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Foreword 1

Since Banting and Best won the Nobel Prize for their discovery of insulin,
there have been many small, iterative advances in diabetes management.
However, there have been only a few major breakthroughs that have revolu-
tionized our ability to better control glucose over that same period of time.
One of those is continuous glucose monitoring (CGM). Whether used in
masked (professional) or real-time (personal) mode, CGM permits the health-
care professional and patient to understand the relationship among the three
key elements of metabolic control, i.e., behavior (meals, exercise, stress,
etc.), medication (injectable or oral), and glucose levels, in ways not possible
with meter-based blood glucose monitoring. CGM is both an educational tool
for the patient and healthcare provider (HCP) and a management tool for the
HCP regardless of whether the patient has type 1 or type 2 diabetes.

Numerous studies have shown that masked (professional) CGM—essen-
tially a Holter monitor for glucose—adds significant value in the manage-
ment in both type 1 and type 2 diabetes regardless of whether or not the
patient is taking insulin. In addition, it is critical in evaluating the efficacy and
safety of not only new pharmaceuticals but also psycho-educational interven-
tions. By the data being masked from the patient the true, real-world effect of
the intervention can be determined. Real-time (personal) CGM provides sig-
nificant information to the patient whether they are receiving insulin by injec-
tion or pump. It also has been shown to benefit those with type 2 diabetes not
on insulin where it acts as a behavior modification tool.

The future of CGM is discussed in the last chapter. I foresee four major
directions in CGM use:

1. CGM will be a bridge to an era when we will use actual glucose metrics
(mean, standard deviation, severity of hypo- and hyperglycemia, and
times-in-ranges) rather than a surrogate marker (A 1C) to evaluate diabetes
control. It is well known that there are many problems with using A1C, not
the least of which is that there is a wide range of mean blood glucose for
a given A1C, e.g., for an A1C of 8% the mean can be from 120 to 200 mg/
dL (6.7-11.1 mmol/L) because of different glycation rates, red cell turn-
over, and other as yet undefined genetic factors. While A1C will remain a
touchstone for our understanding of how it correlates with diabetes com-
plications, CGM-derived metrics will permit healthcare providers to make
changes between the typical quarterly A1C determination.
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. There will continue to be iterative improvements in CGM accuracy, lon-

gevity, and footprint with the use of optical, fluorescence, and hydrogel
technologies that permit miniaturization and prolongation of sensor life by
months to years.

. CGM drives artificial pancreas systems. Indeed, we have just entered that

era with the US FDA’s approval of the MiniMed Medtronic Hybrid Closed
Loop system (670G), which automates basal insulin delivery and sus-
pends insulin delivery based on CGM data. Many groups around the world
are actively investigating novel algorithms as well as ways to incorporate
other relevant hormones like glucagon, pramlintide, and exenatide into
artificial pancreas systems.

. CGM will be used to assess dysglycemia in patients without diabetes

including those with prediabetes and obesity, and it is possible that CGM-
derived criteria for the diagnosis of these metabolic disorders will be cre-
ated to supplement the traditional criteria. CGM is likely to be used to
educate nondiabetic yet dysglycemic patients about how to modify their
lifestyle behaviors. It is also reasonable to think that CGM will be used in
wellness efforts by a wide spectrum of individuals without metabolic
abnormalities.

Professor Jia and her colleagues have been international leaders in the use

of CGM. Their multiple publications in leading scientific journals have pro-
vided important insights about diabetes both in China and internationally.
Importantly, they have used CGM to establish norms for the population and
published one of the first guidelines in how CGM can be used to benefit
patients with diabetes and related conditions. This book provides a compre-
hensive description of the science and clinical use of CGM by one of the
world’s experts in CGM and is essential reading for anyone treating patients
with diabetes.

Robert A. Vigersky
Washington D.C.
United States of America



Foreword 2

Various types of diabetes with different etiologies or pathogenesis share a
common pathophysiological feature, that is, the elevation of blood glucose
levels. For more than half a century, measurement of venous or capillary glu-
cose levels or glycated hemoglobin has been the major methods to monitor
impaired glucose metabolism. Recent years have witnessed the rapid devel-
opment of continuous glucose monitoring (CGM) technology, which detects
glucose in subcutaneous interstitial fluid through a specialized sensor. As is
known to all, blood flows from the capillaries to the veins, and interstitial
fluid acts as a bridge in the diffusion of glucose between capillaries and cells
of the tissue. Elevation of glucose levels in interstitial fluid, due to impaired
glucose uptake or excessive glucose release into the interstitial fluid, repre-
sents the basic pathogenesis of the increased plasma glucose concentration in
diabetes mellitus. Therefore, understanding intraday and interday trends of
interstitial fluid glucose is the stepping stone to in-depth comprehension of
normal or impaired glucose metabolism and the metabolism of glucose-
related substances. From a hundred years ago when urine glucose testing was
initially performed to now, the feasible means for daily routine monitoring of
abnormal glucose metabolism remain imperfect and are still in progress.

The evaluation of the accuracy of CGM shows that the technology can
reflect the trend in blood glucose fluctuations. Thus, in China, CGM was once
referred to as dynamic glucose monitoring technology. CGM helps to under-
stand the trend in glucose fluctuations, as well as to detect occult hyperglyce-
mia and hypoglycemia, which are usually not detected by traditional glucose
monitoring methods. Therefore, CGM allows more precise management of
diabetes by controlling hyperglycemia, reducing hypoglycemia events,
decreasing glucose fluctuations, and finally preventing the occurrence and
development of diabetes complications that jeopardize the health and life
span of patients.

The technology of CGM is among the great achievements of glucose mon-
itoring technologies for diabetes. Since 1999 when the retrospective CGM
system was first launched, CGM technology has played a positive role in
promoting progress in diabetes management. In order to expand the knowl-
edge of CGM technology and to facilitate the scientific, standardized, and
reasonable use of CGM technology, the authors compiled this book based on
their long-term original researches and clinical experience, as well as the
scientific findings from domestic and international counterparts.

vii
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The authors of this book introduced their initial work on the establishment
of the normal reference ranges for CGM parameters in Chinese population.
Indeed, the definition of the "normal" value is the key to judging "abnormali-
ties." In the early years of clinical application of CGM technology, there was
a lack of normal reference values for CGM parameters and the reference
range of finger-stick glucose value was apparently not suitable to CGM mea-
surements. These limitations significantly hindered the interpretation of
CGM results and the clinical application of this technology. Previously, the
authors carried out a multicenter study and obtained large amounts of normal
CGM data and established the CGM normal reference range for the first time
worldwide. In the book, the authors introduce their innovative work and com-
pare and analyze similar findings from domestic and international counter-
parts in different ethnic groups. These studies lay the foundation for scientific
application of CGM and rational explanation for CGM results, and solve the
key problems in making the best use of CGM technology in clinical
practice.

Moreover, the authors introduce their CGM reporting and management
system in details, which was developed independently with intellectual prop-
erty rights. Scientific interpretation of CGM data and its graphical display are
important to the clinical use of the technology as are the presentation of a
comprehensive display of glucose metrics and standardized reports. By illus-
trating clinical cases, the authors introduce their CGM reporting system and
explain how to interpret or analyze CGM profiles. Their reporting system
includes an analysis software, which can calculate CGM-derived metrics and
generate a standardized CGM report automatically. All these efforts enable
clinicians to understand the trend of blood glucose fluctuations in patients.

Furthermore, the clinical significance and application of CGM metrics
proposed by domestic and international scholars are reviewed in the book.
The authors also summarize the advantages and concerns of several parame-
ters based on the clinical trials conducted by themselves.

In the book, the current clinical application of CGM technology is dis-
cussed in detail. The book also demonstrates the use of CGM measurements
in various situations of abnormal glucose metabolism, as well as the role of
CGM in evaluating the efficacy of different hypoglycemic therapies.

I would like to thank my colleagues in Shanghai Clinical Center for
Diabetes who have engaged in glucose monitoring studies and related clinical
work for their persistent devotion and efforts to promote the development of
CGM in China. It is expected that this book will help all the readers gain a
comprehensive understanding of the CGM system and promote the standard-
ized and wide application of CGM in clinical practice, thereby contributing
to the improvement of diabetes management in China.

Shanghai, China Kunsan Xiang



Preface

Blood glucose monitoring is an important part of diabetes management. It
plays an essential role in the assessment of glucose metabolism disorders,
thereby guiding the optimization of the magagement of diabetes. As blood
glucose level changes continuously, neither the glucose values at certain time
points nor glycated hemoglobin reflects the dynamic fluctuations in blood
glucose throughout the day. Indeed, the capture of continuous glucose moni-
toring has always been a dream pursued by both patients and clinicians for a
long time. As in the early 1960s, Clark and Lyons first put forward the con-
cept of a glucose sensor. The designed sensor consisted of a thin layer of
glucose oxidase (GOD), an oxygen electrode, an inner oxygen semiperme-
able membrane, and an outer dialysis membrane. The glucose concentration
could be calculated by measuring the change in the local oxygen concentra-
tions. In 1967, Updike and Hicks further improved the detection assay and
measured glucose concentrations in biological fluids of an animal model for
the first time. Subsequently, continuous glucose monitoring (CGM) technol-
ogy has become increasingly sophisticated and accurate and has been gradu-
ally promoted from the experimental monitoring to clinical application.

In 1999, a CGM system was approved by the US Food and Drug
Administration (FDA) for clinical use, allowing a convenient, panoramic
view of all-day changes in blood glucose for the first time. Since 2005, the
real-time CGM system has been applied in clinical practice. In addition to
real-time display of monitoring results, it integrates alarm and predictive alert
features, providing a guarantee for the safety of treatment. At the same time,
the development of CGM technology promotes the creation of algorithms
that can modify the rate of continuous insulin infusion. Moreover, with the
application of CGM technology, investigators have been able to study the
normal patterns of glucose variation and how they differ under different clini-
cal circumstances.

In 2001, we started to apply CGM in clinical practice in China for the first
time. We found some challenges that need to be addressed. For example, the
lack of normal reference range for CGM parameters, the absence of standard-
ized interpretation methods for CGM graphs, and the complex and time-
consuming process of CGM data analysis. In addition, little experience exists
regarding the clinical indications for this new technique, the methods for
assessing the accuracy of CGM data, and how the data should be used to
guide decisions in clinical practice. To address these challenges, we estab-
lished the normal reference values of CGM parameters by a national multi-
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center study, which was the first reported evidence domestically and
internationally. We also analyzed the patterns of blood glucose fluctuations in
different metabolic disorders, carried out standardized protocols for CGM
graphs interpretation, and designed a series of supporting software and man-
agement systems independently to simplify the time-consuming data analysis
process. We have published more than 50 papers related to CGM in domestic
and international journals, established a CGM database containing more than
15,000 cases, and accumulated a wealth of clinical experience. In order to
further enhance the knowledge of CGM technology among professional med-
ical staff in the fields of endocrinology and metabolism, we have compiled
this book to facilitate the scientific, standardized, and proper utilization of
CGM technology.

The book firstly focuses on the basic knowledge of CGM technology, and
then introduces the advantages and applications of the CGM system with
clinical cases. In the book, we introduce the principles, the operation meth-
ods, the management procedures, and indications of CGM. Also, the alarms
settings and responses to the alarms, interpretation of CGM results, the analy-
sis of clinical cases, the relative researches and prospects are also discussed.
This book is edited mainly based on our original research results and specifi-
cally focuses on the clinical application. It illustrates CGM knowledge in the
form of clinical cases and graphs, with the aim of becoming a reference book
guiding the application of CGM technology in clinical practice and scientific
research.

All the clinical trials carried out by the authors in this book have been
reported to the Ethics Committee of Shanghai Jiao Tong University Affiliated
Sixth People’s Hospital already and were in accordance with the Good Clinical
Practice and Standards of China Association for Ethical Studies (approval num-
ber: 2007-45).

I would like to thank my colleagues in the Department of Endocrinology and
Metabolism and Shanghai Diabetes Institute who have engaged in the glucose
monitoring and clinical work for years for their continuous dedication. In addi-
tion, my colleague Jie Li and graduate students Xingxing He, Hang Su, Lingwen
Ying, Jiahui Peng, Lingli Cai, Yiming Si, Dongjun Dai, Yun Shen, and others
who have contributed in the careful editing and chart proofing. Specifically, my
mentor, the Chinese Academy of Engineering member, Professor Kunsan Xiang,
and the former president of the Endocrine Society, Professor Robert A. Vigersky,
wrote the foreword for this book. Also, many thanks to my editors Ling Wan,
Jianshe Zeng, Lujing Kong, et al. in the Shanghai Scientific and Technical
Publishers for their help and support.

There might be some inevitable shortcomings and omissions exist in the
book. We sincerely hope that readers will share their valuable advice and sug-
gestions for future improvements.

Shanghai, China Weiping Jia
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Determination of Glucose
and Continuous Glucose

Monitoring

Y.F.Wang and W. Jia

Glucose is the main source of energy for human
activities. Under normal circumstances, the blood
glucose level in the body is relatively constant,
generally maintained at 3.9-6.1 mmol/L before
meals and 7.8-8.3 mmol/L after meals. Diabetes
is a group of disorders characterized by chronic
elevation of blood glucose. Thus, determination
of blood glucose is a basic method for the diag-
nosis, treatment, and follow-up of diabetes. Due
to the limitations of detection technologies, until
recent years, it was not possible to observe a pan-
oramic view of subtle changes in blood glucose
and, thus, not possible to gain an in-depth under-
standing of the changes in blood glucose among
diabetic patients. At present, a widely used tech-
nology is continuous glucose monitoring (CGM)
technology, which monitors the glucose concen-
trations in subcutaneous tissue interstitial fluid
(referred to as interstitial fluid) through a glucose
sensor. This technology is able to provide contin-
uous, comprehensive, and reliable all-day glucose
profiles, thereby allowing for an understanding of

Y. E. Wang (D<) - W. Jia (<)

Department of Endocrinology and Metabolism,
Shanghai Clinical Center for Diabetes, Shanghai
Diabetes Institute, Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital, Shanghai, China
e-mail: wpjia@sjtu.edu.cn

trends in blood glucose fluctuations, and to detect
occult hyperglycemia and hypoglycemia that
cannot be detected by traditional blood glucose
monitoring methods [1]. This chapter introduces
the metabolism and regulation of glucose in the
body, explains the detection of interstitial fluid
glucose concentration, and analyzes the principle
of CGM technology and its differences from tra-
ditional blood glucose monitoring methods, in
order to help readers understand the CGM tech-
nology more comprehensively.

1.1 Metabolism and Regulation
of Glucose
1.1.1 Glucose Metabolism

Glucose is a carbohydrate molecule composed
of six carbon atoms. The chemical formula is
CeH,Og; the molecular weight is 180.16; the den-
sity is 1.54 g/cm?; the melting point is 146 °C;
and it is easy to dissolve in water. Glucose is the
most extensively utilized and stored carbohydrate
molecule and also the basic carrier for energy sup-
ply and transportation in the body. Carbohydrates
are important sources of energy for the body, and
more than 70% of the energy needed is derived
from carbohydrates in food. Glucose is a diges-
tive product of carbohydrates, and as smallest unit
of carbohydrate, it is absorbed into blood circula-

© Springer Nature Singapore Pte Ltd. and Shanghai Scientific and Technical Publishers 2018 1
W. Jia (ed.), Continuous Glucose Monitoring, https://doi.org/10.1007/978-981-10-7074-7_1
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tion and then oxidized and utilized by organs, tis-
sues, and cells. Excessive glucose is stored in the
muscles and liver in the form of glycogen. Muscle
glycogen is an energy reservior that is readily
available for utilization at any time in the skeletal
muscle; it accommodates the need for energy in
emergency situations. On the other hand, the glu-
cose is absorbed by the small intestinal mucosa,
transported to the liver via the portal vein, and
finally synthesized into liver glycogen for storage.
The liver glycogen level keeps a dynamic balance
with glucose homeostasis under the tight control
of numerous neurohumoral factors. Generally, in
a healthy adult, the liver glycogen store is about
100 g, and it becomes depleted within 24 h in
the fasting state. Liver glycogen decomposition
accounts for 50% of hepatic glucose output dur-
ing overnight fasting. With prolonged fasting
time, liver glycogen is gradually consumed and is
almost depleted after fasting up to 40 h. In the case
of gradually decreasing glycogen, hepatic gluco-
neogenesis is enhanced, leading to the synthesis
of glucose from materials such as fatty acid deg-
radation products and three-carbon gluconeogenic
intermediates (such as lactic acid, pyruvic acid, and
glycerol) converted from glycogenic amino acids.
There are various pathways for glucose metab-
olism based on different oxidation status. The
common pathways of glucose metabolism include
anaerobic glycolysis, aerobic oxidation, pentose
phosphate pathway, uronic acid pathway, polyol
pathway, glycogen synthesis and decomposition,
gluconeogenesis, hexose metabolic pathway, and
others. When tissue oxygenation is inadequate, the
glucose is only decomposed into lactic acid, and
the release of free energy is 1/18 that of aerobic
oxidation. This energy supply pathway is known
as anaerobic glycolysis of glucose. Although
anaerobic glycolysis produces a small, limited
amount of energy, it is extremely important for the
human body under hypoxic conditions, since it is
the only effective means of energy production
without the use of oxygen. When the oxygen sup-
ply is sufficient, the glucose can be completely
oxidized into the final products of carbon dioxide
and water, releasing substantial energy. This pro-

cess is called aerobic oxidation of glucose. Usually,
most cells or tissues obtain energy through aerobic
glucose metabolism. Blood glucose mainly comes
from (1) foods. Dietary carbohydrates provide
60-70% of the whole body energy, (2) glycogen
decomposition, and (3) gluconeogenesis during a
long period of starvation.

Blood glucose is mainly (1) oxidatively
decomposed for energy supply; (2) used for gly-
cogen synthesis in the liver, muscle, and other tis-
sues; (3) converted to other types of carbohydrates
and derivatives, such as ribose, amino sugar, and
uronic acid; (4) converted to nonsugar sub-
stances, such as fat, nonessential amino acids,
etc.; and (5) discharged in the urine when the
blood glucose concentration is too high and
exceeds the renal glucose threshold (usually
>8.9-10.0 mmol/L; Fig. 1.1).

1.1.2 Glucose Regulation

In the human body, blood glucose is maintained
at a relatively constant level, which is essential
for the utilization of glucose in various organs
and tissues, especially brain tissue, bone marrow,
nerve cells, and red blood cells. There is a
dynamic equilibrium mechanism in the body that
finely regulates the balance of blood glucose pro-
duction and release, which is also known as glu-
cose homeostasis (Fig. 1.2). Since many tissues
store very little glycogen, they need to uptake
glucose from the blood to meet the needs of
metabolism and various functional activities
whenever necessary. Glucose in the blood is
transported to various cells and tissues mainly
through facilitated diffusion. If the blood glucose
concentration is too low, conditions are not con-
ducive for glucose transport across the cell mem-
brane into various tissues; if the blood glucose
concentration is too high, glucose is discharged
in the urine through the kidneys. The human
brain consumes a considerable amount of energy
but stores very little glycogen. It normally derives
almost all of its energy from the aerobic oxida-
tion of glucose in the blood. Therefore, low blood



1 Determination of Glucose and Continuous Glucose Monitoring 3
From To
Gastro- i idati
e Digestion —> Aerobic oxidation
tract - Energy supplement
Absorption —> Anaerobic glycolysis

Hepatic glycogenolysis Tissues

uptake

Gluconeogenesis —— Transform to lipid

Liver

Transformation of other R EGRI
monosaccharides mmol/L

acid and other

l Above the renal

glucose threshold

Fig. 1.1 Pathways of glucose metabolism

Glucosuria

Intake of glucose by
somatic cells from
the circulation

Release of insulin into
the circulation by 8
cell in the pancreas

T
Pancreas Liver

Glucose absorbed by
liver and stored as

Hyperglycemia glycogen

Increasing of blood C

glucose (e.g. after
meals)

’77
1%

Dynamlc equilibrium of the

e”C'ed J
Liver Panceas % .

Hepatic glycogenolysis causing
release of glucose into the circulation

Increasing of blood
glucose to the normal
level leading to reduced
glucagon secretion

Fig. 1.2 Schematic diagram of blood glucose regulation

—> Glycogen synthesis

—_» Transform to amino

Synthesis

:|‘Transformation

carbohydrates or derivatives

Decreasing of blood
glucose to the normal
level leading to reduced
insulin secretion

Decreasing of blood
glucose

Lower blood glucose

Secretion of glucagon
into the circulation by
o cell in the pancreas



Y.F.Wang and W. Jia

glucose can cause coma, convulsions, and irre-
versible damage to brain tissue. In addition, spe-
cific cell types, such as mature red blood cells,
have no functional aerobic oxidase system due to
the lack of mitochondria. They metabolize glu-
cose mainly via glycolysis under normal circum-
stances. That mainly explains why the blood
glucose concentration typically decreases if the
blood cells are not separated in a timely manner
from in vitro blood samples.

The body maintains blood glucose homeosta-
sis under tight regulation by nerves, hormones,
and the liver. During this process, the hypothala-
mus and nerves serve as a command center, hor-
mones as main factors, and the liver as an
important organ for precisely regulating glucose
levels. The hypothalamus directly acts on the
adrenal medulla, islet cells, and liver via the
splanchnic nerves and vagus nerve and regulates
blood glucose through modulating the secretion
of related hormones (Fig. 1.3). The main hor-
mones involved in the regulation of glucose
metabolism include insulin, glucagon, adrena-
line, cortisol, growth hormone, and others.

Insulin is the hormone that has the hypoglycemic
effect in the body. It decreases the blood glucose
level by reducing glucose production via inhibi-
tion of glycogenolysis and gluconeogenesis as
well as enhancing glucose uptake and utilization
by the muscles, liver, and adipose tissue.
Moreover, insulin can promote the formation of
transmembrane glucose gradient through intra-
cellular glucose phosphorylation, which leads to
glucose transportation from blood circulation
into liver cells. This process facilitates hepatic
glycogen production and inhibits gluconeogene-
sis, thereby reducing hepatic glucose output.
Glucagon, adrenaline, cortisol, and growth hor-
mone all have effects on blood glucose that are
opposite to insulin and thus are known as hyper-
glycemic hormones. In healthy individuals, insu-
lin secretion increases when the blood glucose
level is elevated and decreases when the blood
glucose level is decreased. Hyperglycemic hor-
mones act in an opposite fashion to insulin. These
hormones work closely together to maintain
homeostatic glucose levels, i.e., are increased
when hypoglycemia develops. For this reason,
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they are also called counter-regulatory hormones.
When the blood glucose concentration exceeds
the normal value, synthesis of glycogen from
glucose is increased for storage; when the blood
glucose concentration is below the normal level,
the stored hepatic glycogen is immediately bro-
ken down to release glucose into the blood,
increasing the blood glucose level. Hepatic gly-
cogen will soon be depleted when the endoge-
nous glucose consumption sharply increases
(such as during strenuous exercise), while glu-
cose intake or absorption is seriously inadequate,
for example, during starvation. At this time, the
liver can synthesize glycogen utilizing nonsugar
substances such as lactic acid, pyruvate, glycerol,
and a part of glycogenic amino acids, through a
process known as gluconeogenesis, which con-
tributes to keeping adequate levels of glycogen in
the liver. If the body takes in or absorbs a large
amount of sugar, far exceeding the consumption
capacity of the body, the glucose may be trans-
formed into fat for storage.

Detection of Interstitial Fluid
Glucose Concentration
and Its Clinical Significance

1.2

The interstitial fluid refers to the total volume of
extracellular fluid outside of the blood vessels but
excludes the plasma volume, and it accounts for
15% of the bodyweight in adults. The interstitial
fluid contains basically similar ingredients as
plasma, allowing the exchange of metabolites
and nutrients between them, but it does not con-
tain red blood cells and contains only a small
amount of protein. Under normal circumstances,
the vast majority of interstitial fluid can rapidly
exchange with blood or intracellular fluid, known
as functional extracellular fluid (Fig. 1.4). Thus,
it plays an important role in maintaining fluid and
electrolyte balances in the body. A part of inter-
stitial fluid becomes lymph fluid and is absorbed
back into systemic circulation via lymph vessels.
There is also a small part of the interstitial fluid,
accounting for only approximately 10% of the
interstitial fluid, which plays only a small role in
maintaining the balance of fluid and electrolytes.

tissue cells

Fig. 1.4 Illustration of exchange between capillaries and
the interstitial fluid

This type of interstitial fluid is known as “non-
functional extracellular fluid.”

Glucose in the blood transfuses into the inter-
stitial fluid by facilitated diffusion, and interstitial
glucose is consumed or returned back to plasma.
The glucose concentrations in blood and subcuta-
neous interstitial fluid are highly correlated. Thus,
it is possible to continuously monitor subcutane-
ous interstitial fluid glucose to reflect the changes
of blood glucose concentrations [2, 3]. The inter-
stitial fluid glucose physiologically lags 4—10 min
behind plasma glucose [3—5]. When the blood glu-
cose changes rapidly, the balance between plasma
and interstitial fluid glucose will be broken, and
rebalance takes a relatively long time, which will
exacerbate the lagging time between them.

However, there are some situations, such as
during hypoglycemia, when changes in blood
glucose concentrations lag behind interstitial
fluid glucose concentrations. That is, when blood
glucose becomes extremely low, the concentra-
tions of glucose in other parts of the body may be
even lower. On one hand, glucose consumption
occurs in tissues and cells with insufficient glu-
cose supply, resulting in low transport velocity in
relation to glucose consumption in cells, which
has been proven by experimental research and in
some patients with type 1 diabetes [4, 6]. On the
other hand, insulin stimulates the utilization of
glucose by cells, causing a decrease in interstitial
glucose prior to blood glucose. Since interstitial
fluid is the “first site” of cells and tissues that uti-
lizes glucose, from this perspective, monitoring
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interstitial glucose is perhaps of more clinical
significance than blood glucose [4].

For normal individuals, the differences in
glucose concentrations between interstitial fluid
and blood are very small, even negligible, except
for on a few occasions, e.g., after consumption
of sugary beverages (within about half an hour
to an hour). However, for patients with diabe-
tes, especially type 1 diabetes, the differences
in concentrations are increased as glucose fluc-
tuations become larger. Measured by the rate of
change in blood glucose, the faster the blood
glucose changes, the longer the lagging time is,
leading to increased differences and worse cor-
relations between blood glucose and interstitial
fluid glucose [3, 4, 7, 8]. Therefore, when the
interstitial fluid glucose concentration is incon-
sistent with the blood glucose concentration, for
instance, during hypoglycemic events, will there
be any clinical value in measuring glucose con-
centration in the interstitial fluid by sensors? In
fact, the interstitial fluid is the main place where
the body utilizes glucose and suffers damage
by glucose abnormalities (e.g., hyperglycemia
or hypoglycemia). Therefore, it is able to truly
reflect the degree of glucose changes patho-
physiologically. In clinical practice, measuring
blood glucose instead of interstitial glucose is
not because the former is superior than the later,
but because there has been no reliable and con-
venient method to measure interstitial glucose
level in the past [3, 4].

1.3 Principle and Classification

of CGM Technology

The detection methods for measuring interstitial
fluid glucose concentration are mainly divided
into two categories. One is minimally invasive
technology, which involves continuously moni-
toring interstitial glucose concentrations with a
subcutaneous glucose sensor, also known as a
CGM system. CGM systems can be classified as
retrospective CGM systems, real-time CGM
systems, and flash glucose monitoring system
[1, 9, 10]. The other is noninvasive technology,

which involves extracting glucose across the
skin to monitor glycemia using weak current
electrodes close against the skin, also known as
reverse iontophoresis or the microdialysis tech-
nique [11].

In 1999, the first retrospective CGM system
was approved by the US Food and Drug
Administration (FDA), and it was later approved
by China Food and Drug Administration (CFDA)
in 2001 for clinical application and research. The
retrospective CGM system consists of a glucose
sensor, a cable, a blood glucose recorder, an
information extractor, and analysis software. The
sensor is composed of a semipermeable mem-
brane, glucose oxidase (GOD), and a microelec-
trode, on which chemical reactions are initiated
with interstitial fluid glucose to generate electri-
cal signals upon subcutaneous implantation at the
umbilical level. Moreover, with the help of analy-
sis software, CGM can be used to view and ana-
lyze multiday glucose trends and daily glucose
profiles and also to detect imperceptible hyper-
glycemia, hypoglycemia, and glucose variability,
truly reflecting the glucose changes in patients.
Therefore, CGM has been widely used in clinical
practice [12].

In 2002, the first GlucoWatch G2 Biographer
(GW2B) was approved by the US FDA. It is
slightly larger in appearance than the average
watch. When worn on the wrist, the watch con-
tacts with the human skin through a layer of gel
pad, where two electrodes are set. Micro-current
extracts interstitial glucose molecules from the
skin when they pass through the electrodes, and
glucose interacts with the GOD to generate an
electrical current. The device automatically
detects the glucose level every 10 min for up to
13 h continuously. When the glucose concentra-
tion is too high or too low, the device will give an
alarm. Although the glucose watch has been
approved by the FDA for children over 7 years of
age, one-fourth of measurements still have a
deviation >30%. Thus, it is improper to adjust the
insulin dose based solely on a single glucose
reading. Because of the relative inaccuracy and
uncomfortableness of this device, it is no longer
being manufactured [4, 11, 13].
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Different Glucose
Concentration Displayed
in Human Body

14

The samples for glucose concentration determi-
nation are not limited to arterial or venous blood
but also include peripheral capillary blood, urine,
interstitial fluid, saliva, and tears [14, 15]. Blood
samples can be further subdivided into whole
blood, plasma, and serum. Different blood sam-
ples can display different glucose concentrations
due to various reasons.

1.4.1 Glucose Concentrations in
Three Major Types of Blood

Vessels

1.4.1.1 Venous Blood Glucose

The venous blood is the blood flowing in the
veins of the systemic circulation and the blood
flowing through the pulmonary artery into the
right ventricle during pulmonary circulation. The
venous blood is dark red, and it contains substan-
tial metabolic wastes, such as carbon dioxide,
urea, and others. The venous blood glucose level
is the estimated glucose level after utilization of
glucose by tissues, and it is an important indica-
tor for the screening and diagnosis of diabetes
and evaluation of glycemic control.

1.4.1.2 Arterial Blood Glucose

Arterial blood is the blood flowing in the arteries
of the systemic circulation and the blood flowing
through the pulmonary vein into the left atrium
during pulmonary circulation. Arterial blood is
bright red with high oxygen and low carbon diox-
ide concentrations. Arterial blood glucose is eas-
ily affected by various factors such as food intake
and emotional changes.

1.4.1.3 Capillary Blood Glucose

Usually, the sample collection sites for detect-
ing capillary blood glucose include fingers, ear-
lobes, palm (including the thenar and
hypothenar), toes, forearms, thighs, and other

peripheral capillary

venous

Fig. 1.5 Schematic diagram of different blood sampling
sites

parts. Among them, capillaries are more abun-
dant in fingers, earlobes, palms, and toes. The
tip of the finger is the most common site for
puncture due to convenience (Fig. 1.5). In addi-
tion, the forearm, upper arm, and thigh contain a
less dense distribution of nerve endings and are
potentially less sensitive to pain. These sites can
be used as alternatives site sampling. However,
no clear evidence has shown that alternative site
sampling can enhance adherence [16-19] or
improve glycemic control [18]. A drawback of
alternative site testing is that it may be inaccu-
rate in times of fluctuating blood glucose levels.
Thus, alternate sites are not recommended in the
following situations: right after insulin adminis-
tration, 1-2h after food intake, exercising and
the presence of hypoglycemic symptoms [20,
21]. Furthermore, these alternate sites should
never be used to calibrate a CGM.

Capillaries are at the intersections of arteries
and veins, and the blood composition is closer to
arterial blood. Capillary, arterial, and venous
blood glucose values are almost equal after fast-
ing for 8—10 h. After food intake or consumption
of sugar, the glucose absorbed in the intestine is
transported through the vena cava back to the
heart, then flows through the arteries into periph-
eral capillaries where glucose is consumed by
tissues, and finally flows out into the vein.
Accordingly, arterial blood glucose is about 8%
higher than venous blood glucose, and the differ-
ence peaks at 0.5-1.0 h after food intake or sugar
consumption. The arterial and venous blood glu-
cose concentrations become equal at 3 h after
food intake or sugar consumption.
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1.4.2 Glucose Concentrations
in Plasma and Serum

1.4.2.1 Plasma Glucose

Plasma is the liquid component of blood. It is
separated from anticoagulated fresh blood sam-
ples by centrifugation or sedimentation followed
by a collection of slight yellow or colorless fluid
in supernatants. Water is the main constituent of
blood plasma; it makes up 90-92% of its volume.
The dissolved substrates in plasma include
plasma protein, glucose, inorganic salts, hor-
mones, carbon dioxide, and others. Detection of
plasma glucose concentration is an important
means for diabetes diagnosis. The World Health
Organization (WHO) guidelines on diabetes rec-
ommend the use of venous plasma glucose for
the diagnosis of diabetes.

1.4.2.2 Serum Glucose

The serum is the clear, light yellow liquid, sepa-
rated out of blood after coagulation. The blood
sample in a test tube will rapidly solidify in the
absence of anticoagulants due to the activation of
the coagulation reaction. After clot contraction,
the light yellow, transparent liquid surrounding
the clot is serum. It can also be obtained by cen-
trifugation after the addition of coagulants.

1.4.2.3 Comparison of Plasma Versus
Serum Glucose

The serum does not contain fibrinogen that can
be converted into fibrin. That is the most signifi-
cant difference between plasma and serum.
Theoretically, plasma and serum glucose concen-
trations are the same. In reality though, the serum
glucose concentration is often slightly lower,
because the blood cells in plasma are separated
and removed immediately after sample collec-
tion, thus avoiding glucose glycolysis in blood,
whereas for serum samples, 1-3 h are usually
required for blood coagulation and clot contrac-
tion before centrifugation, during which glucose
glycolysis may occur. The plasma components
should be separated as soon as possible after
sample collection. Due to ongoing glycolysis, the
red blood cells continuously consume glucose in
plasma, leading to a 5-7% reduction in plasma

glucose per hour, if the in vitro whole blood sam-
ple is not separated in a timely manner.

1.4.2.4 Comparison of Plasma Versus
Whole Blood Glucose

Plasma and serum differ from whole blood in that
the cellular components have been removed. The
whole blood and plasma have the same molar
concentration of glucose. Glucose is soluble only
in water, and cells contain less water content than
plasma does, so the concentration of glucose per
unit volume of plasma is greater than that of
blood cells. Glucose can easily diffuse through
the membrane of red blood cells. The plasma glu-
cose concentration is about 11% higher than that
in the whole blood, and in return, the whole blood
glucose value is 10-15% lower than that in
plasma or serum. For samples with the same
plasma glucose concentration, the whole blood
glucose value is reversely correlated with hema-
tocrit; that is, high hematocrit leads to a low
blood glucose value and vice versa (Table 1.1)
[22, 23]. Whole blood thus has a lower glucose
concentration by approximately 12% compared
to plasma at a normal hematocrit of 35-45%. In
the past, glucose meters usually displayed whole
blood glucose readings, and now the readings on
glucose meters mostly have been converted into
plasma glucose values [24] (Fig. 1.6).

