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Fasting blood glucose, postprandial blood glucose and glycated haemoglobin are considered three impor-
tant indicators for diabetes treatment. There is increasing evidence that glucose variability has more detri-
mental effects on the coronary arteries than does chronic sustained hyperglycaemia. This overview sum-
marises recent findings in the field of glucose variability and its possible relationship with coronary artery
disease. Glucose variability may be a marker of increased progression of coronary disease and plaque
vulnerability. It might be a potential new therapeutic target for secondary prevention of coronary artery
disease. Future studies will focus on the early detection and control of glucose variability to improve the
clinical outcomes in patients with coronary artery disease.
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Introduction

Worldwide, the number of people with type 2 diabetes
mellitus (T2DM) is increasing. Diabetes mellitus (DM) is
associated with vascular changes, especially coronary
artery disease (CAD), leading to acute myocardial infarc-
tion (AMI) and ischaemic heart failure. Presently, the use
of second-generation everolimus-eluting stents (EES) in
percutaneous coronary interventions (PCI) has improved
outcomes in the treatment of CAD across many patient
populations, including those with DM [1]. However,
patients with diabetes mellitus (DM) are at a particularly
higher risk for restenosis, late stent thrombosis and target
lesion revascularisation than patients without DM [2,3].
The study by Tanaka et al. showed that neointimal cover-
age and neointimal thickness were higher in DM patients
than in non-DM patients at 9 months after sirolimus-elut-
ing stent implantation [4]. The study from Sakata et al.
showed that the follow-up lumen in DM patients appears
to be determined primarily by the smaller lumen at the
postprocedure rather than exaggerated neointima within
the stent or plaque proliferation at the reference segments
[5]. In contrast, the study from Iwasaki et al. showed that

EES provided a similar level of average neointimal thick-
ness and coverage in both diabetic and nondiabetic
patients but that uneven neointimal suppression occurred
in the diabetic patients [6]. Optimising control of blood
glucose is the main way to improve the prognosis of CAD.
Fasting blood glucose, postprandial blood glucose and
glycated haemoglobin (HbAlc) are considered three
important indicators for diabetes treatment [7]. The
HbAlc-centric approach has promoted studies with
aggressive treatment goals, such as ACCORD and VADT.
These studies have demonstrated both the limitations of
HbA1lc and the underestimation of the deleterious effect of
hypoglycaemia on cardiovascular outcomes [8]. It is well
recognised that significant excursions in blood glucose —
both upward and downward — might not be adequately
reflected in HbAlc [9]. T2DM patients with similar HbAlc
values, for example, can have markedly different daily
glucose profiles with variations in both the frequency
and duration of glucose excursions [10]. Glucose variabil-
ity (GV) is emerging as an important dynamic parameter of
diabetes control [11]. There is increasing evidence that GV
has more detrimental effects on the coronary arteries than
does chronic sustained hyperglycaemia [12].
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Parameter Evaluation of GV

The utility of GV in clinical practice is hotly debated [13]. It
also remains unclear which method for measuring GV is
most robust for predicting outcomes [14].

The parameters of GV include the standard deviation of
blood glucose (SDBG), the mean amplitude of glycaemic excur-
sions (MAGE), the coefficient of glucose variation, the mean of
daily differences (MODD), the SD of fasting blood glucose and
the SD of glycosylated haemoglobin. The SDBG, MAGE and
coefficient of glucose variation values are used for the assess-
ment of within-day GV. The MODD, SD of fasting blood glu-
cose and SD of HbAlc values are used for the assessment of
day-to-day or longer GV assessment. SDBG is the most widely
used parameter of intraday GV. It has the advantages of easy
access to data, wide coverage, small economic burden and no
limit of application, especially for outpatients. The disadvan-
tage is that we can only evaluate the extent of the deviation of
the total blood glucose; we cannot distinguish small variations
in GV or analyse the frequency of GV, so the extent of organ
damage cannot be evaluated. MAGE, which represents only
major excursions from the mean and ignores excursions of <1
SD, wasalsoused asanintraday GV parameter[15]. MAGE was
calculated as described by Service et al. [16] by measuring the
arithmetic mean of differences between consecutive peaks and
nadirs as long as the differences were greater than the standard
deviation around the mean glucose level. An automated algo-
rithm has been created for this calculation. With the clinical
application of the continuous glucose monitoring system
(CGMS), MAGE is gradually becoming the gold standard for
evaluating GV [12,17]. However, because MAGE represents
only major excursions from the mean and ignores excursions of
<1SD, thisapproach disregards smaller excursions that may be
important [18]. The coefficient of glucose variation is calculated
by dividing the SD by the mean blood glucose. Italso reflects the
within-day glucose variability.

