucose data, which better reflects
glycemic fluctuations. This offers researchers a more reli-
able basis for exploring the relationship between glyce-
mic fluctuation and CVD. However, there are still some
controversies and uncertainties regarding the underlying
mechanisms of the association between glycemic fluctua-
tion indices and CVD complications. On one hand, dif-
ferent research results show some heterogeneity, possibly
influenced by factors such as sample size, study design,
and statistical methods. On the other hand, there are dif-
ferences in the definition and assessment methods of gly-
cemic fluctuation indices, leading to inconsistent research
findings. Future studies can be conducted in the following
aspects: firstly, further elucidating the underlying biologi-
cal and molecular mechanisms of the association between
glycemic fluctuation indices and CVD complications. Sec-
ondly, strengthening research on different populations and
different types of diabetes to better understand whether
there are differences in the relationship between glyce-
mic fluctuation and CVD. Additionally, standardizing the
definition and assessment methods of glycemic fluctuation
indices can improve the comparability and reliability of
research results. In summary, research on the association
between glycemic fluctuation indices measured by CGM
and CVD complications has made certain progress, but
there are still issues that require further investigation and
exploration. Through further in-depth research, we can
better understand the relationship between glycemic fluc-
tuation and CVD and provide more effective strategies and
methods for the prevention and treatment of CVD.
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