1.4.2.5 Urine Glucose

Urine glucose refers to the glucose level in the
urine. In some parts of the world, urine glucose
has been the most commonly used method for
diabetes monitoring. When the blood flows
through the kidneys, the plasma glucose filters
through the glomeruli into tubules, and the major-
ity of glucose in the renal tubules is reabsorbed

Table 1.1 Differences between whole blood glucose and
plasma glucose at different hematocrit levels

Hematocrit | Whole blood glucose | Plasma glucose
(%) values (mmol/L) values (mmol/L)
25 9.40 10.0

35 9.16 10.0

45 8.92 10.0

55 8.68 10.0

65 8.44 10.0
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(0
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10 mmol/L
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7 mmol/L

When hematocrit value (HCT)=40%, e.g. the plasma
glucose level is 10.0 mmol/L and the glucose level inside
the erythrocytes is 7.0 mmol/L, the blood glucose level is
8.8 mmol/L calculated as 10.0 mmol/L x 0.6 + 7.0 mmol/L
x 0.4=8.8 mmol/L.

Fig. 1.6 Whole blood glucose and plasma glucose

into the blood. In normal individuals, the daily
excretion of glucose was between 32 and 93 mg,
which is undetectable and mostly tests as negative
in the qualitative test. Glucose excretion greater
than 0.83 mmol per 24 h is defined as glucosuria
and usually tests as positive in the qualitative test.

Renal threshold for glucose excretion refers
to the lowest blood glucose level that correlates
with the first detectable appearance of urine
glucose. Glycosuria appears when the blood
glucose rises above this level and vice versa.
The renal threshold for glucose excretion in nor-
mal individuals is 8.9-10.0 mmol/L. However,
patients with kidney diseases and the elderly
may have an increased renal glucose threshold
due to a deceased glomerular filtration rate.
For some elderly patients with diabetes, even
if the blood glucose is more than 13.9 mmol/L,
their urine glucose can be negative. On the con-
trary, renal glycosuria may occur because of
the lowering of the renal threshold for glucose
excretion, manifested by the presence of urine
glucose without hyperglycemia. For instance,
some pregnant women, especially primipa-
ras, experience glycosuria because the renal
threshold normally decreases during pregnancy.
Finally, the urine glucose represents an aver-
age of the glucose excretion over the time since

the last voiding rather than accurately reflect-
ing the blood glucose at the time of urination.
Previously, “double voiding” was used to over-
come this problem.

1.4.2.6 Cerebrospinal Fluid (CSF)
Glucose

Normal CSF glucose levels vary between 2.5 and
4.4 mmol/L, which is about 50-80% of levels in
the blood. Decreased glucose concentrations in
CSF are seen in patients with bacterial or crypto-
coccal meningitis and malignant brain tumors and
are related to accelerated glycolysis. Increased
glucose concentrations in CSF are seen in hyper-
glycemia, viral infections of the central nervous
system, brain trauma, posterior fossa tumors or
tumors at the bottom of the third ventricle, hyper-
pyrexia, and other conditions, which are related to
increased blood-brain barrier permeability.

The CSF/blood glucose ratio is normally main-
tained relatively constant, which used to be
explained by the theory that the free transport of
glucose across the blood-brain barrier. However,
currently it is recognized that this transport is not
based on simple dispersion, but membrane trans-
portation, known as carrier-mediated transport or
carrier-mediated dispersion. The glucose level in
CSF depends on the following factors: (1) blood
glucose concentration, (2) blood-brain barrier per-
meability, (3) the degree of glucose glycolysis in
CSF, and (4) the capacity of the transport system.

1.4.2.7 Salivary Glucose
Saliva is secreted from the salivary glands (parotid
gland, submandibular gland, sublingual gland, and
minor salivary glands). It moisturizes food, pro-
tects the membranes of the mouth, and facilitates
digestion. The saliva has a relatively complex
chemical composition, which is partially similar to
plasma, including urea, creatinine, uric acid, cal-
cium, inorganic phosphorus, and some steroids or
therapeutic drugs. Due to the capacity for noninva-
sive collection and easy accessibility, saliva has
been used for monitoring certain plasma compo-
nents or concentrations of therapeutic drugs [14].
Studies have shown an increased permeabil-
ity in the parotid basement membrane in type 1
diabetes [25]. When the blood glucose rises,
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large amounts of glucose flow into saliva with
saliva secretion. In ten cases of newly diagnosed
type 1 diabetes aged 4-15 years old, the saliva
glucose level was found to be significantly
higher than that in normal individuals, which
might be helpful for the early diagnosis of type 1
diabetes mellitus. After insulin treatment, plasma
glucose concentration decreases, accompanied
by a decrease in the saliva glucose concentra-
tion, indicating that good glycemic control is
associated with a decreased salivary glucose
concentration. Moreover, the duration of diabe-
tes may also have an impact on the saliva glu-
cose concentration. In some patients with a
longer duration of diabetes, similar to the renal
threshold for glucose, saliva secretion also has a
threshold of 8—15 mmol/L, at which level the
glands promote glucose secretion. Saliva, as a
specimen that is easy to access and can be col-
lected noninvasively, can be a substitute for
plasma in the determination of certain plasma
ingredients. If a correlation between salivary and
plasma glucose levels can be established, it is
expected that the saliva glucose concentration
can be used for glucose monitoring in diabetes
patients, in an attempt to reduce frequent blood
sampling and alleviate pain.

1.4.2.8 Tear Glucose
The determination of glucose in tear fluids has
many advantages, including high sensitivity, non-
invasiveness, easy accessibility, simple opera-
tion, stable glucose level, and fewer influential
factors, under the premise of a unified collection
method. In normal subjects, the glucose levels in
the tears averaged 0.14 + 0.07 mmol/L, and dia-
betes patients have an increased tear glucose
level of 0.32 + 0.18 mmol/L.

At present, there are a variety of methods for
detecting tear glucose, and three methods are
mainly used:

1. March et al. [26] first developed glucose-sens-
ing corneal contact lenses based on the inten-
sity of fluorescence. When the tear glucose
rises, the fluorescence signal on the corneal
contact lens is enhanced, but it does not repre-
sent a specific value of tear glucose.

2. Badugu et al. [27] developed a colorless cor-
neal contact lens, on which fluorophore-con-
taining boric acid reacts with glucose to
generate fluorescence. The glucose level in
tears can thus be measured by spectrophoto-
metric absorption of the fluorescence.

3. Tear glucose can also be detected by high-
performance liquid chromatography/mass
spectrometry analysis [14]. A new smart con-
tact lens was being developed that would
allow wearers to measure tear glucose and
transfer the result to a recorder or apps on the
phone wirelessly.

1.4.3 Glycemic Parameters
Reflecting Different Time
Periods

In addition to reflecting instant glucose con-
centrations, urine glucose can reflect the mean
blood glucose (MBG) over the previous 2—6 h.
CGM can display continuous changes in blood
glucose for 3-7 days; 1,5-anhydroglucitol (1,5-
AQG) can represent the MBG over the previous
1-2 weeks; and glycated albumin (GA) and
glycated hemoglobin A,. (HbA,.) can reflect
the average blood glucose levels over the pre-
vious 2-3 weeks and 2-3 months, respectively
(Fig. 1.7). 1,5-AG is a 1-deoxy form of gluco-
pyranose with a structure similar to glucose.
Importantly, patients with diabetes mellitus

HbA,

GA

1,5-AG

Indicators

CGM

urine glucose

blood glucose

26h 3-7d 12w 2-3w
Time duration

2-3m

Fig. 1.7 Glycemic parameters reflecting different time
periods
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exhibit significantly lower levels of 1,5-AG
than normoglycemic individuals. 1,5-AG was
approved by the US FDA in 2003 as a short-
term marker of glycemic control [15, 28].
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Introduction of Continuous
Glucose Monitoring Technology

J.Y.LuandY. Bao

Glucose monitoring is an important part of diabetes
management, from self-monitoring of fasting and
postprandial 2-h blood glucose to continuous glu-
cose monitoring (CGM). Other metrics for moni-
toring diabetes include glycated hemoglobin A,
(HbA,.) and glycated albumin (GA). Among these,
self-monitoring of blood glucose (SMBG) is the
basic form of glucose monitoring, whereas HbA .
is a gold standard for assessing glycemic control.
However, HbA . and SMBG have their own limi-
tations. The HbA . reflects the mean blood glucose
(MBG) level over the past 2—-3 months. Thus, there
is a “delayed effect” for assessing the efficacy of
a treatment. Moreover, HbA,. cannot accurately
predict the risk of hypoglycemia, nor does it fully
reflect the characteristics of blood glucose fluctua-
tions. SMBG is unable to fully exhibit the blood
glucose profile of a whole day. Therefore, in recent
years, the development of CGM technology has
become an important supplement to traditional
glucose monitoring methods because of the limit
on the amount of SMBG patients are willing to do.
CGM is gradually being popularized and applied
in clinical practice.

CGM identifies the glucose concentrations in
subcutaneous interstitial fluid through a glucose
sensor. It is able to provide continuous, compre-
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hensive, and reliable all-day glucose profiles,
thereby allowing for an understanding of trends
in blood glucose fluctuations and the detection
of occult hyperglycemia and hypoglycemia.
Therefore, the main feature of CGM technology
is that it indirectly reflects blood glucose levels
by measuring interstitial fluid glucose concen-
trations with glucose sensors, in contrast with
SMBG. The main characteristics of the two glu-
cose monitoring methods are shown in Table 2.1.

2.1 Development of CGM

Technology

The development of CGM has been largely
dependent on the evolution of glucose sensors.
For the sake of sensitivity, repeatability, and reli-
ability, the vast majority of glucose sensors are
designed based on an electrochemical principle
that was first proposed by Clark and Lyons in
1962 [2]. Glucose oxidase (GOD) has a very
high specificity for glucose. GOD has many
advantages, including being easily accessible,
inexpensive, and resistant to extreme tempera-
ture, pH values, and ionic strength. Moreover, the
requirements for industrial production of GOD
are minimal [3, 4]. Thus, it is the most widely
used catalytic enzyme for the determination of
glucose. All GOD-based glucose sensors work
via the following chemical reactions: GOD cat-
alyzes the oxidation of pf-D-glucose to produce
gluconic acid; concomitantly, oxygen is reduced
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Table 2.1 Comparison of the characteristics of SMBG and CGM [1]

SMBG CGM
Performance | Glucose detection by disposable test strips * Continuous 24-h monitoring through glucose
senor
e Some glucose analyzers have data storage * Data are downloaded into a computer for
function and glycemic data output function qualitative and quantitative analysis of
through the software glycemic profiles
Features ¢ Reflects glucose value at a time point, like a | ¢ Reflects continuous glycemic changes, like a

“snapshot”

“movie”

exercise, etc.

Sporadic glycemic data, partially reflecting * Continuous glycemic data, fully reflecting the
the glycemic changes with diet, drugs,

glycemic changes with diet, drugs, exercise,
etc.

of glucose values

Retrospective analysis based on the output » Reflects the direction or speed of glucose

changes and helps patients to understand the
overall trends and individualized features of
glucose changes

Measurement | ¢ Measures blood glucose
methods

Measures glucose concentration in
subcutaneous interstitial fluid to indirectly
reflect blood glucose level

fingertip or other sites

Uses test strips and a pricker, mostly at the  Sensors are implanted in the subcutaneous

tissue at the abdomen (mostly) or arm

to generate hydrogen peroxide (H,0,); the reac-
tion process is accompanied by electron transfer
between substances; and the amount of electron
transfer is associated with the glucose concentra-
tion. Sensor-based methods for glucose detec-
tion are based on (1) measuring the consumption
of oxygen, (2) measuring the quantity of H,O,
generation, and (3) measuring electron trans-
fer between GOD and the electrode with redox
mediators.

With the development of technology, the elec-
trochemical glucose sensor has evolved to the
third generation.

The first-generation glucose sensor: the con-
cept of the sensor for measuring glucose levels
was first proposed by Clark and Lyons in 1962
[2]. This glucose sensor was composed of a thin
layer of GOD, an oxygen electrode, an inner
oxygen semipermeable membrane, and an outer
dialysis membrane. The change in the measured
oxygen concentration was proportional to the glu-
cose concentration. In 1967, Updike and Hicks
[5] significantly simplified the electrochemi-
cal glucose assay by immobilizing and thereby
stabilizing GOD in a polyacrylamide gel on the
oxygen electrode and for the first time measured
glucose concentration in biological fluids. The
first commercial glucose sensor was introduced

by Yellow Springs Instrument (Y SI) for the direct
measurement of glucose in 1975 and was based
on the amperometric detection of H,O,. This ana-
lyzer was almost exclusively applied in clinical
laboratories because of its high cost due to the
expensive platinum electrode.

The second-generation glucose sensors: in the
second-generation sensor, the oxidation process of
the GOD is mediated by redox mediators. Oxygen
is no longer involved in the enzymatic reaction;
instead, redox mediators carry electrons from the
GOD to the surface of the working electrode, gen-
erating an electric current with strength propor-
tional to the glucose concentration. In 1984, Cass
et al. [6] successfully used ferrocene as a redox
mediator, which was a landmark event in the devel-
opment of second-generation glucose sensors. The
first electrochemical glucose analyzer for SMBG,
the ExacTech blood glucose meter, was launched
by Medisense Inc. in 1987 [7] and significantly
improved the management of diabetes.

The third-generation glucose sensors: the
third-generation glucose sensors are based on
direct electron transfer between the GOD and the
working electrode without redox mediators [8].
The evolution of this technology directly led to
the development of an in vivo implantable CGM
system.
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In 1974, Albisser et al. [9] first put forward
the idea of in vitro CGM in their artificial pan-
creas project. In 1982, Shichiri et al. [10] buried
the glucose sensor in the subcutaneous area of a
diabetic dog and connected it to an insulin pump,
for the first time achieving in vivo CGM. The
first subcutaneously implanted glucose sensor
was introduced by MiniMed (Northridge, CA,
USA, currently a subordinate of Medtronic) in
1999 and approved by the US Food and Drug
Administration (FDA), initiating the clinical
application of a CGM system. According to the
placement of the glucose sensor and the trans-
mitter that connects to the sensor, CGM systems
are generally divided into minimally invasive
and noninvasive. At present, the minimally inva-
sive CGM systems are most commonly used,

Fig.2.1 The main CGM systems on the market. Notes: (a)
Medtronic Inc. CGMS Gold; (b) Medtronic Inc. Guardian
REAL-Time; (¢) Medtronic Inc. Paradigm REAL-Time;

with a subcutaneously (mostly at the abdomen)
implantable needle-type sensor measuring glu-
cose concentrations in interstitial fluid, which
can indirectly reflect the blood glucose level.
The life span of implantable glucose sensors is
3—14 days. This device can display updated real-
time glucose concentrations every 1-5 min and
requires calibration by fingertip glucose levels
for one to four times every day.

2.2 Technical Characteristics

of CGM System

Several main CGM systems (Fig. 2.1) and their
parameters and characteristics are listed as fol-
lows [11] (Table 2.2).

(d) Dexcom SEVEN PLUS; (e) Dexcom G4 PLATINUM;
(f) Dexcom G5 Mobile; (g) Abbott FreeStyle Navigator;
(h) Abbott FreeStyle Navigator II
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Table 2.2 Technical characteristics of common CGM systems on the market [11]

Guardian SEVEN FreeStyle FreeStyle
Parameters CGMS Gold | REAL-Time | Plus G4 Platinum | Navigator Navigator 11
Time to market (year) 2003 2009 2009 2012 2008 2011
Life span of glucose 72 72 128 128 120 120
sensor (h)
Initialization time (h) 2 2 2 2 10 10
Detection frequency 5 5 5 5 1 1
(min)
Frequency of calibration |12 12 16 16 4 4
required (times)
Retrospective or real Retrospective | Real time Real Real time Real time Real time
time time
High/low glucose alarm | No Yes Yes Yes Yes Yes
Predictive alert feature No Yes Yes Yes Yes Yes
Integration with insulin | No Yes No Yes No No
pump

Reprint with permission from International Journal of Endocrinology and Metabolism

Fig.2.2 The
monitoring principle of
CGM technology

2.2.1 Maedtronicinc.

In 1999, the first commercialized subcutane-
ously implanted glucose sensor, or the so-called
retrospective CGM system, was introduced by
MiniMed Inc. (Northridge, CA, USA, acquired
by Medtronic Inc. in 2001). Its upgraded prod-
uct, CGMS Gold, was approved in 2003. The
CGM system consists of a glucose sensor,
a cable, a glucose recorder, an information
extractor, and an analysis software and other
components. The sensor is composed of a semi-
permeable membrane, GOD, and a microelec-
trode, on which a chemical reaction is initiated
with interstitial fluid glucose to generate elec-
trical signals upon subcutaneous implantation
at the umbilical level (Fig. 2.2). The recorder
receives electrical signal every 10 s through
the cable and converts it into a glucose value

every 5 min for up to 288 glucose readings per
day. Subjects wear the recorder for 72 h; during
which time, a minimum of three to four finger-
tip blood glucose readings must be entered per
day in order to calibrate the device. Also, the
events that may affect the blood glucose fluc-
tuations, such as meal intake, exercise, hypogly-
cemic agents, and hypoglycemic episodes, are
recorded in a logbook for entry into the system’s
software. After 3 days, the data can be down-
loaded to a computer by a data extractor and
analyzed by special analysis software; thus the
dynamic changes of blood glucose over 3 con-
secutive days are obtained. The accurate glyce-
mic data are presented in the form of graphs, pie
charts, and tables, combined with the marked
events that affect the changes in blood glucose,
quantitatively and qualitatively reflecting the
glycemic characteristics of the subjects.
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Fig. 2.3 The different
CGM glucose values

Algorithm of real-time CGM system: calculating
CGM values by the proximate adjusted 4 blood

calculated by a glucose values |
retrospective algorithm II 1
and a real-time | :
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Algorithm of retrospective CGM system: calculating
CGM values by the adjusted 4 blood glucose values
within 24 + 12 hours

In 2011, a new generation of retrospective
iPro2 system came onto the market and was
approved to enter the Chinese market by the
China Food and Drug Administration (CFDA)
in 2015. The iPro2 system has advantages of
small size, easy to wear, concealed carry, simple
operation, higher accuracy, and high-speed data
loading via USB, as compared with other retro-
spective CGM system. However, iPro2 still needs
calibration two to four times a day.

In 2004, Medtronic launched the Guardian
CGM system, which has been approved by the
US FDA. In contrast to CGMS Gold, the big-
gest advantage of the Guardian CGM system is
the integration of the alarm function for hyper-
glycemia and hypoglycemia. The Guardian
REAL-Time CGM System was approved by
the US FDA in 2005, and the updated version
of Guardian REAL-Time CGM was approved
in 2009 and formally entered the Chinese mar-
ket in 2013. The data transmitter and receiver
are connected wirelessly. In addition to the
alarm function, the Guardian REAL-Time
CGM integrates real-time display function,
which can present glucose curves at 3, 6, 12,
and 24 h. In addition, another important advan-
tage of this system is its predictive alert fea-
ture for hyperglycemia or hypoglycemia (up
to 30 min in advance), by the indication of
the number of upper and lower arrows, which

suggests the trend and speed of blood glucose
changes. The start-up initialization is 2 h and
requires calibrations with blood glucose values
at the second and eighth hours after installation
and at every 12 h thereafter. It is worth not-
ing that, due to the real-time display feature,
the algorithm for the real-time CGM system is
different from that of the retrospective CGM
system (Fig. 2.3).

In 2006, Medtronic launched the Paradigm
REAL-Time dynamic insulin pump system and,
for the first time, achieved integration of real-
time CGM and an insulin pump. Since then,
Medtronic has introduced the Paradigm Veo
system, which automatically suspends insulin
infusion while glucose is below the preset value.
In September 2016, the FDA approved the
MiniMed 670G system, the world’s first semi-
automatic, closed-loop CGM-insulin pump sys-
tem certified by the US FDA. This semiautomatic
system automatically adjusts insulin basal rates
every 5 min based on real-time CGM measure-
ments; however, it still requires a manual bolus
of insulin to be administered before meals. This
system is applicable to type 1 diabetes patients
aged 14 years old and above. Patients using the
MiniMed 670G must calibrate the sensor at
least every 12 h, change the glucose sensor
weekly, and refill the insulin reservoir every
3 days.
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2.2.2 Dexcom Inc.

The STS CGM system was developed by Dexcom
Inc. (San Diego, CA, USA) and approved by the
US FDA in 2006 as the first generation of the
commercial Dexcom CGM system. It consists
of a glucose sensor, a sensor introducer needle,
a data transmitter, and a data receiver/displayer.
The STS CGM displays updated real-time glu-
cose concentrations every 5 min and gives alarms
for hypoglycemic and hyperglycemic excursions.
The disposable sensor can be used for 3 days,
with an initialization time of 2 h.

SEVEN is the second-generation Dexcom
CGM system to be approved by the US FDA for
up to 7 days of continual use. This improvement
diminishes the frequency of sensor replacement
and resultantly reduces the economic burden
on patients as well as the discomfort caused by
the replacement of the glucose sensor. SEVEN
PLUS is an upgraded version, and it integrates a
predictive alert feature.

In 2012, Dexcom Inc. introduced the G4
PLATINUM system whose monitoring accuracy
was increased by 20% and weight was reduced
by about 30% compared with the SEVEN PLUS
system. The glucose sensor, transmitter, and
receiver are smaller; the diameter of the glucose
sensor is similar to that of a hair. The maximum
distance between the transmitter and receiver in
wireless communication is up to 6 m. In the ini-
tial 30 min after the initialization, it requires two
calibrations with a fingertip glucose value and
recalibration every 12 h thereafter.

In 2015, Dexcom released its latest product,
the G5 Mobile system. The biggest feature of
this system is the use of a corresponding applica-
tion on smartphone as the data receiver, and the
monitoring results can be shared with others, thus
greatly simplifying the operation of CGM.

2.2.3 AbbottInc.

The FreeStyle Navigator is the first-genera-
tion CGM system produced by Abbott Inc.
(Alameda, CA, USA), which was launched in

2008. The system detects glucose once every
minute and updates in real time. The life span
of the implantable glucose sensors is 5 days,
and the measured range is 1.1-19.4 mmol/L
(20-350 mg/dL). It requires four calibrations
with fingertip glucose values (10, 12, 24, and
72 h after installation). The data transmitter is
waterproof and connected to the data receiver
via wireless communication. In addition, one
of the characteristics of FreeStyle Navigator is
that it can directly detect fingertip glucose with
FreeStyle Lite test strips, making the calibration
of glucose convenient. The system also has pre-
dictive alerts within 30 min before reaching a
low or high glucose alarm. Unlike the Guardian
RT, the FreeStyle Navigator does not display
the speed of glucose changes by the number of
upper and lower arrows. It displays only one
arrow, a horizontal arrow representing the rate
of glucose change <1 mg/(dLemin); an upward
or downward arrow represents the rate >2 mg/
(dLemin), and an inclined arrow indicates that
the rate of glucose change is between 1 and
2 mg/(dLemin). It should be noted that after
the system is attached, a 10-h start-up initial-
ization period is required (although improve-
ment has been made to reduce to 1 h in some
updated version); in contrast, other similar
products typically take only 2 h for glucose sen-
sor initialization.

The FreeStyle Navigator II is the second-
generation CGM product from Abbott Inc. It
is designed to offer improved volume, weight,
comfort, and functionality, compared with the
first-generation CGM. One of the key features
of the FreeStyle Navigator II is that the system
is unaffected by daily activities. The user can
swim, bathe, or even exercise when wearing it.
The maximum distance between the transmitter
and receiver in wireless communication is up to
30 m, which is very convenient for use and facili-
tates adherence.

In September 2016, the US FDA approved the
Abbott Libre Pro Professional CGM system. It
is a retrospective CGM, with a glucose sensor
designed for wear for up to 14 days, during which
glucose calibration is not necessary.
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Accuracy Assessment
of Continuous Glucose Monitoring

Technology

J.Zhou and W. Jia

Continuous glucose monitoring (CGM) has
gradually been applied in clinical practice in recent
years. CGM continuously monitors the glucose
concentrations in subcutaneous interstitial fluid
through a glucose sensor. It can detect occult
hyperglycemia, hypoglycemia, and the trends in
glycemic changes that cannot be routinely detected
by self-monitoring of blood glucose (SMBG),
thereby more comprehensively reflecting the char-
acteristics of glycemic fluctuations. Only when
CGM measurements truly reflect the glycemic
level of a patient can it guide decisions on treat-
ment to achieve better glycemic control. Therefore,
the accuracy of CGM is of great importance in dia-
betes management. This chapter introduces the
methods used for assessing the accuracy of CGM
technology in clinical practice.

3.1 Accuracy Assessment
Methods Commonly Used

in Clinical Practice

Accuracy assessment includes both data accu-
racy and clinical accuracy. Data accuracy refers
to the consistency of the measured data with the
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matching reference data. At present, the accuracy
assessment methods for SMBG data commonly
include linear regression and correlation coeffi-
cient method, International Organization for
Standardization (ISO) accuracy standards, and
absolute and relative differences. Among these,
the linear regression and correlation coefficient
methods are widely used as tools for accuracy
evaluation. However, this method ignores the
systematic error between the two inspection
methods. When two methods are used to detect
the same sample, even if the correlation is very
high, the possibility of detection error between
the two methods cannot be ruled out. In other
words, two methods with a high correlation can-
not be alternately used in clinical practice.
Clinical accuracy refers to the accuracy of
medical decisions made based on test results. The
high consistency between two test results leads to
the right clinical decision and vice versa. The
Clarke error grid analysis was originally devel-
oped for clinical accuracy of SMBG [1]. The
Clarke error grid is divided into five zones (A, B,
C, D, and E) with the reference blood glucose
value [usually Yellow Springs Instrument (YSI)
values] as the abscissa and CGM measurements
as the ordinates (Fig. 3.1) [2]. The clinical signifi-
cance of each zone is as follows: region A includes
those values within 20% of the reference sensor
[usually against Yellow Springs Instrument
(YSID)], indicating that the CGM measurements
have no effect on clinical decision and thus meet
the analytical accuracy requirements. Region B
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contains values that deviate from the reference by
>20%, but altered clinical actions have little or no
effect on clinical outcome or would not lead to
inappropriate treatment. Region C contains those
values that deviate from the reference by >20%,
and changes in clinical behaviors are likely to
affect clinical outcomes; that is to say, the test
results are biased and lead to unnecessary or
wrong treatment. Region D includes those values
indicating a potentially dangerous failure to detect
hypoglycemia or hyperglycemia or to achieve tar-
get glycemic goal, and changes in clinical deci-
sion will be at major risk of medical malpractice.
Region E contains those measurements that indi-
cate serious risk of clinical consequences. The
higher the percentage of results in regions A and
B, the more clinically accurate the test is.

3.2  Accuracy Assessment
Methods for CGM

Technology

Compared with SMBG, CGM can not only offer
immediate glucose values but, more importantly,
can reflect the changes in blood glucose along a

Reference BG (mg/dL)

timeline. To this end, the use of traditional meth-
ods alone, such as correlation analysis, cannot
fully evaluate the CGM glucose measurements
(rate accuracy, the direction of glucose changes,
delay effect, etc.). Therefore, researchers have
developed new accuracy assessment methods to
evaluate CGM results, including consensus error
grid analysis and continuous error grid analysis.
The consensus error grid analysis [3], so-called
because it represents the consensus opinion about
risk from 100 diabetes experts, is similar to the
Clarke error grid analysis; however, its distribution
of risk zone looks fan-shaped, radiating from the
45° line with increasing risk. Thus, this pattern con-
tains no discontinuities in risk categories. The risk
categories, in order of increasing severity, were
defined as follows: zone A, no effect on clinical
action; zone B, altered clinical action but little or no
effect on clinical outcome; zone C, altered clinical
action likely to effect clinical outcome; zone D,
altered clinical action could have significant medi-
cal risk; and zone E, altered clinical action could
have dangerous consequences. Previously, we eval-
uated the point and trend accuracy of a retrospective
CGM system against YSI glucose measurements in
11 patients with type 2 diabetes mellitus by frequent
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venous blood sampling. The results of consensus
error grid analysis are shown in Fig. 3.2 [2]. The
results showed that 100% of paired YSI-CGM data
fell in zones A and B (96.2% in zone A, 3.8% in
zone B). Further analysis showed that the accuracy
of the CGM system varied with blood glucose
range: more than 96% of paired values fell within
zone A when glucose >6.6 mmol/L, and 100% and
89.7% of values fell within zone A when glucose
concentrations were 2.2-4.4 mmol/L and 4.4
6.6 mmol/L, respectively (Table 3.1).

Continuous  glucose-error  grid  analysis
(CG-EGA) is anew method for clinical evaluation
of CGM system established by Kovatchev et al.

[4] in 2004 based on traditional error grid analy-
sis. It evaluates the accuracy of CGM measure-
ments in terms of both point glucose values and
trends in glucose changes (speed and direction).
The CG-EGA combines point and rate accuracy
separately for each of the three critical blood
glucose ranges: hypoglycemia (blood glucose
<3.9 mmol/L), euglycemia (3.9 mmol/L < blood
glucose <10 mmol/L), and hyperglycemia (glu-
cose >10 mmol/L) using distinct matrices of point
versus rate accuracy. These matrices reflect the
relative importance of point versus rate accuracy
in different clinical situations. In summary, the
metrics of CGM accuracy can be classified into

Fig.3.2 Consensus 400
error grid analysis of
paired Y SI-retrospective
CGM data (n = 319) [2] 350
(Reprint with permission
from Chinese Journal of 300
Diabetes Mellitus)
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Table 3.1 Consensus error grid analysis of paired YSI-retrospective CGM data at different glycemic ranges [number

of pairs (%)] [2]

YSI value
Total 2.2-4.4 mmol/L >4.4-6.6 mmol/L >6.6—13.3 mmol/L >13.3-22.2 mmol/L

A+B 319 (100.0) |10 (100.0) 39 (100.0) 199 (100.0) 71 (100.0)

A 307 (96.2) 10 (100.0) 35 (89.7) 191 (96.0) 71 (100.0)

B 12 (3.8) 0(0.0) 4(10.3) 8 (4.0) 0(0.0)

C 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)

D 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)

E 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)

Total 319 (100.0) |10 (3.1) 39 (12.2) 199 (62.4) 71 (22.3)
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Fig. 3.3 Continuous 400
glucose-error grid
analysis of paired

Y SI-real-time CGM
data (n=1317) [5]
(Reprint with permission
from Diabetes
Technology &

Therapeutics)
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a 2 x 2 (numerical-clinical) x (point-rate) accu-
racy table. The higher the percentage of results in
zones A and B, the more clinically accurate the
glucose system is. We conducted a multicenter
study to evaluate the accuracy of a real-time
CGM system. The CG-EGA showed that 99% of
paired YSI-sensor values fell in zones A and B
(89% in zone A, 10% in zone B) (Fig. 3.3). In
addition, the analysis based on the rate of change
in blood glucose showed that 96.9% of paired
YSI-sensor values fell in zones A and B (90% in
zone A, 6.9% in zone B) (Fig. 3.4) [5].

3.3  Accuracy Assessment of CGM

Monitoring Results

The accuracy of CGM results should be assessed
prior to data analysis. Only when the sensor glu-
cose values are confirmed to be valid can they be
used to guide the treatment of patients. At pres-
ent, for different CGM instruments, the accuracy
assessments of monitoring results are different.

For the Medtronic retrospective CGM system,
clinicians can use the analysis software to evalu-
ate the accuracy of glucose sensor data. The cri-
teria for “optimal accuracy” are:

1. At least three paired sensor glucose and meter
glucose values and a correlation coefficient
between the paired sensor glucose and meter
glucose values >0.79.

2. When the range (maximum to minimum) of
meter glucose values is >5.6 mmol/L, the mean
absolute relative difference (MAD) is <28%.

3. When the range of meter glucose values is
<5.6 mmol/L, the MAD is <18%; at that time,
the correlation coefficient (R value) between
the paired sensor glucose and meter glucose
values is presented in the form of “n/a.”

If the CGM glucose measurements fail to
meet the above “optimal accuracy” criteria, this
will be presented in the final report. Therefore,
clinicians need to adjust hypoglycemic regimen
according to clinical judgment.
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Fig. 3.4 Continuous
glucose-error grid
analysis of paired YSI-
real-time CGM data: rate
accuracy (n = 1317) [5]

Estimated rate, d/dt (mg/dL/min)

-4 -3 -2

- 0 1 2 3 4

Reference rate, d/dt (reference BG) (mg/dL/min)

3.4  Factors Affecting
the Accuracy of CGM
Measurements

Various factors can affect the accuracy of CGM
measurements. The accuracy of CGM largely
relies on the technical level of the sensor as well
as the CGM algorithm. The retrospective CGM
system adopts a retrospective algorithm. The big-
gest difference between the retrospective algo-
rithm and real-time algorithm is that the
retrospective algorithm can correct the CGM
values for a specific period of time according to
the trend of all original data when calculating
CGM results. Therefore, the accuracy of a retro-
spective CGM system is generally higher than
that of a real-time CGM system. In addition, the
common influencing factors include:

1. The life span of the sensor. The accuracy is
significantly decreased if the sensor is not
exchanged in a timely manner.

2. CGM sensor glucose values are commonly
calibrated using SMBG glucose values. Thus,

any factor affecting the detection of SMBG
values can also affect the accuracy of CGM.

. If the user incorrectly enters blood glucose

value for calibration, one way to approach this
question is to reenter the correct calibration
blood glucose value as soon as possible. For
the Medtronic retrospective CGM system, if
the user enters calibration blood glucose val-
ues twice within 10 min, the device automati-
cally ignores the first input and takes the
second input value for calibration.

. During periods of dramatic glycemic fluctua-

tions (such as the use of drugs that affect blood
glucose, consumption of a sweet beverage
or snack, excessive exercise, hypoglycemia,
etc.), calibration with the blood glucose value
may affect the accuracy of CGM. It is there-
fore advisable not to enter a calibration blood
glucose value during a time when the blood
glucose changes rapidly.

. Delayed input of calibration blood glucose

value should be avoided.

. The interstitial fluid glucose level physiologi-

cally lags behind the plasma glucose level,
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Fig. 3.5 Comparison of MAD values for daily CGM
results in 530 patients with type 2 diabetes mellitus.
*P < 0.05 vs. intragroup MAD value at previous day [6]
(Reprint with permission from West China Medical
Journal)

especially when the blood glucose changes
rapidly. Calibration with a blood glucose
value at the time immediately after initializa-
tion completion, that is, when the electron sig-
nals are unstable and the glycemic readings
fluctuate sharply, will result in CGM sensor
glucose measurements obviously lagging
behind actual glucose levels.

