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Abstract

Diabetes mellitus (DM) is a serious health problem worldwide. Knowledge of the diagnosis and monitoring of diabetes is essential for any practicing physician.
Studies show a significant risk reduction in microvascular and macrovascular complications of DM with better glycemic control as evidenced by lower mean HbAlc.
An International Expert Committee concluded that a cut-point of HbAlc 26.5% be used to diagnose diabetes and the goal for HbAlc in diabetic monitoring
continues to be <7% in diabetic nonpregnant adults. HbAlc is a good reflection of the glucose control over the lifespan of the red blood cells (typically 120 days).
HbA1c may be assessed using separation or chemical methods. International standardization and harmonization of HbAlc assays has greatly aided the management
of diabetes with accurate and comparable results. The advantage of HbAlc is that it is less affected by fluctuating glucose levels after meals and other short-term
changes from medical conditions. However, there are still several factors that can affect HbAlc results, including haemoglobin variants and factors that influence
red blood cell longevity. HbAlc is also related to adverse pregnancy outcomes and greater risk for the development of gestational diabetes. HbAlc may emerge as a

diagnostic marker for GDM.

Introduction

There has been considerable progress in the analysis and usage of
glycated haemoglobin (HbA1c). In this article we provide a brief review
of the progress and its current utility.

In 2017, the International Diabetes Federation (IDF) estimated
that there are 451 million people aged 18-99 years with diabetes
mellitus (DM) worldwide, and that this will only increase to 693
million by 2045 [1]. China and India alone have >113.9 million and
>62 million diabetics respectively, making Asia a critical “hot-spot” for
the diabetes epidemic [2]. Knowledge of the diagnosis and monitoring
of DM is thus essential for any practicing physician. In 1993, the
Diabetes Control and Complications Trial (DCCT) [3] studied
1441 patients with DM and compared intensive glucose control (=3
insulin injections a day, or continuous insulin pump) to conventional
therapies (1-2 insulin injections a day). The DCCT showed that
tight glucose control delays the onset and slows the progression of
diabetic retinopathy, nephropathy, and neuropathy after 6.5 years, and
reduced the development of hypercholesterolemia (LDL cholesterol
>4.14 mmol/L) in diabetics. A follow-up study of the DCCT in 1995
[4] showed that lowering the HbAlc by 10% (e.g. 8% to 7.2%) in
both intensive/conventional treatment groups reduced the risk of
retinopathy by 43% and 45% respectively. A higher mean HbAlc was
also associated with a higher risk of progression of retinopathy in each
patient group. In the 1998 UK Prospective Diabetes Study (UKPDS)
[5] of newly diagnosed DM2 patients (n=3867) intensive blood glucose
control with sulphonylureas or insulin with diet treatment alone,
reduced microvascular complications by 25%, but not macrovascular
complications. However, in another arm of the UKPDS, 342 of 1704
obese patients [6] were assigned metformin as monotherapy. In
this metformin subgroup there was a 39% reduction in myocardial
infarction (p=0.01) and a 36% reduction in all-cause mortality
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(p=0.01). The UKPDS study also showed that the metformin group
had greater risk reduction than sulphonylureas/insulin with regards to
microvascular and macrovascular outcomes. These landmark studies
clearly established the importance of maintaining well-controlled
glycemia as evidenced by HbAlc to prevent diabetic complications. In
arecent systemic review [7], there was an increased risk of all-cause and
cardiovascular mortality when HbA ¢ levels are above 9.0% in diabetics
and 6.0% in non-diabetics. Meta-analyses [8-10] also demonstrate
a reduction in macrovascular complications with intensive glucose
control, although the effect on all-cause or cardiovascular mortality was
less clear. More recent studies involving newer anti-diabetic drugs such
as linagliptin (DPP-4 inhibitor), albiglutide (GLP-1 receptor agonist),
dapagliflozin (SGLT-2 inhibitor) [11] achieved better glycemic control
and showed significant risk reduction in macrovascular complications
including cardiovascular death and myocardial infarction. In a multi-
ethnic Asian population [12], HbAlc of 6.5-7.0% was associated with
a higher prevalence of moderate retinopathy compared with patients
with HbAlc <6.5%. Variability in HbAlc control is also important [13]
as a greater glycemic variability score (indicated by changes in HbAlc)
was associated with a greater risk of mortality.

