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Abstract
There is now unequivocal evidence that improving glycemic control in both type 1 and type 2 diabetes reduces  
the likelihood of developing the micro- and macrovascular complications of the disease. However, it is still 
unclear whether a patient with very variable glucose is at any different a risk of these problems than someone  
who has the same mean glucose but much more stable glycemia. This article reviews the evidence that exists  
to both support and refute the claim that increased glucose variability should be regarded as an independent  
risk factor for the development of diabetic vascular disease.
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SYMPOSIUM

Introduction

Over the past two decades the measurement of 
glycated hemoglobin (HbA1c) has become central to 
the glycemic management of patients with diabetes. 
Having determined that hemoglobin A1c could be 
used as a surrogate marker for the average glucose 
of a patient with diabetes,1 the Diabetes Control and 
Complications Trial (DCCT) in type 1 and the United 
Kingdom Prospective Diabetes Study (UKPDS) in type 2 
diabetes demonstrated an exponential relationship 
between rising blood glucose (BG) and the risk of either 
developing or worsening retinopathy, nephropathy, and 
neuropathy.2,3 More recently, the long-term follow-up 

study of the DCCT cohort, the Epidemiology of Diabetes 
Interventions and Complications (EDIC) study, found that 
intensive treatment during just the period of the DCCT 
markedly reduced the long-term risk of cardiovascular 
disease by 42%, with differences in HbA1c between 
treatment groups (rather than simply changes in known 
cardiovascular risk factors) accounting for much of the 
benefit.4 Likewise, the 10-year follow-up of patients in  
the UKPDS has found a clear reduction of about 15% in 
both myocardial infarction and death from any cause 
among subjects who were treated intensively during the 
original period of that study.5
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Understandably, these trials have focused attention 
on using HbA1c as a marker of glycemia and shown 
the benefit of reducing average glucose to near normal 
in subjects with diabetes. Yet despite these findings, 
the DCCT investigators observed that “total glycemic 
exposure” (HbA1c and duration of diabetes) explained 
only about 11% of the variation in retinopathy risk in the 
complete DCCT cohort, meaning that factors independent 
of HbA1c must presumably explain the remaining 89%.6 
Among proposed factors, such as a genetic predisposition 
to complications, it has been suggested that glucose 
instability around an individual’s mean value may be one 
of these other explanatory variables, such that increased 
glucose variability would place a patient at especially  
high risk.7

A recent “symposium” paper in this journal described 
in detail how glucose variability can influence the 
risk of hypoglycemia.8 This article aims to explore the  
arguments which either support or refute the suggestion 
that increased glycemic instability around a given 
mean glucose will add to the risk of either micro- or 
macrovascular complications in patients with diabetes.

What Is Glucose Variability and How 
Should It Be Described?

This first part of this question is not as straightforward  
to answer as would seem to be the case initially.  
For most people, the term “glucose variability” would 
describe the hour-to-hour within-day fluctuations in 
blood glucose that a person with diabetes experiences. 
However, marked changes in blood glucose can also  
exist over longer periods of time (day to day, week to 
week, and month to month), which cannot be regarded 
as anything but variability as well. Even within-day 
instability can either be due to the effect of mealtimes 
on blood glucose, representing pre- and postprandial 
changes, or may be unrelated to food. This distinction  
is of relevance because postprandial changes in blood  
glucose have, in particular, been implicated with an 
increased risk of developing macrovascular complications.

How to assess glucose variability is no less simple 
to describe either. The most mathematically familiar 
assessment is that of the standard deviation (SD) of the 
glucose profile. However, SD is limited by being unable 
to identify (or weight) the marked peaks and troughs that  
may be causing patients their largest problems, especially 
where hypoglycemia is concerned. As a consequence, 
various other measures of instability have been proposed. 

One of the most venerable is that of mean amplitude 
of glycemic excursion (MAGE), which was suggested 
in 1970 as a more appropriate means of detecting 
significant swings in glycemia.9 Since then, there have 
been, among others, the average daily risk range used to  
assess a composite of high and low glucose extremes,10,11 
the Glycaemic Risk Assessment Diabetes Equation12 
with a similar remit, and separate low BG and high 
BG indices.13,14 This absence of a single definition for 
glucose fluctuations has meant that it has either become 
very difficult to compare studies (simply because the 
methodology of assessment is often quite different) or  
that interpretation of analyses has become unwieldy 
because all measures have been tried and used.