We reviewed the retrospective CGM data of
530 patients with type 2 diabetes and evaluated
the accuracy of CGM results using MAD [6]. The
results showed that the MAD value decreased
gradually with prolonged monitoring, suggesting
that the accuracy of CGM gradually increased
(Fig. 3.5). In addition, the MAD value in the
intensive insulin therapy group was higher than
that in the oral medication group, suggesting that
the accuracy of CGM might also be associated
with the hypoglycemic regimen, probably due to
an increased glycemic variability in patients with

intensive insulin therapy, which has a certain
impact on accuracy.

Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).
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Operation Standards
for Continuous Glucose

Monitoring

W. Lu and Y. Bao

4.1 Operation Specifications

for Medtronic CGM Systems

Medtronic CGM Systems are usually classified
to retrospective CGMS (for example, CGM Gold,
iPro2) and real-time CGMS (for example,
Guardian REAL-Time, Medtronic Paradigm 722
insulin pump system) (Fig. 4.1). Take iPro2 sys-
tem as an example, performing CGM on a patient
usually includes these steps: patient selection,
arrangement of follow-up visits, sensor insertion,
data recording, data upload, and interpretation of
the report (Fig. 4.2). Both medical practitioners
and patients will work together to make the best
use of the CGMS.

4.2 Sensor Implantation Site

The selection of the sensor implantation site is a
prerequisite for successful implantation of the
continuous glucose monitoring (CGM) sensor.
For adults with diabetes, the CGM sensor is
usually inserted into the subcutaneous fat tissue
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in the lower abdomen. The sensor should not be
implanted at sites for insulin injection or insulin
pump infusion or at areas within 5 cm around
the umbilicus. Patients also should avoid tight
or restrictive clothing that may cause friction at
the implantation site. Sites with scar or atrophy
tissues or sites that move violently during exer-
cise or activity are not suitable for sensor
implantation. However, for children with type 1
diabetes, considering the need for long-term
injection of insulin in the abdomen and to pre-
vent accidental removal of sensor by children,
the recommended implantation site for the sen-
sor is the upper outside aspect of the hip, that is,
the muscle injection site, where CGM is least
affected by sleep and exercise [1, 2] (Fig. 4.3).

4.3 Implantation of Glucose

Sensor

It is important to avoid exerting pressure on the
implantation site during sensor implantation. The
implantation procedure is as follows: (1) place the
sensor in the sensor inserter and set the sensor
inserter leg against the skin at a 45° angle; (2)
place the forefinger and middle finger of one hand
on the sensor inserter leg to maintain it at a correct
angle; (3) press the white button on the sensor
inserter and implant the sensor; (4) check that the
sensor has been inserted properly through the
skin; (5) hold the sensor in place and gently slide
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CGM

retrospective CGM system

CGMS Gold
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iPro2

Fig. 4.1 Classification of Medtronic’s CGM systems

|'/ g

Patient selection: A ALEIEREE Patient Setup: Data Upload Clinician
Cliniclan benefits. Sen_sor insertion R P Interprets report
prescribes Schedule visit. Begin evaluation and makes

iPro2 System.

&

* Insert sensor

¢ Educate patient

¢ Connect iPro2
to sensor

Patient
while at home:

* Takes 4 BG tests
each day

¢ Uses log sheet
to record daily
activities

real-time CGM system

CGM system integrated
with the insulin pump (722)

Guardian REAL-Time

»

recommendations.

* Remove iPro2
and sensor

* Upload /Pro2 and
BG meter data

* Generate reports

g

Fig. 4.2 Steps with the iPro2 System

the inserter away from the sensor; (6) remove the
paper from the adhesive pad; (7) hold the sensor
with two fingers on its base and gently remove the
introducer needle at a 45° angle, avoiding rotation
of the introducer needle; (8) dispose the intro-
ducer needle into a sharps container; and (9)
check for redness, bleeding, pain, tenderness, etc.
If bleeding occurs, the sensor does not have to be
removed; just apply pressure to stop bleeding by
using a piece of gauze dressing.

Sensor Initialization
and Calibration

4.4

Initialization should be allowed for 60—120 min
between implantation of the sensor and the first
blood glucose measurement. During this period,
the sensor is fixed in subcutaneous tissue, and it is
gradually infiltrated with surrounding interstitial
fluid, so that it can respond to glucose level in the
interstitial fluid. The retrospective CGM sensor
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Fig. 4.3 The recommended sensor implantation site for
children with type 1 diabetes

has 1-h period of initialization, and the real-time
CGM sensor has 2-h period of initialization. Some
sensors may even require a longer initialization
duration. Only a new sensor needs initialization,
and a sensor must not be initialized repeatedly.
Abdominal obesity patients are sometimes prone
to present a low electrical current signal after
implantation of a sensor. Instead of immediate ini-
tialization, the user can hold the sensor with his/
her fingers and gently press and rub the sensor to
make full contact with the subcutaneous tissue
fluid, until a stable signal is achieved.

Calibration of the sensor three to four times a
day is recommended, with an interval of no more
than 12 h; otherwise, the glucose monitoring is
interrupted (Fig. 4.4). Typically, the best times to
calibrate are before meals and before bedtime
when glucose levels are stable. Calibration imme-
diately after exercise, within 2-3 h after meals or
within 1.5-2 h after infusion of high-dose insu-
lin, should all be avoided. In the case of real-time
CGM, the sensor should be calibrated at 2 h after
sensor implantation, at 6 h after the first calibra-
tion, and then at least once every 12 h thereafter.
It is also recommended that the sensor should be
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Fig. 4.4 Interrupted retrospective CGM caused by failure to enter a meter glucose value for calibration over a 12-h

period
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Table 4.1 Implantation and calibration of Medtronic real-time CGM sensor

‘ Events

‘ Suggestions

Program 1: Implantation of sensor in the morning

The 1st day
08:30 a.m. Implant sensor, inform precautions Sensor infiltration more than 15 min
09:00 a.m. Connect to the transmitter, green light
flashes
11:00 a.m. The 1st calibration Calibration after display [METER BG NOW]
before lunch
05:00 p.m. The 2nd calibration Before dinner
10:00 p.m. The 3rd calibration Before bedtime
The 2nd-3rd day
07:00 a.m. The 1st calibration Before breakfast
Download data and generate report Complete before the rounds
11:00 a.m. The 2nd calibration Before lunch
05:00 p.m. The 3rd calibration Before dinner
10:00 p.m. The 4th calibration Before bedtime

Program 2: Implantation of sensor in the afternoon

The 1st day

02:00 p.m. Implant sensor, inform precautions Sensor infiltration more than 15 min
02:30 p.m. Connect to the transmitter, green light
flashes
04:30 p.m. The 1st calibration Calibration after display [METER BG NOW]
before dinner
10:00 p.m. The 2nd calibration Before bedtime
The 2nd-3rd day
07:00 a.m. The Ist calibration Before breakfast
Download data and generate report Complete before the rounds
11:00 a.m. The 2nd calibration Before lunch
05:00 p.m. The 3rd calibration Before dinner
10:00 p.m. The 4th calibration Before bedtime

calibrated during times when glucose levels are
stable and there are no “arrows” shown on the
display (Table 4.1).

4.5 Troubleshooting

For the continuous electrical current signal (ISIG,
acronym for interstitial signal, i.e., the electrical
current) and the sensor voltage (VCTR), the cur-
rent signal transmitted by the sensor to the glu-
cose recorder can be viewed on the ISIG display.
When the sensor works normally, the ISIG value
ranges from about 10 to 200 nA, and the VCTR
value is approximately 0.4—1.6 V. When the ISIG
value drops below 1.0 nA, a DISCONNECT
alarm appears. After calibration with a finger-
stick glucose value, if the ratio of glucose

measurements divided by the ISIG exceeds
1.5-15.0, a calibration error (CAL ERR) alarm
appears (Table 4.2).

We have analyzed the CGM alarms in 2171
cases of diabetes patients wearing a retrospec-
tive CGM (CGM Gold) and found that CAL
ERR alarm is the most common type of alarm
(11.0%), with others being less common, for
example, 1.4% disconnection alarms, 5 cases
of high voltage alarms, and 1 case of a low bat-
tery power alarm. Incorrect selection of the
implantation site and improper preservation or
use of the sensor are main causes that lead to
unstable current signal and calibration error
alarms [3]. CGM sensors should be stored in
the refrigerator at 2—-10 °C; otherwise sensor
ineffectiveness or inaccuracy of blood glucose
monitoring results could occur. The sensor
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Table 4.2 Alarm message for Medtronic real-time CGM (Paradigm 722) insulin pump system

Display Causes Solutions
8:35A A calibration is needed to receive Enter a meter blood glucose now
METER sensor glucose readings
BG NOW

Sensor reading invalid
Enter meter BG now
ESC, ACT to clear

1:05P

METER |
BG BY 7:23 p

This is a reminder to
enter meter BG soon
ESC, ACT to clear

A calibration reminder to enter a meter
blood glucose at a set time point

Enter a meter blood glucose to eliminate
[METER BG NOW] alarm

11:17A

HIGH |
200 MG/DL

Glucose is higher than
user specified limit
ESC, ACT to clear

Sensor glucose value is equal to or
higher than user specified high limit

Confirm it using your blood glucose meter.
Treat if necessary based on actual situation

12:05A

LOW ||
40 MG/DL

Glucose is lower than
user specified limit
ESC, ACT to clear i

Sensor glucose value is equal to or
lower than user specified low limit

Confirm it using your blood glucose meter.
Treat if necessary based on actual situation

336

CAL ||
ERROR

Invalid sensor data or
invalid BG value See
user guide ESC, ACT
to clear

The ratio of blood glucose
measurements to current value is not
between 1.5 and 15.0

Recalibrate when the glucose level is stable

10:054

BAD
SENSOR

Replace Sensor
See user guide
ESC, ACT to clear

Sensor problem

1. During initialization, wait for full
infiltration of sensor, then restart

2. If it is caused by two consecutive CAL
ERRs, please replace the sensor

3. If this alarm appears alone, check with
tester

8:35A

SENSOR
END

Replace Sensor See
user guide ESC, ACT
to clear

The sensor reaches the maximum
service life of 72 h

Replace sensor

12:52P

SENSOR|
ERROR

Sensor failed self-
test See user guide

ESC, ACT to clear

Sensor error

1. Clear it if during initialization or only one
reminder
2. If two or more reminders, replace sensor

TUATA
LOST
SENSOR

Pump no longer
getting Sensor data
See user guide ESC
ACT to clear

Lost sensor signal

1. Check that the sensor is still inserted in the
skin and the transmitter and sensor are still
connected

2. Use the “Find Lost Sensor” function to
find the sensor

3. If it occurs repeatedly during
initialization, turn off the sensor for 2 h
before turning on

(continued)
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Table 4.2 (continued)

Display Causes Solutions
9:428 Communication between pump and Move insulin pump closer to the transmitter
WEAK transmitter has been lost up to the limit
SIGNAL

Sensor too far away
from pump See user
guide ESC, ACT to
clear

time (by Missed Data setting)

12:00A Low battery of transmitter

LOW |
TRANSMTR

Replace transmitier
now ESC, ACT to clear

Disconnect and charge the transmitter

8354 No power of transmitter

BAD
TRANSMTR

Replace
transmitter now
ESC, ACT to clear

Immediately charge the transmitter for about
8 h until the green light on transmitter does
not flash

Admission

Doctors will collect the
medical history, do the

physical examination
~ and then make treat-
ment plans (including
CGM)

Feedback to the doctors
for adjustment

» Full communication with the patients
» Daily follow-up with the operation of the equipment
» Recording the basic information of the patients on file

« Installation and operation
Downloading data after removal of the equipment

Fig. 4.5 The workflow of CGM system installation carried out by specialized, full-time nurses

should be placed at room temperature for at
least 10 min after removal from refrigerator to
restore the activity of glucose oxidase (GOD).
According to our experience from clinical
practice, appropriate extension of the time
facilitates normal operation of the sensor and
reduces the occurrence of alarms. Also, the
sensor should be recalibrated whenever an

alarm appears. The CGM system does not
record monitoring results until calibration with
the finger-stick glucose value is eligible, that
is, the ratio of glucose measurements divided
by ISIG within 1.5-15.0 (Table 4.2).

With experience from more than 10 years of
clinical practice, we recommend that CGM sys-
tems should be operated, maintained, and
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managed by specialized, full-time nurses and be
stored or placed separately (Fig. 4.5), which is
conducive to patient education and avoidance of
the causes for alarms during operation, ensuring
successful usage of CGM systems.

Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).
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Methods for Interpreting
Continuous Glucose Monitoring

Graphs

M. Liand Y. Bao

Through the interpretation of glucose profiles
and graphs obtained by continuous glucose mon-
itoring (CGM), clinicians and patients can mutu-
ally communicate and analyze the short-term
glycemic profiles of patients. The CGM measure-
ments only reflect the blood glucose information
for several days, and they do not represent long-
term glucose profiles. Therefore, the first princi-
ple for interpretation of CGM data is not to
expand the time window. The second principle is
to emphasize the trend and regularity of glucose
fluctuations (rather than individual, specific glu-
cose values) and to find suspicious events that
cause abnormal glucose fluctuations (such as
relationship between abnormal hyperglycemia
and snacks or hypoglycemia and excessive exer-
cise, etc.). As shown in Fig. 5.1, the CGM data of
a newly diagnosed type 2 diabetes patient shows
a typical blood glucose feature of “three peaks
and one valley,” that is, glucose peaks after three
meals and glucose valley at nighttime, and post-
prandial hyperglycemia is most prominent fol-
lowing breakfast. Figure 5.2 shows data for a
case of a special type of diabetes due to pancre-
atectomy for the treatment of pancreatic cancer.
The CGM result does not show a typical “three
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peaks and one valley” feature, and postprandial
hyperglycemia is most prominent from after
lunch until bedtime. The third principle is to
interpret CGM results in an understandable pat-
tern, for instance, statistical reports or charts
(Fig. 5.3), which facilitates good communication
between clinicians and patients.

CGM technology can be divided into two cate-
gories as the retrospective and the real-time CGM
[1]. This chapter introduces the interpretation of
both the retrospective and real-time CGM data both
from the aspect of theory and clinical practice.

5.1 Basic Principles for
Interpretation of a

Retrospective CGM Report

The interpretation of retrospective CGM data
should be conducted in three steps: first, analysis
of nocturnal glucose; second, analysis of pre-
prandial blood glucose; and third, analysis of
postprandial blood glucose. In each step, hypo-
glycemia is observed first, followed by hypergly-
cemia, and the data are analyzed to find specific
causes and to guide treatment adjustment [2].
The reasons for observation of hypoglycemia
first are the following: (1) for patients with diabe-
tes, hypoglycemia is an important and potentially
life-threatening event that needs to be given
priority for treatment; and (2) if the patients
experience both hypoglycemic and hyperglyce-
mic events, the relationship between them should
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Fig. 5.1 The CGM profiles of a newly diagnosed type 2  and each curve reflects the glucose trend over a single day.
diabetes patient whose postprandial hyperglycemia is  The graph can be used to analyze the trend and regularity
most prominent following breakfast. Notes: The graph  of blood glucose fluctuations in the patient

represents an overlay of CGM readings for multiple days,
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Fig.5.2 The CGM profiles of a patient with diabetes induced by pancreatectomy performed as treatment for pancreatic
cancer whose postprandial hyperglycemia is most prominent from after lunch until bedtime
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Fig. 5.3 The CGM graphs and statistical reports of the Medtronic retrospective iPro2 system of a patient with type 2
diabetes

be analyzed, and hyperglycemia should be First, a specific range of blood glucose levels
reevaluated once hypoglycemia is corrected. during nighttime should be defined. Hypoglycemia
is defined as blood glucose decreases to below the

low limit, and hyperglycemia is defined as blood

5.1.1 Interpretation of Nocturnal glucose rises to above the high limit. The target
Blood Glucose blood glucose range can be personalized accord-

ing to different individuals. Once hypoglycemia

Nocturnal blood glucose is defined as the blood occurs, further work-up should be pursued to
glucose levels during the period from the time of determine the causes of the hypoglycemia event,
the last meal or snack in the evening to the morn- for example, overdose of insulin during night-
ing (usually from midnight to 06:00 a.m.) [3]. time, little food uptake, or excessive exercise
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after dinner. If hyperglycemia happens, the above
causes should also be reviewed [4]. A practical
example is presented below.

Case 1 An elderly woman with type 1 diabetes
treated with insulin pump presented with exces-
sive glycemic variability. Her self-monitoring of
blood glucose (SMBG) showed recurrent asymp-
tomatic hypoglycemia. The CGM result at the
first day after admission is shown in Fig. 5.4.

Analysis of CGM data shows that the patient
had recurrent hypoglycemia and the coexistence
of hypoglycemia and hyperglycemia but without
obvious hypoglycemic symptoms. According to
the priority rule mentioned above, hypoglycemia
should be treated first when hypoglycemia and
hyperglycemia coexist. Therefore, the basal rate
of the insulin pump was decreased by 0.05 U/h at
night, and the patient was recommended to eat an

Fig. 5.4 Case 1: CGM 22.2r
profiles of an elderly
patient with type 1
diabetes at the first day 167
of admission. Notes: %
blood glucose levels £

S

@
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Q
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appropriate amount of snack before bedtime. The
follow-up CGM result (Fig. 5.5) shows that noc-
turnal hypoglycemia was corrected.

5.1.2 Interpretation of Preprandial

Blood Glucose

Through the interpretation of preprandial blood
glucose, clinicians can analyze the effects of
insulin injection or other hypoglycemic drugs
before the last meal, the effects of meal intake,
and the effects of exercise after last meal on
blood glucose changes.

Similarly, the first step is to define a range of
target preprandial blood glucose values and then
to analyze the causal relationship between various
factors (such as drugs) and preprandial blood glu-
cose changes. Preprandial blood glucose is inter-
preted in an order of breakfast, lunch, and dinner
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(or the habit of a clinician). First, check if there
exists preprandial hypoglycemia, and analyze the
possible causes if it exists, for example, an over-
dose of insulin before last meal, residual insulin
activity, the length, amount and ingredients of the
last meal, exercise, or other events. Second, simi-
lar causes should be reviewed if there exists pre-
prandial hyperglycemia. Finally, in the case of
hyperglycemia before breakfast, the dawn phe-
nomenon should be taken into consideration.

Case 2 A patient with a 20-year history of dia-
betes was treated with subcutaneous premixed
insulin injection (twice daily). The CGM data at
admission reveals an overall elevated blood glu-
cose during the daytime (Fig. 5.6).

According to the CGM results, we increased
the dosage of premixed insulin before breakfast
in order to control daytime hyperglycemia. The

Fig. 5.6 Case 2: CGM 222¢
profiles reflecting overall
daytime hyperglycemia

in a patient with a

follow-up CGM result shows significant improve-
ment in blood glucose during the daytime, espe-
cially for preprandial blood glucose, for which
the target goal was achieved (Fig. 5.7).

5.1.3 Interpretation of Postprandial

Blood Glucose

In recent years, it has been found that postpran-
dial hyperglycemia is significantly associated
with chronic complications of diabetes and is an
independent risk factor for macrovascular and
microvascular complications [5, 6]. Postprandial
hyperglycemia therefore increasingly attracts
special attention by clinicians. The impact of
acute postprandial glycemic fluctuations on
endothelial function in diabetic patients is also of
concern [7]. Postprandial blood glucose is
defined as the blood glucose changes within 3 h
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after a meal. Factors affecting the changes in
postprandial blood glucose are the following: use
of insulin or oral hypoglycemic drugs before a
meal, the amount and ingredients of the meal,
and exercise and other events after the meal.
Similarly, postprandial blood glucose should be
interpreted in an order of breakfast, lunch, and din-
ner, to determine whether a postprandial hypogly-
cemia or hyperglycemia event occurs and to
analyze a causal relationship between various fac-
tors and any glycemic events that exist. If post-
prandial hypoglycemia occurs (23 h after meal),
the usage of insulin and medication before meal
should be revalued, such as the time of drug taken,
the dosage, type and formulation of medication
and insulin, exercises, and gastrointestinal func-
tion. If the postprandial blood glucose peak is
>10.0 mmol/L, the time of drug action, the dosage,
type and formulation of medication, the accuracy
of medication prescription, as well as the amount
and composition of food should be considered.

Case 3 A patient with a 6-year history of diabe-
tes was treated with acarbose and insulin glargine.
The admission CGM results showed postprandial
hyperglycemia that was most dramatic after
breakfast and dinner (Fig. 5.8).

According to the CGM profile, the hypoglyce-
mic regimen was adjusted to insulin aspart 30
before all three meals, and the postprandial blood
glucose was significantly improved (Fig. 5.9).

5.2 Basic Principles
for Interpretation of a Real-

Time CGM Report

The basic principles for interpretation of a real-
time CGM report are similar to those for retro-
spective CGM data. The real-time CGM system
can reflect the immediate blood glucose informa-
tion (including point and trend of blood glucose
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levels) and has hyperglycemia and hypoglycemia
alarm or predictive alert features. When it is inte-
grated to an insulin pump, it allows timely inter-
vention of rapid blood glucose fluctuations and
hyperglycemia or hypoglycemia events, thus
achieving better management of blood glucose
for diabetic patients, especially those with type 1
diabetes. As a new technology, medical staff
should have the ability to interpret real-time
CGM results. It should be noted that real-time
CGM data can be used to guide diabetes treat-
ment only when the following criteria are met:
(1) the real-time CGM system has been worn for
at least 12 h; (2) the real-time CGM system has
been adequately calibrated, i.e., calibration with
a glucose meter value at least once every 12 h
with a good match between CGM sensor glucose
values and meter glucose values (difference
<15%); (3) the patient presents stable immediate
blood glucose values, without a sharp rise or drop
in blood glucose; and (4) the real-time CGM
readings have no false alarms.

According to the results of glucose monitor-
ing over a period of time, the real-time CGM sys-
tem can be used to demonstrate a trend curve
reflecting blood glucose changes (Fig. 5.10).
Clinicians can then interpret the glucose monitor-
ing results and accordingly adjust the treatment
regimen (Fig. 5.11) [8]. Two practical examples
are presented below.

Case 4 A middle-aged patient with type 2 diabe-
tes mellitus was admitted due to poor glycemic
control. The patient was then treated with inten-
sive insulin pump therapy and monitored with
real-time CGM. The real-time CGM data from
the first day on insulin pump therapy showed that
the patient had high glucose levels during the
period after breakfast until dinner time and a rela-
tively normal glucose level at nighttime
(Fig. 5.12). The next day, the doses of insulin
before breakfast and lunch and the basal rate of
the insulin pump during the breakfast-to-dinner
period were increased accordingly. The CGM
data showed that the patient’s daytime blood glu-
cose was improved after adjustment of the anti-
hyperglycemic regimen (Fig. 5.13).

Case 5 A young patient with type 1 diabetes had
good glycemic control and was on long-term
insulin pump therapy. He was admitted to screen
for diabetes-related complications. The real-time
CGM data showed that the patient had good gly-
cemic control on the second day after admission
(Fig. 5.14), but he experienced postprandial
hyperglycemia after breakfast on the third day
(Fig. 5.15). The patient mentioned that he ate a
snack when he felt hungry during the checkup
after breakfast. The patient was given additional
high-dose insulin.
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Fig.5.11 CGM profiles of a 14-year-old type 1 diabetes improved after adjustment of insulin pump settings
patient with poor glycemic control [HbA,. 10.2% according to CGM glucose values
(88 mmol/mol)]. After 1 week, glycemic control was
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Fig.5.12 Case 4: Real-time CGM profiles and insulin pump settings for a middle-aged type 2 diabetes patient on the
first day of insulin pump therapy
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Fig. 5.13 Case 4: Real-time CGM profiles reflecting improved glucose control on the second day of insulin pump

therapy after adjustment of insulin pump settings

Through the above two examples, we can find
that the real-time CGM system has certain advan-
tages in reflecting the immediate blood glucose
level and predictive alerts for abnormal glucose
values. In particular, patients can make full use of
the high or low glucose alarm function, which is
helpful for implementing timely interventions
and thus reducing blood glucose fluctuations and
maintaining stable blood glucose control, espe-
cially for the prevention of hypoglycemia [9].

On the real-time CGM display, the user can
view 3-h, 12-h, and 24-h trends in blood glucose
changes, and the data can be downloaded to gen-
erate charts, graphs, and alarm information. The
3-h trend graph is used for the analysis of pre-
prandial and postprandial blood glucose, the 12-h
trend graph for the analysis of nocturnal blood
glucose, and the 24-h trend graph for the analysis
of a full day of blood glucose levels. Similar to
that for retrospective CGM, interpretation of a
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Fig. 5.14 Case 5: Real-time CGM profiles and insulin pump settings for a young type 1 diabetes patient with good
glycemic control on the second day on insulin pump therapy
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Fig.5.15 Case 5: Real-time CGM profiles reflecting prominent postprandial hyperglycemia following breakfast and a
decrease in glucose values achieved by an injection of a high dose of insulin on the third day on insulin pump therapy

real-time CGM report can be divided into three
periods according to the analysis of events that
may affect blood glucose: nighttime (the period
least affected by food or exercise), the premeal
period (at least 3 h after the last meal), and the
post-meal period (within 3 h after the meal,
divided into the early 90 min and late 90 min).
On the real-time CGM system display, the
trends in blood glucose change are indicated by
arrows, which represent the direction and speed of

blood glucose changes over the past 20 min. A
single up/down arrow (1/]) indicates that the
patient’s blood glucose level has increased/
decreased by 1.1-2.2 mmol/L in the previous
20 min. Double up/down arrows (11/]]) indicate
that the patient’s blood glucose level has risen/
fallen by 2.2 mmol/L or more in the previous
20 min. The predictive alerts indicate that the blood
glucose may reach or exceed the preset high or low
limit within 5-30 min (depending on the time set
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Table 5.1 Tips for “arrows” on real-time CGM systems and recommended measures

Premeal (at least 3 h after | Post-meal (early 90 min/late

Arrows | Clinical significance Nighttime last meal) 90 min after a meal)

! Predictive of Take measures Possibly normal Take measures/possibly normal
hypoglycemia

1l Predictive of Take prompt Take measures Take measures/possibly normal
hypoglycemia measures

1 Predictive of Possibly normal | Possibly normal Possibly normal/take measures
hyperglycemia

M Predictive of Take measures Possibly normal Possibly normal/take measures
hyperglycemia

Notes: Possibly normal, no need to take any measures and just continue regular monitoring; take measures, pay close
attention to the trend in blood glucose changes, immediately recheck blood glucose reading using a glucose meter; take
prompt measures, recheck blood glucose reading with a glucose meter, correct hypoglycemia with glucose solution or

hyperglycemia with insulin if necessary

by users, which can be set as 5, 10, 15, 20, 25, or
30 min) if no intervention is applied. Tips for the
“arrows” on the real-time CGM displayer and rec-
ommended measures are shown in Table 5.1.

For interpretation of real-time CGM results, it
should also be noted that one should (1) focus on
the trend in blood glucose changes while profi-
ciently mastering the meanings of the “arrows”
and predictive alerts; (2) once the “arrows” and
predictive alerts are encountered, comprehensive
judgment should be made on the basis of clinical
situation, and also overcorrection and “stacking”
insulin should be avoided; and (3) analysis of
CGM data over a long period helps to identify the
regularity and trend of blood glucose changes
and accordingly optimize the treatment regimen.

In short, CGM provides a set of intuitive,
detailed CGM data and graphs for medical staff
and patients. To interpret a CGM report, the clini-
cian should have a general understanding of the
glycemic features of the patient and then compre-
hensively analyze the CGM glucose data and
graphs based on the “three-step” method in combi-
nation with the events that may impact blood glu-
cose levels, such as food intake and exercise. Both
perspectives of the clinicians and patients should
be fully and carefully discussed, thus achieving the
optimization of hypoglycemic regimen.

Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and

were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).
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Definition and Clinical Significance
of Continuous Glucose Monitoring

Parameters

Y.F. Mo and W. Jia

6.1

Parameters Reflecting Mean
Blood Glucose (MBG)
and Their Clinical Significance

The parameters reflecting MBG include:

1.

Twenty-four-hour MBG: mean of daily con-
tinuous 24-h blood glucose measured by con-
tinuous glucose monitoring (CGM), reflecting
overall blood glucose level.

Pre-meal 1-h MBG: the average blood glu-
cose within 1-60 min before three meals,
reflecting the preprandial blood glucose level.
Post-meal 3-h MBG: the average blood glu-
cose within 1-180 min after three meals,
reflecting the characteristics of postprandial
blood glucose, that is, the impact of food
intake on blood glucose.

. Percentage of time (PT): the frequency and

total time of blood glucose values above,
below, and within the target range (presented
by pie chart and statistics). For example, anal-
ysis of the PTs spent at glucose >10.0 mmol/L,
3.9-10.0 mmol/L, and <3.9 mmol/L can bet-
ter reflect the characteristics of blood glucose
changes. It is easy to understand and is suitable
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for diabetes education. Our retrospective
study using the CGM system demonstrated
that the intraday PT spent on the blood glucose
between 2.8 and 7.8 mmol/L was 99% in indi-
viduals with normal glucose regulation,
whereas the PTs spent with a blood glucose
>7.8 mmol/L. and >11.1 mmol/L were 96%
and 62%, respectively, in patients with newly
diagnosed type 2 diabetes mellitus [1].

. Area under the curve (AUC): the area between

the target blood glucose curve and CGM mea-
surement curve. This is a comprehensive sta-
tistical method for analyzing the time and
extent of blood glucose changes. However, its
clinical significance is relatively difficult to
understand for patients. The calculation
method and clinical significance of the main
parameters are shown in Table 6.1 [2].

6.2

6.2.1

Parameters Reflecting
Glycemic Variability
and Their Clinical
Significance

Parameters Reflecting
Intraday Glycemic Variability

The main parameters include standard deviations
of blood glucose (SDBG), coefficient of variation
(CV), largest amplitude of glycemic excursion
(LAGE), mean amplitude of glycemic excursion
(MAGE), M-value, and others (Table 6.2).
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Table 6.1 Summary of main glycemic parameters in CGM [2]

Parameters | Name Calculation method Features/clinical significance
Glycemic MBG Mean of daily continuous 24-h blood Reflects the overall blood glucose level
level glucose
Pre-meal | MBG within 1-60 min before three Reflects the characteristics of preprandial or
1-h MBG | meals postprandial blood glucose, that is, the
Post-meal | MBG within 1-180 min after three impact of food intake on blood glucose
3-h MBG | meals
PT Frequency and total time of blood Emphasizes on reflecting the characteristics
glucose values above, below, and within | of blood glucose changes, which is simple
the target range (presented by pie chart | and easy to understand, suitable for diabetes
and statistics) education
AUC Area between the target blood glucose A comprehensive statistical method for
curve and CGM measurement curve analyzing the time and extent of blood
glucose changes
Glycemic SDBG Standard deviation of blood glucose Reflects overall deviation from the mean,
variability measurements during CGM without discriminating major and small
fluctuations
LAGE Difference between maximum and Reflects the range of glucose fluctuations
minimum blood glucose concentrations
within a day
MAGE Mean of amplitude of glucose Truly reflects the degree of glycemic
excursions (more than one SDBG) excursions rather than discrete features by
based on the direction of the first removal of small amplitudes that do not
qualifying AGE exceed a certain threshold
MODD Mean of the absolute difference Assesses the degree of inter-day glucose
between paired blood glucose values in | fluctuations and reflects the repeatability of
two consecutive 24-h periods daily blood glucose

Notes: MBG mean blood glucose, PT percentage of time, AUC area under the curve, SDBG standard deviation of blood
glucose, LAGE largest amplitude of glycemic excursion, MAGE mean amplitude of glycemic excursion, MODD mean
of daily differences

Table 6.2 Summary of glycemic variability measures in CGM

Parameter | Definition Formula Variables
SDBG Standard deviation of blood — G = glucose measured
glucose Z(G - G) N = number of
TN observations
()% Coefficient of variation SDBG G = mean of glucose
G measured
LAGE Difference between maximum and | G,,,x — Gpin Gnax = Maximum
minimum blood glucose glucose measured
concentration within a day G i = Minimum
glucose measured
MAGE Valid glycemic excursion is A = blood glucose

defined as more than 1 SDBG
during 24-h CGM. Amplitude of
glycemic excursion is calculated
based on the direction of first valid
excursion. MAGE is the average
value of all AGEs

MAGE:Zi ifA>v
X

changes from peak to
nadir

x = number of
observations

v =1 SD of mean
glucose for a 24-h
period
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Table 6.2 (continued)

Parameter | Definition Formula Variables

M-value Mean of the logarithmic . G x18 G = glucose measured
transformation of the deviation Z i 10xlog—— N = total number of
from a reference or target glucose M = o IGV readings
value N K = total number of

observations
IGV =ideal glucose
value

J-index Square of the sums of MBG and J=0.324 x (MBG + SDBG)? MBG = mean glucose
SDBG levels

SDBG = SD of glucose
levels

CONGAn | Standard deviation of differences p Z k = number of
between each observed blood Z ,;,I (Dz -D ) observations
glucose reading and the reading CONGA = k-1 D, = difference
recorded n hour(s) previously between glucose

readings at time n and
at n hour(s) previously
D = mean of D,

MAG Mean absolute change (increase N-1 G = glucose measured
and decrease) in glucose MAG = Z@ (6,-G,.) N = number of
concentration per unit of time T observations

T = observation time
(h)

MODD Mean of the absolute difference 4 k = number of
between paired blood glucose MODD = z::zl |Gt =G observations with an
values in two consecutive 24-h k observation 24-h ago
periods G = glucose measured

t = time (in min)

ADRR Mean of the logarithmic 1 & N = number of
transformation of glucose ADRR = —"[LR +HR] readings
measurements translated into risk Nia LR = risk value
of hyperglycemia or hypoglycemia |x;=1.509 x {[In(G,)]"** — 5.381} attributed to low

glucose

HR = risk value
attributed to high
glucose

x; = glucose value after
conversion

LBGI Mean of the logarithmic 1 & N = number of
transformation of glucose LBGI=—>7l(x,) readings
measurements translated into risk Nia rl = risk value
of hypoglycemia x; = 1.794 x {[In(G;)]"* — 1.861} associated with a low

glucose (if x; < 0)
x; = glucose value after
conversion
G = glucose measured
(mmol/L)

HBGI Mean of the logarithmic N = number of

transformation of glucose
measurements translated into risk
of hyperglycemia

N
HBGI = %Z:llrh (x‘.)

x= 1.794 x {[In(G)]** — 1.861}

readings

rh = risk value
associated with a high
glucose (if x; > 0)

x; = glucose value after
conversion

G = glucose measured
(mmol/L)

(continued)
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Table 6.2 (continued)

Parameter | Definition Formula Variables

GRADE Weighted risk score from the GRADE = median G = glucose measured
hypoglycemic, euglycemic, (425 x {log[log(G,)] + 0.16}%) (mmol/L)
hyperglycemic range

LI The formula processes three N (G G )2 G = glucose measured
glucose values to calculate a Li=S 12w/ (mmol/L)
lability value, then moves to the =} (tml —l‘y,) N = number of
next three glucose values, and so observations

on. The LI is the mean of these
values

t = observation time (h)

6.2.1.1 SDBG
Standard deviation (SD) is a commonly used dis-
crete index in statistics. In clinical practice and
scientific studies, mean = SD is often used to
reflect discrete features of normally distributed
data. SDBG is an important and simple parame-
ter for assessing blood glucose variability for
both self-monitoring of blood glucose (SMBG)
and CGM measurements [3]. Moberg et al. [4]
analyzed the distribution of SDBG in 100 patients
with type 1 diabetes mellitus by using measures
of SMBG. The results indicated that the SDBG
levels were normally distributed, and the glucose
variation recorded before dinner predominantly
contributed to the total glucose variability.
Krinsley et al. [5] conducted a study of blood glu-
cose variability in critically ill patients in the sur-
gical intensive care unit. A total of 3252 critically
ill patients were admitted between 1999 and
2007. They found that increased glycemic vari-
ability conferred a strong independent risk of
mortality in critically ill patients. Similar find-
ings were also reported by Egi et al. [6]. Through
analyzing SDBG in patients with type 1 diabetes
mellitus, Kuenen et al. [7] found that SDBG
affected the association between MBG and gly-
cated hemoglobin A,. (HbA,.); that is, for the
same MBG, the greater the SDBG, the higher the
HbA,.. In addition, an 11-year follow-up study of
SMBG data in type 1 diabetes patients showed
that SDBG was associated with diabetic periph-
eral neuropathy, suggesting that glycemic vari-
ability may be important in the development of
peripheral neuropathy in diabetes patients [8].

