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ABSTRACT

Haemoglobin A1c (HbA1c/A1C) is a part of haemoglo-
bin (Hb) that binds to glucose through non-enzymatic
reactions. In general, HbA1c is used as a parameter for
diagnosis, target therapy and monitoring or predic-
tion of long-term complications of diabetes mellitus
(DM) outcome. However, HbA1c can also be used to
predict the incidence of DM and vascular outcomes
in those without DM. HbA1c above 6.5% is used as
the limit for diagnosing DM, and in general, HbA1c
< 7.0% is used as the target limit of therapy in adult
DM patients. As a parameter for the diagnosis of DM
and long-term monitoring, HbA1c has limitations
and advantages over blood glucose testing, because
HbA1c is strongly influenced by several conditions
that affect the life span of erythrocytes where Hb will
remain throughout the life of the cell. Likewise, HbA1c
cannot assess the variability of blood glucose levels
short-termly and cannot determine the presence of
hypoglycaemia. With all its limitations, now HbA1c has
been established as a parameter to diagnose DM and
the most reliable parameter in predicting the incidence
of chronic complications from DM. (Clin Diabetol 2021;
10; 3: 299-307)
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Introduction

In normal adult erythrocytes, haemoglobin (Hb)
consists of haemoglobin A (HbA [¢2(2]) in about 97%
of these protein molecules, haemoglobin A2 (HbA2
[2262]) is about 2%, and haemoglobin F or foetal
haemoglobin (HbF [a2y2]) is about 1% [1]. Chroma-
tographically, HbA consists of HbAO (92-94%) and
HbA1 (6-8%) where the beta chain is an additional
glucose group. HbA1 consists of 3 different glycations,
wherein HbA1c is usually measured by isoelectric focus-
ing or electrophoresis [2]. Non-enzymatic Hb glycation is
a tiered process in which glucose and other substances
bind spontaneously. This reaction first forms an unstable
Schiff base complex which dissociates in the absence of
glucose or slowly forms a more stable Amadori product
in the presence of glucose [3]. Glycated haemoglobin,
known as haemoglobin A1c (HbA1c or A1Q), is a form
of Hb that is examined primarily with regard to the
mean plasma glucose level over a long period. HbA1c s
formed from the non-enzymatic glycation pathway of Hb
exposed to plasma glucose. HbA1c is Hb with beta-N-1
deoxy fructosil component; undergoes irreversible glyca-
tion of one or two valine N-terminals of the beta chain.
Once the Hb molecule undergoes glycation, it remains in
the red blood cell for the rest of its life (120 days) [2, 4].
The non-enzymatic reaction between haemoglobin and
glucose is shown in Figure 1 [4].

There are two main analytical concepts in the
HbA1c examination, namely: (1) based on the sepa-
ration of the Hb fraction and (2) based on chemical
reactions. Although the two methods are different,
the examination has been standardized according to
the Reference Measurement Procedure (RMP) of the In-
ternational Federation of Clinical Chemistry (IFCC). The
HbA1c value from the IFCC-RPM has been harmonized
with existing standards, namely from the National Gly-
cohemoglobin Standardization Program (NGSP). NGSP
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Figure 1. Steps of glycated haemoglobin (HbA1c) formation.
Adapted from [4]

has been established in 1996 for the measurement of
HbA1c and has been used in clinical studies such as
DCCT and UKPDS. The master conversion equation from
IFCC units to NGSP units is (NGSP% = 0.0915 X IFCC
mmol/mol + 2.15) and vice versa (IFCC mmolL/mol =
10.93 NGSP% —23.5) [5-7]. From the above formula,
an equivalent can be made between units % (NGSP)
and mmol/mol (IFCC) for example as follows: 4-6% =
20-42 mmol/mol; 7% = 53 mmolL/mol; and 8% = 64
mmol/mol [6].

The purpose of this literature review is to describe
the role of HbA1c as a parameter to predict the inci-
dence of diabetes mellitus (DM) and cardiovascular
disease (CVD) in normal populations, as a diagnostic
parameter of diabetes and predict chronic complica-
tions of diabetes, as well as the limitations of the use
of HbA1c in clinical practice.

