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ABSTRACT

Hemoglobin A1C (HbA1c) is used as an index of

average blood glucose measurement over a

period of months and is a mainstay of blood

glucose monitoring. This metric is easy to

measure and relatively inexpensive to obtain,

and it predicts diabetes-related microvascular

complications. However, HbA1c provides only

an approximate measure of glucose control; it

does not address short-term glycemic variability

(GV) or hypoglycemic events. Continuous

glucose monitoring (CGM) is a tool which helps

clinicians and people with diabetes to overcome

the limitations of HbA1c in diabetes manage-

ment. Time spent in the glycemic target range

and time spent in hypoglycemia are the main

CGM metrics that provide a more personalized

approach to diabetes management. Moreover,

the glucose management indicator (GMI),

which calculates an approximate HbA1c level

based on the average CGM-driven glucose level,

facilitates individual decision-making when the

laboratory-measured HbA1c and estimated

HbA1c are discordant. GV, on the other hand, is

a measure of swings in blood glucose levels over

hours or days and may contribute to diabetes-

related complications. In addition, addressing

GV is a major challenge during the optimiza-

tion of glycemia. The degree of GV is associated

with the frequency, duration, and severity of

the hypoglycemic events. Many factors affect

GV in a patient, including lifestyle, diet, the

presence of comorbidities, and diabetes therapy.

Recent evidence supports the use of some glu-

cose-lowering agents to improve GV, such as

the new ultra-long acting insulin analogs, as

these agents have a smoother pharmacody-

namic profile and improve glycemic control

with fewer fluctuations and fewer nocturnal

hypoglycemic events. These newer glucose-

lowering agents (such as incretin hormones or

sodium–glucose cotransporter 2 inhibitors) can

also reduce the degree of GV. However, ran-

domized trials are needed to evaluate the effect
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of GV on important diabetes outcomes. In this

review, we discuss the role of HbA1c as a mea-

sure of glycemic control and its limitations. We

also explore additional glycemic metrics, with a

focus on time (duration) in glucose target range,

time (duration) in hypoglycemia, GV, GMI, and

their correlation with clinical outcomes.

Keywords: Continuous glucose monitoring;

HbA1c; Glucose management indicator; Glyce-

mic variability; Time in hypoglycaemia; Time in

range

INTRODUCTION

Globally, the incidence and prevalence of both

types 1 and 2 diabetes mellitus (DM) have risen

dramatically over the past two decades and they

are expected to keep rising in the future. Dia-

betes is associated with various chronic com-

plications that result in increased morbidity and

mortality [1, 2].

In addition to persons with diabetes receiv-

ing appropriate and timely medical manage-

ment, they also require assessment of their

glycemic control. The monitoring of glycemic

status is considered to be a cornerstone of dia-

betes care. Analysis of the glucose data provides

an assessment of the efficacy of therapy and

guides adjustments in lifestyle and medications

to achieve the best possible blood glucose con-

trol in a safe manner. Primary techniques to

assess the effectiveness of glycemic control

include patient self-monitoring of blood glu-

cose (SMBG) and measurement of hemoglobin

A1c (HbA1c) [3].

The results of the Diabetes Control and

Complications Trial (DCCT) and other studies

provide reliable evidence on the health benefits

of normal or near-normal blood glucose levels,

especially in patients receiving insulin treat-

ment [4]. SMBG enables assessment of an indi-

vidual’s response to therapy. In a study of

insulin-naive patients with suboptimal initial

glycemic control, structured SMBG performed

on 3 consecutive days reduced HbA1c by 0.3%

compared with the control group [5]. Results

from meta-analyses suggest that SMBG can

reduce HbA1c by 0.25–0.3%. However, SMBG

alone does not lower blood glucose levels. To be

useful, the information must be integrated into

clinical and self-management programs [3].

