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Abstract Due to its high and increasing prevalence, type 2
diabetes mellitus is becoming more and more of a global pub-
lic health burden. Effective measures are required to prevent
diabetes-related morbidity and the resulting premature death.
The effect of long-term glycemic fluctuations in patients with
diabetes mellitus, referred to as HbA1c variability, has been
the subject of intensive discussion. Whereas the mean HbA1c
value is already established as a risk factor for vascular com-
plications, an accumulation of findings makes a compelling
case that HbA1c variability adds further predictive value.
Recent studies raise the possibility that a reduced HbA1c var-
iability may inhibit hyperglycemia-related diseases without
increasing the risk of hypoglycemia. Taken as a whole, the
present evidence demonstrates a clear association between
HbA1c variability and cardiovascular events in patients with
type 1 and type 2 diabetes. Nevertheless, there exists to date
no standardized definition or method of measuring HbA1c

variability. To advance further research, it would be helpful

to reach consensus on a precise definition of HbA1c

variability.
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Introduction

As a result of its high and increasing prevalence, type 2 dia-
betes mellitus is becoming more and more of a global public
health burden with the potential to impact upon economies
worldwide. Type 2 diabetes was once a disease of concern
almost exclusively in western developed countries but it is
now increasingly an issue in developing countries. The desire
to minimize the risks of well-known micro- and
macrovascular complications such as retinopathy, nephropa-
thy, neuropathy, ischemic heart disease, peripheral vascular
disease, and cerebrovascular disease motivates further re-
search in the field of diabetes management. Recent clinical
evidence has raised the possibility that long-term fluctuations
in glycated hemoglobin levels (HbA1c) play an important role
in the prediction of vascular complications and mortality in
patients with type 1 and 2 diabetes.

Epidemiology and Importance of Glucose Control

The International Diabetes Federation currently estimates that
at least 415million people worldwide live with diabetes, and it
is expected that this number will reach 642 million people by
the year 2040 [1]. Globally, healthcare costs continue to in-
crease, with 12 % of health expenditure dedicated to the treat-
ment of diabetes and its complications. The increase in future
health expenditure is likely to be driven by the expected pop-
ulation growth in developing countries and the increasing
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trend of urbanization and the resulting lifestyle changes. At
the same time, up to one half of all diabetes cases in adults are
undiagnosed, with these individuals at high risk of developing
complications. Due to associated vascular complications such
as chronic renal disease, diabetic retinopathy, coronary artery
disease, and peripheral artery disease, diabetes impacts strong-
ly upon both patient quality of life and the economic state of
healthcare systems. It is increasingly evident that early diag-
nosis and optimal long-term treatment are critical components
required to control the condition. Effective prevention of
diabetes-related premature death and morbidity requires better
long-term management and long-term glycemic control.

HbA1c Variability

HbA1c has proven to be both a valid measure of long-term
glycemic status and a useful indicator with which to monitor
the treatment of diabetes. To date, it is well known that the
level of HbA1c is highly associated with the degree of micro-
and macrovascular damage in patients with diabetes [2, 3].
However, recent findings have further demonstrated that the
variability of HbA1c measures over time might be a reliable
additional measure of glycemic control and perhaps even a
stronger predictor of complications than measures of average
HbA1c. The association between long-term fluctuation in
HbA1c and the development of long-term complications con-
tinues to be the subject of intensive discussion. Several studies
and systematic reviews have demonstrated that, in patients
with type 1 and type 2 diabetes, HbA1c variability is an inde-
pendent risk factor for micro- and macrovascular complica-
tions [4••, 5•, 6–9, 10•].

Definition of HbA1c Variability

The term Bglycemic variability^ may be defined in different
ways. It can refer to within-day fluctuations in an individual’s
glucose level as it rises and falls in response to factors such as
food, physical activity, and diabetes therapy. Additionally, it
can relate to changes in the mean glucose concentration as
assessed by HbA1c values measured over several months.
This concept is referred to as BHbA1c variability.^ The dis-
tinction between these definitions is of relevance because they
may be related to different pathophysiological mechanisms
[11]. To date, however, there is no standardized definition or
method of measuring the HbA1c variability.

Most studies have expressed HbA1c variability based on
the standard deviation or coefficient of variation of all
HbA1c measurements in the period of investigation, some-
times with statistical correction when only few measurements
are available per patient [6–9, 12•, 13]. However, in routine
practice, and therefore also in most observational studies, pa-
tients often have irregular follow-up intervals with unequally
spaced measurements. For this reason, the standard deviation

would appear to be problematic as a measure of variability.
For example, if HbA1c measurements are widely spaced, the
available data may not be representative of the periods of
fluctuation and/or stability between measurements. The stan-
dard deviation may also amplify large differences because it is
based on the squared difference of the measurements to their
average value.