In recent years, some scholars have suggested
that SDBG can be further divided into subtypes.

For instance, Rodbard et al. [9] described several
methods to characterize glycemic variability: (1)
“SDBG total”, which is the SD for all of the data
from CGM; (2) “within-day variability,” which is
a measure of the variability within a given day,
i.e., from midnight to midnight; (3) “between
day-within time points variability”; (4) “between
daily means variability”; (5) “between time
points variability” of the glucose profile averaged
over several days; and (6) “within series variabil-
ity” for a time segment of any arbitrary length.
These parameters cover the measurements of
intraday glycemic variability and inter-day gly-
cemic variability. They show good correlation
with traditional parameters like MAGE and mean
of daily differences (MODD) and, thus, could be
applied to assess glycemic variability in diabetes
patients in future researches.

6.2.1.2 CV
The CV of blood glucose reflects the amount of
variation or dispersion from the MBG.

CV =(SDBG/MBG)x100%

The CV is calculated from the ratio of SDBG
to MBG, which is a simple and easy variable. The
CV is closely related to hypoglycemia episodes
and is not affected by the average blood glucose
level. Rodbard et al. [10] suggested that the CV
can be used as a simple parameter to reflect and
compare glycemic control among different popu-
lations. For example, glucose variability can be
defined as excellent, good, fair, and poor, respec-
tively, based on the quartiles for percentage of
coefficient of variation (%CV) (25th, 50th, and
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75th percentiles). Besides, there’s no hypoglyce-
mia events in the %CV <20% group.

Due to easy calculation, the CV has been
widely used to assess glycemic variability not only
in CGM but also in in-hospital glucose monitoring
and SMBG. éoupal et al. [11] conducted a retro-
spective study in type 1 diabetes patients and
found that after 2 weeks of CGM, CV's were found
to be higher in patients with microvascular com-
plications than in those without complications. Jun
et al. [12] performed a study in a total of 110 type
2 diabetes patients who underwent 3-day CGM
and completed cardiovascular autonomic neuropa-
thy tests. Through calculation of the CV, SDBG,
and MAGE, they found that the CV in CGM was
significantly higher in patients with autonomic
neuropathy, and, in multivariate analysis, CV, but
neither SD nor MAGE, was independently corre-
lated with the presence of cardiovascular auto-
nomic neuropathy. Subramaniam et al. [13]
reported a study of 1461 type 2 diabetes patients
underwent coronary artery bypass grafting surgery
and found that the postoperative CV of blood glu-
cose was associated with adverse outcomes (i.e.,
postoperative death, myocardial infarction, infec-
tion, pneumonia, pericardial tamponade, etc.).
Takeishi et al. [14] retrospectively analyzed the
cases of 620 diabetes patients admitted to the hos-
pital for various infections. Based on parameters
including the CV, mean glucose concentrations
during hospital stay, and reactive inflammatory
biomarkers, they found that hypoglycemia and CV
were associated with mortality in diabetes patients
with infections. Currently, CV, SDBG, and inter-
quartile range (IQR) are classified as three impor-
tant parameters reflecting glycemic variability
[15].

6.2.1.3 LAGE

The LAGE is the difference between the maxi-
mum and minimum blood glucose concentrations
within a day, which is equivalent to a range in
statistics. The LAGE depends on the highest and
lowest blood glucose levels, so it cannot be used
to reflect precise glycemic information in
CGM. It only represents the single, biggest fluc-
tuation in blood glucose within a day.

6.2.1.4 MAGE

In order to accurately reflect intraday glycemic
variability in diabetes patients, Service et al. [16]
put forward the parameter MAGE. The idea of
MAGE is to adopt a “filtering” method to remove
small amplitudes that do not exceed a certain
threshold, in order to truly reflect the degree of
blood glucose fluctuations rather than discrete
features. The formula for MAGE calculation is
> Alx (when A > v).

The A is the difference between the maximum
and minimum values of glycemic fluctuations for
each valid fluctuation; x is the number of valid
fluctuations; and v depends on the purpose of the
study, generally taking a SDBG from 24-h glu-
cose data.

The calculation steps are as follows:

1. Calculate 24-h SDBG.

2. Calculate the amplitude of glucose excursion
(AGE). The AGE is the difference in blood
glucose from the direction of the peak to the
nadir, and it is regarded valid only when the
ascending or descending excursion is more
than one SDBG away from the mean. The first
valid AGE direction is used as the standard to
calculate the AGE value.

3. Calculate MAGE, which is the mean value of
all AGE values.

As Fig. 6.1 illustrates:

1. The SDBG was 5.2 mmol/L. We used one
SDBG to measure whether it is a qualified
excursion.

2. The first descending excursion of glucose was
calculated as 18.50 mmol/L — 11.56 mmol/L
= 6.94 mmol/L, and the ascending excursion
of glucose was 17.89 mmol/L — 11.56 mmol/
L = 6.33 mmol/L. Both are regarded as quali-
fied AGEs with an excursion exceeding
5.2 mmol/L. Given the direction depends on
the first glucose excursion, all AGE measure-
ments were descending excursions.

For the second glycemic excursion,
although the ascending excursion exceeded
5.2 mmol/L, its descending excursion was less
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Fig.6.1 Calculation example of MAGE. The 24-h SMBG chart of a patient with type 1 diabetes mellitus [17] (Reprint

with permission from Chinese Journal of Diabetes Mellitus)

than 5.2 mmol/L (17.89 mmol/L — 15.94 mm
ol/L = 1.95 mmol/L). Thus, it was not a quali-
fied AGE.

Both the third and fourth glycemic
excursions were qualified AGEs. The third
and fourth descending excursions were
24.00 mmol/L — 7.61 mmol/L = 16.39 mmol/L
and 15.11 mmol/L — 8.67 mmol/L =
6.44 mmol/L, respectively.

3. MAGE = (6.94 mmol/L + 16.39 mmol/L +
6.44 mmol/L)/3 = 9.92 mmol/L [17].

It can be seen that the MAGE is characterized
by removal of small amplitudes that do not
exceed a certain threshold, and thus, it truly
reflects the degree of glycemic excursions rather
than discrete features. Selection of the “thresh-
old” largely depends on the statistic needs, such
as 0.5 SDBG, 1 SDBG, and 1.5 SDBG. Usually,
1 SDBG is selected, due to blood glucose fluctua-
tion usually exceeds 1 SDBG after eating in nor-
mal individuals.

Figure 6.2 illustrates the MAGE results for
one case of newly diagnosed type 2 diabetes and
for one case of a normal individual (diagnosed by

oral glucose tolerance test) calculated on the
basis of the statistical principles described above.

Service et al. [16] initially compared data for
three normal individuals, three diabetes patients
with stable glycemic control, and eight diabetes
patients with poor glycemic control and found that
diabetes patients had a significant higher MAGE
than normal individuals and that the MAGE in dia-
betes patients with poor glycemic control was sig-
nificantly greater than that for those with stable
glycemic control, suggesting that a high MAGE is
an important feature of blood glucose instability.
Subsequently, Service et al. [ 18] suggested that the
control of glycemic fluctuation with MAGE is an
important measure for blood glucose manage-
ment. They also reported that MAGE was associ-
ated with SDBG and M-value in type 2 diabetes
patients receiving intensive insulin therapy. Our
previous studies have shown that MAGE levels are
significantly higher in newly diagnosed type 2 dia-
betes patients than in those with normal glucose
regulation. The increase in MAGE in newly diag-
nosed type 2 diabetes mellitus is mainly attributed
to the changes in postprandial and nocturnal blood
glucose fluctuations.
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Fig.6.2 Calculation of MAGE during CGM. The results of
one case of newly diagnosed type 2 diabetes mellitus and
one case of a normal individual Notes: MBG mean blood

6.2.1.5 M-value

The M-value was first proposed by Schlichtkrull
et al. [19] in the 1960s and subsequently modi-
fied by Mirouze et al. [20], and it is also known as
M-value of Schlichtkrull. It is the mean of the
logarithmic transformation of the deviation from
a reference or target glucose value (usually, tak-
ing MBG over a 24-h period for normal individu-
als, e.g., 5 mmol/L) plus an amplitude correction
factor. If taking the target glucose value of
5 mmol/L, for instance, the formula is

corrected M value = Z|10xlog(BG / 5)|3 /
N+W /20

In the formula, N is total number of glucose
readings, and W is LAGE. The M-value actually
reflects both the overall blood glucose level and
glycemic variability. It gives greater emphasis
to hypoglycemia. For instance, the choice of
5 mmol/L as the reference value yields an
M-value of 27.3 for both 2.5 and 10.0 mmol/L

glucose, SDBG standard deviation of blood glucose, NGE
numbers of glucose excursions, MAGE mean amplitude of
glycemic excursion, AGE amplitude of glycemic excursion

glucose measurements. Saisho et al. [21] have
reported that M-value was correlated with
SDBG and the mean glucose. There are studies
on the association between the M-value and dia-
betic complications. Oyibo et al. [22] explored
the relationship between glycemic variability
and painful neuropathy in type 1 diabetes
patients using a CGM system. The results dem-
onstrated that in addition to elevated blood glu-
cose levels, diabetes patients with painful
peripheral neuropathy had a significantly
increased M-value.

6.2.1.6 J-index
The J-index is also used for CGM, and it is calcu-
lated by the formula:

J=0.324x(MBG +SDBG)’
(glucose in mmol /L)

The J-index reflects the MBG and glycemic
variability [23]. However, it has not yet been
widely applied.
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6.2.1.7 Continuous Overlapping Net
Glycemic Action over an n-Hour
Period (CONGAn)

CONGA®n is a parameter designed for measuring
glycemic variability in CGM, and n can vary
from 1 to 24 h. It has the advantages of reflecting
glycemic variability at different time periods
[24]. Taking CONGA-2 and CONGA-4, for
instance, the SDBG from the difference between
the current glucose and the glucose 2 or 4 h previ-
ously is determined. CONGA-2, which reflects
rapid, small glycemic swings occurring over a
short-time interval, is particularly suitable for
monitoring diabetes patients with stable glyce-
mic control [25]. Some researchers have sug-
gested that CONGArn is a more objective
parameter reflecting blood glucose fluctuations.
It is also proposed that the average value of
CONGAn with n = (1-24) can be calculated to
measure glycemic variability [26]. Some studies
have explored the relationship between CONGAn
and diabetic complications. However, the A1C-
Derived Average Glucose (ADAG) study demon-
strated that measurements of glycemic variability
including CONGA~# had non-significant associa-
tions with cardiovascular disease risks in both
type 1 and 2 diabetes patients [27].

6.2.1.8 Mean Absolute Glucose (MAG)

Hermanides et al. [28] first put forward the con-
cept of MAG, which is the mean absolute change
(increase and decrease) in glucose concentration
per unit of time. The parameter reflects all blood
glucose fluctuations, including physiological
glucose fluctuations. Kohnert et al. [29] analyzed
CGM data from 815 diabetes patients and calcu-
lated the MAG using 5-min, 60-min, and 7-point
glucose profile sampling intervals. The results
showed strong linear correlations between MAG
change and classical markers including SDBG,
MAGE, and CONGAn~n, suggesting MAG as an
indicator for assessing glycemic variability. In a
reanalysis study of hyperglycemia and its effect
after acute myocardial infarction on cardiovas-
cular outcomes in patients with type 2 diabetes
mellitus (HEART2D), the researchers showed
that the decrease in intraday glycemic variability
after insulin therapy by targeting the MAG,

calculated from 7-point SMBG profiles, did not
result in a reduction in cardiovascular outcomes
[30]. Of course, some scholars argued that by
using only the change in MAG to assess glyce-
mic variability, the data in that study were not
convincing enough to judge the possible impact
of glycemic variability on the development or
progression of macrovascular complications in
type 2 diabetes [31].

6.2.2 Parameters Reflecting Inter-
day Glycemic Variability

The main parameters include the CV of fasting
plasma glucose (CV-FPG) and MODD.

6.2.2.1 CV-FPG

The CV-FPG is a simple parameter for assessing
inter-day glycemic variability. The %CV is the
ratio of the SD to the mean. It can eliminate the
influence caused by different mean levels on vari-
ation. Mooy et al. [32] reported CV-FPG values
of 14%, 16%, and 20% for individuals with nor-
mal glucose tolerance, impaired glucose toler-
ance, and newly diagnosed type 2 diabetes,
respectively. Gimeno-Orna et al. [33] reported
that the CV-FPG was an independent risk factor
for diabetic retinopathy in 130 type 2 diabetes
patients previously without retinopathy after a
follow-up of 5.2 years. Similar results were later
confirmed in a Japanese population [34]. A study
of 5008 patients with type 2 diabetes found that
the CV-FPG was a predictor of 5-year all-cause
mortality and cardiovascular mortality [35]. The
Verona Diabetes Study showed that the CV-FPG
within 3 years of follow-up was an independent
predictor of cardiovascular mortality [36].
Buscemi et al. [37] measured brachial artery
flow-mediated dilation, carotid intima-media
thickness (IMT), and glycemic variability using
48-h continuous subcutaneous glucose monitor-
ing in 3 groups of 75 subjects, that is, those with-
out metabolic syndrome and those with metabolic
syndrome with or without newly diagnosed type
2 diabetes. Their results revealed that glycemic
variability was associated with endothelial func-
tion even in nondiabetic subjects.
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Fig. 6.3 Calculation of MODD during CGM. Notes: MBG mean blood glucose, MODD mean of daily differences.
Note: The figures above are CGM profiles including one subject of newly diagnosed type 2 diabetes mellitus and one
subject of normal glucose tolerance for 2 consecutive days (24 h), and the colored areas represent the MODD that

needed to be calculated

6.2.2.2 MODD

MODD refers to the mean of the absolute dif-
ference between paired blood glucose values in
two consecutive 24-h periods. It reflects the
consistency and stability of day-to-day blood
glucose patterns (Fig. 6.3). Different daily life-
style patterns including irregular mealtimes
and eating habits may influence the
MODD. Thus, recording of glucose data and
lifestyle patterns together during the CGM
period is necessary for calculating the
MODD. The study from Alemzadeh et al. [38]
showed that the MODD from CGM data was
significantly increased in patients with type 1
diabetes. Colombel et al. [39] observed 25 type
1 diabetes patients receiving multiple daily
insulin injections and found that a regimen
using lispro combined with multiple neutral
protamine hagedorn insulin (NPH) compared
to a standard multiple daily insulin injections
using soluble insulin regimen (20-30 min
before each meal and NPH at bedtime) reduced
the MODD, with generally similar overall gly-
cemic control.

6.2.3 Parameters Reflecting
Postprandial Glycemic
Variability

The main parameters include postprandial glu-
cose excursion (PPGE), mean postprandial maxi-
mum glucose (MPMG), incremental area under
the curve of postprandial glucose (AUCpp), and
others.

6.2.3.1 PPGE

The PPGE is the difference between the postpran-
dial blood glucose peak and the corresponding pre-
meal glucose concentration [40]. The blood glucose
concentration in individuals with normal glucose
tolerance generally reaches a peak (usually not
exceeding 7.8 mmol/L) within 1 h after eating and
returns to the pre-meal level within 2-3 h, and the
corresponding PPGE is about 2.0 mmol/L [41, 42].
We have compared the features of postprandial glu-
cose state in individuals with normal glucose regu-
lation and those with type 2 diabetes. The
postprandial glucose state in type 2 diabetes melli-
tus is characterized by a delay of the postprandial
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glucose peak and excessive glucose excursion for a
long time after the ingestion of a meal. Postprandial
hyperglycemia was most pronounced after break-
fast [42]. Bonora et al. [43] evaluated the blood
glucose profiles of 856 type 2 diabetes patients and
found that the majority of patients had an excessive
postprandial glucose  excursion (PPGE
>2.2 mmol/L), even among 2/3 patients with an
HbA . <7% (53 mmol/mol).

6.2.3.2 MPMG

MPMG is the mean of maximum postprandial
blood glucose levels after three meals over a
period of 24 h. Chon et al. [44] calculated a few
glycemic parameters in 39 patients who achieved
the glycemic target of an HbA . <7% (53 mmol/
mol). The MPMG was 10.34 = 1.84 mmol/L, and
the MPMG was positively correlated with the
level of fructosamine.

6.2.3.3 AUCpp

Usually, AUCpp is calculated by the trapezoidal
method as the area under the postprandial blood
glucose curve above the baseline value (Fig. 6.4).
AUCpp can be divided into early (0-2 h) and late

18 -

15

-
N

(2-5 h) phases. AUCpp can be used to compre-
hensively assess the characteristics of postpran-
dial blood glucose. Moreover, it has been widely
used in the studies exploring the relationship
between FPG, postprandial blood glucose, and
HbA .. Monnier et al. [45] carried out a study of
a total of 290 type 2 diabetes patients to analyze
the exact contributions of postprandial and fast-
ing glucose increments to overall hyperglycemia.
Plasma glucose concentrations were determined
at fasting (08:00 a.m.) and during postprandial
and postabsorptive periods (at 11:00 a.m., 02:00
p-m., and 05:00 p.m.). The areas under the curve
above FPG and plasma glucose >6.1 mmol/L
were calculated. The relative contribution of
postprandial glucose excursions was predomi-
nant in patients with fairly good blood glucose
control, whereas the contribution of fasting
hyperglycemia increased gradually as the sever-
ity of diabetes worsened. These results thus pro-
vide a unifying explanation for the discrepancies
observed in previous studies. We retrospectively
reviewed the data of 41 normal individuals and
60 newly diagnosed type 2 diabetes patients by
CGM for 3 consecutive days. The relative contri-
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Fig.6.4 Calculation of parameters affecting postprandial
blood glucose fluctuations [42] (Reprint with permission
from National Medical Journal of China). Notes: PPGE

range of postprandial blood glucose concentrations, /\¢
peak time, AUCpp incremental area under the curve of
postprandial glucose
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Fig. 6.5 The relative contribution of preprandial and postprandial hyperglycemia to total hyperglycemia in 60 newly
diagnosed type 2 diabetes patients [42] (Reprint with permission from National Medical Journal of China)

bution of postprandial hyperglycemia to overall
diurnal hyperglycemia was about 1/3 in Chinese
type 2 diabetes patients. Postprandial hypergly-
cemia contributed even more when the HDbA,.
level was below 7.5% (58 mmol/mol), whereas
the relative contribution of postprandial hyper-
glycemia to overall hyperglycemia decreased
progressively as HbA,, increased and accounted
for 1/4 when the HbA,. >9% (75 mmol/mol)
(Fig. 6.5) [42].

6.3  Parameters Reflecting
the Risk of Hypoglycemia
6.3.1 Low Blood Glucose Index

(LBGI)

frequency and severity of hypoglycemia occur-
ring within 1 month and be used to predict the risk
of severe hypoglycemia in the next 3—6 months
[46-50], with severe hypoglycemia defined as
hypoglycemia leading to coma, epileptic seizure,
or unconsciousness that requires medical help for
recovery. Similar to the M-value, the LBGI was
calculated through the logarithmic transformation
of blood glucose measurements as below:

1. Convert the blood glucose measurements
based on the formula:

Trans (BG) =1.794{[In (BG)] ™ ~1.861]
(BGrangel.1-33.3mmol /L)

The LBGI is a comprehensive score proposed by 2. Calculate the Risk (BG) on the basis of the

Kovatchev et al. in the 1990s. It can reflect the

Trans (BG). If Trans (BG) <0, then Risk
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(BG) = 10 x [Trans (BG)]?; if Trans (BG) >0,
Risk (BG) = 0.

3. LBGI is the mean of all Risk (BG). From the
above, when BG >6.25 mmol/L, Risk
(BG) =0; and when BG is 1.10-6.25 mmol/L,
Risk (BG) ranges from 100 to 0. For example,
for a diabetes patient with blood glucose mea-
surements of 2.6 mmol/L, 7.8 mmol/L, and
4.4 mmol/L, based on the formula above, the
Trans (BG) values are —1.6, 0.4, and —0.66,
respectively, and the Risk (BG) values are
25.6, 0, and 4.4, respectively. Finally, the
LBGI is 10. It should be pointed out that to
obtain the LBGI, measurements from at least
four random blood glucose tests per day for
1 month are required.

Kovatchev et al. [47] classified patients into
low- (LBGI <2.5), moderate- (LBGI 2.5-5.0),
and high- (LBGI >5.0) risk groups based on the
analysis of odds for future severe hypoglycemia.
Over the following 6 months, low-, moderate-,
and high-risk patients reported 0.4, 2.3, and 5.2
severe hypoglycemia episodes, respectively
(P < 0.001). Another study found that the LBGI
can be used to predict severe hypoglycemic
events by using real-time dynamic insulin pumps
and that the ratio of the LBGI to the high blood
glucose index (HBGI) is more helpful in reduc-
ing the magnitudes of blood glucose fluctuations
[51]. In addition, Pefa et al. [52] found that the
glycemic risk assessment in diabetes equation
(GRADE) and LBGI were significantly associ-
ated with flow-mediated dilatation in adolescents
with type 1 diabetes, suggesting that hypoglyce-
mia, rather than glucose fluctuation, during CGM
relates to impaired vascular endothelial function
in children with type 1 diabetes.

6.3.2 Hypoglycemic (HYPO) Score
and Lability Index (LI)

These two glucose parameters were proposed by
Ryan et al. in 2004 and are mainly used to reflect
repeated severe hypoglycemia episodes and the
instability of glycemic control [53]. HYPO
scores were defined based on the frequency,
severity, and degree of unawareness of hypogly-

cemia. The LI was calculated from 4-week blood
glucose measurements of patients. At the 49th
Annual Meeting of the European Diabetes
Association (2013), Pappas et al. pointed out that
through using the HYPO scores suggestive of
hypoglycemia episodes when undergoing real-
time CGM monitoring in type 1 diabetes patients
treated with insulin pumps, 3-month real-time
CGM could improve glycemic control of the
patients, without affecting the body mass index
(BMI) and hypoglycemia. In addition, at the 5th
International ~ Conference  on  Advanced
Technologies & Treatments for Diabetes (2012),
researchers proposed that the LBGI, GRADE,
and GRADE-HYPO are helpful for evaluating
the risk of hypoglycemia in patients with type 1
diabetes.

6.4 Other Parameters and Their
Clinical Significance
6.4.1 Q-Score

Augstein et al. [54] constructed a new metric
(Q-Score) for assessing blood glucose fluctua-
tions by incorporating five primary factors,
namely, central tendency, hyperglycemia, hypo-
glycemia, and intra- and inter-daily variations.
Based on Q-Score, the patients were classified
into groups of “very good,” “good,” “satisfactory,”
“fair,” and “poor” metabolic control. Thus, the
(O-Score is a new metric suitable for screening for
CGM profiles that require therapeutic action.
Further efforts are needed to identify its practical
application and to explore its correlation with
complications.

6.4.2 GRADE

The GRADE score was first put forward by Hill
et al. [55] and is a tool for comprehensive assess-
ment of blood glucose levels. The calculation for-
mula is listed below:

GRADE = median
(425 x{log[ log (BG) |+ 0.16}2)
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The GRADE formula converts glucose values
to a risk score, calculates the median, and pro-
vides the risk attributable to hypoglycemia, eug-
lycemia, and hyperglycemia. As in the study of
Hill et al., for type 1 diabetes patients, the
GRADE was 8.09 (20, 8, and 72%), whereas for
type 2 diabetes patients, the GRADE was 9.97 (2,
7, and 91%). The results suggested that type 1

diabetes  patients had more risk of
hypoglycemia.
6.5 Reasonable Selection

of CGM Parameters
in Clinical Application
and Their Perspectives

From the above analysis, we see there is a variety
of assessment parameters that have their own
characteristics and scopes of application. CV and
SDBG, as simple parameters, are valuable in
practice and are attracting increasing attention.
The LAGE, PT, and AUC also partially reflect the
characteristics of glycemic variability. The LBGI
and M-value, which share the same principle,
focus on hypoglycemic factors through the loga-
rithmic transformation of glucose profiles.
Especially, the LBGI, as a novel metric for
assessing the risk of severe hypoglycemia, facili-
tates the optimization of diabetes management.
The MODD can accurately assess daily glucose
fluctuations but requires two consecutive whole-
day blood glucose profiles. The CV-FPG is a
simple and effective glycemic parameter.
However, it only reflects the characteristics of
daytime FPG fluctuations. In short, a reasonable
selection of CGM parameters should be made
based on a comprehensive consideration of char-
acteristics of different parameters as well as the
purpose of the assessment.

Currently, the CV, SDBG, and IQR are con-
sidered the most preferred measures of glycemic
variability [15]. Because there is still a lack of a
gold standard for glycemic variability, the rela-
tionship between glycemic variability and dia-
betic complications is currently inconclusive.
For microvascular disease, evidence related to
glucose variability is mainly presented in
patients with type 1 diabetes mellitus. For mac-

rovascular diseases, although the HEART2D
study suggested that lowering glucose variability
does not improve cardiovascular events in
patients with type 2 diabetes after acute myocar-
dial infarction, whereas some other studies sug-
gested that blood glucose fluctuations may
increase cardiovascular risks in patients with
type 2 diabetes. In addition, several studies have
shown that glycemic variability was not an inde-
pendent risk factor for microvascular complica-
tions [56-58].

The effect of short-term blood glucose fluctu-
ations on chronic complications of diabetes has
been extensively studied. In recent years, the
effects of long-term blood glucose fluctuations
on the development of diabetic complications
have received widespread attention. Long-term
blood glucose fluctuations mainly refer to the
HbA,, variability for the same patient obtained
from multiple HbA,. measurements during fol-
low-up (usually presented as HbA,. standard
deviation, HbA.-SD). At present, investigators
have initiated studies on the correlation between
HbA ,.-SD and the occurrence of microvascular
complications (diabetic nephropathy, diabetic
retinopathy, etc.) and macrovascular complica-
tions (cardio-cerebrovascular diseases) in both
types 1 and 2 diabetes patients. Kilpatrick et al.
[59] analyzed the data from type 1 diabetes
patients in the Diabetes Control and
Complications Trial (DCCT) and found that, in
addition to the mean HbA,., the HbA,.-SD was
also correlated with the development of diabetic
retinopathy or nephropathy. Similarly, the Finnish
National Diabetic Nephropathy Research Group
(FinnDiane) conducted a follow-up study in type
1 diabetes patients to analyze the incidence of
microalbuminuria, end-stage renal disease, and
cardiovascular events and found that the
HbA,.-SD was associated with the development
of microalbuminuria, diabetic nephropathy, and
cardiovascular events [60]. Sugawara et al. [61]
followed a total of 812 type 2 diabetes patients
without microalbuminuria and found that the
HbA,-SD was an independent predictor of
microalbuminuria. Rodriguez-Segade et al. [62]
conducted a 6-year follow-up study of 2103
patients with type 2 diabetes and found that the
HbA,-SD was an independent predictor of the
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progression of diabetic nephropathy. Similarly,
Hsu et al. [63] reported that the HbA,.-SD was
associated with the progression of microalbumin-
uria after a 2-year follow-up, suggesting that
early control of HbA,, fluctuation is of great sig-
nificance for the prevention of diabetic nephropa-
thy. The Hong Kong Diabetes Registry study
revealed that the risk ratios of the HbA,.-SD for
chronic kidney disease and cardiovascular dis-
ease were 1.16 and 1.27, respectively [64]. Lee
et al. [65] found that in 269 type 2 diabetes
patients with a mean HbA . >7% (53 mmol/mol),
the HbA,.-SD was an independent factor for the
development of coronary artery disease. However,
other studies have demonstrated that the
HbA,.-SD has no significant correlation with
chronic diabetic complications. Kim et al. [66]
determined the carotid IMT in 120 type 2 diabe-
tes patients and concluded that although higher
HbA,, variability was associated with carotid
IMT progression in type 2 diabetes patients, it
was not an independent predictor of carotid IMT
progression. In the large, multicenter cohort of
type 2 diabetes patients from the Renal
Insufficiency and  Cardiovascular  Events
(RIACE) Italian Multicenter, the HbA ,.-SD was
an independent predictor of macroalbuminuria
and stages 3—5 chronic renal disease, but not dia-
betic retinopathy [67]. In subsequent studies,
they found that the HbA,-SD was not an inde-
pendent factor of cardiovascular disease [68].
HbA,.-SD, as a representative parameter reflect-
ing long-term blood glucose fluctuations, as well
as its correlation with the occurrence and devel-
opment of diabetic complications will continue
to be a hot research topic.

With a deep understanding of glycemic vari-
ability, novel and more comprehensive assess-
ment tools and parameters will be designed, so as
to better facilitate the prevention and manage-
ment of diabetes. On the other hand, the popular-
ization and application of CGM in clinical
practice will greatly promote the translation of
glycemic variability assessment from research to
clinical application, potentially making it an
important evaluation system for achieving target
glycemic control.

Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).
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Reference Values for Continuous
Glucose Monitoring Parameters

J.Zhou and W. Jia

The differences between continuous glucose
monitoring (CGM) and traditional glucose
monitoring methods are as follows: (1) the
former is used to obtain continuous and dynamic
glycemic profiles of subjects throughout the day
(including nocturnal glucose, glucose after
various activities, etc.), whereas the latter only
represents the glucose concentration at a specific
time point. (2) CGM is used to monitor glucose
concentration in interstitial fluid, while the latter
detects the plasma or whole-blood glucose
concentration. Therefore, the reference range
for blood glucose in the traditional glucose
monitoring system is not suitable for CGM.
As shown in Fig. 7.1, normal individuals also
have transient blood glucose concentrations
>7.8 mmol/L or <3.9 mmol/L. Without normal
reference values, it is impossible to reasonably
discriminate the normal CGM results from
abnormalities, which will hinder the widespread
application of CGM.

J. Zhou - W. Jia (<)

Department of Endocrinology and Metabolism,
Shanghai Clinical Center for Diabetes, Shanghai
Diabetes Institute, Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital, Shanghai, China
e-mail: wpjia@sjtu.edu.cn

Establishment of Normal
Reference Values
for Physiological Parameters

7.1

The normal values of a physiological parameter
can generally be established using the following
methods: (1) Based on the characteristics of the
distribution of the indicator in normal popula-
tion, normal reference values are derived from
the mean plus two standard deviations (SD) for
normally distributed data or the 95th percentile
for skewed distributed data. For a single-indica-
tor study, the sample size of each group should
be not less than 100 cases, and the sample size
should be as large as possible if allowed. For a
multi-indicator study, the sample size should be
10-20 times, or no less than 10 times, of the
number of indicators [1]. (2) With the “gold
standard” as control, normal reference values
can be developed by analyzing the relationship
between the two through a receiver operating
characteristic curve (ROC). (3) Normal refer-
ence values are determined by the actual distri-
bution of the indicator as determined by
conducting a large sample survey of a natural
population. (4) A prospective, follow-up study is
carried out to determine normal reference values
by analyzing the intrinsic link between the indi-
cator and clinical situation.
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Fig.7.1 The CGM
profiles of one case of
type 2 diabetes mellitus
(a) and one case of an
individual with normal
glucose regulation
identified by oral
glucose tolerance

test (b)
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Establishment of Normal
Reference Values for CGM
Parameters in the Chinese
Population

7.2

In the early 1990s, there was a lack of studies on
CGM normal reference values, probably
because CGM had only been applied clinically
for a short time. Using normal values of other
physiological indicators (such as ambulatory
blood pressure) for reference, it is now consid-
ered that reliable CGM normal reference ranges
should be based on long-term, prospective
follow-up data and large-sample surveys in a
healthy population. However, such data are
often difficult to obtain. It is feasible to establish
the normal reference values for CGM parame-
ters by analyzing CGM measurements in nor-
mal subjects.

Our study on normal reference values for
CGM parameters was carried out in two steps:

1. First, a preliminary single-center trial utiliz-
ing CGM for 3 consecutive days was con-
ducted locally in 48 healthy volunteers in
Shanghai, who were 20—59 years of age and
had normal glucose regulation identified by

06:00

09:00 12:00 15:00 18:00 21:00

Time of day

oral glucose tolerance test (Fig. 7.2), as the
stepping stone for a nationwide multicenter
study. The 24-h mean blood glucose level
(MBG) was 5.37 £ 0.55 mmol/L, and for 98%
(80-100%) of the time, the glucose levels
were 3.9-7.8 mmol/L. The mean ampli-
tude of glycemic excursion (MAGE) and
mean of daily difference (MODD) were
2.00 = 0.69 mmol/L and 0.81 + 0.29 mmol/L,
respectively. The blood glucose peaked at 40
(30—45) min, 40 (30-55) min and 52 (35-66)
min after breakfast, lunch, and dinner, respec-
tively. The glucose concentrations before
three meals were 4.84 + 0.55 mmol/L,
4.76 +0.55 mmol/L, and 4.65 + 0.49 mmol/L,
respectively; and the maximum postprandial
glucose concentrations were
6.90 £ 1.29 mmol/L, 6.68 + 0.88 mmol/L,
and 6.85 + 1.03 mmol/L [2], respectively.