There are additional limitations. SMBG shows a

single ‘‘point-in-time’’ measurement and does

not provide any data on the direction or rate of

change of glucose levels. In addition, obtaining

adequate data is dependent upon the patient’s

adherence to self-monitoring. Consequently,

SMBG often fails to detect nocturnal and/or

asymptomatic hypoglycemia [6, 7].

HbA1c represents the percentage of circulat-

ing hemoglobin that is glycated. Glycation is a

non-enzymatic process and is a measure of

glucose levels over time [8]. As a biomarker, it

reflects the average plasma glucose over the

previous 8–12 weeks [9]. It is currently used for

both the diagnosis and management of diabetes

[8] and is recommended as a gold standard in

the assessment of diabetes-related outcomes

[9, 10]. Historically, the elevated level of HbA1c

in diabetic patients was reported first by Rahbar

and associates in 1968, and over the next dec-

ades it became arguably the most important

indicator of blood glucose control. It is widely

used to judge the adequacy of diabetes treat-

ment [11]. Nevertheless, for a given HbA1c,

there is a wide range of mean glucose concen-

tration values, and for any given mean glucose

value there is a wide range of HbA1c values [12].

The test is easy to administer, cost-effective,

and relatively inexpensive [13]. Furthermore,

there is a curvilinear relationship between

HbA1c and microvascular complications. Three

landmark trials in patients with type 2 DM

(ACCORD, ADVANCE, and VADT) showed that

lower HbA1c levels are associated with reduced

onset or progression of some microvascular

complications [14–16]. To the contrary, ele-

vated HbA1c is also regarded as an independent

risk factor for coronary heart disease and stroke.

One of the major limitations of HbA1c is that it

does not reflect glycemic excursions, i.e., intra-

day and inter-day glycemic changes, which

have been linked to both microvascular and

macrovascular complications [17]. Furthermore,

it is an unreliable measure in patients with

anemia, certain hemoglobinopathies, liver dis-

ease, and iron deficiency. Moreover, it does not
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provide detailed information on how to adjust

the treatment regimen.

The literature suggests that ethnic and racial

differences exist in the degrees of glycation that

affect the accuracy of HbA1c measurements. For

example, HbA1c concentration is higher (by

0.2–0.4%) in US African Americans and His-

panic populations than in Caucasians. The

impact of age and race on HbA1c is currently

under discussion. Some studies show that the

HbA1c concentration increases by approxi-

mately 1 mmol/mol (0.1%) per decade of life

and that this age effect results from decreasing

red blood cell count with age [18, 19]. Despite

these limitations, the diabetes research com-

munity has made considerable progress in

agreeing upon core glycemic outcomes beyond

HbA1c to overcome the above limitations [10].

In this review, we address the latest evidence

for the use of alternative metrics of glucose

control in patients with diabetes. We also dis-

cuss the impact of novel metrics on diabetes-

related complications, the usefulness of CGM in

the treatment of type 2 DM, and the impact of

newer glucose-lowering agents on alternative

glycemic metrics beyond HbA1c.

This article is based on previously conducted

studies and does not contain any studies with

human participants or animals performed by

any of the authors.

CONTINUOUS GLUCOSE

MONITORING

Continuous glucose monitoring (CGM) does

not measure blood sugar concentrations, rather

it measures interstitial glucose levels. CGM data

for a period of 10–14 days provide a good esti-

mate of CGM metrics for a 3-month period.

HbA1c can be estimated (eA1c) if 70% of the

CGM data are available. Real-time CGM

(rtCGM) data can help individuals learn how

dramatically their blood glucose level can rise

after certain meals or how it is affected by stress

or exercise [20]. Therefore, CGM seems to be the

best example of precision medicine in diabetes

[12]. However, interstitial glucose readings have

a time lag of approximately 15 min compared to

blood glucose readings; consequently, CGM

results do not always match finger stick blood

glucose readings.