HbA1c as a predictor for diabetes and
vascular diseases in the non-diabetic
population

Bonora et al. [8] conducted a study on whether
high normal HbA1c levels could predict the incidence
of type 2 diabetes (T2DM). This study was conducted
on 919 Caucasian subjects, aged 40-79 years and re-
corded as having new T2DM after being followed for
15 years. The results were HbA1c < 5%, 5-5.49% (as
reference), 5.50-5.99%, and 6-6.49%, in the baseline
data after adjusting for sex and age, had hazard ratios
(HR) for T2DM of each. 1.11, 1.00, 3.79, and 12.50.
It was concluded that HbA1c is an independent risk
factor for T2DM.

One systematic review study by Zang et al. (2010)
investigated the role of early HbA1c on the incidence
of DM. From 16 studies, it was found that the annual
incidence of DM ranged from 0.1% at HbA1c < 5% to
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54.1% at HbA1c > 6.1%. From 7 studies, the incidence
of DM based on the HbA1c category was found: (1)
the risk of DM incidence increased gradually in the
HbA1c 5.0-6.5% range; (2) The HbA1c range between
6.0-6.5% was associated with a high incidence of DM,
25-50% over 5 years; (3) HbA1c between 5.5-6.0%
was associated with a moderate increase in relative risk
of DM, 9-25% incidence over 5 years; and (4) HbA1c
between 5.0-5.5% was associated with an increased
incidence relative to those with HbA1c < 5.0%, but
an absolute incidence of below 9% over 5 years. From
this study, it was concluded that an HbA1c between
5.5-6.5% was associated with an increased risk of
developing DM [9].

One study was conducted to evaluate the as-
sociation between glycaemic variability and vascular
incidence in mid-adulthood non-DM. From 10020
data Ansung-Ansan cohort, Korean Genome, and Epi-
demiology Study (KoGES), 6462 non-DM adults aged
<65 years were analysed. The mean and coefficient
of variation (CV) recorded twice a year from HbA1c,
fasting blood glucose (FBG) and blood glucose after
meals (PGB) were divided into 3 groups based on the
measurement of each CV tertile, and the first tertile
was used as control/reference. The main outcomes are
macrovascular composites (coronary artery disease,
myocardial infarction, congestive heart failure or stroke)
and microvascular events (creatinine clearance < 60
mL/min/1.73 m?2). Subjects were followed for 9.9 years.
High HbA1c-tertile CV (OR 1.30; 1.01-1.66) is a risk fac-
tor for microvascular events. In contrast, high FBG-CV
(OR 2.32; 1.30-4.12) and PBG-CV (OR 1.85; 1.05-3.26)
are risk factors for macrovascular events. In this 10-year
cohort study, higher HbA1c-CV tertile was associated
with the incidence of macro-and microvascular com-
posites and free risk factors in mid-adult non-DM. In
addition, higher levels of FBG-CV and PBG-CV are risk
factors for macrovascular events [10].

Another study supports the above findings, that
HbA1c levels are a risk factor for PKV outcome and
death in both those with or without diabetes. The
systematic review study and meta-analysis of Cavero-
Redondo et al. [11] found that for those without DM
(reference HbA1c 5.0-6.0%), the HbA1c range between
5.0-6.0% was the best related to outcome. Above 6%
led to an increase in CVD mortality with an HR of 1.74
(1.38-2.20). Meanwhile, HbA1c < 5.0% more causes
death of all causes. Similar to those with DM (reference
HbA1c 6.0-7.0%), the respective HR for CVD was 1.69
(1.09-2.66) for HbA1c > 9.0% and HbAl1c < 6.0%
for all-cause death with HR 1.57 (1.14-2.17). The sys-
tematic review and meta-analysis of Mitsios et al. [12]
showed a similar outcome for stroke. In this study, it
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was found that each 1% increase in HbA1c increased
the incidence of stroke and first-time ischaemic stroke
by 1.12 (0.91-1.39) and 1.49 (1.32-1.69) for the non-
DM cohort and respectively 1.17 (1.09-1.25) and 1.24
(1.11-1.39) for the DM cohort. It was concluded by
the investigators that increased HbA1c was associated
with an increased risk of first-time stroke in the DM
cohort and ischaemic stroke in the non-DM cohort.
These researchers suggest that more intensive HbA1c
reduction is necessary if it is to prevent the risk of
ischaemic stroke.