The way in which glucose is measured in order to assess 
instability has also changed in recent years. Outside of 
a clinical trial, this has traditionally taken the form of  
pre- and postprandial glucose measurements using 
glucose test strips. Continuous glucose monitoring has 
become more widespread, providing the opportunity 
to establish a more accurate assessment of glucose 
fluctuation.

The Case ‘for’ a Relationship between 
Glucose Variability and Complication Risk

Glucose Variability and the Formation of Reactive 
Oxygen Species
Michael Brownlee’s unifying mechanism for diabetes 
complications is both elegant and compelling. He described 
how the development of all diabetes complications could 
ultimately be explained by overproduction of the reactive 
free radical molecule, superoxide, generated in response  
to hyperglycemia acting on cellular mitochondria.15

Several studies have found that glucose instability can 
cause a marked rise in the formation of markers of free 
radical damage. Perhaps the one that has had greatest 
recent impact is the work by Monnier and colleagues,16 
which measured the production of the urinary 
isoprostane 8-iso-prostaglandin F2 (8-iso-PGF2α), a 
recognized marker of oxidative stress, in 21 patients  
with type 2 diabetes. They found that isoprostane 
production was not so much influenced by the average 
glucose of their patients, but instead was more closely 
associated with their glycemic variability as assessed  
by MAGE. In concert with Brownlee’s hypothesis, 
it provided circumstantial evidence that glycemic 
excursions could influence the development of diabetes 
complications.
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this improvement by reducing glycemic fluctuations 
rather than mean glucose.

Another study has assessed variability in fasting glucose 
at the same HbA1c and found this to independently 
predict retinopathy development among 130 patients 
with type 2 diabetes,26 and more recently the SD of 
blood glucose has been found to independently predict 
neuropathy in 100 individuals with type 1 diabetes.27

Returning to the DCCT, a reanalysis of the database found 
that variability in HbA1c (rather than glucose) added to 
that of average HbA1c in predicting microvascular risk,28 
suggesting that longer term changes in glycemia may 
also be of relevance to complication development.

Glucose Variability and Macrovascular Risk
When discussing any influence that glucose variability 
may exert on the risk of large vessel disease it is 
impossible to avoid the topic of postprandial hyperglycemia, 
which is, after all, a major contributor to overall variability.

Numerous studies have shown that postprandial glucose 
(PPG) is predictive of future cardiovascular events, although 
most data are in subjects not already diagnosed as  
having diabetes.29–32 Among patients with type 2 diabetes, 
evidence still exists that postprandial glucose peaks 
correlate with carotid intimal thickness,33 as well as the 
harder end point of cardiovascular events.34,35

Crucially, reducing PPG seems to be of benefit and perhaps 
preferentially compared with reducing preprandial 
glucose alone. Carotid intimal thickness regression was 
found to be much more frequent in 88 type 2 patients 
treated with repaglinide (which reduces postprandial 
glucose) than in the 87 patients given glyburide, despite 
both groups showing identical reductions in HbA1c.36 
Powerful evidence that reducing PPG also reduces 
cardiovascular (CV) events has come from the Study 
to Prevent Non-Insulin-Dependent Diabetes Mellitus trial, 
which used the α-glucosidase inhibitor acarbose to 
specifically lower postprandial glycemic excursions in 
subjects with impaired glucose tolerance.37 As well as 
reducing the progression to diabetes, there was also a 
marked 49% reduction in cardiovascular events among 
those of the 1368 individuals placed on active treatment 
rather than placebo over an average time period of just  
3.3 years.

Little evidence currently exists on any association 
between glucose variability and the CV risk of patients  
with type 1 diabetes.