Different definitions are currently used for

CGM systems. Intermittently viewed CGM

(iCGM), known comercially as flash glucose

monitoring (FGM), shows continuous glucose

measurements retrospectively. This type of

monitoring may be described as a separate

entity from CGM, occupying a position some-

what between a traditional blood glucose meter

and a CGM system. On the other hand, real-

time CGM (rtCGM) provides real-time data on

glucose trends, direction, and rate of change

[17]. Although both systems provide the means

to move beyond the HbA1c measurement as the

sole marker of glycemic control, utilization of

CGM as a biomarker of blood glucose levels has

remained fairly limited to date [21].

Riddlesworth et al. [22], and the ‘‘Beyond

A1c Writing Group’’ [10] recently declared that

HbA1c does not accurately reflect the glucose

pattern at the individual level. Furthermore, the

Steering Committee of decision-making for the

‘‘Type 1 Diabetes Outcomes Program’’ recom-

mended the use of defined clinically meaning-

ful outcomes beyond HbA1c in research,

development, and evaluation of therapies for

type 1 DM. The novel CGM outcomes include

hypoglycemia, hyperglycemia, time in glycemia

range, diabetic ketoacidosis, and patient-re-

ported outcomes [23]. A summary of the new

definitions of clinically meaningful outcomes is

shown in Table 1.

Apart from providing the mean glucose

concentration, CGM profiles provide additional

details on the patterns of glycemic excursions,

as well as potentially dangerous high or low

glucose concentrations that are often missed

with SMBG [21, 22, 24]. Examples of some pro-

files with the same HbA1c are shown in Fig. 1.

Advantages and Limitations of CGM

Continuous glucose monitoring provides valu-

able information unattainable by SMBG,

including coverage of the individual data

throughout the glucose monitoring, detection

of glycemic variability (GV) and the rate of

change over time, as well as time spent in hypo-
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and hyperglycemia. CGM can be considered for

patients with severe or nocturnal hypo-

glycemia, especially those with hypoglycemia

unawareness [21]. Also, the GOLD [25] and

DIAMOND [26] trials showed that among

patients with type 1 DM treated with multiple

daily insulin injections, the use of CGM resulted

in better glycemic control than did conven-

tional treatment. Moreover, several studies have

shown that the use of CGM can improve the

mean amplitude of glycemic excursion (MAGE)

and result in better glycemic control in persons

with type 2 DM [27–30]. A recent meta-analysis

of randomized controlled trials conducted on

the utility of real-time and retrospective CGM

in patients with type 2 DM showed that CGM in

these patients could reduce HbA1c levels and

time spent with hypoglycemia [31]. Finally,

CGM data can be used as a valuable tool for

patient education [21].

Despite these advantages, CGM has a num-

ber of limitations, namely reimbursement

issues, the periodic replacement of sensors for

long-duration implantable CGM devices, and

the need for development of clinical guidelines

on the role of CGM in the management of

people with type 2 DM [21, 32]. However,

recent advancements in technology and rele-

vant evidence from the literature have addres-

sed several of these issues. A new generation of

insulin pumps with automated suspension of

insulin infusion in response to observed or

predicted hypoglycemia as well as the develop-

ment of closed-loop insulin delivery systems are

expected to dramatically increase the clinical

utility and impact of CGM [21].

TIME IN RANGE

AND HYPOGLYCEMIA

Both rtCGM and iCGM facilitate monitoring of

time spent in the target blood glucose range,

Fig. 1 Different patterns of glycemic variability (GV) in
two patients with same hemoglobin A1C (HbA1c). 15-day
glucose traces of two patients who had identical HbA1c of
8.0% but different degrees of GV. High GV in patient 1
was reflected by numerous episodes of both hypo- and
hyperglycemia (a), whereas low GV in subject 2 resulted in
no such episodes (b). Patient 1 (a) had visibly higher
glucose fluctuations than patient 2 (b) that resulted in
seven episodes of moderate hypoglycemia (B 50 mg/dL)
and eight episodes of moderate hyperglycemia (C 350 mg/
dL)

Table 1 New definitions of hypoglycemia, hyperglycemia,
and time in glycemic range