Another interesting study is looking at the asso-
ciation of HbA1c variability with major cardiovascular
events and all-cause mortality in a population without
a history of DM and CVD, and with three annual HbA1c
measurements within the normal range (< 6.5% [48
mmol/mol]). Of the total 6756 subjects, the median
followed up time was 6.3 years, 996 had major adverse
cardiovascular events (MACE), 856 died, and 1267
developed T2DM. In this study, it was found that there
was a significant relationship between HbA1c variability
and the incidence of MACE (HR 1.09 [1.03-1.15]) and
all-cause mortality (HR 1.13 [1.07-1.20]), whereas no
association was found with the incidence of DM [13].

HbA1c for diagnosis of diabetes

Diagnosis of DM is usually made based on labora-
tory tests, namely examination of FBG levels, 2 hours
after a glucose load of 75 grams (2hPBG), random
blood glucose, or HbA1c examination. Based on HbA1c
examination, the diagnosis of DM was confirmed if
an HbA1c level of > 6.5% was found. Called normal
is if HbA1c < 5.7%, and between 5.7-6.4% is called
prediabetes [14, 15]. The diagnosis criteria for DM
based on HbA1c according to the NGSP unit (DCCT)
and IFCC can be seen in Table 1 [16]. The use of HbA1c
as a diagnostic criterion for DM cannot be applied in

Table 1. Diagnosis criteria of diabetes and other dysgly-
caemia by HbA1c

IFCC-HbA1c

(mmolL/mol)

DCCT (NGSP)-
-HbA1c (%)

Diabetes mellitus >6.5 > 48
Prediabetes 5.7-6.4 39-47
Normal <5.6 <38

Adapted from [16]

the following situations: (1) conditions of red blood
cell turnover, such as anaemia due to haemolysis,
spherocytosis or iron deficiency (e.g. in pregnancy);
(2) hemoglobinopathy, such as HbS, HbC, HbF, HbE, in
sickle cell trait, requires special HbA1c examination; (3)
fast onset DM, such as T1DM and some T2DM, where
HbA1c is still within normal limits while there is severe
hyperglycaemia; (4) HbA1c is considered inaccurate
enough for diagnosis for patients who underwent
examination some time ago. For those where HbA1c is
of doubt used to diagnose DM, it is better to use blood
glucose testing [16]. The advantages and disadvantages
of using blood glucose and HbA1c tests to diagnose
DM can be seen in Table 2.

HbA1c as the target of therapy
and marker for vascular complication

In general, in adult diabetic patients, the desired
glycaemic target is HbAlc < 7%, in addition to pre-
prandial blood glucose between 80-130 mg/dl and
peak blood glucose (1-2 hours after meals) is <180
mg/dl. The therapeutic goals may be tighter or looser
depending on the patient’s circumstances [14, 15]. Ac-
cording to Davies et al. [16], to predict the incidence of
microvascular complications, HbA1c levels were better
than 2hPBG and FBG, and 2hPBG equals FBG. Mean-

Table 2. Pros and cons of using either HbA1c or glucose-based tests for the diagnosis of diabetes mellitus

HbA, measurement

Glucose measurements

Pro Contra

Pro

Contra

¢ Stable ¢ Influenced by many factors:

¢ Time-averaged Hematinic: ‘Odd’ Hb

* Reproducible Systemic:

* Requires no fasting Dyslipidaemia
Pregnancy
Malignancy
Cirrhosis

Renal disease

Diabetes is a “glucose disease”

Time honoured

¢ Pre-analytical problems
* Need to fast

Many data
Allow international comparison
Analysis accurate

Much cheaper

Adapted from [16]
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Table 3. Estimated average glucose (eAG)

HbA1c (%) eAG (mg/dL) eAG (mmol/L)

5 97 (76-120) 5.4 (4.2-6.7)
6 126 (100-152) 7.0 (5.5-8.5)
7 154 (123-185) 8.6 (6.8-10.3)
8 183 (147-217) 10.2 (8.1-12.1)
9 212 (170-249) 11.8(9.4-13.9)
10 240 (193-282) 13.4 (10.7-15.7)
11 269 (217-314) 14.9 (12.0-17.5)
12 298 (240-347) 16.5(13.3-19.3)