MODD measures between-day variability. It is the average
of the differences between blood glucose values measured at
the same time on consecutive days. The measurement
requires a large number of data points and software to
perform the calculations. There is a high degree of correlation
between the SD of fasting blood glucose and MODD [17,18].
The values of fasting blood glucose levels within a few weeks
or a few months are used to calculate the SD of fasting blood
glucose. The values of HbAlc levels within a few months or a
few years are used to calculate the SD of HbAlc. Therefore,
the SD of fasting blood glucose and the SD of HbAlc are used
for the assessment of long-term GV.

Association Between GV and
CAD

A recent study suggested that there was a close relationship
between GV and CAD. Glucose variability may be a marker
of increased progression of coronary disease and plaque
vulnerability (Table 1).

As early as 2007, Mita et al. [19] investigated the effect of
fluctuations in blood glucose levels on atherogenesis. Apoli-
poprotein (apo) E-deficient mice fed maltose twice daily were
used as a model of repetitive postprandial glucose spikes.
The authors investigated the number of macrophages that
adhered to the endothelium and the area of fibrotic arterio-
sclerotic lesions with and without administration of miglitol,
an «-glucosidase inhibitor. The results showed that GV
accelerates atherogenesis. The acceleration was independent
of changes in serum cholesterol levels in vivo. Reduction in
GV by an a-glucosidase inhibitor efficiently controlled the
progression of atherosclerosis. Tang et al. [17] identified the
relationship between GV and the 10-year risk of CAD in
T2DM patients with good glycaemic control. The results
showed that increased MAGE was an independent predictor
of high 10-year CAD risk. It was concluded that GV inde-
pendently predicts the 10-year CAD risk in T2DM patients
with well-controlled HbAlc.

Kuroda et al. [20] investigated the association between GV
and coronary plaque morphology in CAD patients. A total of
72 consecutive CAD patients receiving adequate lipid-low-
ering therapy were enrolled. The results identified MAGE as
the only independent predictor of the presence of thin-cap
fibroatheroma (TCFA). They concluded that GV and hypo-
glycaemia may impact the formation of lipid-rich plaques
and the thinning of fibrous caps in CAD patients treated with
lipid-lowering therapies. Nusca et al. [21] found that higher
GV has been associated with worse postprocedural creati-
nine and neutrophil gelatinase-associated lipocalin varia-
tions. They also found that GV was increased in patients
with periprocedural myocardial infarction. Kuroda et al. [22]
investigated the effects of GV on neointimal growth after EES
implantation. Compared to non-major adverse cardiovascu-
lar events (non-MACE) cases, cases of MACE exhibited a
significantly higher MAGE, maximum neointimal thickness
(NIT), and variability in NIT at the 9-month follow-up,
although there were no significant differences in these
groups’ HbAlc and lipid levels. The study suggested that
GV may affect vessel healing after EES implantation in
patients with CAD who are receiving lipid-lowering therapy.
Our previous study also obtained similar results that showed
that a higher GV was correlated with a higher incidence of
periprocedural myocardial infarction and MACE after coro-
nary intervention at the 6-month follow-up [23]. Our animal
study also showed that a higher GV was associated with a
higher percentage diameter stenosis, late loss, percentage
area stenosis, and NIT after stent implantation by optical
coherence tomography in a diabetic/hypercholesterolaemic
swine model [24].

The correlations of GV with the target lesion, the non-
target lesion, the left ventricular remodelling (LVR) and
the outcome of acute coronary syndrome (ACS) were also
reported. Okada et al. [25] investigated the association
between GV and coronary plaque tissue characteristics in
57 patients with ACS. They found that higher GV as mea-
sured by CGMS was independently and more strongly asso-
ciated with increased lipid and decreased fibrous contents
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Table 1 Published articles confirming association between glucose variability and coronary artery disease.