Outcome Definition

Hypoglycemia Level 1: glucose\ 70 mg/dL (3.9 mmol/

L) and glucose C 54 mg/dl

(3.0 mmol/L)

Level 2: glucose\ 54 mg/dL (3.0 mmol/

L)

Level 3: a severe event characterized by

altered mental and/or physical status

requiring assistance

Hyperglycemia Level 1 (elevated glucose):

glucose[ 180 mg/dL (10 mmol/L)

and glucose B 250 mg/

dlL(13.9 mmol/L)

Level 2 (very elevated glucose):

glucose[ 250 mg/dL (13.9 mmol/L)

Time in range Percentage of readings in the range of

70–180 mg/dL (3.9–10.0 mmol/L) per

unit of time
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referred to as the ‘‘time in range.’’ However,

only rtCGM can warn users if the blood glucose

level is trending toward hypoglycemia or

hyperglycemia. Using iCGM data, the trends

can only be viewed retrospectively [17]. In

addition, retrospective analysis of CGM data

quantifies patterns of hypo- and hyperglycemia

and GV. In short, CGM helps individuals with

diabetes and clinicians to personalize their

management strategies [22]. The time in range

target is becoming the new standard for patients

and healthcare providers [23]. The use of CGM

is associated with increased time in range and

reduced incidence of severe hypoglycemic

events [33].

EA1C AND GLUCOSE

MANAGEMENT INDICATOR

eA1c and Measured Laboratory HbA1c

With the increasing use of CGM to facilitate safe

and effective diabetes management, it is

important to understand how CGM metrics,

namely eA1c, correlates with and can be used as

a metric instead of or in addition to HbA1c.

eA1c for every single patient is calculated based

on CGM readings from a population of indi-

viduals. In some patients, the results of a labo-

ratory-measured HbA1c and eA1c are

approximately the same, but in others, the eA1c

may be either higher or lower than the mea-

sured HbA1c. This issue is discussed in a recent

publication by Beck et al. [12] who suggested

that a laboratory-measured HbA1c of 8.0% can

be associated with a range of eA1c of 7–8.5%.

The discordance can be confusing for both

patients and clinicians. For this reason, the US

Food and Drug Administration determined that

the nomenclature of eA1c needs to be changed,

leading to the generation of a new index: the

glucose management indicator (GMI). The

results from the HypoDE study and from a prior

study were used to generate a pooled equation

to convert CGM-derived mean glucose to the

GMI [22, 34]:

GMI ð%Þ ¼ 3:31þ 0:02392
�mean glucose in mg=dL:

Based on this formula, an increment of

25 mg/dL in mean glucose corresponds to a

0.6% increase in GMI [22].

GMI Versus Laboratory-Measured HbA1c

The difference between the GMI and laboratory-

measured HbA1c in 528 individuals with dia-

betes who had both values measured concur-

rently was evaluated by Bergenstal et al. and

showed in 19% of the measurements, the GMI,

calculated from CGM-derived mean glucose,

and laboratory-measured HbA1c have identical

values; however, in 28% of the measurements,

the difference between the two values is[0.5%.

Therefore, the introduction of GMI as a new

glucose index could be an important step in the

direction of a more personalized diabetes man-

agement program. If a person has a GMI that is

always considerably lower than a measured

HbA1c, the healthcare professional has to be

careful not to set the therapeutic goal too low to

overcome the risk of hypoglycemia. On the

other hand, if the GMI is higher, it may be safe

to set the HbA1c target slightly lower to mini-

mize excessive hyperglycemia [20, 33]. It should

be noted that current evidence indicates that

the difference in laboratory-measured HbA1c

and GMI remains relatively stable for each

individual over time.

GLYCEMIC VARIABILITY

Hypoglycemia and glucose variability are con-

sidered to be the major challenges during opti-

mization of glycemic control [35, 36].