A fundamentally different concept of HbA1c variability
was applied by Skriver and colleagues [14•], who considered
the residuals of HbA1c measurements from a straight line
connecting the first and last measurements. Patients whose
HbA1c level increased or decreased at a stable rate were con-
sidered to have zero HbA1c variability. Like other definitions,
the resulting statistic measures the extent to which the HbA1c

level is under control. Unlike other definitions, it does not
measure whether HbA1c is stable over the period of investiga-
tion. This approach is therefore more suited to the investiga-
tion of deviation from an optimum therapy as opposed to the
effect of HbA1c variability in the usual sense of the term. One
potential problem is that, if the first or last values in a series of
patient measurements are unusually high or low, the resulting
statistic may not provide an appropriate summary of the actual
HbA1c variability.

Bonke et al. [10•] used a novel approach to calculate and
measure HbA1c variability based on the absolute difference
between successive measurements. These were scaled accord-
ing to the time between measurements to obtain a series of
values that represented the rate of change in HbA1c over a 3-
month interval. As HbA1c measurements are generally taken
at irregular intervals, this approach reflects the understanding
that a standardized time interval is required in order to yield a
uniform, clinically useful definition of HbA1c variability. Such
a measure could provide suitable information for risk stratifi-
cation and might influence future therapeutic targets.
Nevertheless, it is unclear whether the rescaling of HbA1c

differences to form a rate of change accurately reflects the
underlying physiological processes.

Interestingly, a recently published meta-analysis [4••]
found that, irrespective of the utilized method of measuring
HbA1c variability, the effect sizes and directions were remark-
ably similar.

Pathophysiology

Generally speaking, HbA1c variability is an indication of un-
stable glucose control and can also be a marker of therapy
adherence and patient compliance [14•, 15]. The exact patho-
physiological mechanisms linking HbA1c variability to diabe-
tes complications are however still not well understood, with a
lack of firm evidence to support one or more of the numerous
theories proposed.

Basic science studies and animal experiments have shown
several detrimental effects of oscillating glucose levels [16,
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17]. One possibility relates to the theory of metabolic memory,
promoting a mechanism of non-enzymatic glycation of cellu-
lar proteins and lipids and an excess of cellular reactive oxy-
gen and nitrogen species. A resulting disturbance in signal
transduction and cellular communication as well as oxidative
and inflammatory stress reactions have been suggested as po-
tential molecular consequences [18]. Repeated glycemic fluc-
tuation generates higher levels of inflammatory cytokines and
consequently leads to endothelial dysfunction [19]. It has been
shown that daily glycemic fluctuations are strongly predictive
for a higher oxidative stress [20] and endothelial dysfunction
[21] and for an increase in carotid intimal thickness and ven-
tricular mass [22]. The inadequate antioxidant cellular defense
caused by the oscillating glucose might be an underlying ex-
planation [18], causing a downregulation of genes involved in
free radical detoxification [23].

Other authors have emphasized the effect of hypogly-
cemia which can be a consequence of higher glucose
variability. For example, activation of the sympatho-
adrenal system induced by low blood-sugar levels leads
to transient cardiac stress by substantially increasing
cardiac workload through heart rate and stroke volume.
The effects are dangerous, especially in older patients
and those with chronic illnesses [24, 25].

Other explanations postulate that HbA1c variability is
a statistical artifact without any implication of causality.
This relates to the finding that higher HbA1c levels are
associated with an exponential increase in the risk of
complications. For example, let us consider a hypothet-
ical situation of two patients, A and B, who both have a
mean HbA1c value of 8 %, with patient A having no
HbA1c variation (i.e., always 8 %) and patient B having
high variation in measurements. When patient B experi-
ences periods with higher HbA1c, the risk of complica-
tions increases exponentially relative to patient A.
Because of the exponential risk relationship, these pe-
riods of higher risk are not counterbalanced by episodes
of substantially lower risk when the HbA1c value is less
than the mean [11]. Such an explanation would suggest
that high HbA1c levels are the cause of the adverse
effects, with the measurement of HbA1c variability
merely compensating for the incomplete information
contained in the mean value.

Another possibility is that patients with a higher
HbA1c variability may generally be characterized by
poor management of diabetes and associated complica-
tions. Patients with poor compliance with respect to
their diabetes management may be less likely to persist
with lifestyle interventions such as weight management
or regular intake of medication such as antihypertensive
therapy and lipid-lowering therapy. This would regard
HbA1c variability as a common effect of lifestyle issues
and not as a cause of cardiovascular events [26].

Current Evidence

Several studies have suggested that increased HbA1c

variability has a detrimental effect on survival [12•,
14•, 27]. As a result, HbA1c variability is emerging as
a measure of glycemic control and could be a reliable
predictor of diabetes-related vascular complications. A
recent systematic review by Gorst et al. [4••] reinforced
this view after evaluating the association between
HbA1c variability, vascular complications, and mortality
in patients with type 1 and type 2 diabetes. This meta-
analysis was based on 20 studies in 87,641 patients and
indicated that a higher HbA1c variability was associated
with a higher risk for cardiovascular events, both for
type 1 diabetes (risk ratio 1.98; 95 % CI 1.39–2.82)
and for type 2 diabetes (risk ratio 1.27; 95 % CI
1.15–1.40).