Adapted from ADA [17]

while, to predict macrovascular complications, HbA1c
is better than 2hPBG and 2hPBG is better than FBG.
In accordance with the doctor’s judgment or patient
preference, an HbA1c target lower than 7% is accept-
able, and even profitable if achieved safely without
incidence of hypoglycaemia and drug side effects. The
HbA1c goal is looser, for example < 8% is acceptable
for patients with limited length of life, or the risk of
treatment is greater than the beneficial effects [17]. In
healthy elderly patients with little co-existing chronic
disease with good cognitive function and functional
status the glycaemic target could be lower (HbA1c
7-7.5%), whereas for those with multiple co-existing
chronic diseases, cognitive impairment, or functional
dependence, the HbA1c target would be looser, is
9.0-8.5% [18]. For monitoring purposes, ADA (2021)
recommending HbA1c examination at least every 6
months (2 times a year) for DM patients who have
achieved therapeutic goals (stable glycaemic control);
every 3 months (4 times a year) for patients who need
a change in therapy or have not achieved therapy
goals; and the HbA1c test allows it to be used to make
changes to treatment [17].

The most frequent question asked by doctors, es-
pecially in areas where it is difficult in terms of HbA1c
examination, is whether there is a match between
HbA1c and blood glucose levels that can be used as
a parameter for achieving therapeutic goals for DM
patients. The relationship between mean blood glucose
levels and HbA1c based on data from the International
A1C-Derived Average Glucose (ADAG) study, as quoted
from ADA (2021), can be seen in Table 3 [17].

The relationship between HbA1c levels and the
outcome of micro-and macrovascular complications
has long been known. Based on the United Kingdom
Prospective Diabetes Study (UKPDS), glycaemic control
(HbA1c) is a good parameter to predict the incidence
of vascular complication outcome. The higher the
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HbA1c, the higher the incidence of vascular complica-
tions. Each 1% reduction in HbA1c was associated with
a 21% reduction in risk of all DM-related complications,
21% DM-related death, 14% for myocardial infarction,
12% for stroke, 16% for heart failure, 37% for micro-
vascular complications, 19% for cataracts extraction,
43% for amputation or death from peripheral artery
disease [19]. Other studies have shown that HbA1c is
an important risk factor for all-cause death (number 4,
after smoking, physical activity, and marital status) and
number one for the risk of acute myocardial infarction
in DM patients after being followed for 5.7 years [20].

The Strong Heart Study, a study in a population
with a high prevalence of diabetes, examined the asso-
ciation of HbA1c with CVD. Of the total 4549 American
Indians included in this study (1989-1991), 3850 indi-
viduals (60%) had FBG and HbA1c examined and had no
CVD at baseline; 1386 has DM. CVD was assessed after
a median of more than 15 years. The result was that
elevated HbA1c was associated with CVD risk especially
for those with DM [21]. The impact of glycaemic con-
trol on residual cardiovascular risk in DM patients and
a high risk of CVD treated with statins was reported by
Menon et al. [22]. This study is part of the ACCELER-
ATE (Assessment of Clinical Effects of Cholesteryl Ester
Transfer Protein Inhibition with Evacetrapib in Patients
at a High Risk for Vascular Outcomes) trial. In this study,
it was found that glycaemic control (HbA1c) is still
a strong predictor of cardiovascular outcome in those
at high risk of cardiovascular disease with diabetes and
having received statin therapy. In one study by Gu et
al. [23] investigated the relationship between HbA1c
variability and long-term outcome in subjects with
heart failure and T2DM. Of the 902 subjects, 32.2% had
a preserved ejection fraction (HFpEF), 14.5% mid-range
ejection fraction (HFmrEF), and 53.3% reduced ejection
fraction (HFrEF). High HbA1c variability (above median)
was associated with all-cause mortality or a composite
endpoint (death and heart failure readmission), and
HbA1c variability was an independent predictor for
all-cause mortality and the composite endpoints, re-
gardless of ejection fraction.