Individualization of glycemic targets, namely

HbA1c, may not always translate into improved

clinical outcomes. Thus, glycemia metrics

beyond HbA1c may be used to predict the risk

of diabetes-related complications. In this con-

text, CGM metrics can be associated with

micro- and macrovascular complications in

diabetic patients. For example, GV is associated

with an increased risk of adverse cardiovascular

outcomes due primarily to hypoglycemia [37].

Diabetes Ther (2019) 10:853–863 857



Furthermore, it has been reported that patients

with more advanced diabetic retinopathy spend

significantly less time in the target range and

have higher measures of GV [38].

A simple definition of GV is the degree by

which a patient’s blood glucose level fluctuates

between high and low levels [39]. The percent-

age coefficient of variation (%CV) is defined as:

%CV = [(standard deviation of glucose)/(mean

glucose)] 9 100. It is characterized by the

amplitude, frequency, and duration of fluctua-

tions in blood glucose [40, 41], with a larger

magnitude of GV being associated with a higher

incidence of hypoglycemia [42]. To define the

threshold for GV, Monnier et al. [41] showed

that a percentage coefficient of variation for

glucose of 36% appears to be a suitable thresh-

old to distinguish between stable and unsta-

ble glycemia in diabetes. It appears that beyond

the 36% limit, the frequency of hypoglycemia is

significantly increased, especially in insulin-

treated subjects [17]. CGM profile and mean

glucose and glycemic variability are showed in

Fig. 2.

Many factors affect GV in patients, including

lifestyle [43], diet, the presence of comorbidi-

ties, diabetes treatment [44], and even insulin

injection technique [45]. The best method by

which to assess GV is still a matter of debate.

Types of GV in terms of duration vary from

the short term to the long term. In routine

clinical practice, GV is often reported according

as follows. Short-term GV is defined as approx-

imately GV of 24–72 h duration; intermediate-

term GV, as GV of 3 days to 1 month duration;

and long-term GV, as 1 month to years, espe-

cially referring to variations in HbA1c deter-

mined at repeated clinic visits.

GV may contribute to diabetes-related com-

plications. Several studies have reported that

long-term GV, i.e., longitudinal variations in

HbA1c, are related to micro- and macrovascular

complications. However, the association of

varying duration and magnitude of GV with

diabetes-related outcomes is still unclear. Fur-

ther clinical trials that focus on the mechanism

of GV are required to evaluate whether GV can

be a valuable therapeutic target in patients with

type 2 DM [43].

Fig. 2 The electronic CGM profile
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The Atherosclerosis Risk in Communities

(ARIC) study [46] explored the association

between short-term GV and diabetes-related

complications by evaluating the associations of

1, 5-anhydroglucitol (1, 5-AG) with risk of dia-

betes and microvascular disease. A blood glu-

cose level of [ 180 mg/dL is associated with

lower 1, 5-AG levels. The authors of this study

showed that low levels of l, 5-AG were associ-

ated with an increased risk of retinopathy and

incident chronic kidney disease. Furthermore,

short-term GV was associated with a range of

complications, such as hypoglycemia, intensive

care unit mortality, cognitive impairment,

reduced quality of life, and negative mood

[46–49].

In addition, intra-day and inter-day GV are

significantly associated with the risk of hypo-

glycemia in insulin-treated patients with type 2

DM, even after adjusting for mean blood glu-

cose value and HbA1c. The intra-day GV prior

to initiating insulin therapy is significantly

associated with the risk of hypoglycemia during

insulin treatment [17]. On the other hand,

Feng-fei Li et al. showed that higher HbA1c

values are associated with a higher 24-h mean

amplitude of glycemic excursions compared

with those found at lower and moderate HbA1c

values. These results led these authors to suggest

that patients with higher HbA1c values should

receive special therapy aimed at reducing the

larger GV [50].

Large fluctuations in blood glucose are dan-

gerous and should be considered to be an

important treatment target. Achieving this

treatment targets will require the use of newer

glucose-lowering agents (such as incretin hor-

mones or sodium–glucose cotransporter 2

[SGLT2]), more rapid-acting prandial insulins,

stable (‘‘flat’’) long-acting insulins, and more

routine use of CGM in patients with type 1 and

type 2 DM [36].