HbAlc

In 2009, an International Expert Committee appointed by the
American Diabetes Association (ADA), the European Association
for the Study of Diabetes, and the International Diabetes Federation,
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concluded that a cut-point of HbAlc 26.5% can be used to diagnose
diabetes [14]. In 2011, the World Health Organization (WHO)
supported the use of HbAlc >6.5% for diagnosing diabetes. The goal
for HbAlc in diabetic monitoring continues to be <7% in diabetic
nonpregnant adults [15], with flexible goals dependent on the clinical
scenario.

The standardization and harmonization of HbAlc analysis has
greatly aided the management of diabetes with internationally accurate
and comparable results. This has allowed guidelines to use uniform
reference values and decision cut-points in the assessment of HbAlc
across laboratories. In harmonization, efforts are made such that
results are comparable among different measurement procedures
for the same analyte, whereas standardization refers to the use of a
reference measurement procedure and a defined analyte as a reference
material. Before international standardization and harmonization,
the inter-laboratory variation of HbAlc was large and thus results
were not comparable between assays. This changed when the DCCT
and UKPDS harmonize HbAlc measurements early in the 1990s [16],
with standardization introduced by the NGSP and IFCC shortly after
[17] using pure Alc/A0 standard reference materials. Today, many
manufacturers can boast that their laboratory automated analysers
align with IFCC reference materials and methods are NGSP certified..
The NGSP network consists of a central primary reference laboratory
that runs the reference high performance liquid chromatography
method, supported by two other primary reference laboratories and
several other secondary reference laboratories that utilize a variety
of highly precise commercial methods. The NGSP certification and
monitoring processes are also updated regularly. The latest certification
criteria in 2019 are: manufacturer and level II lab need 36 of 40 results
within + 5%; level I lab needs 37 of 40 results within + 5%) [18]. The
goal of having all glycated haemoglobin reported as HbAlc has been
largely achieved, and from 2000 to 2014, the CVs of all-method HbA1lc
had improved from 5-6% to 3.5%, with CV's being <3.5% over the past
8 years [18]. Although not all POC devices follow the international
standards, more than 30 POC methods have been certified by the
NGSP, and it is imperative to check with manufacturers to ascertain
whether their device is NGSP certified. Independent harmonization
schemes were developed by Japan and Sweden for HbAlc [19,20],
although Japan has begun reporting NGSP values of HbAlc since 2010.

Analytical methods

The glycation of haemoglobin occurs by a non-enzymatic reaction
between glucose and the N-terminal end of the beta-chain. This forms
a Schiff base (pre-Alc) that is converted into Amadori products
which includes HbAlc. As the average plasma glucose increases, so
does the amount of glycated haemoglobin (and thereby HbAlc) in
the plasma. HbAlc is a good reflection of the glucose control over
the period of the red blood cell’s lifespan (typically 120 days). There
are two main methods for the assessment of HbAlc, separation
(including ion exchange chromatography, capillary electrophoresis and
affinity chromatography) and chemical methods (Immunoassays and
enzymatic assays) [21]. These methods have been incorporated into
main laboratory automated analysers, and increasingly into point of
care devices that can use finger-prick capillary blood samples for the
rapid assessment of HbAlc.

In between the IFCC and NGSP results, there is a difference in
HbAlc units with a master equation of NGSP%=(0.915 x IFCC%)
+ 2.15 (22). It is recommended that HbAlc methods have intra-
laboratory %CV <2 and inter-laboratory %CV of <3.5 [22] a total
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error of no more than 0.5% (5mmol/mol) at 6.7% (50 mmol/mol) is
recommended [23]. These international standards ensure that HbAlc
results are transferrable in between centres, which is a great boon for
patient treatment.