The focus of most previously conducted studies has been
on the impact of glycemic variability on microvascular com-
plications rather than macrovascular outcomes [28].
Nevertheless, Yang et al. [29•] demonstrated an association
between HbA1c variability and subclinical coronary athero-
sclerosis, finding that HbA1c variability was a stronger predic-
tor of premature subclinical coronary atherosclerosis than
mean HbA1c.

Recent studies showed HbA1c variability to be associated
with cardiovascular events and mortality independent of the
baseline HbA1c level [9, 10•, 12•, 14•, 30]. These observations
raise the possibility that interventions that reduce long-term
fluctuations in HbA1c may help to avoid hyperglycemia-
related diabetes complications while minimizing the risk of
hypoglycemia.

However, studies differ greatly with respect to their meth-
odological approaches. A recent study by Bonke et al. [10•]
evaluated the association of HbA1c variability with non-fatal
cardiovascular events in a cohort of patients with type 2 dia-
betes mellitus who were starting insulin. This patient group
was expected to experience relatively large fluctuation in
HbA1c. HbA1c variability was defined as the rate of change
in HbA1c values between the observations, measured in per-
centage points per quarter (i.e., per 90-day period). A cohort of
13,777 patients with observed transition to insulin therapy was
analyzed for a period of at least 5 years. They found a non-
linear U-shaped relationship between HbA1c variability and
cardiovascular events, with the lowest risk being seen with a
rate of change of HbA1c of approximately 0.5 % (5.5 mmol/
mol) per quarter. Furthermore, predicted survival curves re-
vealed that increasing HbA1c variability in all patients from
0.5 to 1.5 % HbA1c percentage points per quarter would lead
to an increase in the proportion experiencing myocardial in-
farction within 2 years from 1 to 10% and for stroke from 1 to
29 %. The cumulated evidence would therefore suggest that
rapidly changing HbA1c levels are associated with an
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increased risk of cardiovascular events. Such results should
therefore find consideration in the future management of dia-
betes mellitus.

While some studies have identified a linear association be-
tween HbA1c and the risk of cardiovascular disease (CVD)
[31, 32], others have revealed a non-linear (U- or J-shaped)
relationship ([33–35•]). This may in part be a result of the
differing methodologies applied. Especially with observation-
al data, differences in data collection and patient collective
may also impact upon the nature of the associations identified.
For example, Currie et al. [34] found a U-shaped relationship
with low and high HbA1c values that were associated with
increased all-cause mortality and CVD. Within an observa-
tional cohort study of 27.965 patients with type 2 diabetes
whose treatment had been intensified from oral monotherapy
to a combination therapy, they showed that the minimum risk
for all-cause mortality and CVD was associated with a mean
HbA1c of 7,5 %. In contrast, Eeg-Olofsson et al. [31] showed
a linear increasing risk of CVD and mortality with higher
HbA1c levels. They found no risk increase at low HbA1c

values.
Finally, it must be considered that observational studies are

fundamentally limited in their interpretation. The lack of
randomisation and control mean that it is impossible to fully
separate the effect of interest from that of observed and unob-
served confounding variables. There is also a risk that obser-
vations have occurred as a result of reverse causality. Clinical
trials are therefore indispensable and would be beneficial to
identify the optimal clinical HbA1c targets and optimal levels
of glucose variability. If confirmed by such trials, low HbA1c
variability could be established as an important treatment tar-
get in diabetes management.

Recommendations for Future Research

In order to formulate clinical guidelines, it would appear nec-
essary to develop a standardized definition of HbA1c variabil-
ity, appropriate for use both in clinical studies and in everyday
practice. This should take account of statistical simulations to
test the robustness of the various proposed measures and con-
sider the possible causal mechanisms. The aim would be to
establish a simple measure that most precisely reflects the
aspect of HbA1c variability deemed to be of greatest rele-
vance. This would also ensure compatibility of results among
studies.

Conclusion

Current compelling findings show that increased HbA1c vari-
ability is associated with all-cause mortality and cardiovascu-
lar events independent of the mean HbA1c level. Moreover,
strong indications are emerging that HbA1c variability is a

better predictor of cardiovascular diseases than mean HbA1c.
Among patients with type 1 and type 2 diabetes, HbA1c var-
iability is associated with a higher risk for cardiovascular
events and mortality. Further research and especially clinical
studies are necessary to test the hypotheses generated from
recent observational studies and ascertain whether the reduc-
tion of HbA1c variability should be a further treatment target.
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