Average glucose, GMI, time spent in hyper-

glycemia, and time spent in the target range are

general indicators of overall glucose manage-

ment. However, additional metrics, such as

time spent in hypoglycemia and GV, supply the

patient and healthcare provider with critical

information beyond the A1C value, by provid-

ing objective data on various safety concerns

that need to be addressed in the diabetes man-

agement plan [22].

Improvement of GV and Time Spent

in Glycemic Target

Recent evidence supports the use of certain

glucose-lowering agents, namely, novel long-

acting basal insulins and dual sodium–glucose

co-transporter-1 and -2 inhibitors employed in

treating type 1 DM, to improve GV and the time

spent in target range. Recently, Bergenstal et al.

compared glucose control in participants with

type 1 DM receiving insulin glargine 300 units/

mL (Gla-300) or glargine 100 units/mL (Gla-

100). They showed less increase in CGM-based

glucose levels in the last 4 h of the 24-h injec-

tion interval, smoother average 24-h glucose

profiles with less GV irrespective of injection

time, and reduced nocturnal hypoglycemia

with Gla-300 compared to Gla-100 [51].

According to the DEVOTE trial, insulin

degludec, as an ultra-long-acting, once-daily

formulation of basal insulin, was similar to

insulin glargine in improving glycemic control,

but with a lower risk of severe hypoglycemia

[52]. Insulin degludec has also been reported to

be associated with lower day-to-day variation in

glucose level than insulin glargine [53]. Also, a

lower incidence of global and nocturnal hypo-

glycemic events has been reported in patients

with high GV being treated with insulin

degludec compared with those receiving insulin

glargine [54]. Furthermore, the authors of the

VARIATION study reported the lowest GV and

lowest hypoglycemia in patients with type 2

DM using the combination of basal insulin with

a glucagon-like peptide-1 receptor agonist (GLP-

1RA) [55]. In another study, treatment with

exenatide led to an improvement in glycemic

excursions in patients with type 2 DM [56].

In a pooled analysis, combination treatment

with sotagliflozin and insulin significantly

increased the time in range and reduced post-

prandial glucose levels, meeting type 1 DM

glycemic control endpoints beyond a reduction

in HbA1C levels [57]. Meanwhile, in type 2 DM,

a randomized controlled trial comparing dapa-

gliflozin with placebo showed an improvement

Diabetes Ther (2019) 10:853–863 859



of glycemic control and variability, using a

7-day assessment of the glycemic profile

obtained from CGM [58]. In addition, dapagli-

flozin may reduce GV and oxidative stress in

newly diagnosed type 2 DM [59].

CONCLUSION

Hemoglobin A1c is the current gold standard

for assessing glycemic control. However, this

index only provides an average measure of gly-

cemic status over a period of 2–3 months. In

addition, HbA1c does not address GV and

hypoglycemia. In order to personalize the

treatment decision, healthcare providers need

to standardize the glycemic data, view the data,

and use the data to achieve increased efficacy

and safety for patients.

The CGM metrics provide a more personal-

ized approach to diabetes management and

resolve most of the limitations of HbA1c. CGM

detects within-day and day-to-day GV, time in

glycemic target, and time in hypoglycemia.

These metrics may enhance a patient’s self-

management of diabetes.

The degree of GV is potentially associated

with the frequency, duration, and severity of

hypoglycemic events. Moreover, GV may be

linked to the pathogenesis of diabetes compli-

cations and could impact patient management

and quality of life.

Newer glucose-lowering agents (SGLT inhi-

bitors or GLP-1RAs) and novel long-acting

insulin analogs with smoother pharmacody-

namic profiles, and ultra-fast-acting prandial

insulins could reduce the degree of GV. Ran-

domized trials are needed to examine the rela-

tionship between new glycemic metrics and

hard endpoints, such as retinopathy,

nephropathy, or cardiovascular outcomes.
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