Relation with glucose
variability

Cardiovascular risk

Atherogenesis

Coronary plaque and

neointimal

Coronary plaque and
neointimal

Coronary plaque and

neointimal

Coronary plaque and
neointimal

Coronary plaque and
neointimal

Periprocedural

myocardial infarction

Left ventricular
remodelling

Left ventricular

remodelling

Study, Year Animal/
Human
Tang et al. 2016 [17] Human
Mita et al. 2007 [19] Mice
Kuroda et al. 2015 [20] Human
Kuroda et al. 2016 [22] Human
Xia et al. 2017 [24] Swine
Okada et al. 2015 [25] Human
Gohbara et al. 2016 [26] Human
Nusca et al. 2015 [21] Human
Teraguchi et al. 2014 [27] Human
Gohbara et al. 2015 [29] Human

Study Duration

size

240 10 year

67 11 weeks

72 During hospitalisation
50 9 months

24 28 days

57 During hospitalisation
46 During hospitalisation
28 During hospitalisation
36 During hospitalisation
69 7 months

Findings

Glycaemic variability predicts
independently the 10-y
cardiovascular disease risk of
type 2 diabetes mellitus patients
with well-controlled HbAlc
Fluctuations in blood glucose
levels accelerated macrophage
adhesion and the size of
arteriosclerotic lesion in vivo
Glucose fluctuation and
hypoglycaemia may impact the
formation of lipid-rich plaques
and thinning of fibrous cap in
coronary artery disease patients
with lipid-lowering therapy
Glucose fluctuation may affect
vessel healing after everolimus-
eluting stent implantation in
patients with coronary artery
disease who are receiving lipid-
lowering therapy

The extent of glucose fluctuation
may be related to the degree of
neointimal proliferation

Higher blood glucose variability
was an independent determinant
of increased lipid and decreased
fibrous contents with larger
plaque burden

Higher glucose fluctuation after
the onset of first-episode acute
coronary syndrome was
correlated with thinner fibrous
cap thickness and higher
prevalence of thin-cap
fibroatheroma at the non-culprit
plaque in the non-culprit vessel.
Glucose fluctuation has been
observed to increase in patients
with periprocedural myocardial
infarction

Glycaemic variability is
associated with impairment of
myocardial salvage in patients
with successful recanalisation of
myocardial infarction

Higher glycaemic variability
could be the cause of left
ventricular remodelling in the
chronic phase in patients with
acute myocardial infarction
regardless of the level of HbAlc
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Table 1. (continued).

Relation with glucose Study, Year Animal/
variability Human
Major adverse Xia et al. 2017 [23] Human
cardiovascular events

Major adverse Tokue et al. 2015 [30] Human
cardiovascular events

Major adverse Xia et al. 2017 [31] Human

cardiovascular events

Study Duration

864 30 days

Findings

746 6 months

Higher blood glucose variability
was correlated with higher
incidence of periprocedural
myocardial infarction and major
adverse cardiovascular events at

6 months follow-up

103 During hospitalisation ~Higher glycaemic variability had

an adverse impact on major
adverse cardiac and
cerebrovascular events after ST-
elevated myocardial infarction
Higher glucose variability was
correlated with higher incidence
of major adverse cardiac and
cerebrovascular events, atrial
fibrillation and longer length of
stay in patients with acute

coronary syndrome

with a larger plaque burden and a higher remodelling index
in the culprit vessel of ACS patients. Gohbara et al. [26]
found that higher MAGE measured early after the onset of
first-episode ACS correlated with thinner fibrous cap thick-
ness and higher prevalence of TCFA at the non-culprit
plaque in the non-culprit vessel. Teraguchi et al. [27] inves-
tigated the impact of GV on myocardial salvage following
successful recanalisation of primary AMI and found that
MAGE was significantly negatively correlated with the
myocardial salvage index. A recent study showed that, early
after the onset of AMI, MAGE identified patients with LVR
in the chronic phase regardless of the level of HbA1c [28,29].
Tokue et al. found that in patients, an intermittent hyper-
glycaemic pattern but not a persistent hyperglycaemic pat-
tern had an adverse impact on major adverse cardiac and
cerebrovascular events (MACCE) [30]. Our previous study
also showed that higher GV was correlated with a higher
incidence of atrial fibrillation, a longer length of stay and
MACCE in patients with ACS during the 30-day follow-up
[31].

Pathogenic Mechanism of GV

The mechanism of coronary artery damage caused by GV has
not yet been elucidated.