Besides the mean HbA1c, the variability of HbA1c
was also associated with various outcomes related to
DM. HbA1c variability can be measured by assessing the
intraindividual standard deviation or coefficient of vari-
ation as well as the range of all measures (in%). HbA1c
levels have a strong relationship with the incidence of
macroalbuminuria in subjects with T2DM without and
with microalbuminuria. A prospective study by Chiu et
al. [24] in 193 T2DM patients without macroalbumi-
nuria were followed for 6 years. Eighty-three out of
193 patients were found to have macroalbuminuria.
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Table 4. Advantages and disadvantages of the diagnosis of diabetes by fasting plasma glucose, OGTT and HbA1c

Fasting plasma glucose

OGTT

HbA1c

Advantages

Glucose assay easily automated
Widely available
Inexpensive

Single sample

Advantages

Sensitive indicator of risk of
developing diabetes
An early marker of impaired

glucose homeostasis

Advantages

The subject need not be fasting
Samples may be obtained any time

of the day

Very little biological variability

Sample stable

Not altered by acute factors, e.g., stress,
exercise

Reflects long-term blood glucose
concentration

Assay standardized across instruments
The accuracy of the test is monitored
Single sample, namely whole blood
Concentration predicts the development
of microvascular complications of diabetes

Used to guide treatment

Disadvantages

A patient must fast > 8 h

Large biological variability

Diurnal variation

Sample not stable

Numerous factors alter glucose
concentrations, e.g., stress, acute illness €
No harmonization of glucose testing

The concentration varies with the source
of the sample (venous, capillary, or arterial
blood)

Concentration in whole blood is different
from that in plasma

Guidelines recommend plasma, but many
laboratories measure serum glucose

FPG less tightly linked to diabetes
complications (than A1C)

Reflects glucose homeostasis at a single

point in time

Disadvantages

Lacks reproducibility
Extensive patient preparation
Time-consuming and
inconvenient for patients
Unpalatable

Expensive

Influenced by numerous
medications

Subject to the same limitations
as FPG, namely, sample not
stable, need to be performed

in the morning, etc.

Disadvantages

May be altered by factors other than
glucose, e.g., change in erythrocyte life
span, ethnicity

Some conditions interfere with the
measurement, e.g., selected
hemoglobinopathies

May not be available in some laboratories/
/areas of the world

Cost

OGTT: oral glucose tolerance test. Adapted from [31]

Those with high microalbuminuria and HbA1c showed
the highest incidence of macroalbuminuria. It was con-
cluded that those with higher HbA1c variability were
more likely to develop macroalbuminuria than those
with microalbuminuria. From UK primary care data,
a total of 58832 T2DM patients were studied regarding
the relationship between mean and HbA1c variability
and mortality and admission to the emergency room,
adjusted for age, sex, smoking, body mass index, and
duration of DM. In this study, it was found that HbA1c
variability was strongly associated with overall mortal-
ity and hospitalization in the emergency room and

was not associated with mean HbA1c and episodes of
hypoglycemia [25]. In a part of EMPA-REG OUTCOME
trial, Ceriello et al. [26] reported that high HbA1c vari-
ability values (within patients based on measurement
of standard deviation, coefficient of variation, and
HbA1c ranges) were associated with an increased risk
of cardiovascular death. One study in TIDM patients
showed that not only long-term glycaemic control but
also HbA1c variability was associated with the incidence
of diabetic peripheral neuropathy [27]. And a Chinese
study by Lui et al. [28] found that HbA1c variability was
an independent positive predictor of femoral fracture in
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Table 5. Medical conditions that can lead to falsely elevated or low HbA1c levels

Conditions causing HbA1c variations Mechanism

Falsely high HbA1c levels

¢ Iron deficiency/pernicious anaemia * Low erythrocyte turn-over

* Hemoglobinopathies (Thalassemia, HbF, HbS) ¢ Multifactorial: Anaemia

¢ Kidney disease * Increased haemoglobin carbamylation, erythropoietin deficiency
* Jaundice * Bilirubin causes increased glycation

Falsely low HbA1c levels

¢ Haemolysis * Rapid cell turnover

* Splenic sequestration * Rapid cell turnover

* Haemodialysis in CKD * Removal of urea leading to less carbamylation of haemoglobin
* Hemoglobinopathies ¢ Multifactorial: Haemolysis, transfusions

¢ Erythropoietin treatment * Increased RBC production

* Treatment of iron deficiency/ pernicious anaemia * Increased RBC production

* Blood transfusions * Haemodilution

* Pregnancy * Physiological changes

Adapted from [30]

T2DM patients, across a spectrum of varying degrees of
glycaemic control. In a study involving 342,059 veterans
with DM aged 65 years or older, followed for 3 years,
found that HbA1c variability and increased HbA1c was
associated with a greater risk of hospital admission
related to hypoglycaemia in elderly DM patients [29].