Ceriello’s group has published widely on data supporting 
the concept that intermittent hyperglycemia can influence 
various other markers of oxidative stress,17–20 both in cell 
culture and in human subjects. By doing so, this may 
go some way toward explaining the observation known 
as “metabolic memory,” where glycemia early in the 
diabetes disease appears to be “remembered” so far as 
complications are concerned.21

Glucose Variability and HbA1c
Monnier and colleagues22,23 have also been instrumental 
in quantifying the relative contributions of pre- and 
postprandial hyperglycemia toward the HbA1c of 
patients with type 2 diabetes. They found that as 
HbA1c worsens from nondiabetic values it is initially  
mainly as a consequence of postprandial hyperglycemia, 
while it is only at an HbA1c in excess of 8–9% that the 
preprandial glucose concentrations become the dominant 
contributor.22,23 This predominance of postprandial 
hyperglycemia at lower HbA1c means that these type 2 
subjects are likely to have glycemic fluctuations  
comparable to patients who are much more poorly controlled. 
If glucose variability does indeed have an influence 
on complication risk, it infers that even relatively 
well-controlled type 2 patients could still be prone to 
developing problems.

Glucose Variability and Microvascular 
Complications
One of the main reasons for pursuing the possibility of 
glycemic instability as a risk factor for microvascular 
complications arose from one of the original analyses of 
the DCCT data set.24 It found that the rate of complications 
at a given value of HbA1c was apparently higher in the 
conventionally treated patients in the trial than in those 
treated intensively. The magnitude of this difference 
was such that a conventionally treated patient with an 
HbA1c of 8% had at least the same risk of retinopathy 
as a patient with an HbA1c of 9% treated intensively.  
This led to the suggestion that the discrepancy could be  
a consequence of larger glycemic excursions in the former 
group of patients as they were on fewer injections of 
insulin per day.7

Also in support of this was an observational report where  
the incidence of retinopathy in a group of adolescents 
with type 1 diabetes appeared to fall substantially 
between 1990 and 2002, despite HbA1c levels changing 
little throughout the study period.25 It was again 
speculated that the transition to multiple injection 
regimes over the time period may have contributed to 
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The Case “against” a Relationship 
between Glucose Variability and 
Complication Risk
Glucose Variability and Formation of Reactive 
Oxygen Species
Not every study has shown that glycemic instability is 
certain to lead to an increase in markers of free radical 
damage. In contrast to the study by Monnier et al.,  
which showed a close relationship between glucose 
variability in type 2 diabetic patients and their urinary 
excretion of 8-iso-PGF2α, de Vries’ group has shown  
no such association in type 1 diabetes. This was despite 
using a similar methodology but with more participants,  
a wider range of glucose variability, and employing a 
more specific method to measure the isoprostanes.38

Glucose Variability and HbA1c
Because HbA1c is a good predictor of microvascular 
complications, then it is only natural to enquire whether 
two patients with the same mean blood glucose but very 
different glucose variability will have similar HbA1c 
values. Three main studies have addressed this question 
(one using DCCT data) and found that glucose instability 
seems to have little influence on the HbA1c result;  
rather the mean glucose appears to be the main 
determinant, no matter how the mean is arrived at.39,41 
This also suggests that neither pre- or postprandial 
hyperglycemia has a preferential influence on the  
HbA1c result.

Glucose Variability and Microvascular 
Complications
The DCCT data set has been analyzed to determine if 
the seven-point laboratory-measured glucose day profiles, 
determined quarterly, could give further insight into any 
role played by glycemic instability in the development 
of small vessel complications. While with univariate 
analysis there did indeed seem to be an association 
between glucose fluctuations and both retinopathy and 
nephropathy risk, this was due to the fact that patients 
with the most variable glucose were also those with 
the highest mean values. Taking this into account in a  
multiple regression model, only the mean glucose, not its 
instability, predicted the risk of these two complications.42 
DCCT data have not been examined to see if neuropathy  
is related to variability.

Looked at more closely, the DCCT also showed no 
preference for pre- or postprandial hyperglycemia in the 
development of retinopathy or nephropathy, although 

it must be said that the postprandial rises in type 1 
diabetes may not be directly comparable to those found in 
patients with type 2 diabetes who are not taking insulin  
or oral agents.