2. A multicenter study was subsequently
launched with the aim of establishing prelimi-
nary normal reference values for CGM param-
eters (including those reflecting glycemic
level and glycemic variability) in a sample of
healthy Chinese subjects with normal glucose
regulation, thus providing a theoretical basis
for clinical practice.
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Fig.7.2 The CGM
profiles of two cases of
individuals with normal
glucose regulation
identified by oral
glucose tolerance test
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We retrospectively reviewed and analyzed
3-day consecutive CGM data from 434 healthy
Chinese subjects (20-69 years old, 213 males and
221 females) from 10 hospitals (Shanghai Jiao
Tong University Affiliated Sixth People’s
Hospital; Sir Run Run Shaw Hospital, College of
Medicine, Zhejiang University; China-Japan
Friendship Hospital; West China Hospital,
Sichuan University; the Second Affiliated
Hospital of Harbin Medical University; Shanghai
Jiao Tong University Affiliated First People’s
Hospital; the First Affiliated Hospital of Sun Yat-
sen University; Fudan University Affiliated
Zhongshan Hospital; the First People’s Hospital
of Foshan; and Ruijin Hospital, Shanghai Jiao
Tong University School of Medicine) and estab-
lished preliminary normal reference ranges for
CGM parameters [3]. The inclusion criteria were
as follows: (1) no previous medical history of dia-
betes, hypertension, dyslipidemia, coronary artery
disease, or cerebral stroke, (2) fasting glucose
monitoring (FPG) <5.6 mmol/LL and 2-h plasma
glucose (2hPG) <7.8 mmol/L after a 75-g oral
glucose tolerance test (OGTT), (3) body mass
index (BMI) between 18.5 and 24.9 kg/m?, (4) tri-
glycerides <1.7 mmol/L and high-density lipo-
protein cholesterol >1.04 mmol/L, and (5)

06:00

1 L L
12:00 15:00 18:00

Time of day

1
09:00 21:00

systolic blood pressure <140 mmHg and diastolic
blood pressure <90 mmHg.

In order to maintain the consistency of the
data, the research group strengthened the quality
control. The training program was carried out at
the project start-up meeting, and the CGM use
manual was provided. During the study, in addi-
tion to contact by telephone, e-mail, and text
messages, working conferences were regularly
held for training, discussing details and plans,
and project summary.

The results showed that subject distribution
among age groups was similar: 23.5% were
20-29 years, 20.7% were 30-39 years, 19.8% were
4049 years, 18.4% were 50-59 years, and 17.6%
were 60—09 years. The interstitial glucose values
retrieved from the CGM were positively correlated
with their corresponding finger stick capillary
blood glucose concentrations (r = 0.822). From
434 healthy subjects, a total of 379,308 CGM read-
ings were obtained, and the mean absolute relative
difference (MARD) was 9.0 + 8.4% (Fig. 7.3).

The 24-h MBG for 434 healthy subjects was
5.77 = 0.57 mmol/L, and the coefficient of vari-
ance of MBG over a 24-h period among 10 hos-
pitals was 3.25%, suggestive of a variation within
reasonable limits among hospitals.
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Fig.7.3 The CGM 10
profiles of subjects with

normal glucose or
regulation. Note: The sl

three curves represent
the mean and fifth and
95th percentiles of 24-h
blood glucose
measurements in normal
individuals. The arrows
indicate the times of
three meals during a day
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Table 7.1 The 24-h MBG, PT7.8, and PT3.9 of 434 normal subjects of different ages

Male Female
Age (years) 20-39 40-59 60—69 All 20-39 40-59 60—69 | All All
n 93 80 40 213 99 86 36 221 434
24-h MBG 5.63 5.85 5.96 5.78 5.63 5.77 6.07 5.76 5.77
SD 0.60 0.56 0.58 0.60 0.51 0.58 0.50 0.55 0.57
P5 4.57 4.76 491 4.68 4.70 4.62 5.29 4.70 4.70
P10 4.76 4.96 5.30 4.90 4.80 4.98 5.40 5.01 4.95
P50 5.70 5.92 6.00 5.80 5.70 5.80 6.18 5.75 5.80
P90 6.45 6.50 6.64 6.50 6.20 6.55 6.72 6.50 6.50
P95 6.56 6.80 6.90 6.70 6.40 6.60 6.84 6.60 6.61
PT7.8
Mean 3.12 4.24 6.50 4.17 2.93 3.80 7.40 4.0 4.08
SD 4.96 5.98 7.08 5.89 4.47 5.15 8.05 5.75 5.76
P5 0 0 0 0 0 0 0 0 0
P10 0 0 0 0 0 0 0 0 0
P50 0.50 1.75 5.50 1.50 0.50 1.50 5.75 1.00 1.00
P90 9.3 13.0 17.0 12.8 9.0 11.4 21.3 12.5 12.5
P95 14.0 17.5 24.0 17.0 11.5 14.8 22.6 19.0 17.1
PT3.9
Mean 3.68 1.60 2.50 2.68 1.87 2.40 2.01 2.10 2.38
SD 7.25 4.81 4.95 6.07 3.59 5.61 342 4.46 5.31
P5 0 0 0 0 0 0 0 0 0
P10 0 0 0 0 0 0 0 0 0
P50 0 0 0 0 0 0 0 0 0
P90 9.3 4.0 10.9 9.0 6.0 7.2 9.10 7.00 8.0
P95 14.0 8.90 14.4 12.0 11.5 14.0 11.2 11.0 11.6

Note: MBG mean blood glucose, SD standard deviations, P77.8 the time percentage of blood glucose >7.8 mmol/L,
PT3.9 the time percentage of blood glucose <3.9 mmol/L, P5, P10, P50, P90, and P95 represent percentile values

Among the 434 subjects, the nighttime MBG
was lower than the daytime MBG
(5.48 = 0.63 mmol/L vs. 591 + 0.63 mmol/L,
P < 0.001) by (9 £ 7)%. The percentages of time
spent with glucose >7.8 mmol/L (PT7.8) and glu-
cose <3.9 mmol/L (PT3.9) were 4.1 + 5.8% and

2.4 +5.3%, respectively. There were no significant
differences found between men and women regard-
ing the 24-h MBG, PT7.8, and PT3.9 (P > 0.05).
The 95th percentiles of 24-h MBG, PT7.8, and
PT3.9 were 6.61 mmol/L for 24-h MBG, 17.1% for
PT7.8, and 11.6% for PT3.9 (Table 7.1). In 434
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Table 7.2 MAGE and SDBG of 434 normal subjects of different ages [4] (Reprint from Med Sci Monit)

Male Female

Age (years) 20-39 40-59 60—69 All 20-39 | 40-59 60—69 All All

n 93 80 40 213 99 86 36 221 434

MAGE (mmol/L)

Mean 1.80 1.99 2.16 1.94 1.84 1.95 2.37 1.97 1.96

SD 0.76 0.90 0.84 0.86 0.87 0.94 1.14 0.96 0.91
P5 0.76 0.83 0.84 0.82 0.97 0.72 0.81 0.84 0.84
P10 0.97 1.04 0.92 1.00 1.06 0.87 1.16 1.01 1.01
P50 1.62 1.74 2.03 1.76 1.60 1.72 2.10 1.68 1.73
P90 291 3.28 3.37 3.12 2.79 341 3.82 3.49 3.26
P95 3.35 3.60 3.69 3.67 3.73 4.08 4.23 4.01 3.86

SDBG (mmol/L)

Mean 0.75 0.79 0.89 0.79 0.76 0.76 0.94 0.79 0.79

SD 0.32 0.33 0.33 0.33 0.29 0.31 0.36 0.32 0.32
P5 0.35 0.30 0.35 0.35 0.40 0.32 0.34 0.36 0.35
P10 0.40 0.40 0.40 0.40 0.45 0.38 0.48 0.45 0.40
P50 0.70 0.75 0.88 0.75 0.70 0.75 0.98 0.75 0.75
P90 1.20 1.29 1.30 1.25 1.15 1.20 1.44 1.29 1.25
P95 1.38 1.44 1.59 1.43 1.30 1.43 1.60 1.40 1.40

Note: MAGE mean amplitude of glycemic excursion, SD standard deviations, SDBG standard deviations of blood
glucose, P5, P10, P50, P90, and P95 represent percentile values

subjects, the maximum and minimum daily blood
glucose levels were 8.01 + 1.29 mmol/L and
4.27 + 0.63 mmol/L, respectively. The intraday
largest amplitudes of glycemic excursion and
MAGE were 374 + 141 mmol/L and
1.96 = 0.91 mmol/L, respectively. The standard
deviation of blood glucose (SDBG) was
0.79 = 0.32 mmol/L. The 95th percentiles of
MAGE and SDBG were 3.86 mmol/L and
1.40 mmol/L, respectively (Table 7.2).

7.2.1 CGM Parameters (24-h MBG,
PT7.8, and PT3.9) Were
Evaluated in Relation to Sex
and Age in Subjects

with Normal Glucose

Regulation

24-h MBG showed a weak positive correlation
with age (r = 0.243 for man, r = 0.277 for women;
both P < 0.001). PT7.8 also showed a weak posi-
tive correlation with age (r = 0.251 for man,
P < 0.001; r =0.175 for women, P = 0.009). But
PT3.9 showed no such association (P > 0.05).
Analyses for different age subgroups revealed an
increased 24-h MBG level for men aged >40 years

(P < 0.01) and for women aged >60 years
(P < 0.01). PT7.8 was increased in both male and
female subjects aged >60 years (P < 0.01). There
was no significant difference in the PT3.9 level
among the three age subgroups (P > 0.05). No sig-
nificant differences in 24-h MBG, PT7.8 and PT3.9
were observed between men and women within
any of the age subgroups (P > 0.05, Fig. 7.4).

7.2.2 CGM Parameters (MAGE
and SDBG) Were Evaluated
in Relation to Sex and Age
in Subjects with Normal
Glucose Regulation

MAGE showed a weak positive correlation with
age (r = 0.18 for man, r = 0.16 for women; both
P < 0.05). SDBG also showed a weak positive
correlation with age (r = 0.17 for man, » = 0.15
for women; both P < 0.05). Analyses for differ-
ent age subgroups revealed significant increases
in MAGE and SDBG in subjects aged >60 years
among all age subgroups (all P < 0.05). No
significant differences in MAGE and SDBG
between men and women were observed within
any of the age groups (P > 0.05).
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7.2.3 Reproducibility of CGM
Evaluation Was Assessed

A reproducibility test of CGM was carried out
in 20 subjects, of whom two men and two
women were randomly selected from each of
the five age subgroups (20-29, 30-39, 40-49,
50-59, and 60-69 years) at 8—12 weeks after the
initial measurements (Fig. 7.5). The average age
was 43 + 16 years (range 22-68); BMI was
22.2 + 1.8 kg/m?. No significant differences
were observed in terms of 24-h MBG, PT7.8,
PT3.9, MAGE, and SDBG parameters between
the first time and second time CGM tests (all
P > 0.05).

7.3  Comparison of Chinese
Normal Reference Values
for CGM Parameters

with International Values

In our study of 434 normal individuals aged
20-69 years old, we found that the 24-h MBG
was 5.8 mmol/L by CGM, and the daytime and
nighttime MBG were 59 and 5.5 mmol/L,

Intergroup comparison of 24-h MBG in 434 normal subjects stratified by sex and age

respectively. The results were similar to those of
a study performed by Mazze et al. [5] who used
the FreeStyle Navigator CGM system in 32 nor-
mal subjects for 28 days. The 24-h MBG was
5.7 + 0.4 mmol/L, and the daytime and nighttime
MBG concentrations were 5.8 + 0.4 mmol/L and
5.4 + 0.3 mmol/L, respectively. In our study, we
observed that approximately 60% of subjects
experienced  blood  glucose  exceeding
7.8 mmol/L, and blood glucose lower than
3.9 mmol/L was detected in 41% of subjects. A
few subjects even experienced a transient (lasting
about 30 min) glucose elevation (>11.1 mmol/L)
and drop (<2.8 mmol/L). The Juvenile Diabetes
Research Foundation (JDRF)-CGM Study Group
used CGM to analyze the glucose profiles of 118
subjects with normal glucose regulation
(865 years old, 83 males and 35 females) from
10 clinical centers. They found that normal sub-
jects had blood glucose exceeding 7.8 mmol/L or
lower than 3.9 mmol/L; but in general, 93% of
the time, their glucose concentrations were
within the range of 4.0-7.7 mmol/L. Moreover,
the study demonstrated good reproducibility of
CGM in normal individuals, suggesting that this
monitoring system had high reliability.
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Fig. 7.5 Reproducibility of CGM evaluation. Note: (a) first CGM; (b) second CGM

The study of CGM in normal individuals has
been a hot field of research in recent years. An
in-depth understanding of the characteristics of
normal blood glucose fluctuations and establish-
ment of normal reference values is essential for
clinical application and research using CGM, as
well as for the further development of subcuta-
neous closed-loop systems [6]. Therefore, in
addition to our research group, several domestic
and international institutions have also carried
out relevant research work (Table 7.3). The
investigators in the Oxford Centre for Diabetes,
Endocrinology, and Metabolism, University of
Oxford, analyzed the glucose profiles of 70 sub-
jects with normal glucose regulation (44
American Caucasian, 13 American Hispanic, 7
Asian, and 6 African American) and reported
normative ranges for SDBG (0-3.0 mmol/L),
MODD (0-3.5 mmol/L), and MAGE
(0-2.8 mmol/L). The authors of that article

pointed out that measurements of CGM norma-
tive ranges in normal subjects added to the body
of knowledge regarding normal values, allowing
for better identification of abnormalities [7].
Tsujino et al. [8] measured glucose profiles of 24
Japanese subjects (16 males and 8 females) for 4
days by using CGM and found that the 24-h
MBG was 5.6 mmol/L and the corresponding
SDBG was 0.9 mmol/L. Their study emphasized
the significance of CGM in the diagnosis and
treatment of postprandial glucose fluctuations in
individuals with normal glucose regulation. In
2010, JDRF reported CGM data from 74 sub-
jects with normal glucose tolerance (9—65 years
old). The percentages of time (PTs) spent with a
blood glucose <3.3 mmol/L. and >7.8 mmol/L
were 0.2% and 0.4%, respectively, and blood
glucose was within the range of 4.0-7.7 mmol/L
for a PT of 91%. These findings were consistent
with some other studies [9, 10]. In addition, it



72

J.Zhou and W. Jia

Table 7.3 Summary of CGM studies in individuals with normal glucose regulation

Publication Sample 24-h MBG SDBG MAGE
Author time Journal size Population (mmol/L) (mmol/L) (mmol/L)
Mazze 2008 Diabetes 32 American 5.7 1.0 /
et al. Technol Ther
Zhou 2009 Diabetes Care | 434 Chinese 5.8 0.8 2.0
et al.
Tsujino | 2009 Diabetes 24 Japanese 5.6 0.9 /
et al. Technol Ther
JDRF- 2010 Diabetes Care 74 American 5.5 / /
CGM
Hill et al. | 2011 Diabetes 70 American 5.1 1.5 1.4
Technol Ther Caucasian (n=44)
American
Hispanic (n=13)
Asian (n=7)
African (n=6)
Xuetal. 2012 Natl Med J 40 Chinese 6.0 0.9 1.9
China
Wijsman | 2013 Aging Cell 84 Dutchman 49-54 0.6-0.7 /
et al.

Note: MBG mean blood glucose, JDRF-CGM Juvenile Diabetes Research Foundation Continuous Glucose Monitoring

Dataset

has been reported that the 24-h MBG, daytime
MBG, and nighttime MBG were 5.4 mmol/L,
5.5 mmol/L, and 5.3 mmol/L, respectively [11].
In a study in the Netherlands that included 58
individuals of different ages with normal glucose
regulation, the 24-h MBG was 4.9—-5.4 mmol/L,
and the daytime and nighttime blood glucose
levels were 4.9-5.5 mmol/L and 4.8-5.2 mmol/L,
respectively. Moreover, blood glucose levels
increased with age [9]. In 2012, Xu et al. [12]
analyzed 40 cases with normal glucose regula-
tion (23 males and 17 females) and reported a
24-h MBG of 6.0 = 0.7 mmol/L, SDBG of
0.9 £ 0.1 mmol/L, MAGE of 1.9 + 0.8 mmol/L,
MODD of 1.1 £ 0.1 mmol/L, and PT 7.8 of
21.7% (5.2 h).

As indicated by the relationship between CGM
parameters with age and sex in our study, 24-h
MBG is independent of sex but increases with
age. There was a significant increase in the 24-h
MBG in men aged >40 years and women aged
>60 years. We also recommend a unified cutoff
point for normal reference values for the CGM
parameters, similar to the normal glucose toler-
ance cutoff points recommended by the American

Table 7.4 The reference values for CGM parameters (in
24 h) in Chinese adults with normal glucose regulation
[15] (Reprint with permission from Chinese Journal of
Diabetes Mellitus)

Parameters | Normal reference
Glycemic level MBG <6.6 mmol/L

PT 7.8 <17% (4 h)

PT 3.9 <12% (3 h)
Glycemic variability | SDBG <1.4 mmol/L

MAGE <3.9 mmol/L

Note: MBG mean blood glucose, P77.8 the time percent-
age of blood glucose >7.8 mmol/L, PT3.9 the time per-
centage of blood glucose <3.9 mmol/L, SDBG standard
deviations of blood glucose, MAGE mean amplitude of
glycemic excursions

Diabetes Association (ADA) [13] or World Health
Organization (WHO) [14]. Therefore, through a
multicenter study, we recommend a 24-h MBG
value <6.6 mmol/L, PT7.8 <17% (4 h), PT3.9
<12% (3 h), MAGE <3.9 mmol/L, and SDBG
<1.4 mmol/L as CGM normal reference ranges
for the Chinese population [3, 4] (Table 7.4).
Moreover, through subsequent analysis of
CGM data from the national multicenter study
conducted from 2007 to 2009, we found a signifi-
cant positive correlation between 24-h MBG and
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Table 7.5 The relationship between HbA,. and 24-h
MBG during CGM [16] (Reprint from PLoS One)

HbA . [% (mmol/mol)] 24-h MBG (mmol/L)
5.0 (31) 5.4 (4.7-6.2)

6.0 (42) 6.6 (5.8-7.4)

6.5 (48) 7.2 (6.4-8.1)

7.0 (53) 7.8 (6.9-8.7)

8.0 (64) 9.0 (8.1-10.0)

9.0 (75) 10.2 (9.2-11.2)

10.0 (86) 11.4 (10.3-12.5)
11.0 (97) 12.5 (11.5-13.7)
12.0 (108) 13.8 (12.6-15.0)

glycated hemoglobin A,. (HbA,) (r = 0.735,
P < 0.001). The linear regression equation
between 24-h MBG and HbA . was as follows:

24-h MBG =1.198 x HbA,, —0.582
(R2 =0.670, P < 0.001)

When the HbA,. was 6.0% (42 mmol/mol),
6.5% (48 mmol/mol), and 7.0% (53 mmol/mol),
the corresponding 24-h MBG values were
6.6 mmol/L, 7.2 mmol/L, and 7.8 mmol/L,
respectively, during CGM [16] (Table 7.5).

In addition, in 2008, Alc-Derived Average
Glucose Study Group also analyzed 507 subjects
and investigated the relationship between the
HbA,. and average glucose (AG) values. Linear
regression equation was showed as follows:

AG(mg/dl)=28.7xHbA,_ —46.7
(R2 =0.84, P< 0.0001)

And the linear regression equations did not differ
significantly across subgroups based on age, sex,
diabetes type, race/ethnicity, or smoking status [17].

Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).
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Clinical Applications of Continuous
Glucose Monitoring Reports
and Management Systems

L. Zhang and W. Jia

Continuous glucose monitoring (CGM) technol-
ogy has been gradually popularized in clinical
practice. CGM data can be used to calculate
CGM parameters and generate CGM graphs and
reports using computer software, helping clini-
cians to understand the trend and regularity of
changes in blood glucose of patients, so as to
effectively guide adjustment of treatment regi-
mens and optimization of blood glucose control.

8.1 Standardization of CGM
Reports
8.1.1 Contents of the Standardized

CGM Report

There are three main types of CGM systems,
manufactured by Medtronic Inc. (USA), Dexcom
Inc. (USA), and Abbott Company (USA). Due to
the different CGM devices, software packages,
and statistical methods, CGM reports vary in their
contents and formats. In 2008, the US International
Diabetes Center (IDC) provided a CGM report
format, known as the CGM ambulatory glucose
profile (AGP), and elaborated on the contents of
the report [1]. In 2012, the expert consensus led
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by the IDC put forward the standardization of
CGM report on the basis of AGP [2]. Standardized
AGP should include the following: target range of
blood glucose control, blood glucose control
level, glycemic variability parameters, and analy-
sis of hypoglycemia and hyperglycemia.

8.1.1.1 Target Range of Blood Glucose
Control

The recommended target range of blood glucose
control is 3.9-10.0 mmol/L (70-180 mg/dL). It
has been reported that if 50% of time is spent
within the target range of blood glucose, the gly-
cated hemoglobin A,. (HbA,.) level is generally
about 7% (53 mmol/mol) [3]. The CGM report
should include the percentage of time (PT) in
which blood glucose is within the target range.
The parameter PT should be displayed in a prom-
inent position to help patients and clinicians
understand the overall control of blood glucose.

8.1.1.2 Blood Glucose Control Level

It is recommended to use daily mean blood glu-
cose (MBG) to assess blood glucose control. The
HbA,. value estimated on the basis of MBG
should also be included in the report.

8.1.1.3 Glycemic Variability

The use of the standard deviation of blood glucose
(SDBG) is recommended to assess glycemic vari-
ability. The SDBG is easy to obtain and is associ-
ated with multiple glycemic variability parameters.
It is a useful tool for assessing intraday blood glu-
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cose variability [4]. The coefficient of variance
(CV) is calculated from the ratio of SDBG to
MBG. It is more stable than MBG and HbA ., and
can reflect the blood glucose fluctuation more
effectively, but it is not easy to be displayed in
images [5]. The interquartile range is the differ-
ence between the upper and lower quartiles. It is
easy to be calculated and displayed by images,and
it can reflect the glycemic variablity as well [6].

8.1.1.4 Analysis of Hypoglycemia

The blood glucose value <3.9 mmol/L (70 mg/
dL) is recommended as the cutoff value of hypo-
glycemia. This criterion is consistent with the
definition of hypoglycemia in the 2017 American
Diabetes Association (ADA) guidelines for the
diagnosis and treatment of diabetes [7]. Based on
recommendations  from the International
Hypoglycaemia Study Group, serious, clinically
significant hypoglycemia is now defined as glu-
cose <3.0 mmol/L (54 mg/dL), while the glucose
alert value is defined as <3.9 mmol/L (70 mg/dL)
[8]. Hypoglycemia was defined as a blood glu-
cose less than the threshold value for more than
10 min. The CGM report describes the number
and duration of hypoglycemia events.

8.1.1.5 Analysis of Hyperglycemia

The blood glucose values >10.0 mmol/L (180 mg/
dL),>13.9mmol/L (250 mg/dL), and >22.2 mmol/L.
(400 mg/dL) are recommended as the thresholds
for assessing various degrees of hyperglycemia.
Also, the PT should be calculated for analysis of
hyperglycemia.

8.1.2 Chinese Version of CGM
Report

The AGP report can be generated by “CapturAGP”
software on the basis of CGM data. Currently,
since “CapturAGP” is complex and its Chinese
version is not available, the Chinese Clinical
Guideline for Continuous Glucose Monitoring
(2012) recommended the contents and format of a
Chinese CGM report [9], including three parts
(Table 8.1): (1) general items (basic information of

the subject, clinical diagnosis, inspection date,
medical staff signature, and report date), (2) CGM
data (daily MBG; SDBG; minimum and maxi-
mum blood glucose; PTs spent with glucose
>7.8 mmol/L, >10.0 mmol/L, and >11.1 mmol/L;
and PTs spent with glucose <3.9 mmol/L and
<2.8 mmol/L), and (3) CGM tips (including blood
glucose results throughout the monitoring period).
The Chinese version of the CGM report is
more concise than the AGP, presenting CGM data
in tables, including the target range of blood glu-
cose control, blood glucose control level, glyce-
mic variability parameters, and PTs spent with
hypoglycemia and hyperglycemia (Table 8.1).

8.2  Software for Calculating
Glycemic Variability
Parameters

8.2.1 Commonly Used Glycemic

Variability Parameters

Abnormal fluctuations in blood glucose are closely
related to chronic complications of diabetes [10].
Therefore, blood glucose fluctuations are also an
important part of diabetes management. Application
of CGM technology allows for the collection of
more glucose data, facilitating accurate assessment
of glycemic variability. The clinical parameters
reflecting glycemic variability include SDBG, larg-
est amplitude of glycemic excursion (LAGE),
M-value, mean amplitude of glycemic excursion
(MAGE), high blood glucose index (HBGI), low
blood glucose index (LBGI), lability index (LI),
average daily risk range (ADRR), J-index, continu-
ous overlapping net glycemic action over an n-hour
period (CONGAR), glycemic risk assessment in
diabetes equation (GRADE), mean absolute glu-
cose (MAG), mean of daily differences (MODD),
and others [11]. The algorithms for these parame-
ters are shown in Table 6.2. Studies have shown
that with more time of CGM mornitoring, the per-
centage error among glycemic variability parame-
ters is reduced. For example, the percentage error
of SDBG can be reduced to 10% with the use of
CGM for 12 consecutive days [12].
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Table 8.1 CGM report [9] (Reprint with permission from Chinese Journal of Diabetes Mellitus)

Name: __ Sex: Age: ____ Examination Date: _____
Department: _ Ward: __ Bed: ___ Hospitalization No./Outpatient No.:
Clinical diagnosis: _____
Item Normal reference value Date |Date |Date |Date
(24 h)
Sensor glucose measurement times -
Mean sensor glucose (mmol/L) <6.6
Standard deviation (mmol/L) <l.4
Maximum (mmol/L) -
Minimum (mmol/L) -
Duration >11.1 mmol/L (hour:minute) -
Duration >10.0 mmol/L (hour:minute) -
Duration >7.8 mmol/L (hour:minute) <4 h (17%)
Duration <3.9 mmol/L (hour:minute) <3 h (12%)
Duration <2.8 mmol/L (hour:minute) -
CGM parameters:
Total sensor glucose measurements:
Mean absolute difference (MAD): %
Average sensor glucose: mmol/L
Sensor glucose standard deviation: mmol/L
Highest sensor glucose value and lowest sensor glucose value: mmol/L and mmol/L
Times when sensor glucose >7.8 mmol/L, >10.0 mmol/L, and >11.1 mmol/L: ___h___ min (__%), h
_ min(_%),____h____min(__%)
Times when sensor glucose <3.9 mmol/L and <2.8 mmol/L: ___h_ _min(_%),_____h__ min(__%)

Reporter: Auditor:

Report date:

8.2.2 Software for Calculating
Glycemic Variability
Parameters

The calculation process for glycemic variability
parameters is cumbersome and error-prone,
whereas the use of computer software is more
rapid and accurate. Therefore, there are a number
of calculation software programs available for
calculating glycemic variability parameters in
clinical and research applications. In 2011, the
Oxford Centre for Diabetes developed “EasyGV”
software for calculating glycemic variability of
blood glucose. This software is developed based
on Excel VBA and is able to assess a variety of
glycemic variability parameters, including
SDBG, M-value, MAGE, ADRR, LI, J-index,
LBGI, and MODD. The software is currently
available at http://www.phc.ox.ac.uk/research/
technology-outputs/EasyGV. With “EasyGV,”
researchers have analyzed CGM results from 70

healthy subjects, calculated glycemic variability
parameters, and put forward a normal reference
range for each parameter [13].

In 2011, Polish scholars developed the
Internet-based calculation software for glycemic
variability parameters, namely, “GlyCulator”
[14]. The software runs on the website and can
directly analyze the files containing the CGM
data (files with suffix of .xls or .fst). “GlyCulator”
can analyze a variety of glycemic parameters
including SDBG, M-value, MAGE, ADRR, LI,
J-index, and CONGA-.

8.2.3 Calculation Software
for MAGE

Because MAGE is reasonably designed and it has
good correlation with oxidative stress and chronic
complications of diabetes, it was recognized as a
“golden standard” reflecting glycemic variability
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[15]. However, manual calculation of MAGE is
cumbersome and error-prone. Thus, many inves-
tigators have developed software that
automatically calculates MAGE values for con-
venient application.

In 2011, the German researchers developed
the software “Calculator of MAGE” [16]. The
software is designed based on Delphi 6, and it is
able to calculate MAGE values for subjects from
CGM data. The calculation method of the soft-
ware is similar to a manual calculation method.
Through plotting the CGM graph, the software
seeks the amplitude of glucose excursions more
than 1 SDBG to obtain the MAGE value. The
software was used to analyze the CGM data of
474 outpatients to calculate MAGE values, which
were compared to manually calculated MAGE
values. The results showed that the two MAGEs
were highly correlated in diabetes patients
(r =0.960, P < 0.001). A Bland—Altman scatter
plot showed excellent agreement between the
two MAGE methods.

In 2011, the Australian researchers developed
another software program, the ‘“Automated
Algorithm of MAGE,” for calculating MAGE
[17]. The software provides two algorithms that
can both be used to calculate MAGE. One algo-
rithm creates a moving average with exponen-
tially smoothing weights and filters out glucose
excursions >1 SDBG to calculate MAGE. The
other algorithm is designed to compare three
consecutive glucose measurements. If three con-
secutive observations are in the same direction
(increasing or decreasing sequence), then the sec-
ond or middle observation is of no interest. Using
this algorithm, glycemic excursions are filtered
out, and then a SDBG value is used to eliminate
noncountable excursions and finally calculate
MAGE value. Owing to a great relationship
between the direction of the first countable excur-
sion and the “rule” for the remainder excursions,
the software used “MAGE+" to represent upward
excursions, “MAGE-" to represent downward
excursions, and “MAGEavg” to represent the
mean of upward and downward excursions.

Due to differences in the algorithms of various
softwares, the results of glycemic variability
parameters by softwares may also differ. Taking

MAGE as an example, researchers have com-
pared the agreement of four MAGE software pro-
grams, “EasyGV,” “GlyCulator,” “Calculator of
MAGE,” and “Automated Algorithm of MAGE”
[18]. The results showed significant differences
in MAGE values calculated by different software
programs (P < 0.01). Specifically, “GlyCulator”
returned the highest MAGE, and “EasyGV” gave
the lowest MAGE; “Calculator of MAGE” and
“Automated Algorithm of MAGE” returned the
intermediate MAGE values. Correlation analysis
showed that “Calculator of MAGE” and
“Automated Algorithm of MAGE” had the best
correlation (r = 0.999), whereas “EasyGV” and
“GlyCulator” had worse correlation (r = 0.787).
The correlations of “EasyGV” with “Calculator
of MAGE” (r=0.873) and “Automated Algorithm
of MAGE” (r = 0.871) were observed, which
were similar to the correlations of “GlyCulator”
with “Calculator of MAGE” (r = 0.909) and
“Automated Algorithm of MAGE” (r = 0.910).
Therefore, it is better to manually recheck the
software results of glycemic parameters com-
bined with CGM graphs prior to using in scien-
tific research and clinical application.

8.2.4 Main Controversy in Glycemic
Variability Parameters

The conflicting results for glycemic variability
parameters are derived from uncertain definitions
and inconsistent algorithms. Taking MAGE as an
example, the algorithm needs to be standardized
in the following aspects:

1. The selection of the starting time point may
affect the MAGE result. In the MAGE algo-
rithm, the chronological CGM data are used,
with common starting time points at
12:00 a.m., 07:00 a.m., 12:00 p.m., 04:00 p.m.,
etc. Since the starting time point is manually
selected, analysis at different starting time
points may lead to differences in the direction
of the first excursion. Because all glucose
excursions that have the same direction with
the first qualifying excursion are included for
calculation of MAGE, the selection of the first
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excursion will affect the MAGE calculation
result.

2. Direction of glucose excursions is another
possible controversy. In the MAGE algorithm,
“Calculator of MAGE” software calculates all
glucose excursions that have the same direc-
tion as the first qualifying excursion. However,
“EasyGV” software calculates the mean of all
glucose excursions, irrespective of upward or
downward directions. “Automated Algorithm
of MAGE” calculates the upward excursions
as “MAGE+” and the downward excursions
as “MAGE-" and finally relies on manual
selection based on CGM graphs. The different
amplitudes between upward and downward
excursions lead to the differences in MAGE
results.

3. Whether starting or ending points are included
in the calculation may also affect the MAGE
calculation. Starting-point and end-point
blood glucose levels are “unfinished” fluctua-
tions in blood glucose, which may overesti-
mate or underestimate the magnitude of blood
glucose fluctuations. Thus, they are excluded
by some calculation software programs, for
example, “EasyGV.” However, exclusion of
starting-point and end-point blood glucose
may lead to loss of some glycemic informa-
tion; thus, these data are selectively included
for calculation by some software programs,
such as “Automated Algorithm of MAGE.”
For “Calculator of MAGE” software, users
can decide whether the starting-point or end-
point blood glucose data are included by the
settings of the software.

8.3 CGM Software in China

8.3.1 MAGE Software
8.3.1.1 Algorithm and Features
of MAGE Software

“EasyGV” and other software programs are only
available in English, which do not fit the habits of
Chinese users. In 2011, we first developed the
“Parameter calculating continuous glucose
monitoring—Calculation software of MAGE”

(“MAGErun,”  Software  Copyright  No.
2011SR089489). The software was based on
C++ language and can be used to obtain MAGE
values by calculating CGM data. The software is
user-friendly and easy to operate. It is able to pro-
cess multiple sets of data at the same time and
can also calculate the MODD value. It has been
widely used in scientific research and clinical
practice. Subsequently, we independently devel-
oped the CGM Reporting Management System
(“CGMreport,” Software Copyright Registration
No. 2012SR049264; see below). Then in 2013,
the two software systems were integrated and
upgraded to generate the CGM Reporting
Management System V2.0 (Software Copyright
Registration No. 2014SR034309). In 2015, the
V2.0 was upgraded to V3.0, allowing for support
of real-time CGM systems, including automatic
reporting capabilities, calculation of glycemic
variability parameters, and plotting fusion dia-
gram of glucose data (Fig. 8.1).

The algorithm used by the software to calcu-
late MAGE is as follows: the starting time point
for MAGE analysis is generally chosen as 00:00,
and 24-h glycemic variability from 00:00 to
23:59 is analyzed. First, three consecutive blood
glucose measurements are analyzed from the
starting point. If they are in the same direction,
the second or middle observation is ignored; if
different, the middle observation is retained.
Then from the second value, another three con-
secutive measurements are analyzed, and so on.
The glycemic excursions are screened after
multiple cycles, and then the glycemic excur-
sions are filtered out by 1 SDBG value. The
MAGE is calculated based on all glucose excur-
sions that have the same direction as the first
qualifying excursion. The algorithm requires
continuous monitoring of blood glucose without
interruption for a long time; otherwise, the gly-
cemic information is lost, and a calculation error
is generated.

8.3.1.2 How to Use the Software

The CGM data must be input prior to use of the
software. First, open the template file MAGE.xls
(an Excel spreadsheet file) in the template direc-
tory. Then, replace with CGM measurement data



80

L. Zhang and W. Jia

Parameter evaluating blood
glucose fluctuation

calculation software of MAGE

CGM reporting

CGM reporting
management system V 1.0

management system V 2.0

CGM reporting management

system V 3.0
The Chinese AGP can be used in MiniMed
Paradigm722 real-time CSII system

Fig. 8.1 The CGM Report Management System developed by the Department of Endocrinology and Metabolism,
Shanghai Jiao Tong University Affiliated Sixth People’s Hospital

Fig.8.2 The of mean amplitude of glycemic exciirsions | e e
calculation interface of . e -
“MAGErun’.’ software ) "l :SW’ "w': i @ Output ::“w 9 Guidelines @m
and calculation results

NO. PatientlDayl Peak-Nadirl  PatertlDay2 Peak-Nadir2 .