High glucose concentration increases oxidative stress by
driving overproduction of the superoxide radical in the
mitochondria [32]. Transient high glucose spikes cause
higher oxidative stress than sustained chronic hyperglycae-
mia [33-35]. The key role of oxidative stress in the

Glucose variability

O

Hypoglycaemia

Hyperglycaemia

Epigenetic
changes

Glucotoxicity and
lipotoxicity

A 4 A

1. Excessive protein glycation end products, oxidative stress
2. Cytokines, platelet, neutrophil activation,

3.The sympathetic nervous system/adrenal response

|

1. Endothelial function
2. Hypercoagulability

l

Macrovascular and
impairment

microvascular

Figure 1 Pathogenic mechanism of glucose variability.

development of coronary artery endothelial damage is well
known [36,37] (Figure 1). Glucose variability impairs endo-
thelial function in both the macrovascular and microvascu-
lar beds [38-41]. A combination of glucotoxicity and
lipotoxicity increased reactive oxygen species (ROS)
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production in mitochondria and caused further deteriora-
tion of endothelial function [42]. Therefore, GV is consid-
ered an important factor in the development of endothelial
dysfunction and the subsequent changes in vascular wall
morphology [8].

Advanced glycation end products (AGEs) have been
shown to contribute to the development and progression
of diabetes-related complications. Cross-linking of proteins
by AGE modification not only leads to an increase in vas-
cular and myocardial stiffness but also deteriorates struc-
tural integrity and physiological function of multiple organ
systems, thus being involved in isolated systolic hyperten-
sion and diastolic heart failure [43]. Higher GV might cause
more oxidative stress by activating more AGEs. There is a
growing body of evidence suggesting that atherosclerosis is
an inflammatory disease. Activation of AGEs results in the
generation of intracellular oxidative stress and the subse-
quent activation of NF-kB in vascular wall cells, which
could promote the expression of a variety of atherosclero-
sis/inflammation-related genes, thereby contributing to the
development and progression of CAD in diabetes patients
[44].

Glucose variability might have an important effect on
neutrophil activation, platelet activation and cytokines.
Abnormal neutrophil activation and platelet function repre-
sent the main determinants of vascular accidents in diabetic
patients, contributing to high inflammatory reactions and a
high incidence of thrombotic events [45]. Hyperglycaemia
induces neutrophil and platelet activation and increases reac-
tive oxygen species production, playing an important role in
the development of vascular damage. A recent study has also
shown that acute glucose fluctuation may cause interleukin-6
(IL-6), tumour necrosis factor-o (TNF-a) and intercellular
adhesion molecule-1 (ICAM-1) levels, resulting in severe
cardiovascular injury [46].

Glucose variability is the range of glucose fluctuation
between hyperglycaemia and hypoglycaemia. “Excellent” dia-
betes control, as expressed by close to normal HbA1c, increases
the risk of hypoglycaemia when associated with high glucose
variability and may therefore be dangerous. The danger comes
not only from the acute consequences of hypoglycaemic epi-
sodes but also from the induction of pathogenic mechanisms
that then lead to diabetic vascular complications. Hypoglycae-
mia in Type 1 diabetic patients without cardiovascular disease
is significantly associated with an impaired pattern of heart
rate variability [47]. Studies have shown that hypoglycaemia is
also associated with increased short- and long-term mortality
in AMI patients [48]. Although the mechanism by which hypo-
glycaemialeads toincreased mortality is not clear,an abnormal
QT prolongation during severe hypoglycaemia may be asso-
ciated with the increased 30-day mortality. In experimentally
induced hypoglycaemia, potentially fatal abnormal QT pro-
longation, sinus bradycardia, and ventricular arrhythmias
occurred [49]. A clinical study described bradycardia during
severe hypoglycaemia in both diabetic and non-diabetic
patients, which may reflect an imbalance of the sympathetic
nervous system [50].

Treatment of GV

There is currently no effective treatment to reduce GV. Coro-
nary artery disease is a multifactorial disease. Whether reduc-
ing GV can improve the prognosis of CAD is still unknown.