The conclusions of these DCCT data analyses were at 
odds with the 1995 DCCT group publication described 
in the “for” section of this article.24 It suggested more 
complications at the same HbA1c among conventionally 
treated patients, presumably as a consequence of more 
glycemic variability. Two more recent papers have  
helped reconcile the situation by showing (1) that 
conventionally treated patients actually had higher blood 
glucose values than intensively treated ones at the same 
HbA1c43 and (2) that differences found between treatment 
groups were probably artifacts of model assumptions 
originally used.6

The UKPDS only assessed fasting glucose values rather 
than the seven-point profiles of the DCCT, but the fact 
that insulin (where patients are liable to greater glycemic 
instability) did not seem to confer a higher risk of 
microvascular disease than oral hypoglycemic agents 
makes a positive association in type 2 diabetes less likely.3

Glucose Variability and Macrovascular Risk
Recent studies have not been able to replicate most earlier 
ones showing that postprandial hyperglycemia is more 
of a cardiovascular risk than preprandial hyperglycemia. 
For example, among the 6888 participants with no known 
diabetes or CV disease in the Atherosclerosis Risk in 
Communities study, the presence of impaired glucose 
tolerance (IGT) did not seem to predict coronary events 
any differently than that of impaired fasting glucose 
(IFG).44 Among the 10,428 Australian Diabetes, Obesity, 
and Lifestyle Study participants it was actually IFG that 
seemed to be predictive of CV mortality when IGT was 
not.45

The main intervention study specifically targeting 
postprandial hyperglycemia (and therefore reducing 
glucose variability) in patients with diabetes has also 
shown no benefit. Results from the Hyperglycemia 
and Its Effect After Acute Myocardial Infarction on 
Cardiovascular Outcomes in Patients With Type 2  
Diabetes (HEART2D) study were reported at the 
American Diabetes Association conference in June 2008. 
Patients in this study were enrolled within 3 weeks 
of a myocardial infarction to receive either a prandial or 
a basal insulin strategy with a view to establishing if the 
targeting of postprandial hyperglycemia preferentially 
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reduced the incidence of further cardiovascular events. 
The study was apparently successful in achieving two 
groups of patients with the same mean HbA1c of 7.6%,  
but this was attained with very different glucose profiles. 
However, this did not translate into any differences in 
the number of cardiovascular outcomes, with 181 events 
in the prandial and 174 in the basal insulin groups.

In retrospect, given the difficulty that other larger studies, 
such as the Action to Control Cardiovascular Risk in 
Diabetes,46 Action in Diabetes and Vascular Disease: 
Preterax and Diamicron Modified Release Controlled 
Evaluation,47 and Veterans Affairs Diabetes Trial,48 
have experienced in showing that actually improving 
glycemic control from this level of HbA1c can lead to any  
significant improvement in macrovascular complications,  
it is perhaps not surprising that HEART2D did not  
show reduced risk among patients whose sole difference 
was the way in which they achieved the same HbA1c.

Even the DCCT and UKPDS struggled to show any 
cardiovascular benefits to intensive treatment of hyper- 
glycemia, with both studies showing trends toward 
improvement but failing to reach statistical significance. 
This was also despite patients starting with higher 
HbA1c values than in most of the recent studies just  
stated. As mentioned earlier, it was only with prolonged 
follow-up of these patients (in the EDIC study4 and the 
10-year follow-up of the UKPDS5) that the macrovascular 
advantage conferred by intensive glucose treatment 
became obviously apparent. Consequently, it may be 
that studies similar to HEART2D would need to be 
conducted over a much longer period of time—and 
possibly in patients earlier in the stage of their diabetes  
and cardiovascular diseases—before any improvement 
has a hope of being shown.

Finally, another analysis of DCCT data has shown that 
while mean HbA1c was not predictive of cardiovascular 
events during the original study, mean blood glucose 
was.49 Again, as with microvascular complications, the 
glucose variability of patients did not seem to add to the 
risk already forecast from the mean glucose alone.

Conclusion
The precise role of glucose variability in the development 
of vascular complications is now one of the largest 
remaining unanswered questions in diabetes. This article  
showed that currently the situation remains unresolved. 
The challenge to proponents remains the ability to 
clearly demonstrate that glycemic variability worsens 

the vascular prognosis for a patient over and above 
that already predicted by their mean glucose.  
Perhaps more importantly, it is also to know if an 
intervention to reduce instability will reduce any excess  
risk. In reality, it may be easier to show the latter rather 
than demonstrate the former, as many of the new 
drug classes emerging specifically target postprandial 
excursions,50 thereby reducing glucose fluctuations. It is 
hoped that forthcoming trials with these new agents will,  
either by fortune or by design, be able to show whether 
the benefit of glycemic stability extends beyond that of 
reducing hypoglycemia.
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