1 1499 15.1 1343 141 Group 1

2 15.1 1188 13.88 .7 T i ——

3 151 1621 141 1488 MAGE 5. 48

4 151 7.22 141 1143 lS’[G}E g 66

5 1488 1044 13.99 1698

6 1465 622 141 131 MAGE : 5.22

7 1432 1321 141 16.54 SD 2.07

8 1443 141 9.33 FGE 4

9 1465 13.88 1488

10 1499 141 MODD : 3.27

11 1499 wri | ye——

12 1499 141

13 1488 13.99

14 1488 1388

15 1465 13.54

14 1454 1360 - -

in the table. The first row in the table (BG1) cor-
responds to the first CGM value, the second row
(BG2) corresponds to the second CGM value,
and so on until all CGM data are input. Then, the
xls file is saved and exited after the completion
of data input.

After the data input is completed, run
MAGErun.exe to access the system. First, make
sure that the MAGE.xls file is closed, and then
click the [Indicators statistical analysis] button.

The system will automatically calculate MAGE
and SDBG values in each column and MODD val-
ues of two adjacent columns from the input data
(Fig. 8.2). Check if the results are correct, and
click [Output] to export the results to an Excel file.

8.3.1.3 Clinical Application

of the Software
The software has been utilized to analyze the
CGM data of 434 normal subjects from 10 centers
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in China. It was found that SDBG <1.4 mmol/L
and MAGE <3.9 mmol/L can be used as the nor-
mal reference values for assessing glycemic vari-
ability in the Chinese population [19]. In another
study, we used the software to calculate the
MAGE values of 216 patients with type 2 diabetes
and to analyze correlation of the MAGE value
with carotid intima-media thickness (IMT). The
results showed that MAGE was positively corre-
lated with carotid IMT (r=0.365, P <0.01), dem-
onstrating that glycemic variability may be
associated with atherosclerosis [20]. The software
has been widely popularized throughout China,
providing a great convenience for clinical research
involving CGM.

8.3.2 CGM Report Management
System

8.3.2.1 Structure of the Software

Since “CapturAGP” and “MiniMed Solution”
only have English version, CGM operators need to
read the English report and then translate and copy
the data to a Word file in a Chinese version when
reporting the CGM results. This process is time-
consuming, laborious, and not conducive to clini-
cians’ timely and accurate understanding of blood
glucose information and fluctuations in patients.
Moreover, with the increasing amount of CGM
data, it is difficult to manage CGM reports and
effectively analyze CGM data. To this end, we
have independently developed the CGM Reporting
Management System (“CGMreport,” Software
Copyright Registration No. 2012SR049264) [21].
On the basis of Visual Basic 6.0, using Access
database, the software is able to automatically
obtain data from the CGM system and calculate
glycemic variability parameters to generate a
CGM report according to CGM data.

8.3.2.2 Features of the Software

1. Rapid report preparation and convenient oper-
ation: without any settings, the software can
directly obtain CGM record from an .mmg file
or .csv file and analyze them. The report time
is shortened from 10 min to 20 s. The operat-
ing interface is user-friendly, and it is easy to

master by a CGM operator after simple train-
ing. While reducing the workload of CGM
operators, the software also helps clinicians
gain a timely and accurate understanding of
the glycemic information of patients.

. Report format in accordance with the guide-

lines: the report is in full compliance with the
requirements of the Chinese Clinical
Guideline for CGM. In addition to calculating
the mean, maximum, and minimum blood
glucose values, it presents the PTs spent with
various blood glucose levels through the day.
The system also provides the normal refer-
ence ranges of glycemic parameters (Fig. 8.3).
The system is able to directly obtain CGM
data from CGM record files and rapidly and
comprehensively display the glycemic data of
patients.

. Calculation of multiple glycemic variability

parameters: the software can calculate multi-
ple glycemic variability parameters, including
MAGE, MODD, SDBG, LAGE, M-value,
ADRR, LBGI, HBGI, CONGAm®, LI, J-index,
MAG, GRADE, and others, which helps phy-
sicians to fully grasp the trends of blood glu-
cose fluctuations in patients (Fig. 8.4).

. CGM graphs: the system for the first time

incorporates the normal CGM glucose fluctu-
ations. Also, average multi-day curves are
added onto the original CGM glucose curves,
allowing more clear observation of the trends
in glycemic variability (Fig. 8.5).

. Convenient searching of CGM data and

graphs: the system provides two ways for
searching CGM data and graphs, that is, by
condition or by graph. The users can quickly
find the desired reports by setting the query
conditions, and the users can also search CGM
graphs to obtain intuitive information regard-
ing glycemic variability.

. Data export: The obtained CGM data can be

exported to Excel files. In the Excel files, a
large amount of glycemic data including
MBG, SDBG, the highest and lowest glucose
values, PTs, and glycemic variability parame-
ters such as MAGE, MODD, CONGAn#n, and
ADRR are provided and can be easily used for
statistical analysis.
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Shanghai 6th People's Hospital

Continuous Glucose Monitoring (CGM) Report

Name: Stone Zhang Sex: Male  Age: 46 yr Examination Date: 2015/11/20
Department: Endocrine Ward: 9W  Bed: 33  Serial No: 1
Hospitalization No: 1234567  OQutpatient No: Diagnosis: Diabetes

Normal
Date Reference | Nov.13 Nov.14 Nov.15 Nov.16
(24 hours)
Sensor Glucose
. - 157 288 288 112
measurement times
Mean sensor glucose <6.6 7.7 8.83 8.17 8.38
(mmol/L)
Standard Deviati
andard Zeviation <14 1.78 241 1.52 171
(mmol/L)
Maximum (mmol/L) - 10.44 16.49 12.44 12.77
Minimum (mmol/L) - 422 6.05 6.33 7.05
Duration >11.1 mmol/L 0:00 3:55 2:15 1:15
(hour: minute) 0% 16% 9% 13%
Duration =10.0 mmol/L 1:35 6:20 4:05 1:50
(hour: minute) 12% 26% 17% 20%
Duration >7.8 mmol/L 6:30 11:30 8:55 2:45
. <4 h (17%)
(hour: minute) 50% 48% 37% 29%
Duration 27.0 mmol/L 7:30 17:35 20:15 9:20
(hour: minute) 57% 73% 84% 100%
Duration <3.9 mmol/L 0:00 0:00 0:00 0:00
. <3 h (12%)
(hour: minute) 0% 0% 0% 0%
Duration <2.8 mmol/L 0:00 0:00 0:00 0:00
(hour: minute) 0% 0% 0% 0%

CGM Reslut: Sensor glucose measurement times are 845, Mean Absolute Difference (MAD)
is 10.2%, Mean sensor glucose is 8.34 mmol/L, Standard Deviation is 1.98 mmol/L, Maximum
and Minimum of sensor glucose are respectively 16.5 mmol/L, 4.2 mmol/L. The Duration of
sensor glucose =7.0 mmol/L, =7.8 mmol/L, =10 mmol/L, and =11.1 mmol/L are
54hours(h)40minutes(m)(78%), 29h40m(42%), 13h50m (20%) and 7h25m (11%); The duration of

sensor glucose <3.9 mmol/L and <2.8 mmol/L are 0h00m (0%), and 0h00m (0%).

Reporter: Administrator Auditor: Zhang  Report date: 2015/11/23

Fig. 8.3 The CGM report generated by the CGM Reporting Management Software
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Set Az Default |

Analyse Option ] T Graph ]
Options of Glycaemic Result of Glycaemic Variability
Variability
Date ) MEG SDEG FGE MAGE LAGE Bvalu
N Value IGV E.'IB amol/L 2008/11/13 157 7.7 1.78 6.22 4
2008/11/14 288 8.83 2.41 2 8.33 10. 44 11
CONGA (Continuous overall net 2008/11/15 288 8.17 1.52 3 4.16 6.11 g
glycemic action) 2008/11/16 112 8.38 1.71 5.72 7
CONGA Length: [EU Mins
LI (Lability Index)
LI Interval: [0 Mins < -

[Abbreviation] BG: Blood Glucoses N: times of BGi MBG: Mean BGi SDBG: Standard
Deviation of BGi FGE: Frequency of Glycemic Excursionsi MAGE: Mean Amplitude of
Glycaenic Excursionsi LAGE: Largest Amplitude of Glycemic Excursionsi ADER: Average
Daily Risk Rengei LBMI: Low Blood Glucoze Indexs HBMI: Migh Blood Glucose Indexi
MODD: Mean of Daily Differencesd CONGA: Continmouz overall net glycemic actioni LI:
Lability Indexi MAG: Mean Absolute Glucosei GRADE: Glycaemic Risk Assessment Disbetes
Equationi

[¥ote] The calculation Of MAGE requires abowe 200 times daily blood sugar readings

Analysze |

Fig. 8.4 The glycemic variability parameters calculated by CGM Reporting Management Software

Fig. 8.5 CGM profiles 222
of CGM Reporting
Management Software.
Notes: The red curve is
the average multi-day
curve of blood glucose;
the shadowed parts show
normal reference ranges
for CGM parameters

Glucose (mmol/L)

2.8

L
03:00

L
06:00

L 1
12:00 15:00

Time of Day

1
09:00

Day 1

average of 3 days

8.3.2.3 Operation of the Software

1. Data acquisition: The Medtronic CGM sys-
tem is one of the most widely used and mature
CGM technologies in China. The CGM
Report Management System supports direct
analysis of data files for Medtronic CGM sys-
tems. The Medtronic CGM system data files
can be downloaded via the supporting soft-
ware “MiniMed Solutions” or ‘“CareLink.”
For other CGM systems, the data need to be
input for analysis according to the required
format.

Day 2

Day 3 Day 4
normal reference range

The system supports two types of file for-
mats, with the suffixes .mmg and .csv. The
MMG file is a CGM data file downloaded by
“MiniMed Solutions.” The CSV file cannot be
downloaded directly, and the data must be
input manually according to the template. For
the Medtronic CGM system, the users can
export the data from the CGM system via the
“CareLink” software.

Data analysis: After data acquisition, start the
software “CGM  Report Management
System.” The system comes with a default
username  “‘system  administrator” and
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Analyse Option 1 Analyse Result

Gragh ]

Data File list: (CSV or MMG files Supported)

548463 _s_126-6_20110722. nmg
S66T54 Mark Li . cav
305104_w_9%-T_20081116, ang

—Files Option
Data file Directoxry:

Report file Directory: [L'\CoMreporiEnglizhireport

|L: \CGMrepor tEnglishiTestFile

Add

c a (@) " A1l Devices
¥

——Analyse Option

Data file for analyse:

Frogress: |

T \CGMy eportEngli shiTestFile
\385104_w_8W-T_20081116. amg

Analyse glucese [

Generate Report | variability

Fig. 8.6 The “Generate Report” interface of the CGM Reporting Management System [21] (Reprint with permission
from Chinese Journal of Diabetes Mellitus)

password “6yuannfm.” After a successful
login into the main interface of the system,
click [Generate Report] to enter the subject
selection interface. If the subject’s informa-
tion is already in the list, select and double-
click the subject; if not, click [New Report],
add the subject, and enter the report interface
(Fig. 8.6). At the upper part of the interface,
the users can input the subject information;
the left column shows available CGM data
files for analysis. The users can simply select
the target CGM data file and click [Generate
Report] to generate a CGM report.

In the automatic analysis interface, first
input the complete information of the subject,
and click [Save] at the top of the menu. Then
set the source location of CGM data and the
output directory for the CGM report. The
source file location is the directory where the
CGM file is located, and the CGM data file
will be displayed in the list. The CGM report
is output to the output directory in Word, and
the CGM profiles reflecting glycemic variabil-
ity are also saved in the same directory. After
setting, select the CGM data file to be ana-
lyzed (must be a file with the suffix .mmg or
.csv) in the list on the left column, and click
[Add] to add the data file into the analysis
box. Click [Generate Report], and wait for the

progress bar to finish, and then the users can
view the CGM report and analysis results.

. Analysis results: The system provides a CGM

report in Word format (Fig. 8.3), a CGM graph
in JPG format (Fig. 8.5), and up to 15 calcula-
tion results of glycemic variability parameters
(Fig. 8.4). All results can be exported to the
Excel file through the “Data Export” module
of the system and then analyzed using statisti-
cal software for scientific research.

. Clinical application of software: At present,

the latest version of the system, V3.0, is more
powerful and convenient based on the integra-
tion of the calculation of glycemic variability
parameters and the CGM report, as compared
with other software programs, like “EasyGV”
and “GlyCulator.” Also, the latest version of
the system has a powerful glycemic parameter
calculation function, and the analysis is more
comprehensive and informative in compari-
son with “CapturAGP,” “CareLink,” and other
software. At present, the system has been uti-
lized nationwide in more than 100 hospitals,
facilitating the management of CGM data and
the utilization of CGM technology in scien-
tific research and clinical practice. The system
is available free of charge for clinicians (if
necessary, please send your request via email
to CGMreport@ 163.com).
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8.4  Prospects of CGM Reports

and Analysis Software

Using software to generate CGM reports and cal-
culate glycemic parameters may standardize
CGM reporting, allowing easy interpretation of
CGM results and timely understanding of glyce-
mic variability by clinicians, so as to achieve bet-
ter glycemic control and improve prognosis
among patients. However, there are still some
problems during utilization of the software. First,
there is a variety of blood glucose monitoring
systems with various file formats, including FST,
MMG, CSV, XLS, and other data types, which
increase the difficulty in developing a universal
analysis software. The second is unclear defini-
tions of some glycemic variability parameters,
which result in inconsistencies in the algorithms
among software programs. Different software
programs developed by different researchers may
yield different calculation results for the same
database. The third is the uncertain clinical sig-
nificance of glycemic variability parameters, and
clinical use of these parameters is often not tar-
geted. With the advent of novel computer lan-
guages and algorithms, and the development of
new pharmaceuticals that target postprandial
hyperglycemia such as dipeptidyl peptidase-4
(DPP-4) inhibitors, glucagon-like peptide-1
(GLP-1) receptor agonists, and sodium-
dependent glucose transporters 2 (SGLT-2)
inhibitors, more glycemic variability parameters
will continue to emerge and will require large-
sample, long-term, prospective studies to evalu-
ate the effectiveness and clinical significance of
various parameters.

In short, data analysis using CGM software
can reduce the workload of operators, generate
standardized CGM reports, as well as calculate
glycemic variability parameters, helping clini-
cians to understand trends in blood glucose
changes. Moreover, CGM and analysis software
programs also provide a large amount of glyce-
mic information, contributing to the progression
of diabetes-related research.

Statement on Consent for Participation
All the clinical trials carried out by the authors
in this book have been reported to the Ethics

Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association
for Ethical Studies (approval number:
2007-45).
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Clinical Indications for Continuous
Glucose Monitoring

W. Jia

As a new type of glucose monitoring technology,
continuous glucose monitoring (CGM) is expen-
sive and requires both clinicians and patients to
invest considerable time and energy to complete
the monitoring process. Moreover, patients must
receive education and training to use CGM prop-
erly. Therefore, the clinical professionals should
understand the indications of CGM and make full
use of its advantages, so as to maximize its clinical
value. If the investigators use CGM for no specific
purpose, even ignoring its indications, or if they fail
to apply CGM results in guiding the clinical treat-
ment regimen or improving patients’ lifestyle, the
benefits will be lost, while patients might suffer
from economic and psychological burdens. This
chapter focuses on the clinical advantages, applica-
tion scope, and indications of CGM technology.

9.1 Advantages and Indications

of Retrospective CGM

The main advantage of retrospective CGM is its
ability to detect occult hyperglycemia and hypo-
glycemia, especially postprandial hyperglycemia
and nocturnal asymptomatic hypoglycemia, which
are not easily detected by conventional monitoring
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methods. For example, (1) CGM can detect glyce-
mic changes relating to factors such as food, exer-
cise, medication, mental factors, and lifestyle; (2)
CGM is able to detect postprandial hyperglyce-
mia, nocturnal hypoglycemia, the dawn phenom-
enon, Somogyi effect, etc.; (3) CGM aids the
recommendations for individualized treatment
regimens; (4) CGM improves treatment compli-
ance; (5) CGM can be used to analyze the trend
and characteristics of blood glucose changes, thus
guiding decisions on targeted treatment; and (6)
CGM provides visualized method for diabetes
education. In short, CGM has unique advantages
for the assessment of blood glucose fluctuations
and detection of hypoglycemia.

Therefore, according to the Chinese Clinical
Guideline for Continuous Glucose Monitoring
(2009) [1], Clinical Guideline for Continuous
Glucose Monitoring (2012) [2], and Clinical
Application Guide of Blood Glucose Monitoring
in China (Edition 2015) [3], retrospective CGM
is mainly applicable to the following patients or
conditions, including:

1. Type 1 diabetes mellitus

2. Type 2 diabetes mellitus that requires inten-
sive insulin therapy including multiple daily
injections and continuous subcutaneous insu-
lin infusion therapy

3. Type 2 diabetes mellitus patients who use
hypoglycemic treatment under self-monitor-
ing of blood glucose (SMBG) guidance but
still encounter one of the following situations:
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severe hypoglycemia or repeated hypoglyce-
mia, asymptomatic hypoglycemia, and noc-
turnal hypoglycemia; refractory
hyperglycemia, especially when fasting; large
blood glucose excursions; and diabetic
patients who maintain a state of hyperglyce-
mia due to the fear of hypoglycemia

4. Gestational diabetes or diabetes in pregnancy

5. Patients who need diabetes education. CGM
facilitates the understanding of blood glucose
changes resulting from exercise, diet, stress, and
hypoglycemic treatment, thus motivating the
patients to establish a healthy lifestyle, improv-
ing patients’ treatment compliance, and enhanc-
ing mutual communication between clinicians
and patients. In addition, CGM is also applica-
ble to diabetes patients with gastroparesis or
special types of diabetes, in order to understand
the characteristics and patterns of blood glucose
changes if necessary. The indications of CGM
also include other endocrine and metabolic dis-
eases, such as insulinoma. Overall, CGM is pri-
marily recommended to patients with type 1
diabetes and those with type 2 diabetes on
intensive insulin therapy or who experience dra-
matic glycemic variability.

701

Retrospective CGM can comprehensively
reflect the overall glycemic profile, especially
for nocturnal and postprandial blood glucose
fluctuations that are wusually neglected by
SMBG, thereby allowing accurate and quantita-
tive assessment of blood glucose fluctuations.
Therefore, when appropriate, CGM can also be
used as a valuable tool to evaluate the results of
clinical studies. For example, we applied CGM
to analyze the characteristics of blood glucose
fluctuations in patients with polycystic ovary
syndrome (PCOS) who had normal glucose tol-
erance. The results showed that although the
blood glucose level had not undergone substan-
tial changes, the pattern of postprandial blood
glucose fluctuations was altered, as manifested
by a delayed postprandial glucose peak (about
40-50 min after meal) compared to normal, and
the postprandial plasma glycemic excursion
(PPGE) after breakfast was also increased
(Fig. 9.1) [4]. In addition, we utilized CGM to
analyze the relationship between mildly elevated
alanine transaminase (ALT) and nocturnal mean
blood glucose (MBG) in 322 individuals with
normal glucose tolerance, including 80 subjects
with ALT <13 U/L (group A), 81 with ALT

Control group (n=45) ———PCOS group (n = 45)
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Fig. 9.1 Comparison of CGM profile in 45 female
patients with polycystic ovary syndrome (PCOS) who had
normal glucose tolerance and 45 age-matched normal

females (control group) [4] (Reprint with permission from
Postgraduate Medicine)
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Fig. 9.2 CGM profile of patients with different levels of alanine aminotransferase (ALT) who had normal glucose

tolerance [5] (Reprint from PLoS One)

13-16 U/L (group B), 80 with ALT 17-22 U/L
(group C), and 81 with ALT >22 U/L (group D).
After adjustment for age and gender, the noctur-
nal MBG levels in groups C and D were signifi-
cantly higher than those in groups A and B
(P < 0.05). Multiple stepwise regression analysis
showed that nocturnal MBG was positively cor-
related with homeostasis model assessment-insu-
lin resistance (HOMA-IR) and ALT levels and
negatively correlated with homeostasis model
assessment for B-cell function (HOMA-f). These
findings indicated that mildly elevated ALT levels
were associated with unfavorable nocturnal glu-
cose profiles in Chinese subjects with normal glu-
cose regulation [5] (Fig. 9.2). Thus, utilization of
CGM can clarify the characteristics of nocturnal
or postprandial blood glucose. It thereby repre-
sents a valuable tool for scientific research, since
it is blinded to the patient and thereby eliminates
the confounding variable of a patient self-correct-
ing their eating and/or exercise behavior if the
studies were real time.

9.2 Advantages and Indications

of Real-Time CGM

Retrospective CGM provides a panoramic view
of blood glucose fluctuations throughout the day,
which can be the basis for guiding safe, effective
glycemic control through targeted adjustment of
the treatment regimen. The major feature of the
real-time CGM system is to provide immediate
blood glucose information as well as give hyper-
glycemic and hypoglycemic alerts, allowing
immediate regulation of blood glucose for
patients (Table 9.1). Retrospective CGM and
real-time CGM have their own advantages and
disadvantages in clinical utilization (Table 9.2).
Fully understanding the CGM advantages and
which populations will benefit most from CGM
will make full use of the technology to achieve
maximal clinical benefits. With the Medtronic
real-time CGM as an example, its clinical fea-
tures are mainly presented as the following three
aspects:
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Table 9.1 Comparison of retrospective and real-time CGM [2] (Reprint with permission from Chinese Journal of

Diabetes Mellitus)

Group Performance and characteristics Requirements
Retrospective | * Monitor for 3 consecutive days,  Regular and intermittent use, constant outpatient
CGM retrospective data analysis after follow-up, and active communication with
download clinicians
* Provide accuracy assessment to evaluate | * Monitor blood glucose as required during use
the quality of data report
* “Major events” function, to record * Record life events related to blood glucose
glucose-related events fluctuations
Real-time * Real-time glucose monitoring and * Good patient adherence
CGM display, including instant blood glucose

and trend of blood glucose fluctuations

* Hyperglycemia/hypoglycemia alerts

* The ability to intervene when there are dramatic
glucose fluctuations and manage extreme
hyperglycemia or hypoglycemia limits in a timely
manner based on real-time glucose data

* Data storage, data can be reviewed
retrospectively after download

* Be willing to monitor blood glucose as required
during use; the ability to manage hyperglycemia/
hypoglycemia alerts

* “Major events” function, to record
glucose-related events

* Record life events related to blood glucose
fluctuations

* Integration with subcutaneous
continuous insulin infusion system

* For patients with real-time CGM-insulin pump
integration system, hypoglycemic regimen should
be adjusted under the guidance of clinicians when
glucose fluctuates significantly or hyperglycemia/
hypoglycemia alerts incur

Table 9.2 Advantages and disadvantages of retrospective and real-time CGM systems

Retrospective CGM Real-time CGM
Features * Blind measurement * Real-time display, hyperglycemia/
hypoglycemia alerts
Advantages * Detect the regularity and trend of blood * Immediate adjustment of treatment
glucose fluctuations without interference regimen
* Guide targeted treatment * Early detection of hypoglycemia and
severe hyperglycemia
* Wide scope of application in both clinical * Promote alterations in patients’
practice and scientific research behaviors
Disadvantages * Lack of timeliness * Not applicable for diabetes patients with
depression or anxiety
» Requirement for education background
9.2.1 Real-Time Trends of Blood “arrow or arrows” to predict blood glucose changes

Glucose Fluctuations

This feature benefits most for those patients with
frequent blood glucose fluctuations. Real-time
CGM is able to display the immediate trend of
blood glucose. It gives upward or downward

in the next 30-60 min, for example, an upward
“arrow” represents a blood glucose increase
between 1.1 and 2.2 mmol/L within the last 20 min;
and two upward “arrows” represent a blood glu-
cose rise of more than 2.2 mmol/L within the last
20 min. This function may guide decisions such as



9 (Clinical Indications for Continuous Glucose Monitoring 91

to prevent hypoglycemia by additional meal intake
or to intensify hypoglycemic measures.

9.2.2 Hyperglycemia
and Hypoglycemia Alerts

This feature most benefits those patients who
are prone to asymptomatic hypoglycemia or
who fail to achieve a glycated hemoglobin A,
(HbA,.) target goal. With the hyperglycemia/
hypoglycemia alert feature, the device may give
alarms prior to the occurrence of hyperglycemic
or hypoglycemic events. Interventions are
timely implemented after a recheck of blood
glucose by a glucose meter, thus improving the
blood glucose fluctuations. For instance, diabe-
tes patients with insulin therapy can work, drive,
and exercise as normal individuals when the
hypoglycemia alert limits are turned on.
Similarly, the hyperglycemia alert limits can
help to effectively manage postprandial blood
glucose fluctuations.

9.2.3 Adjustment of SMBG
Frequency

This feature most benefits those patients who
excessively or infrequently use SMBG. For
patients with infrequent SMBG, real-time CGM
can provide data for guiding diet, exercise, and
insulin therapy. For those with frequent SMBG,
such as more than 10 measurements daily, real-
time CGM helps to properly alleviate the discom-
fort, inconvenience, and cost.

In 2011, the Endocrine Society published the
Continuous Glucose Monitoring: an Endocrine
Society Clinical Practice Guideline, proposing
the indications for real-time CGM [6]. This was
updated in November 2016 [7]. In February
2016, the American Association of Clinical
Endocrinologists (AACE) together with the
American College of Endocrinology published
the Continuous Glucose Monitoring: A Consensus
Conference of the American Association of
Clinical Endocrinologists and American College

of Endocrinology [8]. With the popularization of
real-time CGM technology and its progress in
clinical research, the population for which real-
time CGM is applicable is under investigation. At
present, the indications for real-time CGM
include the following:

1. Children and adolescents with type 1 diabetes
whose HbA . <7% (53 mmol/mol). The use of
real-time CGM can help to persistently main-
tain good glycemic control without increasing
the risk of hypoglycemia.

2. Children and adolescents with type 1 diabetes
who have HbA,. >7% (53 mmol/mol) and
who are able to use these devices on a nearly
daily basis.

3. Adult patients with type 1 diabetes who are
able to use these devices on a nearly daily
basis.

4. Hospitalized patients with type 2 diabetes on
insulin therapy. The use of real-time CGM can
reduce blood glucose fluctuations, allowing
rapid and stable achievement of glycemic
targets, without increasing the risk of
hypoglycemia.

5. Perioperative glycemic control in type 2 diabe-
tes patients. The use of real-time CGM can
help patients to better control their blood
glucose.

6. Non-intensive care unit patients on insulin
therapy. The use of real-time CGM facilitates
glycemic control and reduces the occurrence
of hypoglycemia.

The clinical indications of CGM should be
based on accumulated, sufficient data. As the
number of cumulative cases utilizing real-time
CGM in clinical practice in China is limited, the
indications of CGM listed above provide a
reference for properly selecting patients for real-
time CGM usage. At the same time, it should be
emphasized that real-time CGM operators must
have good self-awareness and self-management
skills for glycemic control, possessing a certain
ability to utilize the real-time CGM system, to
interpret readings, and to manage hyperglycemia
or hypoglycemia alerts.
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Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).
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Interpretation of the Chinese
Clinical Guideline for Continuous

10

Glucose Monitoring

W. Jia

Glucose monitoring is a necessary method for the
assessment of glucose metabolism disorders and
therapeutic effects. As continuous, dynamic
changes occur in blood glucose levels in the
body, conventional blood glucose measurements
cannot fully reflect the fluctuations in blood glu-
cose throughout the day. Therefore, the achieve-
ment of continuous glucose monitoring is
pursued by both patients and clinicians. As early
as 1967, Updike and Hicks accomplished the first
attempt at using continuous glucose monitoring
(CGM) in an animal model [1]. Subsequently,
CGM technology has become increasingly
mature, realizing successful translation from
experimental monitoring to clinical application.
In 1999, the US Food and Drug Administration
(FDA) approved the first retrospective CGM
device for clinical use in the USA. In China, after
the retrospective CGM device was approved by
the China Food and Drug Administration (CFDA)
in 2001, CGM has been gradually applied in clin-
ical research and diabetes management.

In December 2009, the Chinese Diabetes
Society drafted and published the first Chinese
Clinical Guideline for Continuous Glucose
Monitoring (2009) [2]. In the next 3 years, real-
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time CGM technology began to be applied in
clinical practice, and Chinese scholars published
a number of peer-recognized research results that
are of certain guidance and reference signifi-
cance. Thereafter, the guideline was updated in
2012 as the Chinese Clinical Guideline for
Continuous Glucose Monitoring (2012) [3]. In
addition, in order to make CGM guidelines lead
clinical practice, the Chinese Diabetes Society
published and updated the Clinical Application
Guide of Blood Glucose Monitoring in China
(Edition 2011) [4] and the Clinical Application
Guide of Blood Glucose Monitoring in China
(Edition 2015) [5] in 2011 and 2015, respec-
tively. For the content related to CGM technol-
ogy, the guidelines were also promptly updated
to facilitate the scientific, standardized, and rea-
sonable utilization of CGM technology in China.

Internationally, in October 2010, the American
Association of Clinical Endocrinologists (AACE)
published an expert consensus on CGM technol-
ogy in order to clarify the roles of different types
of CGM systems and indications for the use of
CGM [6], which had been updated in 2016 [7, 8].
Subsequently in 2011, the Endocrine Society
together with the Diabetes Technology Society
and the European Society of Endocrinology pub-
lished the Continuous Glucose Monitoring: An
Endocrine Society Clinical Practice Guideline
[9], which had been updated in 2016 as the
Diabetes Technology-Continuous Subcutaneous
Insulin Infusion Therapy and Continuous Glucose
Monitoring in Adults: An Endocrine Society
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Clinical Practice Guideline [10]. In this chapter,
we will interpret and compare the content and
evidence of the above guidelines.

Classification of CGM
Technologies

10.1

At present, both Chinese and international guide-
lines divide CGM technologies into two cata-
logues:  professional CGM  technology
(retrospective CGM system) and personal CGM
technology (real-time CGM system). The two
CGM techniques are presented as follows:

1. Professional CGM technology: due to retro-
spective feature, patients wear the device con-
tinuously for 3-7 days, and physicians and
patients are unable to view the results during
the monitoring period. The retrospective gly-
cemic data are obtained at the end of the mon-
itoring after being downloaded. The glycemic
data can be used by clinicians to guide the
patient’s treatment. This system is usually
purchased by hospitals and is mainly applica-
ble for diabetes patients who fail to achieve
glycemic target goal or those with recurrent
hypoglycemia and/or asymptomatic hypogly-
cemia as well as pregnant women. The retro-
spective CGM system has no hyperglycemia/
hypoglycemia alert feature, but the operation
system is simple. It is generally recommended
for regular, intermittent use in patients. A
large body of evidence suggests that profes-
sional CGM can improve glycemic control in
patients with both type 1 and type 2 diabetes.

2. Personal CGM technology: due to the real-
time feature, this system provides immediate
blood glucose readings as well as glucose
alarms and predictive alerts, facilitating the
immediate regulation of blood glucose.
However, the blood glucose should be
rechecked with a glucose meter prior to deci-
sion making on treatment adjustment. This
system is generally purchased by individual
patients for the purpose of achieving better
glycemic control by regular use. Real-time
CGM operators are required to have good

self-awareness and self-management skills of
glycemic control, possessing a certain ability
to utilize the real-time CGM system, interpret
readings, and manage hyperglycemia/hypo-
glycemia alerts. At present, the existing
evidence suggests that patients with type 1
diabetes can achieve better glucose manage-
ment under the guidance of a real-time CGM
system.

10.2 Evidence-Based Medicine
of CGM Technology

At present, there are medical evidences confirm-
ing the clinical benefits of CGM technology [11].
In adults, the use of real-time CGM systems can
significantly reduce glycated hemoglobin A,
(HbA,,) levels without increasing the risk of
hypoglycemia in type 1 diabetes patients with
HbA . >7% (53 mmol/mol); also, the use of real-
time CGM systems can reduce the risk of hypo-
glycemia without increasing the HbA,. level in
type 1 diabetes patients with HbA,. <7%
(53 mmol/mol). In adolescents, the benefits of
real-time CGM are related to the frequency of
sensor use. HbA,  levels are significantly
improved in those patients who use sensors
6—7 day per week. For pregnant women, a retro-
spective CGM system is able to detect occult
hyperglycemia for 94-390 min daily. The use of
a retrospective CGM system by women with ges-
tational diabetes helps to achieve better control of
blood glucose during pregnancy and to reduce
the incidence of macrosomia.

10.3 Indications for CGM
Technology in Chinese

and International Guidelines

The AACE has recommended specific patient
populations for the use of retrospective CGM and
real-time CGM [6].

The indicators for retrospective CGM as rec-
ommended by the AACE include (1) young adult
type 1 diabetes patients who are adjusting their
hypoglycemic treatment and (2) young adult type
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1 diabetes patients with the following conditions:
nocturnal hypoglycemia or the dawn phenome-
non, asymptomatic hypoglycemia, or postpran-
dial hyperglycemia. The CGM system should be
used on a regular, intermittent basis.

The indicators for real-time CGM as recom-
mended by the AACE include:

1. Type 1 diabetes patients with the following
conditions: asymptomatic hypoglycemia or
recurrent hypoglycemia, failure to achieve
HbA, target goal or dramatic glucose fluctua-
tion, pregnancy or planning a pregnancy

2. Children or adolescents with HbA,. <7%
(53 mmol/mol) who have good self-manage-
ment skills for glycemic control

3. Young adult type 1 diabetes patients with
HbA,. >7.0% (53 mmol/mol) who have the
ability to use the device daily

4. Young adults who require frequent monitor-
ing of blood glucose and young children
(<8 years old), especially with hypoglycemia.
For these patients, 2- to 4-week trial use is rec-
ommended prior to deciding whether the
device should be formally used.

The AACE consensus highlights the patients’
selection and benefits of two different types of
CGM systems, retrospective CGM and real-time
CGM. Although the real-time CGM system rep-
resents a step forward, the retrospective CGM
still has its unique advantages and clinical scope.
It is relatively simpler to operate with higher
accuracy over the real-time device; it can truly
reflect the blood glucose fluctuations of patients
in daily life. Therefore, standardized use of retro-
spective CGM will bring benefits for inpatients
and outpatients with diabetes. It also provides
more stable and less interfering glucose informa-
tion in the field of research.