Limitations of HbA1c

The accuracy and precision of the HbA1c examina-
tion have been achieved thanks to the implementation
of the NGSP criteria since 2007. However, the HbA1c
value may be found to be different if examined by dif-
ferent methods due to differences in the sensitivity of
the method to various Hb variants. This is important to
note for clinicians where in their area there are many
variants of Hb. There are several testing methods with
their respective limitations: immunoassays (second-
third generation) are affected by rare variants of Hb; en-
zymatic assays during analysis were not affected by Hb
variants; capillary electrophoresis when analytic was not
affected by Hb variant; ion-exchange chromatography
is affected by all Hb variants including carbamylated
Hb, and boronate affinity chromatography measures
total glycated Hb not only HbA1c [30].

The results of examining glucose and HbA1c levels
for the diagnosis of DM can be influenced by several
factors. These factors can be divided into 3, namely
biological, pre-analytic, and analytic factors. Biologi-
cal variation consists of differences within individuals
(intraindividual) and between two or more people
(interindividual). Preanalytical issues regarding sample
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material before inspection; and differences in analytical
results comes from examination procedures. The fac-
tors above cause the advantages and disadvantages
of examining FBG, oral glucose tolerance test (OGTT),
and HbA1c as parameters for the diagnosis of DM, as
shown in Table 4 [31].

As a monitoring parameter for glycaemic control,
HbA1c reflected mean blood glucose levels for about
3 months. Although it can be used as a target for
long-term therapy, HbA1c cannot be used to see the
variability of blood glucose in the short term and to
see the incidence of hypoglycaemia. Whereas hypergly-
caemia and hypoglycaemia due to high blood glucose
variability are associated with vascular complications.
An excellent example is provided by Chehregosha
et al. [32] where two patients had the same HbA1c lev-
els but had very different blood glucose variability. For
15 days of monitoring blood glucose, the two patients
had the same HbA1c, were 8.0%, but different degrees
of glycaemic variability. The high glycaemic variability
in Patient 1 indicates multiple episodes of hypo- and
hyperglycaemia, whereas the low glycaemic variability
in Patient 2 does not indicate the above episodes.
Patient 1 had higher glucose fluctuation than Patient
2 causing seven episodes of moderate hypoglycaemia
(< 50 mg/dL) and eight episodes of moderate hyper-
glycaemia (350 mg/dL).

As a parameter for monitoring treatment goals,
although the HbA1c test has been standardized, several
medical conditions that affect erythrocyte turn-over or
a longer or shorter erythrocyte survival time can affect
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HbA1c levels. Besides, the conditions that cause increased
carbamylation and glycation affect the value of HbA1c.
Medical conditions that can affect HbA1c levels are shown
in Table 5 [30]. Apart from medical conditions, some drugs
also cause false high HbA1c levels such as high doses of
aspirin and chronic opioid use (affecting examination);
and causes false low HbA1c such as the use of dapsone,
ribavirin, antiretroviral, trimethoprim-sulfamethoxazole
(increases erythrocyte destruction), hydroxyurea (disrupts
Hb), vitamin C, vitamin E, small doses of aspirin (disrupts
glycation) [33]. In certain circumstances other parameters
can be used such as fructosamine or glycated albumin
with several advantages and disadvantages over HbA1c
assays. The advantages are it is more reliable in certain
medical conditions such as kidney disease, detects fluctua-
tions in blood glucose earlier, identifies impaired glucose
before HbA1c changes, and is more cost-effective. The
disadvantages are there is no standard examination,
there is no standard guideline for therapeutic targets to
be achieved, the prognostic strength is unclear due to
limited medical evidence, more frequent examinations
are needed because it predicts glycaemic control in
a shorter time [30].
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