Confounding factors

The major advantage of HbA1c is that it is less affected by fluctuating
glucose levels after meals and other short-term changes from medical
conditions. However, there are still several factors that can affect HbAlc
results. Haemoglobin (Hb) variants (including elevated levels of HbF)
and thalassemia can affect HbAlc results, with the interference from
Hb variants more pronounced in ion exchange methods. This can cause
falsely high/low HbAlc levels, depending on the manufacturer. In a
recent study [24] 49 different rare Hb variants were assessed by 4 HPLC
methods, 1 enzymatic method, 1 capillary-electrophoresis method, and
a reference HPLC and IFCC method. For most variants, interference
was seen with 1 or more of the ion-exchange methods, proving the
larger effect of Hb variants on separation methods. Thankfully, patients
with full homozygosity for Hb variants are rare, and this interference
is not commonly seen. A list of the effects of various Hb variants and
interferents on different assays has been listed by the NGSP [25] and
most modern immunoassay methods are not affected by the common
Hb variants.

Conditions that affect the longevity of erythrocytes can also affect
HbA1c values. In diseases with a shortened RBC lifespan (e.g. anaemia
in chronic kidney disease with erythropoietin use, hemolytic anemias,
post-transfusion, recovery from acute blood loss), HbAlc can be
spuriously low [21]. The converse is true in conditions with prolonged
RBC lifespans. Altered glycation rates and abnormal RBC turnover,
found in iron deficiency anaemia, can also cause falsely raised HbAlc
[26,27]. In a large population study, significant differences were found
in the classification of diabetes and prediabetes using HbAlc across
categories of iron-deficiency and/or anaemia status [28].

Another factor is the effect of age on HbA1c values. Published data
shows age-related increases in HbAlc value of approximately 0.1% per
decade in non-diabetics [29,30]. In another study [31], the diagnostic
efficiency of HbAlc was lower in patients >75 years old, with ROC
analysis showing an AUC of 0.755 vs 0.878 in groups of patients >75
years old compared to 45-54 years old, likely due to a reduced RBC
count with advanced age. Some have proposed the use of age specific
reference intervals for HbAlc [32], although the upper limit for HbAlc
in patients >60 years old was still close to the diagnostic cut-point
for diabetes (URL of 6.6% in males and 6.5% in females). Whether
age-related reference intervals for HbAlc will improve diagnostic
classification still requires further study.

The effects of ethnicity on HbAlc are still being debated. In a recent
meta-analysis [33], in individuals free of diabetes HbAlc was higher
in Blacks, Asians, and Latinos compared to Caucasians, although
ethnicity did not modify the association between HbAlc and the
risk of cardiovascular or end-stage renal disease. This has also been
established in other studies where significantly higher hbAlc was
found in Black, Hispanic and Asian patients than Caucasian patients
with impaired glucose tolerance [34]. In a study of an Asian population
[12], although HbAIc levels were higher in Indians and Malays, the
prevalence of moderate retinopathy below HbAlc <6.5% was <1%
in all ethnic groups. The Atherosclerosis Risk in Communities study
[35] also did not find any significant difference between race, HbAlc
and cardiovascular disease or stroke despite higher HbAlc values in
nondiabetic Blacks. Thus, even though there may be some differences
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between HbAlc among races, whether this exerts a difference in
diabetic complications is still not well established.

HbAlc in pregnancy

HbAlc levels decrease during early pregnancy due to increased
erythrocyte synthesis and decreased fasting blood glucose levels due
to insulin-independent glucose uptake by the fetus and placenta.
However, later in pregnancy, postprandial hyperglycemia, insulin
resistance and increased carbohydrate intolerance develop due to
diabetogenic placental hormones [36,37]. Iron deficiency anaemia also
occurs in pregnancy, with the complications in HbA ¢ interpretation as
discussed above. HbAlc falls to a nadir by the early second trimester,
but a review of recent literature [38] suggests that in Caucasian and
Japanese women, an HbAlc >5.7% in the first and second trimester can
be considered elevated.