In China, since the retrospective CGM system
had been predominantly utilized before 2009, the
CGM guideline (2009 edition) only focused on
the indications of retrospective CGM. Moreover,
in the USA, patients with type 1 diabetes account
for the vast majority of CGM users. Therefore,
the AACE consensus specifically elaborates on
type 1 diabetes. In contrast, in China, patients

with type 2 diabetes account for a large part of
CGM users, and numerous research reports are
focused on type 2 diabetes. Therefore, in addition
to type 1 diabetes, the Chinese CGM guidelines
also elaborate on the indications for standardized
use of CGM technologies among type 2 diabetes
patients in clinical practice. The indications for
retrospective CGM recommended by the Chinese
Clinical Guideline for Continuous Glucose
Monitoring (2009) include:

1. Type 1 diabetes mellitus

2. Type 2 diabetes mellitus patients who use
hypoglycemic treatment under self-monitor-
ing of blood glucose (SMBG) guidance but
still encounter one of the following situations:
severe hypoglycemia or repeated hypoglyce-
mia; asymptomatic hypoglycemia and noctur-
nal hypoglycemia; refractory hyperglycemia,
especially when fasting; large blood glucose
excursions; diabetic patients who maintain a
state of hyperglycemia due to the fear of
hypoglycemia

Gestational diabetes or diabetes in pregnancy
4. Patients who have a strong willingness to use

CGM

b

Among the abovementioned patients, CGM is
primarily recommended to those patients with
type 1 diabetes or type 2 diabetes on intensive
insulin therapy or patients with dramatic glyce-
mic variability, recurrent hypoglycemia, or
asymptomatic hypoglycemia.

As there have been a limited period and num-
ber of cumulative cases utilizing real-time CGM
in clinical practice in China, the 2012 CGM
guideline and 2015 Blood Glucose Monitoring
guideline mainly draw on evidences from abroad.

10.4 Support Required in CGM
Application

Regular follow-up and proper interpretation of
monitoring results by clinicians guarantee the
maximized therapeutic benefits of real-time
CGM. Therefore, training is critical for real-time
CGM users. In other countries, the CGM training
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is usually provided by manufacturers. The instal-
lation of a real-time CGM system and prelimi-
nary training generally take 60—90 min.

Compared with the real-time CGM system,
the retrospective CGM system is easier to install
and requires less training. Before installation, the
follow-up schedule for patients needs to be prear-
ranged. After installation, the patients need to be
trained for the use of the device (monitoring
methods and frequency) and for recording daily
events (diet, exercise, medication, etc.). The
downloaded glycemic data should be analyzed
together with the lifestyle of patients, to guide the
adjustment of lifestyle or the hypoglycemic
regimen.

In foreign countries, the cost for utilization of
retrospective CGM and real-time CGM in type 1
diabetes patients is usually covered by many
large-scale healthcare projects, including two
parts, data collection (including sensor installa-
tion, patient education, glucose calibration with
fasting blood glucose concentration from the fin-
gertip, and data download) and data analysis.

10.5 Problems that Need
to be Solved
in the Development of CGM

Technology
10.5.1 Analysis of CGM Data

The use of a CGM system generates considerable
data regarding blood glucose levels and relevant
glycemic parameters, which can be confusing to
some users [12]. Based on studies showing that
blood glucose fluctuations may be associated
with the occurrence and development of diabetes
complications, Chinese and international schol-
ars have developed a number of glycemic param-
eters for evaluating blood glucose fluctuations
based on different statistical ideas, and such
information may confuse users who have little
idea of how to select the most appropriate infor-
mation. Therefore, it is necessary to use a sys-
tematic method to analyze and interpret these
blood glucose data and to establish glucose

assessment parameters that are simple but of clin-
ical significance.

10.5.2 Clinical Trials

Although Chinese large-scale clinical trials of
CGM with a short period of follow-up have been
published and the indications of CGM technol-
ogy have been preliminarily clarified, there is still
a lack of clinical trials that is comparable to the
US Diabetes Control and Complications Trial
(DCCT) and the UK Prospective Diabetes Study
(UKPDS) to validate the long-term efficacy of
CGM and to identify the population for maxi-
mum benefits. On the other hand, the health eco-
nomics of CGM technology has been a hot topic
of concern. Although there is existing prelimi-
nary evidence evaluating the “input/output ratio”
of CGM utilization, mature economic modeling
and more refined health economic results are
required to help healthcare institutions to make
rational investment decisions on medical
resources, in order to further promote the clinical
application of CGM technology.

10.5.3 Development Trend of CGM
Technology

The accuracy of CGM technology has always
been the focus of attention for the majority of cli-
nicians. Since CGM measures the interstitial glu-
cose concentration, it is different from blood
glucose in terms of absolute glucose values and
the frequency of changes. The emergence of the
real-time CGM system has created even higher
requirements for the accuracy of the glucose sen-
sor. Another future development of CGM is to
generate a fully closed-loop insulin delivery sys-
tem as a final goal. Thus, how to establish a CGM
algorithm that calculates the physiological insu-
lin infusion dose needed in response to blood glu-
cose changes will become another hot spot in the
development of CGM technology. This has
already been achieved in part with a hybrid
closed-loop system which predictively suspends
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insulin to prevent hypoglycemia based on sensor
glucose levels and trends and changes basal insu-
lin infusion rates accordingly.

In short, with the development of CGM tech-
nology and continuous improvement of
evidence-based medicine, CGM systems will be
used not only as a supplement of SMBG but also
as an independent method of glucose monitoring
and eventually become the cornerstone of glyce-
mic management in diabetes.

10.6 Interpretation of Clinical
Application Guide of Blood
Glucose Monitoring in China

(Edition 2015)

Comprehensive management of diabetes includes
education, diet therapy, exercise therapy, medica-
tion, and SMBG. Glucose monitoring is a basic
means for assessing the management of diabetes,
and it is also an important communication con-
tent between clinicians and patients. In 2011, the
Chinese Diabetes Society published the Clinical
Application Guide of Blood Glucose Monitoring
in China [4] (hereinafter referred to as “the
Guideline”) in line with China’s national condi-
tions, to promote the standardized management
of blood glucose monitoring in diabetes. In recent
years, China has made great progress in glucose
monitoring in both research and clinical applica-
tions. In 2015, the Chinese Diabetes Society once
again organized national experts and revised the
Guideline [5], increasing new clinical evidence
and strengthening the glucose monitoring pro-
gram, in order to adapt to ever-changing trends
and needs.

The new edition of the Guideline (edition 2015)
has been updated with regard to four commonly
used clinical glucose monitoring methods, includ-
ing capillary blood glucose monitoring with a glu-
cose meter, continuous monitoring of blood
glucose over 3—7 days with CGM, measurement of
glycated albumin (GA) reflecting the mean blood
glucose (MBG) level over the preceding
2-3 weeks, and HbA,. reflecting MBG over the
preceding 2—3 months. The 2015 Guideline for the

first time briefly introduces a new glycemic
indicator, serum 1,5-anhydroglucitol (1,5-AG),
which can accurately and rapidly reflect glycemic
control within 1-2 weeks in diabetes patients. We
will briefly interpret the 2015 Guideline in this
chapter.

10.6.1 Capillary Blood Glucose
Monitoring

Capillary blood glucose monitoring is an impor-
tant part of diabetes management and education.
Capillary blood glucose monitoring is divided
into point of care testing (POCT) in hospital and
SMBG. SMBG is usually performed by patients
themselves, and POCT is performed by nurses in
hospitals. The 2015 Guideline affirms the role of
SMBG in glucose monitoring. It is recommended
that all patients should be required to perform
SMBG. Moreover, the Guideline adds a new part
on POCT, suggesting that all medical and health-
care institutes need to develop specialized stan-
dards for POCT management and improve
scientific management of POCT. However, it
should be noted that the hospital POCT methods
can only be used to monitor blood glucose in dia-
betes patients but not be used as diagnosis method.
With respect to capillary blood glucose moni-
toring, the frequency of blood glucose monitoring
recommended by the 2011 Guideline is not
applied consistently in different hospitals at all
levels. The 2015 Guideline summarizes the sug-
gestions on SMBG frequency and monitoring
time from major academic institutions, such as
the International Diabetes Federation (IDF),
American Diabetes Association (ADA), and
Chinese Diabetes Society, and puts forward the
principle of a glucose monitoring program that
should be developed in accordance with the
patient’s condition, treatment goals, and treatment
regimen. The 2015 Guideline facilitates imple-
mentation of blood glucose monitoring in hospi-
tals of each level based on their own conditions.
Selecting a proper glucose meter and master-
ing the required operation skill of users are the
key factors affecting the accuracy of blood
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glucose monitoring results. The 2015 Guideline
for the first time introduces the International
Organization for Standardization (ISO) 15197-
2013 Standard for evaluating system accuracy of
blood glucose meters, which facilitates hospital
blood glucose monitoring management.
Moreover, with different bioenzymatic methods,
various factors interfere with the accuracy of glu-
cose meters. The 2015 Guideline reviews the
interfering factors of glucose meters, providing a
reference for clinical selection of appropriate
glucose meters and proper interpretation of blood
glucose monitoring results. In addition, the tech-
nical factors of operators, including improper
operation, insufficient blood volume, local extru-
sion, failure to enter the correct calibration code
when changing a new batch of test strips, or
improper preservation of test strips, will also
affect the accuracy of blood glucose monitoring.
The 2015 Guideline puts forward technical
requirements for patients regarding SMBG from
three aspects, namely, pretest, mid-test, and post-
test requirements.

In capillary blood glucose monitoring, blood
glucose data management is another important
component. With the development of science and
technology, mobile medicine, as a new medical
mode, is attracting more and more attention in
the field of diabetes management. Mobile medi-
cine is currently based on short messages or
applications (apps) at a mobile terminal system,
such as Android and Apple (IOS). The 2015
Guideline affirms the role of mobile medical care
in the comprehensive management of diabetes
mellitus. However, there is still a lack of detailed
laws and regulations for mobile medical care,
which needs further exploration in the manage-
ment of diabetes.

10.6.2 HbA,,

HbA,, serves as a “gold standard” for clinical
evaluation of long-term glycemic control
(2-3 months), providing an important basis for
guiding treatment decisions. Clinical studies
have revealed that the use of HbA . as the goal to
strengthen glycemic control can reduce the risk

of microvascular and macrovascular complica-
tions of diabetes [13, 14].

Currently, high-performance liquid chroma-
tography (HPLC) is a most commonly used
method to detect HbA,. Standardization of
HbA,, assays has yet to be achieved. In 2013, the
National Center for Clinical Laboratories of the
China Health and Family Planning Commission
published the Guideline for Glycated Hemoglobin
Laboratory Assay of China, which standardizes
the analysis of interference factors, selection of
methods, procedures, and quality control in
HbA,, assays. Our National Center for Clinical
Laboratories has approved the primary reference
method for HbA,. (IFCC HPLC-LC-MS/MS).
The inter-assay coefficient of variation (CV) of
HbA . was reduced from 20-30% in 2000 to 4.6—
5.3% in 2012. The 2015 Guideline further
emphasizes the importance of HbA,. standard-
ization and the related progress made in the coun-
try, especially the promotion of HbA,,
standardization in Shanghai, laying a foundation
for the future study of HbA,. in the diagnosis of
diabetes.

The improvement in HbA . assay standardiza-
tion promotes HbA,. research in the screening
and diagnosis of diabetes mellitus. Chinese stud-
ies reported that the best cut point for HbA,. in
the diagnosis of diabetes in Chinese people was
6.2-6.4% (mostly 6.3%) [44-46 mmol/mol
(mostly 45 mmol/mol)] [15, 16], which is lower
than the diabetes diagnostic criteria [HbA,.
>6.5% (48 mmol/mol)] published by the ADA
and the World Health Organization (WHO). The
2015 Guideline points out that due to an insuffi-
cient degree of HbA,. standardization in China,
the standardization of HbA,. assays needs to be
further strengthened for better implementation of
HbA . assays in the diagnosis of diabetes.

10.6.3 GA

GA is an indicator reflecting short-term glyce-
mic control (2-3 weeks). GA may have an
advantage over HbA . in the evaluation of the
curative effect of newly diagnosed diabetes and
in short-term hospitalized diabetes patients. The
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2015 Guideline adds the latest data on the rela-
tionship between GA and diabetes complications
and highlights the factors that influence GA
measurements. For example, based on research
data from the Chinese population, the inverse
influence of obesity on GA may be largely attrib-
utable to the effects of fat mass and visceral adi-
pose tissue [17].

The 2015 Guideline also points out that com-
pared with HbA,,, there is still a lack of large
sample, prospective studies on the relationship
between GA and chronic complications of diabe-
tes. Currently, GA is an effective supplement to
HbA . in clinical application.

10.6.4 1,5-AG

1,5-AG is the 1-deoxy form of D-glucose. Its con-
tent is significantly reduced in diabetes patients,
which can accurately and rapidly reflect blood
glucose control within 1-2 weeks. In 2003, the
US FDA approved 1,5-AG as a new indicator of
short-term glycemic control. The 2015 Guideline
for the first time briefly introduces 1,5-AG as a
new indicator for glucose monitoring. Despite
evidence demonstrating 1,5-AG can be used as an
adjunctive indicator to guide the adjustment of
treatment regimens for diabetes patients [18], the
roles of 1,5-AG in the screening and diagnosis of
diabetes require further investigation.

10.6.5 CGM

CGM, as a new type of glucose monitoring tech-
nology, is able to provide continuous, compre-
hensive, and reliable all-day glucose profiles,
thereby allowing for an understanding of the
trends in blood glucose fluctuations and the
detection of occult hyperglycemia and hypogly-
cemia that cannot be detected by traditional
blood glucose monitoring methods. It is an effec-
tive supplement to traditional blood glucose
monitoring methods. CGM is categorized as a
retrospective CGM system or a real-time CGM
system. The 2015 Guideline adds a description
of real-time CGM, comparing the differences

between retrospective and real-time CGM sys-
tems. The major feature of the real-time CGM
system is to provide immediate blood glucose
information as well as give hyperglycemia/hypo-
glycemia alerts, allowing for stable achievement
of the glycemic goal without increasing the risk
of hypoglycemia.

10.7 Summary

Glucose monitoring has become an important
part of modern comprehensive management of
diabetes. It plays an important role in adjustment
of clinical treatment regimens, minimizing the
risk of complications, patient education, and self-
management. The 2015 Guideline adds new con-
tents, including hospital POCT, the frequency of
blood glucose monitoring, accuracy requirements
for glucose meters, the latest research data on
HbA,. and GA, real-time CGM, and others,
which help clinicians to standardize practical
activities, thus allowing achievement of better
glycemic control and diabetes management.
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Continuous Glucose Monitoring
and Glycemic Variability

J.Zhou and W. Jia

Continuous glucose monitoring (CGM) technol-
ogy can comprehensively and accurately reflect
the characteristics of glycemic variability.
Currently, research on glycemic variability using
CGM is one of the hot spots (Fig. 11.1).
Previously, we have analyzed the glucose pro-
files of individuals with different glucose toler-
ances by reviewing retrospective CGM data, and
here are some of our findings: (1) despite the
influence of various factors, the fasting plasma
glucose (FPG) usually fluctuates between 3.9
and 5.6 mmol/L by the regulation of the nervous
and endocrine systems and the liver. The blood
glucose levels begin to rise about 10 min after
meal intake, due to the absorption of carbohy-
drates in the diet. The peak postprandial blood
glucose level and duration time are associated
with a variety of factors such as eating time and
the amount and content of food intake. Usually,
the blood glucose concentration peaks at 1 h
after eating and returns to the premeal level after
2-3 h. The intraday and inter-day blood glucose
excursions were reported to be approximately
2.0 mmol/L and 0.8 mmol/L [1]. (2) The intra-
day glycemic variability of patients with
impaired glucose tolerance was significantly
increased by 50%, as compared with that of
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those with normal glucose tolerance. However,
no significant difference in the inter-day glyce-
mic variability was found [2, 3] (Fig. 11.2). (3)
Once the patients were diagnosed as diabetes,
the intraday glycemic variability was further
increased, accompanied by significantly
increased inter-day variability, which are 3- and
2.5-fold increased, respectively, as compared
with that in individuals with normal glucose tol-
erance. However, no significant difference was
found in the frequency of intraday glycemic
variability [3] (Figs. 11.3 and 11.4). (4) Due to a
lack of early-phase insulin secretion, the post-
prandial glucose concentration excessively rises
and lasts for a long time, with predominant
hyperglycemia after breakfast [1]. (5) Glycated
hemoglobin A;. (HbA,.) represents the overall
level of blood glucose but does not reflect the
characteristics of glycemic variability. The mean
amplitude of glycemic excursion (MAGE) and
mean of daily differences (MODD) obtained in
CGM glucose profiles can accurately reflect the
magnitude of intraday and inter-day glycemic
variability of subjects. Both parameters may
serve as clinical parameters for assessing
whether type 2 diabetes patients achieve the tar-
get glycemic control [2].
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How to evaluate? What
about the characteristics?
What's the reference

value?
Research of
the mechanism
Correlation of islet function with Intervention study
the glycemic variability
Correlation of cytokines with Effect of different anti-diabetic

type 2 diabetes therapies on the
glycemic variability

Fig. 11.1 The main content of CGM-based research on glycemic variability
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Fig.11.3 The CGM
profiles of one case of
type 2 diabetes mellitus
(a) and one case of
normal glucose
tolerance (b)
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11.1 Relationship Between
Glycemic Variability
and Diabetic Microvascular

Complications

With advances in CGM technology, further inves-
tigation is carried out to explore the relationship
between glycemic variability and diabetic micro-

Impaired glucose
regulation(n=36)

Normal glucose
tolerance(n=48)

with impaired glucose tolerance exhibited increased gly-
cemic variability compared with normal individuals, and
the overall glucose level and glycemic variability were
significantly increased in type 2 diabetes patients

vascular complications. goupal et al. [4] found
that standard deviation of blood glucose (SDBG)
calculated from CGM data was associated with
diabetic microangiopathy in 32 type 1 diabetes
patients. Similarly, Sartore et al. [5] reported a
correlation between SDBG and the development
of diabetic retinopathy by analyzing the CGM
data from 68 type 1 or type 2 diabetes patients.
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Fig.11.5 The CGM
profiles of two cases of
type 2 diabetes with
HbA . <6.5% (48 mmol/
mol) [6]. Note: (a) HbA .
6.4% (46 mmol/mol),
MAGE 3.0 mmol/L;

(b) HbA . 6.2%

(44 mmol/mol), MAGE
0.9 mmol/L

Fig. 11.6 The detection
rate of microalbuminuria
in type 2 diabetes with
HbA,, <6.5% (48 mmol/
mol) who had normal or
abnormal glycemic
variability [6]
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We previously investigated the relationship
between glycemic variability and microalbumin-
uria in 176 type 2 diabetes patients with an HbA .
<6.5% (48 mmol/mol) and found that the glyce-
mic variability was very different among these
patients (Fig. 11.5). More than half of the patients
presented abnormal glycemic variability, which
were associated with increased risk of microalbu-
minuria (Fig. 11.6), indicating that glycemic vari-
ability is a risk factor of the occurrence of
microalbuminuria in type 2 diabetes [6].
Nevertheless, the Diabetes Control and
Complications Trial (DCCT) results show that
glycemic variability is not an independent risk
factor for complications. Lachin et al. [7] pub-
lished an article, demonstrating that only the
M-value is correlated to microalbuminuria but not
retinopathy. At present, however, the correlation
between glycemic variability and diabetic micro-
vascular complications still remains
undetermined.

11.2 Relationship Between
Glycemic Variability
and Diabetic Macrovascular
Complications

The relationship between glycemic variability
and macrovascular complications has also been a
hot research topic in recent years. In the study
performed by Chen et al. [8], 36 type 2 diabetes
patients were classified into two groups accord-
ing to the levels of carotid intima-media thick-
ness (IMT) as patients with or without
atherosclerosis. Compared to controls, the
MAGE level calculated from CGM data was
gradually increased with the progression of ath-
erosclerosis. Also, the carotid IMT was corre-
lated with age, duration of diabetes, and MAGE
by Spearman’s correlation analysis. Another
study showed that during the DCCT, MBG was a
better predictor of the macrovascular complica-
tions of type 1 diabetes than HbA,. [9]. These
findings suggested that glycemic variability is an
important factor contributing to the progression
of atherosclerosis in type 2 diabetes patients.

Also, we conducted a cross-sectional study in
216 type 2 diabetes patients to investigate the rela-
tionship between glycemic variability and macro-
vascular complications [10]. Magnetic resonance
angiography (MRA) was applied to detect the
severity of arterial stenosis, and ultrasonography
was used to quantify carotid IMT as an index of
subclinical atherosclerosis. Subcutaneous intersti-
tial glucose concentrations of patients were moni-
tored continuously for 3 days using the CGM
system. The results revealed that age, increased
systolic blood pressure, and increased mean blood
glucose (MBG), but not glycemic variability, were
independently related to atherosclerotic stenosis.
In patients without cervical and/or intracranial
lesions evaluated by MRA, SDBG and MAGE
were both significantly related to carotid IMT
(Figs. 11.7 and 11.8), revealing the intriguing pos-
sibility that glycemic variability plays a key role in
the subclinical stage of atherosclerosis. Su et al.
[11] analyzed the contribution of MAGE, blood
glucose, and HbA . to the major adverse cardiac
events in 222 patients with acute myocardial
infarction. CGM system was used for 48 consecu-
tive hours after admission. Based on the cutoff ref-
erence value of MAGE as 3.9 mmol/L established
by our previous study [12], patients were divided
into two groups as high MAGE (>3.9 mmol/L) or
low MAGE (<3.9 mmol/L). The results demon-
strated that MAGE was independently correlated
with the incidence of major adverse cardiac events.
Similar findings were obtained by Wang et al. [13].
In another study performed by Su et al. [14], coro-
nary artery angiography was performed in 344
type 2 diabetes with chest pain, and the Gensini
score was calculated to assess the severity of coro-
nary artery disease. The results demonstrated that
MAGE, calculated from CGM data, was the most
distinct independent predictor of coronary artery
disease. In addition, in a study of 22 type 1 diabe-
tes patients, MAGE was independently correlated
with the change in aortic diastolic pressure during
hyperglycemic clamp, suggesting the involvement
of daily glucose variability in the progression of
macrovascular disease [15]. In 2006, Monnier
et al. [16] found that urinary 8-iso prostaglandin
F,, excretion rates, an indicator of oxidative stress,
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Fig. 11.7 Examples of
the CGM profiles and
carotid IMT
measurements of two
cases of type 2 diabetes
patients with different
glycemic variability.
Note: (a) carotid IMT
1.0 mm, MAGE

7.99 mmol/L, SDBG
3.43 mmol/L; (b) carotid
IMT: 0.6 mm, MAGE:
3.06 mmol/L, SDBG
1.42 mmol/L. carotid
IMT carotid intima-
media thickness, MAGE
mean amplitude of 1
glycemic excursion, 03:00
SDBG standard
deviations of blood
glucose
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Fig. 11.8 The correlation between glycemic variability
and carotid IMT in 63 type 2 diabetes patients without
atherosclerotic stenosis as determined by cranial/cervical
magnetic resonance angiography [10] (Reprint from
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Cardiovascular Diabetology). Note: /M7 intima-media
thickness, SDBG standard deviations of blood glucose,
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Sustained chronic
hyperglycemia(HbA, )

Glycemic variability

Diabetic angiopathy

Fig. 11.9 Effect of persistent hyperglycemia (basal hyperglycemia, postprandial hyperglycemia) and glycemic vari-

ability (postprandial hyperglycemia and hypoglycemia) on

were higher in type 2 diabetes patients than in
healthy controls, and it was significantly corre-
lated with MAGE (= 0.86, P < 0.001). Thus, they
concluded that MAGE is an important parameter
reflecting glycemic variability [17], and glycemic
variability is involved in macrovascular complica-
tions [18]. It is noted that Xu et al. [19] found a
significant relationship between MAGE and car-
diac autonomic neuropathy in newly diagnosed
type 2 diabetes, which demonstrating that glyce-
mic variability is an important risk factor for car-
diovascular autonomic neuropathy. Therefore,
persistent hyperglycemia (including basal hyper-
glycemia, postprandial hyperglycemia) and glyce-
mic variability (postprandial hyperglycemia or
hypoglycemia) are both involved in macrovascular
complications development through different
mechanisms (Fig. 11.9).

11.3 Relationship Between
Glycemic Variability and Islet
Function

Currently, impaired insulin secretion and/or
decreased insulin sensitivity are generally accepted
as basic pathophysiological characteristics of dia-
betic patients. Islet p-cell function plays an impor-
tant role in the progression of diabetes mellitus, and

chronic complications of diabetes mellitus

its dynamic changes in “quality” and “quantity”
have crucial impact on the regulation of blood glu-
cose and the occurrence of chronic complications.
We previously analyzed the relationship between
glycemic variability and pathophysiological state
in 339 healthy subjects with normal glucose regu-
lation [20]. The results showed that early-phase
insulin secretion (expressed as Al;)/AGs) was sig-
nificantly different among healthy subjects with
different MAGE values, whereas basal insulin
secretion and insulin sensitivity were not signifi-
cantly different (Fig. 11.10). The correlation analy-
sis showed that glycemic variability was negatively
correlated with early-phase insulin secretion
(Fig. 11.11), indicating that excessive glycemic
variability was associated with poor islet function.
These data suggested that early changes in islet
function could impact glycemic variability. Our
previous CGM data from type 2 diabetes patients
with HbA,. <6.5% (48 mmol/mol) showed that
glucose profiles could greatly differ even among
those with HbA . controlled within the target range.
In addition to the duration of diabetes, the post-
prandial 30-min serum C-peptide level was also an
independent factor, which to a certain extent
reflects early-phase insulin secretion in type 2 dia-
betes [6]. These findings were further proven by
Kohnert et al. [21], who conducted a study includ-
ing 59 type 2 diabetes patients (age 64.2 + 8.6 years
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Fig. 11.10 Comparison of insulin secretion function and sensitivity in 339 patients with normal glucose tolerance but
different MAGE levels [20] (Reprint with permission from Chinese Journal of Diabetes Mellitus) **P < 0.01

Fig.11.11 The 6 r=0.412
relationship between P<0.001 *
MAGE and islet | N
function (ALy/AGs) in 5

339 individuals with

normal glucose
tolerance [20] (Reprint
with permission from
Chinese Journal of
Diabetes Mellitus)

MAGE(mmol/L)

Alzo/AGzo(mU/mmol)

old; HbA,. 6.5 = 1.0% (48 £ 11 mmol/mol); body days were analyzed. Postprandial p-cell function
mass index [BMI] 29.8 + 3.8 kg/m?) using either and basal p-cell function were measured by an
oral hypoglycemic agents (n = 34) or diet control insulin secretion model during a mixed-meal test.
alone (n = 25). The glucose profiles obtained from  The insulin sensitivity was assessed by the homeo-
CGM measurements recorded over 3 consecutive stasis model assessment of insulin resistance
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(HOMA-IR). The results showed that MAGE was
nonlinearly correlated with postprandial f-cell
function (r = 0.54, P < 0.001) and with basal p-cell
function (r=0.31, P =0.025) in oral hypoglycemic
agent users but failed to correlate with these param-
eters in patients treated with diet modification
alone. The stepwise multiple regression analysis
demonstrated that postprandial p-cell function and
treatment with oral hypoglycemic agents were
independent contributors to MAGE (R? = 0.50,
P <0.01). This study demonstrated a close relation-
ship between glycemic variability and postprandial
[-cell function in type 2 diabetes patients using oral
hypoglycemic agents. Therefore, we speculate that
compared to other pathophysiological factors such
as insulin sensitivity and basal insulin secretion,
early-phase islet is more closely associated with
glycemic variability. Moreover, improvement in
postprandial p-cell function appears to be an impor-
tant target to reduce glycemic variability, thereby
preventing the development and progression of dia-
betes complications. In addition, we have investi-
gated the relationship between glycemic variability
and cytokines. The results showed that the serum
osteocalcin concentration increases with a decrease
in the glucose concentration, and high initial osteo-
calcin levels are associated with subsequent
improvements in glycemic variability [22].

The above studies show that abnormal glyce-
mic variability may be an important contributor to
the development of diabetes-related complica-
tions. According to FLAT-SUGAR Trial, com-
pared with basal-bolus insulin, glucagon-like
peptide-1 receptor agonist and insulin (GLIPULIN)
can reduce glycemic variability, weight, and some
cardiometabolic risk markers while maintaining
equivalent HbA . levels [23]. Islet B-cell function
and certain cytokines (such as osteocalcin, etc.)
can affect blood glucose levels. The data analysis
from CGM can accurately and comprehensively
reflect glycemic variability. Therefore, it is neces-
sary to carry out further researches in the future,
especially prospective, large-scale studies using
CGM, to clarify the relationship between glyce-
mic variability and diabetic complications as well
as the underlying mechanism, and finally, to pro-
vide new strategies for the prevention and treat-
ment of diabetes and complications.

Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).

References

1. Zhou J, JiaW, Yu M, Ma X, BaoY, Lu W. The features
of postprandial glucose state in type 2 diabetes melli-
tus. Zhonghua Yi Xue Za Zhi. 2006;86:970-5. https://
doi.org/10.3760/j:issn:0376-2491.2006.14.009.

2. ZhoulJ,YuM, JiaWP, Li Q, LiM, Ma XJ, Lu W, Xiang
KS. Application of continuous glucose monitoring
system in the assessment of within-day and day-to-day
blood glucose excursions in type 2 diabetic patients.
Chin J Endocrinol Metab. 2006;22:286-8. https://doi.
org/10.3760/j:issn:1000-6699.2006.03.028.

3. Zhou J, Jia WP, Yu M, Bao YQ, Ma XJ, Lu W, Hu
C, Yu HY, Xiang KS. Characteristics of glycemic sta-
bility in subjects with different glucose tolerance: the
results of continuous glucose monitoring. Shanghai
Med J. 2008;31:10-3.

4. §oupal J, Skrha J Jr, Fajmon M, Horova E, Mréz
M, Skrha J, Prizny M. Glycemic variability is
higher in type 1 diabetes patients with microvascu-
lar complications irrespective of glycemic control.
Diabetes Technol Ther. 2014;16:198-203. https://doi.
org/10.1089/dia.2013.0205.

5. Sartore G, Chilelli NC, Burlina S, Lapolla A.
Association between glucose variability as assessed
by continuous glucose monitoring (CGM) and dia-
betic retinopathy in type 1 and type 2 diabetes. Acta
Diabetol. 2013;50:437-42. https://doi.org/10.1007/
$00592-013-0459-9.

6. ZhouJ,JiaW,Ma X,BaoYQ,LuW,LiM, LiQ,HuC,
Xiang KS. Relationship between blood glucose vari-
ability and microalbuminuria in type 2 diabetic patients
with  well-controlled glycosylated hemoglobin.
Zhonghua Yi Xue Za Zhi. 2008;88:2977-81. https://
doi.org/10.3321/j:issn:0376-2491.2008.42.007.

7. Lachin JM, Bebu I, Bergenstal RM, Pop-Busui R,
Service FJ, Zinman B, Nathan DM, DCCT/EDIC
Research Group. Association of glycemic variability
in type 1 diabetes with progression of microvascular
outcomes in the diabetes control and complications
trial. Diabetes Care. 2017;40:777-83. https://doi.
0rg/10.2337/dc16-2426.

8. Chen XM, Zhang Y, Shen XP, Huang Q, Ma H, Huang
YL, Zhang WQ, Wu HJ. Correlation between glucose
fluctuations and carotid intima-media thickness in
type 2 diabetes. Diabetes Res Clin Pract. 2010;90:95-
9. https://doi.org/10.1016/j.diabres.2010.05.004.


https://doi.org/10.3760/j:issn:0376-2491.2006.14.009
https://doi.org/10.3760/j:issn:0376-2491.2006.14.009
https://doi.org/10.3760/j:issn:1000-6699.2006.03.028
https://doi.org/10.3760/j:issn:1000-6699.2006.03.028
https://doi.org/10.1089/dia.2013.0205
https://doi.org/10.1089/dia.2013.0205
https://doi.org/10.1007/s00592-013-0459-9
https://doi.org/10.1007/s00592-013-0459-9
https://doi.org/10.3321/j:issn:0376-2491.2008.42.007
https://doi.org/10.3321/j:issn:0376-2491.2008.42.007
https://doi.org/10.2337/dc16-2426
https://doi.org/10.2337/dc16-2426
https://doi.org/10.1016/j.diabres.2010.05.004

110

J.Zhou and W. Jia

9.

11.

12.

13.

14.

15.

16.

Kilpatrick ES, Rigby AS, Atkin SL. Mean blood
glucose compared with HbAlc in the prediction of
cardiovascular disease in patients with type 1 dia-
betes. Diabetologia. 2008;51:365-71. https://doi.
org/10.1007/s00125-007-0883-x.

. MoY, Zhou J, Li M, Wang Y, Bao Y, Ma X, Li D, Lu

W, Hu C, Li M, Jia W. Glycemic variability is associ-
ated with subclinical atherosclerosis in Chinese type
2 diabetic patients. Cardiovasc Diabetol. 2013;12:15.
https://doi.org/10.1186/1475-2840-12-15.

Su G, Mi SH, Tao H, Li Z, Yang HX, Zheng H, Zhou
Y, Tian L. Impact of admission glycemic variabil-
ity, glucose, and glycosylated hemoglobin on major
adverse cardiac events after acute myocardial infarc-
tion. Diabetes Care. 2013;36:1026-32. https://doi.
org/10.2337/dc12-0925.

Zhou J, Li H, Ran X, Yang W, Li Q, Peng Y, Li Y,
Gao X, Luan X, Wang W, Jia W. Establishment of
normal reference ranges for glycemic variability in
Chinese subjects using continuous glucose monitor-
ing. Med Sci Monit. 2011;17:CR9-13. https://doi.
org/10.12659/MSM.881318.

Wang X, Zhao X, Dorje T, Yan H, Qian J, Ge
J. Glycemic variability predicts cardiovascular com-
plications in acute myocardial infarction patients with
type 2 diabetes mellitus. Int J Cardiol. 2014;172:498—
500. https://doi.org/10.1016/j.ijcard.2014.01.015.
SuG, Mi S, Tao H, LiZ, Yang H, Zheng H, Zhou 'Y, Ma
C. Association of glycemic variability and the pres-
ence and severity of coronary artery disease in patients
with type 2 diabetes. Cardiovasc Diabetol. 2011;10:19.
https://doi.org/10.1186/1475-2840-10-19.

Gordin D, Ronnback M, Forsblom C, Mikinen V,
Saraheimo M, Groop PH. Glucose variability, blood
pressure and arterial stiffness in type 1 diabetes.
Diabetes Res Clin Pract. 2008;80:e4—7. https://doi.
org/10.1016/j.diabres.2008.01.010.

Monnier L, Mas E, Ginet C, Michel F, Villon L,
Cristol JP, Colette C. Activation of oxidative stress
by acute glucose fluctuations compared with sus-
tained chronic hyperglycemia in patients with type

17.

18.

20.

21.

22.

23.

2 diabetes. JAMA. 2006;295:1681-7. https://doi.
org/10.1001/jama.295.14.1681.

Monnier L, Colette C, Boegner C, Pham TC, Lapinski
H, Boniface H. Continuous glucose monitoring in
patients with type 2 diabetes: Why? When? Whom?
Diabetes  Metab.  2007;33:247-52.  https://doi.
org/10.1016/j.diabet.2006.11.007.