Basic measures for controlling GV include diet, weight
reduction and exercise. T2DM is intrinsically linked with
lifestyle factors, including obesity and other dietary factors
amenable to nutrition therapy. Glucose variability may there-
fore be influenced by energy restriction for weight loss and
dietary factors that can assist in optimising glycaemic control
[51]. Some studies provide preliminary evidence that GV can
be modified by altering carbohydrate quality, quantity, or
distribution, as well as by altering protein and fibre intake,
and should be considered for optimising blood glucose con-
trol; however, the majority of studies were uncontrolled, with
small sample sizes and short intervention durations [52-54].
The physical activity of the patient is an important aspect that
determines the use of energy substrates. In patients with
T2DM, low/medium intensity aerobic exercise (25-50%
VO, max) promotes the consumption of fatty acids. In the
often elderly population, prescription of physical activity
must consider the characteristics of the individual, such as
fitness, degree of training, muscle mass and the presence of
microvascular and macrovascular complications [55].

Large-scale, randomised controlled trials of drug therapy
specifically aimed at correcting GV are lacking. Trials that
prevent T2DM and target postprandial glucose (PPG) levels
have been conducted, and PPG excursions play an important
role in determining the overall control and the extent of GV.
There is strong epidemiological evidence that PPG levels
independently predict CAD events, and evidence that fasting
plasma glucose levels are predictive is much weaker [56]. The
STOP-NIDDM trial (The Study to Prevent NIDDM (Non-
Independent Diabetes Mellitus) trial) [57] and the ACE trial
[58] showed that acarbose could be used, either as an alter-
native or in addition to changes in lifestyle, to delay the
development of type 2 diabetes in patients with impaired
glucose tolerance. The NAVIGATOR trial also showed that
the use of valsartan for 5 years, along with lifestyle modifi-
cation, led to a 14% relative reduction in the incidence of
diabetes among patients with impaired glucose tolerance
and cardiovascular disease or risk factors [59]. However,
there is currently no good evidence that targeting PPG results
in reduced cardiovascular complications.

Studies focussing on reducing GV are currently limited to
small sample sizes and single centres. The study by Klein
et al. [60] showed that the metabolic effect of the albumin-
bound insulin analogues insulin detemir and NN344 signif-
icantly lowered GV in comparison to insulin glargine in
individuals with type 2 diabetes. The post hoc analysis from
King et al. [61] examined GV and the proportion of subjects
achieving recommended blood glucose targets with the
fixed ratio combination of insulin degludec and liraglutide
(IDegLira) compared to insulin degludec (IDeg) or liraglu-
tide alone. They found that treatment with IDegLira allows
more patients with T2DM to maintain their blood glucose
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within target ranges throughout the day than either IDeg or
liraglutide alone. The study by Nomoto et al. [62] investi-
gated the superiority of dapagliflozin on GV compared with
DPP-4 inhibitors in patients with T2DM on insulin using the
CGMS. They found that combination therapy of dapagli-
flozin and insulin was not superior in controlling glucose
fluctuation when compared to DPP-4 inhibitors. However,
dapagliflozin may, in part, provide favourable effects on
metabolism in patients with T2DM treated with insulin
therapy. The ability to undertake these studies is facilitated
by the availability and continued development of CGMS
technology, which provides an objective and comprehen-
sive glucose monitoring tool for measuring GV modifica-
tions arising from treatments that target GV. The latest
study from Shimabukuro et al. [63] aimed to evaluate the
short-term effects of GV on heart rate variability and sym-
pathetic nervous system activity in T2DM patients with
recent ACS. They also examined the effect of suppressing
glucose variability with miglitol on these variables. It was a
prospective, randomised, open-label, blinded-endpoint,
multicentre, parallel-group comparative study in 39
T2DM patients. They found that GV was associated with
alterations in heart rate variability and sympathetic nervous
system activity, which were mitigated by miglitol.

Conclusions

Glucose variability, fasting blood glucose, postprandial blood
glucose and HbAlc are considered four important indicators
for diabetes treatment. GV has been recognised as a residual
risk apart from hypertension, dyslipidaemia and smoking for
the development of CAD. GV may be a marker for increased
progression of coronary disease and plaque vulnerability. It
might be a potential new therapeutic target for secondary
prevention of CAD. Future studies will focus on early detec-
tion, assessment, and potential medication and lifestyle inter-
ventions to improve the clinical outcome of patients with
CAD. Multicentre, randomised controlled trials to clarify
whether early interventions to reduce GV can improve clinical
outcomes still need to be conducted.
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