If GDM is treated intensively during the entire period of pregnancy,
HbAlc may not be able to accurately diagnose diabetes at follow up
shortly after giving birth [39], and it is agreed that the assessment for
diabetes ideally should be made during preconception visits or in the
first trimester where a HbAlc diagnostic cut point of >6.5% can still
be used to diagnose diabetes [37,40]. Nevertheless, HbAlc is usually
used during pregnancy to monitor glycaemic control in women with
known diabetes. Known diabetics have increased risks of perinatal loss
with increasing HbAlc at conception [41] and are also at greater risk of
pre-eclampsia and preterm birth with higher HbA1lc during the second
and third trimesters [42].

The screening for GDM later in pregnancy is performed between
24-28 weeks gestation, and many guidelines still recommend either
one-step or two-step glucose challenge tests to screen for GDM, with
diagnostic criteria based on OGTT results (36). However, glucose
testing is poorly reproducible, and the multiple levels of testing are
prone to accumulative uncertainty. A higher HbAlc has already been
shown to be related to adverse pregnancy outcomes. In a recent study
on 1989 pregnant women [43], higher mid-pregnancy HbAlc at 23-32
weeks >4.9% were significantly associated with increased risks of pre-
eclampsia, gestational hypertension, preterm delivery, low birth weight
and macrosomia. This is also reflected in other studies [44] where a
HbA1lc of >6.0% in women with type 1 diabetes at 26 weeks gestation
was associated with increased risk of macrosomia and pre-eclampsia.
The ADA has stated [37] that HbAlc can be used as a useful secondary
measure of glycemic control in pregnancy along with self-monitoring
of blood sugar levels, and that monthly targets of HbAlc <6% is
optimal during pregnancy if it can be achieved without significant
hypoglycaemia. There is also existing evidence that a higher HbAlc is
a risk factor for GDM, with some studies [45] showing that before 20
weeks of gestation, women with HbAlc 5.7-6.4% have a higher rate of
GDM, with HbA1lc 25.9% having a specificity of 98.4% for GDM. Other
studies [46] have shown that women with early HbAlc of 5.7-6.4% have
ahigher chance of developing GDM compared with women with HbAlc
<5.7%. Another study [47] comparing 107 GDM cases and 214 controls
showed that women who later developed GDM had significantly higher
HbAlc (mean 5.3%) than women without GDM (mean 5.1%), with
a significant linear association between HbAlc and GDM risk (0.1%
increase in HbAlc at 8-13 weeks was associated with an adjusted
22% increased risk of GDM), and inclusion of HbAlc significantly
improved GDM prediction when included with other risk factors. The
sensitivity of HbAlc at 8-13 weeks gestation and GDM ranged from
96% at HbAlc 3.5% to 12% at HbAlc 6.0%, and the specificity ranged
from 10% at HbAlc of 3.5% to 98% at HbAlc 6.0%, which was fairly
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similar to another study [48] that found thata HbAlc of 5.7-6.4% in the
first trimester had a 13% sensitivity and 94% specificity for GDM in the
second trimester. The current evidence provides a strong foundation
for the use of HbA1lc as a possible diagnostic marker for GDM in the
future, although further studies are required.

Conclusion

While some minor interferences remain in the analysis of
HbAlg, its measurement has come a long way over the past decade.
With the international harmonization and standardization of HbAlc
assessment, as well as established HbA ¢ targets and guidelines, HbAlc
has become one of the strongest tests we have in the assessment,
diagnosis and management of diabetes. It is an extremely convenient
result to interpret. With the advent of more point of care devices being
certified by regulating bodies, the use of rapid HbAlc assessment to
treat diabetes will become even more widespread.
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