Monnier L, Colette C, Owens D. The glycemic trium-
virate and diabetic complications: is the whole greater
than the sum of its component parts? Diabetes Res
Clin Pract. 2012;95:303—11. https://doi.org/10.1016/j.
diabres.2011.10.014.

. XuW, Zhu'Y, Yang X, Deng H, Yan J, Lin S, Yang H,

Chen H, Weng J. Glycemic variability is an impor-
tant risk factor for cardiovascular autonomic neuropa-
thy in newly diagnosed type 2 diabetic patients. Int
J Cardiol. 2016;215:263-8. https://doi.org/10.1016/].
ijecard.2016.04.078.

Zhou J, Li H, Yang WY, Ran XW, Li Q, Peng YD, Li
YB, Gao X, Luan XJ, Wang WQ, Jia W. Relationship
between early-phase insulin secretion and blood glu-
cose variability in subject with normal glucose regula-
tion. Chin J Diabetes Mellitus. 2009;1:89-93. https://
doi.org/10.3760/cma.j.issn.1674-5809.2009.02.004.
Kohnert KD, Augstein P, Zander E, Heinke P, Peterson
K, Freyse EJ, Hovorka R, Salzsieder E. Glycemic vari-
ability correlates strongly with postprandial beta-cell
dysfunction in a segment of type 2 diabetic patients
using oral hypoglycemic agents. Diabetes Care.
2009;32:1058-62. https://doi.org/10.2337/dc08-1956.
Bao YQ, Zhou M, Zhou J, Lu W, Gao YC, Pan XP,
Tang JL, Lu HJ, Jia WP. Relationship between serum
osteocalcin and glycaemic variability in type 2 dia-
betes. Clin Exp Pharmacol Physiol. 2011;38:50—4.
https://doi.org/10.1111/j.1440-1681.2010.05463 ..
FLAT-SUGAR Trial Investigators. Glucose variabil-
ity in a 26-week randomized comparison of mealtime
treatment with rapid-acting insulin versus glp-1 ago-
nist in participants with type 2 diabetes at high cardio-
vascular risk. Diabetes Care. 2016;39:973-81. https://
doi.org/10.2337/dc15-2782.


https://doi.org/10.1007/s00125-007-0883-x
https://doi.org/10.1007/s00125-007-0883-x
https://doi.org/10.1186/1475-2840-12-15
https://doi.org/10.2337/dc12-0925
https://doi.org/10.2337/dc12-0925
https://doi.org/10.12659/MSM.881318
https://doi.org/10.12659/MSM.881318
https://doi.org/10.1016/j.ijcard.2014.01.015
https://doi.org/10.1186/1475-2840-10-19
https://doi.org/10.1016/j.diabres.2008.01.010
https://doi.org/10.1016/j.diabres.2008.01.010
https://doi.org/10.1001/jama.295.14.1681
https://doi.org/10.1001/jama.295.14.1681
https://doi.org/10.1016/j.diabet.2006.11.007
https://doi.org/10.1016/j.diabet.2006.11.007
https://doi.org/10.1016/j.diabres.2011.10.014
https://doi.org/10.1016/j.diabres.2011.10.014
https://doi.org/10.1016/j.ijcard.2016.04.078
https://doi.org/10.1016/j.ijcard.2016.04.078
https://doi.org/10.3760/cma.j.issn.1674-5809.2009.02.004
https://doi.org/10.3760/cma.j.issn.1674-5809.2009.02.004
https://doi.org/10.2337/dc08-1956
https://doi.org/10.1111/j.1440-1681.2010.05463.x
https://doi.org/10.2337/dc15-2782
https://doi.org/10.2337/dc15-2782

®

Check for
updates

Continuous Glucose Monitoring
and Antidiabetic Therapies
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Continuous glucose monitoring (CGM) reveals
an important aspect of blood glucose manage-
ment, that is, the characteristics of glycemic vari-
ability, which facilitates the understanding of the
association between glycemic variability and the
risk of chronic complications of diabetes. Previous
studies have shown that glycemic variability has a
significant impact on chronic complications of
diabetes. Therefore, in addition to monitoring
fasting plasma glucose (FPG), 2-h postprandial
plasma glucose (2hPG), glycated hemoglobin A,
(HbA,,), and others, glycemic variability manage-
ment is also an important component in the adjust-
ment of antidiabetic therapies. Thus, CGM is
expected to become an effective means to assess
the efficacy of antidiabetic therapies. This chapter
describes the clinical trials that used CGM to
evaluate antidiabetic therapies as an introduction
for future research in this field.

12.1 Evaluation of the Efficacy

of Insulin Therapy Using CGM

Previous studies have been carried out to assess
the efficacy of insulin therapies via the use of
CGM. In our previous study, 48 subjects with
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normal glucose tolerance and 69 patients with
newly diagnosed type 2 diabetes were monitored
by using a CGM system. A subset of type 2 dia-
betes patients (n = 23) with HbA,. >8.5%
(69 mmol/mol) was monitored a second time
after 2—-3 weeks of insulin treatment (4 injections
daily). The mean amplitude of glycemic excur-
sion (MAGE), the mean of daily differences
(MODD), and the incremental areas above pre-
prandial glucose values (AUCpp) were used to
assess intraday, inter-day, and postprandial gly-
cemic variability. The results showed that AUCpp
after breakfast and dinner were significantly
higher than that after lunch in newly diagnosed
type 2 diabetes patients. After intensive treat-
ment, significant decreases in MAGE, MODD,
and AUCpp were observed (41%, 29%, and 49%,
respectively, P < 0.001, Fig. 12.1) [1]. Thus,
CGM is an effective means to assess glycemic
variability and improve glucose management
during intensive treatment with insulin.

In the study by Alemzadeh et al. [2], 14 patients
with type 1 diabetes were transitioned from flexible
multiple daily insulin to continuous subcutaneous
insulin infusion (CSII). The results showed that
CSII improved glycemic variability as evidenced
by MAGE values calculated from CGM data.
McNally et al. [3] compared the hypoglycemic
efficacy of biphasic insulin aspart 30 (BIAsp 30)
versus biphasic human insulin 30 (BHI 30) through
CGM. The results showed that compared with BHI
30, BIAsp 30 was associated with similar HbA,,
levels but with fewer nocturnal hypoglycemia
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Fig. 12.1 Comparison of incremental areas above preprandial glucose values (AUCpp) in 48 normal individuals and
69 newly diagnosed type 2 diabetes patients [1] (Reprint from Medical Science Monitor)

events. The Assessment of Weekly AdministRation
of Dulaglutide in Diabetes (AWARD)-4 trial is a
phase 3 sub-study of the AWARD clinical program
[4], and it was designed by using 24-h CGM to
evaluate the effects of glucagon-like peptide-1
(GLP-1) agonist dulaglutide. In the AWARD-4
trial, 884 patients treated with the conventional
insulin therapy were randomly divided into three
groups: dulaglutide 1.5 mg per week, dulaglutide
0.75 mg per week, and glargine insulin, all in com-
bination with prandial insulin lispro. Of these
patients, the CGM system was applied in 144
patients at weeks 0, 13, 26, and 52. The results
showed that at week 26, the mean blood glucose
(MBG) was decreased in all treatment groups and
the intergroup differences were not significantly.
The standard deviation of blood glucose (SDBG)
was significantly reduced with dulaglutide versus
glargine. At week 52, there were no significant dif-
ferences among groups with regard to overall blood
glucose levels, whereas treatment with glargine
was associated with a greater risk of hypoglycemia.
Tosaka et al. [5] investigated the efficacy of insulin
degludec used for basal-bolus insulin regimen after
switching from twice-daily basal insulin in 22
Japanese patients with type 1 diabetes mellitus.
The frequency of hypoglycemic events, SDBG,

and MODD were evaluated by CGM before and
4 weeks after the switch. The results showed that
there were no significant differences in HbA,, the
frequency of hypoglycemia, and glycemic variabil-
ity parameters before and after the switch, suggest-
ing that glycemic control under once-daily insulin
degludec injection was comparable to that under
twice-daily basal insulin injections in Japanese
type 1 diabetes patients. In the study performed by
Ma et al. [6], a total of 63 type 2 diabetes were ran-
domized into a liraglutide (GLP-1 agonist) group
and neutral protamine Hagedorn (NPH) group, and
the patients were followed up for 12 weeks.
Through CGM data, FPG, HbA,, and MBG
obtained by CGM were decreased in both groups
after 12 weeks of treatment. In the liraglutide
group, CGM showed that the frequency of hypo-
glycemic episodes, MAGE, and SDBG were sig-
nificantly lower than those in the NPH group. The
results revealed that liraglutide achieved improve-
ments in overall glycemic control similar to NPH,
whereas liraglutide was superior to NPH with
respect to control glycemic variability. Taken
together, these results showed that the use of CGM
can provide more information, especially in terms
of glycemic variability and hypoglycemia, for
assessing the efficacy of insulin therapy.
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12.2 Evaluation of the Efficacy
of Oral Hypoglycemic Agents
with CGM

CGM can also provide valuable information on
glycemic variability for comparing the efficacy
of two oral hypoglycemic agents. According to
our previous study, the glycemic excursion was
higher at breakfast or dinner than that at lunch in
newly diagnosed type 2 diabetic patients [1]
(Fig. 12.1). We thus designed the corresponding
interventional study. A total of 40 newly diag-
nosed type 2 diabetes patients whose HbA,, lev-
els ranged from 7.0 to 9.8% (53—84 mmol/mol)
were randomized to either glipizide controlled-
release tablets monotherapy (5 mg, QD) or com-
bination therapy of glipizide tablets (5 mg, QD)
plus acarbose (50 mg, BID) for 8 weeks. CGM
was used at the beginning and end of the study
(Fig. 12.2). The results showed that HbA,., 24-h

MBG, MAGE, and AUCpp were significantly
improved in both groups. Also, glycemic vari-
ability parameters including MAGE, MODD,
and AUCpp were significantly improved in the
combination therapy group than in the monother-
apy group, but no difference in HbA,, improve-
ment or glycated albumin (GA) improvement
was found between two groups [7]. These find-
ings suggested that glipizide tablets alone or in
combination with acarbose can improve overall
blood glucose levels and intraday glycemic vari-
ability, and combination therapy was more effec-
tive at reducing inter-day glycemic variability
than monotherapy in newly diagnosed type 2 dia-
betic patients.

Based on the results of this study, we con-
ducted a multicenter clinical study to further com-
pare the efficacy of non-sulfonylurea insulin
secretagogues (nateglinide) and acarbose on post-
prandial glycemic excursions in Chinese subjects
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<
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Note: CR: controlled-release.

Fig. 12.2 The CGM profiles of newly diagnosed type 2
diabetes patients treated with glipizide controlled-release
tablet monotherapy (a) or combination therapy of glipi-
zide controlled-release tablets plus acarbose (b) [7]

(Reprint with permission from Clinical Experimental
Pharmacology  and  Physiology). Note: CR,
controlled-release
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Fig. 12.3 The CGM glucose profiles before and after
treatment with nateglinide (a) or acarbose (b) of type 2
diabetes patients who have not been previously treated

with type 2 diabetes. A total of 103 patients with
type 2 diabetes who have not been previously
treated with hypoglycemic agents [HbA . ranging
from 6.5 to 9.0% (48-75 mmol/mol)] were
included in the study. Patients were randomized to
receive nateglinide (120 mg, TID) or acarbose
(50 mg, TID) for 2 weeks. AUCpp, MAGE,
SDBG, MODD, and 24-h MBG were calculated
using the CGM system (Fig. 12.3), and GA and
serum insulin levels were measured as well. The
results showed that AUCpp, 24-h MBG, and GA
levels were significantly decreased in both treat-
ment groups, but no significant intergroup differ-
ences were found (Fig. 12.4). Moreover, the
nateglinide-treated group had significantly
increased insulin levels at 30 min and 120 min
after a standard meal compared with the baseline
level, whereas the acarbose-treated group had
decreased insulin levels at both time points. Thus,
nateglinide and acarbose were comparably effec-
tive at reducing postprandial glycemic excursions

with hypoglycemic agents [8] (Reprint with permission
from Diabetes Technology & Therapeutics)

in Chinese patients with type 2 diabetes as their
initial therapy, possibly through different patho-
physiological mechanisms [8].

A similar study was conducted by Abrahamian
et al. [9] in 18 type 2 diabetes patients (7 treated
with modified diet only and 11 with metformin
monotherapy). The patients were given nateg-
linide, 120 mg orally TID before meals. Glycemic
parameters, including 24-h MBG, FPG, and
2hPG obtained from CGM data, were signifi-
cantly decreased. Nishimura et al. [10] conducted
a randomized, double-blind clinical study to
determine the efficacy of luseogliflozin (a selec-
tive inhibitor of sodium glucose cotransporter 2
[SGLT-2]) in combination with a low-carbohy-
drate diet on 24-h glucose variability assessed by
CGM in 18 type 2 diabetes patients. The results
revealed that luseogliflozin could significantly
improve glycemic variability. Marfella et al. [11]
used CGM to assess the effects of the dipeptidyl
peptidase-4 (DPP-4) inhibitors sitagliptin and
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Fig. 12.4 Comparison of AUCpp and GA before and after treatment with nateglinide (n = 51) or acarbose (n = 52) [8]
(Reprint with permission from Diabetes Technology & Therapeutics). Note: *P < 0.001 vs. baseline

vildagliptin on glycemic variability. A total of 38
patients with type 2 diabetes mellitus were treated
with metformin plus sitagliptin 100 mg daily or
vildagliptin 50 mg BID over a period of 3 months.
The results showed a larger decrease in MAGE in
the vildagliptin group as compared with the sita-
gliptin group. The above studies suggest that
CGM, as an effective means for assessing glyce-
mic variability, plays an important role in assess-
ments of the efficacy of oral hypoglycemic
agents.

12.3 Evaluation of the Efficacy
of Combined Oral
Hypoglycemic Agents

and Insulin with CGM

We conducted a multicenter, randomized, open-
label, parallel clinical trial to compare the effi-
cacy of combination therapy of basal insulin and
oral hypoglycemic agents versus twice-daily pre-
mixed insulin monotherapy in Chinese type 2
diabetes patients by using CGM. The study

enrolled 105 type 2 diabetes patients in whom
blood glucose was insufficiently controlled by
oral antidiabetic agents [FPG >7.0 mmol/L and
7.5% (58 mmol/mol) < HbA,. <10% (86 mmol/
mol)] from eight hospitals in China, and they
were randomized at a ratio of 1:1 with the treat-
ment group for combination therapy (once-daily
insulin glargine plus gliclazide modified-release)
or monotherapy (twice-daily premixed insulin)
for 12 weeks. The results showed that the combi-
nation therapy could more stably decrease 24-h
MBG, but there was no difference in the reduc-
tion of MAGE between the two groups [12]
(Fig. 12.5).

In a similar study conducted by Wan et al. [13],
60 newly diagnosed type 2 diabetes were random-
ized into two groups and treated with CSII alone
or with CSII plus sitagliptin. The latter group
achieved a significant improvement in MAGE and
SDBG through the analysis of CGM glucose pro-
files. A 26-week, randomized controlled clinical
study included 102 participants on metformin and
basal insulin [14]. The patients continued metfor-
min and basal insulin and were randomized to
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Fig. 12.5 The CGM glucose profiles after combination
therapy with gliclazide modified-release tablets and basal
insulin (a) or premixed insulin (b) of type 2 diabetes
patients whose blood glucose was insufficiently con-

additional administration of exenatide twice daily
or rapid-acting insulin analogs before meals. The
primary endpoint of the study was the comparison
of coefficient of variation (CV) calculated from
CGM profiles after 26 weeks of treatment. The
results revealed that exenatide significantly
reduced CV while maintaining equivalent HbA .
levels versus insulin therapy. Tanaka et al. [15]
conducted a study in 26 type 2 diabetes patients
who were treated with insulin therapy with or
without additional administration of the DPP-4
inhibitor teneligliptin. CGM measurements were
performed for 7 consecutive days. On days 1-3,
patients received insulin with or without other

trolled by oral hypoglycemic agents [12] (Reprint with
permission from Diabetes/Metabolism Research and
Reviews)

antidiabetic drugs, and on days 4-7, teneligliptin
20 mg once daily was added to ongoing therapy.
The results showed that addition of teneligliptin
to insulin therapy led to significant improvements
in 24-h MBG, MAGE, and postprandial 2-h area
under the curve (AUC).

All clinical trials and studies illustrated above
have suggested that CGM plays an important role
in the evaluation of diabetes mellitus (Tables 12.1
and 12.2). With further advances in our understand-
ing of glycemic variability, CGM will become an
effective tool for assessing hypoglycemic efficacy,
providing a basis for developing more optimized
and effective antidiabetic therapies.
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Table 12.1 Clinical trials evaluating hypoglycemic drugs by retrospective review of CGM data and conducted by
Shanghai Clinical Center for Diabetes [16] (Reprint from Journal of Diabetes Investigation)

Inclusion Treatment
Year | Reference Subjects criteria duration | Intervention Endpoint events
2008 | Zhou et al. [1] |23 newly diagnosed | HbA,. >8.5% | 2-3 weeks | Daily multiple MAGE, MODD,
type 2 diabetes (69 mmol/ injections of insulin | and AUCpp were
mellitus mol) significantly
reduced after
treatment
2010 |Baoetal. [7] |40 newly diagnosed | HbA,, 8 weeks | Glipizide The improvements
type 2 diabetes 7.0-9.8% controlled-release | in MBG, MAGE,
mellitus (53-84 mmol/ tablets monotherapy | MODD, and
mol) vs. combination AUCpp were more
therapy of glipizide |significant in the
controlled-release | combination
tablets plus acarbose | therapy group than
in the monotherapy
group
2013 | Zhou et al. [8] | 103 type 2 diabetes | HbA,. 2 weeks | Nateglinide vs. No significant
patients who have 6.5-9.0% acarbose differences in
not been previously | (48—75 mmol/ AUCpp, MAGE,
treated with mol) SDBG, MODD,
hypoglycemic and 24-h MBG
agents between the two
groups
2015 | Zhou et al. [12] | 105 type 2 diabetes | HbA |, 12 weeks | Gliclazide Both treatments
patients whose 7.5-10% modified-release could significantly
glucose was (58-86 mmol/ tablets combined improve the 24-h
insufficiently mol) with basal insulin MBG, but no
controlled by oral vs. premixed insulin | significant
hypoglycemic improvements in
agents MAGE, SDBG,
and MODD were
found

Note: MBG mean blood glucose, AUCpp incremental areas above preprandial glucose values, MAGE mean amplitude
of glycemic excursion, MODD mean of daily differences, SDBG standard deviations of blood glucose

Table 12.2 Clinical trials evaluating the effect of antidiabetic therapies by CGM

Year |Reference Country  |Patient type N |Intervention | Primary endpoint
2012 | Sakamoto et al. [17]  |Japan T2DM adults 20 |DPPi Glycemic variability
2015 |Mianowska et al. [18] |Poland Young children with TIDM |3 Insulin Glycemic variability
2014 | Ebrahim et al. [19] Canada Adolescent with exercise- | 1 None Phenotype
induced hyperglycemia characterization
2014 | Mohan et al. [20] India Overweight adults without |15 |Diet Glycemic variability
diabetes
2014 | Yates et al. [21] Australia | Kidney transplant recipients |22 | Steroid Glycemic variability
2015 |Didangelos et al. [22] |Greece T2DM adults 14 | Insulin Glycemic variability
2013 | Ando et al. [23] Japan T2DM adults 30 |None Glycemic variability
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Statement on Consent for Participation

All the clinical trials carried out by the authors in
this book have been reported to the Ethics
Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital already and
were in accordance with the Good Clinical
Practice and Standards of China Association for
Ethical Studies (approval number: 2007-45).
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with Hypoglycemia

X.J. Ma and J. Zhou

Hypoglycemia remains to be a clinical challenge
in diabetes management. In 2013, the American
Diabetes Association (ADA) and the Endocrine
Society recommended that hypoglycemia is diag-
nosed as blood glucose concentration of
<3.9 mmol/L [1]. Hypoglycemia in diabetic
patients can be classified into five categories as
follows:

1. Severe hypoglycemia. Severe hypoglycemia is
an event typically presenting with impairment
of consciousness and neurological symptoms.
The neurological recovery following the return
of plasma glucose to normal is considered suf-
ficient evidence that the event was induced by
a low plasma glucose concentration.

2. Documented symptomatic hypoglycemia.
Documented symptomatic hypoglycemia is an
event during which typical symptoms of hypo-
glycemia are accompanied by a measured
plasma glucose concentration of <3.9 mmol/L.

3. Asymptomatic hypoglycemia. Asymptomatic
hypoglycemia is an event not accompanied by
typical symptoms of hypoglycemia but with a
blood glucose of <3.9 mmol/L.

4. Probable symptomatic hypoglycemia.
Probable symptomatic hypoglycemia is an
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event when patients present with hypoglyce-
mic symptoms but without blood glucose
measurements.

5. Pseudo-hypoglycemia. Pseudo-hypoglycemia
is an event when patients present with typical
hypoglycemia symptoms but with blood glu-
cose of >3.9 mmol/L.

In 2017, the ADA published updated criteria
for the diagnosis and treatment of hypoglycemia
[2]. The International Hypoglycemia Study group
proposed the following classification: (1) Level 1
(glucose alert value), a glucose value of
3.9 mmol/L or less, which is sufficiently low for
treatment with fast-acting carbohydrate and dose
adjustment of glucose-lowering therapy; (2)
Level 2 (clinically significant hypoglycemia), a
glucose level of 3.0 mmol/L or less, which is suf-
ficiently low to indicate serious, clinically impor-
tant hypoglycemia; and (3) Level 3 (severe
hypoglycemia), hypoglycemia associated with
severe cognitive impairment requiring external
assistance for recovery.

The Diabetes Control and Complications Trial
(DCCT) study showed that intensive glycemic
treatment can reduce the risk of long-term com-
plications but also increase the incidence of
hypoglycemia [3]. Hypoglycemia leads to hypo-
glycemic symptoms, cognitive dysfunction, and
corresponding regulation of counterregulatory
hormones [4]. Hypoglycemia is closely related to
cognitive impairment among juvenile, middle-
aged, and elderly diabetic patients, regardless of
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patients’ age. In addition, hypoglycemia can also
lead to behavioral abnormalities, such as psycho-
sensorial symptoms [5], fear of hypoglycemia [6,
7], depressive symptoms [8], impaired exercise
capacity [9], motor function deficit [10], and
some other disorders. All these are major chal-
lenges for the achievement of target glycemic
control.

Moreover, hypoglycemia can cause fatal out-
comes such as dead-in-bed syndrome. Tanenberg
et al. [11] reported a case of sudden death due to
hypoglycemia confirmed by continuous glucose
monitoring (CGM): a 23-year-old type 1 diabetic
patient treated with insulin pump suffered from
sudden death during sleep. The CGM showed
that the patient had a linear drop in blood glucose
at midnight after injection of insulin, and his
blood glucose was <1.7 mmol/L (31 mg/dL) at
death. This is the first case with CGM-based evi-
dence showing that hypoglycemia caused dead-
in-bed syndrome. Dead-in-bed syndrome refers
to unexpected sudden death of young people with
type 1 diabetes. The mechanism is complicated
and may be associated with recurrent episodes of
severe hypoglycemia. Repeated hypoglycemia

222

16.6

Glucose (mmol/L)

5.6

can cause hemorrhage of brain tissues at the early
stage, followed by cellular swelling and focal tis-
sue necrosis caused by sodium and potassium
ions transferring into cells, and ultimately leads
to neuronal necrosis and brain death. Additionally,
severe hypoglycemia can also induce cardiac
electrophysiological disorder that results in sud-
den death [12].

CGM can provide continuous, comprehen-
sive, and reliable blood glucose information and
facilitate early detection and evaluation of hypo-
glycemia, providing guidance for the treatment
for hypoglycemia.

13.1 Clinical Application
of Retrospective CGM

in Diabetic Hypoglycemia

Retrospective CGM can be used for early moni-
toring of hypoglycemia incidents and describing
the characteristics of hypoglycemia in diabetic
patients. Here we present two examples: Fig. 13.1
is a CGM profile showing a hypoglycemia epi-
sode before lunch of a type 1 diabetes patient

1 1 1
03:00 06:00 09:00

1
12:00

1 1 1
15:00 18:00 21:00

Time of day

Fig. 13.1 The CGM profiles of one type 1 diabetes patient treated with subcutaneous premixed insulin 30R BID daily
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Fig. 13.2 The CGM profiles of one type 1 diabetes patient treated with subcutaneous short-acting insulin TID daily

treated with subcutaneous premixed insulin 30R
(BID, 20 U before breakfast and 16 U before din-
ner). Figure 13.2 is a CGM profile showing hypo-
glycemia episodes before dinner and during
nighttime of a type 1 diabetic patient treated with
subcutaneous short-acting insulin (TID, 5 U, 3 U,
and 3 U before meals).

Previously, we reviewed the CGM data of 61
hospitalized, elderly patients with type 2 diabetes
who were treated with insulin pump for a short
period of time. Patients were divided into hypo-
glycemic group and non-hypoglycemic group,
according to the incidence of hypoglycemic
events from the CGM results on the third and
fourth days. The results showed that about 1/3 of
patients experienced hypoglycemia during initial
use with an insulin pump, and CGM achieved a
significantly higher rate of hypoglycemia detec-
tion than self-monitoring of blood glucose
(SMBG) [13]. In addition, Maia et al. [14] ana-
lyzed retrospective CGM data of 17 children with
type 1 diabetes and found that 56.2% of patients
had asymptomatic hypoglycemia, with sensitiv-
ity of 63.3% and specificity of 96.6% for the
detection of hypoglycemia by CGM. Therefore,

retrospective CGM has more advantages in early
detection of hypoglycemia in adult type 2 diabe-
tes patients as well as asymptomatic hypoglyce-
mia in children with type 1 diabetes with low
sensitivity but high specificity compared to
SMBG.

Moreover, application of retrospective CGM
can provide information for adjusting treatment
of diabetic patients and facilitate understanding
of glucose fluctuations patterns. In 2010, we
reviewed the CGM data from 257 adult type 2
diabetes patients treated with insulin pump and
analyzed the relationship between bedtime blood
glucose and the presence of nocturnal hypoglyce-
mic events. Patients were divided into a hypogly-
cemic group and a non-hypoglycemic group
according to the occurrence of nocturnal hypo-
glycemia. The study showed large glycemic vari-
ability when insulin pump was initiated and an
increased risk of nocturnal hypoglycemia when
bedtime blood glucose was <5.9 mmol/L [15].
Similarly, Wentholt et al. [16] applied retrospec-
tive CGM in type 1 diabetes who were treated
with an insulin pump (n = 24) and subcutaneous
insulin injections (n = 33). The results demon-
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strated that CGM enabled more precise detection
of nocturnal hypoglycemia frequency and dura-
tion in type 1 diabetic patients, and the frequency
and duration of nocturnal hypoglycemia were
closely associated with bedtime glucose concen-
tration. It is feasible to apply CGM at the early
stage of intensive insulin therapy in adult diabetic
patients so that the dose of insulin or diet can be
adjusted timely, thus achieving safe and effective
therapy regimen by preventing hypoglycemia,
especially nocturnal hypoglycemia.

13.2 Clinical Application of Real-
Time CGM in Diabetic
Hypoglycemia

Real-time CGM provides glucose values that
allow for early detection of hypoglycemia and
immediate therapeutic adjustments, thus promot-
ing patients’ behavior improvement and signifi-
cantly reducing the duration of hypoglycemia.
Pettus et al. [17] surveyed 222 type 1 diabetes
patients who used real-time CGM and found that
when the CGM device showed two arrows down
(“l)” glucose decreasing >0.11 mmol/L per
min), 42% of the respondents would reduce their
insulin dosage to prevent hypoglycemia. With a
glucose value of 6.7 mmol/L and a falling glu-
cose trend, 70% of respondents would intake car-
bohydrates to avoid hypoglycemia. Additional
studies are needed to determine insulin adjust-
ments based on glucose trend data.

In the study conducted by Peyser et al. [18],
CGM values were compared with Yellow Springs
Instrument (YSI) analyzer measurements in 51
diabetes patients. The results showed that when
the CGM hypoglycemic alert value was set at
4.4 mmol/L, the device could provide warnings
for 95% of asymptomatic hypoglycemia episodes
about 10 min in advance. Therefore, real-time
CGM plays an important role in early detection
of hypoglycemia, especially asymptomatic hypo-
glycemia, thus preventing the onset of cognitive
impairment via a timely warning of hypoglyce-
mia. Battelino et al. [19] conducted a clinical
study in 120 type 1 diabetic patients on intensive

therapy who were randomly assigned to a control
group with both SMBG and retrospective CGM
performed every other week for 5 days or to a
group with real-time CGM. The primary out-
come was the time spent in hypoglycemia over a
period of 26 weeks. The results showed that the
use of real-time CGM was associated with sig-
nificantly less time spent with hypoglycemia for
children and adults with type 1 diabetes on inten-
sive therapy compared to SMBG.

In addition, studies have suggested that age is
an important factor that involved in the hypogly-
cemia improvement when using CGM among
type 1 diabetes patients. In the study conducted
by the Juvenile Diabetes Research Foundation
(JDRF) CGM Study Group [20], 322 adults and
children with type 1 diabetes were randomly
assigned to a group with CGM or to a control
group with SMBG according to age. The results
showed that compared to SMBG, CGM was
associated with better glycemic control without
increasing risk of asymptomatic hypoglycemia
among patients aged 25 years old or older, but not
in patients aged 8—14 years old and 15-24 years
old. This may be related to more frequent use of
CGM and better ability to manage hypoglycemia
in adult type 1 diabetes patients.

As mentioned above, CGM is useful in moni-
toring hypoglycemia incidents and enables practi-
tioners to analyze glucose characteristics and to
guide the individualized treatment. A practical
example described below illustrates the utilization
of CGM in the management of severe hypoglyce-
mia in patients with type 1 diabetes [21].

Example case: A 16-year-old female patient
was diagnosed with type 1 diabetes 3 years ago.
Twelve days prior to admission, she experienced
hypoglycemic coma, with a glycated hemoglobin
A (HbA,) of 13.9% (128 mmol/mol). The
patient was treated with subcutaneous short-act-
ing insulin (10 U, 4 U, and 6 U at 30 min before
meals) and subcutaneous intermediate-acting
insulin (1 U at 10:00 p.m.). The patient had a
body mass index (BMI) of 22.96 kg/m? and a
waist circumference of 93 cm. Results of com-
plete blood count tests, liver and kidney function,
electrolytes, and blood lipids were all within the
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normal reference ranges. The patient had a strong
positive urine glucose (++++) and glycated albu-
min (GA) of 35.2% (reference range 11.0—
17.0%). Fasting and postprandial 2-h serum C
peptide levels were 0.66 ng/ml and 1.47 ng/ml,
respectively (reference range, fasting state, 0.82—
2.50 ng/ml). The glutamic acid decarboxylase
antibody (GAD-ADb) was positive, and islet cell
antibody and insulin autoantibody (IAA) were
negative.

After admission, the patient was equipped
with a retrospective CGM system for 72-h blood
glucose monitoring, and hypoglycemic regimens
were adjusted based on the CGM results.
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Humulin N 8U before sleep

22.2r

16.7

111k

5.6}

CGM measurements (mmol/L)

Hypoglycemia

0.0

1 1 L 1 L L 1
03:00 06:00 09:00 12:00 15:00 18:00 21:00

Time (hour)

(1]

Day 3

Humulin R 11U before breakfast, 5U before lunch
and 4U before dinner

No insulin injection before sleep

22.2-

16.7

CGM measurements (mmol/L)

Told to take food

0.0} Given intravenous glucose

1 1 L L '} 1 1
03:00 06:00 09:00 12:00 15:00 18:00 21:00
Time (hour)
B Markers of blood glucose

1. On the day of admission, the patient was given
a subcutaneous short-acting insulin injection
(8 U, 12 U at 30 min before lunch and dinner)
and subcutaneous Humulin N (8 U at
10:00 p.m.). The CGM showed large glycemic
fluctuations. The percentage of time (PT) spent
with glucose <2.8 mmol/LL was 4% (20 min),
and the PT spent with glucose >7.8 mmol/L
was 67% (320 min). The blood glucose levels
gradually dropped from 7:23 p.m., until reach-
ing 2.8 mmol/L at 11:38 p.m., lasted until
01:03 a.m. on the next day (Fig. 13.3a).

2. On the second day, the hypoglycemic regimen
was adjusted to subcutaneous Humulin R

T
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The regimen was changed to rapid-acting insulin
NovoRapid 12U before breakfast, 4U before lunch,
and 3U before dinner
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Fig. 13.3 The CGM profiles of one type 1 diabetes patient with concomitant secondary adrenocortical insufficiency
and resultant recurrent, severe hypoglycemia [21] (Reprint with permission from Shanghai Medical Journal)
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(10 U, 6 U, and 6 U before meals) and subcu-
taneous intermediate-acting insulin (3 U at
10:00 p.m.). The patient continued to experi-
ence recurrent hypoglycemic episodes during
the dinner-to-bedtime period, and the PT
spent with glucose <2.8 mmol/L was 16%
(230 min; Fig. 13.3b).

. On the third day, the patient was found uncon-

scious at 3:00 a.m., with a blood glucose level
of 1.6 mmol/L, and was diagnosed with hypo-
glycemic coma. She recovered after intrave-
nous infusion of glucose. Her blood pressure
was 96/74 mmHg, and her heart rate was
91 beats/min at that time. CGM showed that
the hypoglycemia (blood glucose
< 2.8 mmol/L) lasted up to 310 min (from Day
2 at 10:08 p.m. to Day 3 at 3:18 a.m.). Thus,
the bedtime insulin was discontinued from
Day 3. In addition, the patient also experi-
enced a 25-min asymptomatic hypoglycemic
event before dinner. The PT spent with glu-
cose <2.8 mmol/L was 26% (380 min;
Fig. 13.3c).

On the fourth day, the hypoglycemic regimen
was adjusted to subcutaneous rapid-acting
insulin NovoRapid (12 U, 4 U, and 3 U at
5 min before meals). No hypoglycemia
occurred on that day (Fig. 13.3d).

The patient had no hypoglycemic event until
the seventh day when she experienced noctur-
nal hypoglycemia again, with blood glucose
of 2.6 mmol/L at 3:00 a.m. Thus, the insulin
was discontinued and changed to metformin
250 mg with dinner. Subsequently, the patient
underwent relevant examinations to further
clarify the causes of the hypoglycemia. No
abnormalities were detected in the adrenal
gland computed tomography (CT) scan or
pituitary magnetic resonance imaging (MRI)
examination. Repeated measures of sex hor-
mones, growth hormone, cortisol, and adreno-
corticotropic ~ hormone  (cortisol  and
adrenocorticotropic hormone (ACTH), at
8:00 a.m., 4:00 p.m., and 12:00 a