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One of the first observations that led to the consideration of glycemic 

variability (GV) as a potential contributor to diabetes complications 

in type 1 diabetes was from retrospective analysis of data from 

the Diabetes Control and Complications Trial (DCCT) study, which 

suggested that risk for retinopathy is determined by factors other 

than glycosylated hemoglobin (HbA1C).1,2 In addition to elevated HbA1C 

levels, fasting glucose levels, post-prandial (PP) hyperglycemia, total 

glucose exposure, and HbA1C variability over time do correlate strongly 

with risk for complications in type 1 diabetes.2–5 Glycemic variability is 

defined as the fluctuation, or swings, of blood glucose levels between 

highs and lows. Of concern are abnormal excursions of blood glucose 

levels outside of the normal range seen in persons without diabetes. 

Excessive GV has been shown to be associated but not proven with 

increased mortality in critically ill patients with type 2 diabetes,6–9 

as well as increased risk for both microvascular and macrovascular 

complications.10 However, the evidence that excessive GV (although 

the greater in type 1 diabetes) contributes to complications in type 1 

diabetes is less convincing.11–14 

Blood glucose levels in individuals who do not have diabetes typically 

range between 68–90  mg/dl before meals and rise to as high as 

128  mg/dl following meals (90–180  minutes). Glucose levels are 

maintained very closely within this range in persons without diabetes 

through the complex interplay of multiple hormones but especially 

insulin. Glycemic variability tends to increase as insulin function and/

or levels decline, beginning with obesity and glucose intolerance 

(pre-diabetes), worsening with the onset of type 2 diabetes, and still 

greater in subjects with long-standing type 2 diabetes.15–18 Increasing 

GV in type 2 diabetes is a reflection of the progressive loss of residual 

beta cell function while in type 1 diabetes, insulin deficiency is the 

major abnormality from early onset, and exogenous replacement is 

required to control glucose levels thus GV is usually much greater 

from the onset. As our capacity to measure patient glucose levels 

more accurately, more reliably, and more frequently (i.e., continuous 

glucose monitoring [CGM]) has increased, our capacity to quantify GV 

data automatically in the clinical setting from CGM tracings has also 

improved. Figure 1 demonstrates two 24-hour CGM tracings in which 

one represents low GV and the other high GV. The capacity to routinely 

obtain 24-hour CGM tracings in patients has resulted in the reporting 

of many different indices of GV by numerous clinical investigators 

over the past 10 years as they have attempted to correlate GV with 

diabetes complication risk. The purpose of this review is to help the 

reader who does not actively participate in clinical research in this 

area of diabetes to understand all of the various GV metrics currently 

being reported in the literature, the possible mechanisms by which GV 

may contribute to the pathogenesis of the long-term complications 

of diabetes, and finally the evidence that reducing GV is actually 

beneficial to patients with type 1 diabetes without inducing harm.

Abstract
Clinical assessment of glycemic variability (GV) attempts to measure factors that may be contribute to tissue damage and the complications of 

diabetes that are not measured in glycosylated hemoglobin (HbA1C). Physicians managing patients with diabetes immediately understand the 

concept of GV; however, how it is assessed in clinical research trials and whether it has any predictive power in patients with type 1 diabetes 

is controversial and uncertain. This review is intended to help the reader understand the various GV metrics currently being reported in the 

literature, the potential mechanisms by which GV may contribute to the pathogenesis of the long-term complications of diabetes, and, finally, 

the evidence that reducing GV is beneficial to patients with type 1 diabetes.
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Measures of Glycemic Variability 
Various measures of GV have been developed to account for different 

aspects of GV that might contribute to tissue damage in individuals with 

diabetes including the period of time in which glucose levels are either 

above or below normal glucose levels (68–128  ng/dl), the frequency  

of the excursions, the rate of change of the excursions (slope), as well as  

the magnitudes of the excursions. Service et al. were the first to 

attempt the quantification of GV with their description, in 1970, of 

the mean amplitude of glycemic excursion (MAGE).19 MAGE measures 

the average heights of glucose excursions between peaks (highs) and 

nadirs (lows) that exceed the standard deviation (SD) for an individual 

within a given day. Since then, a large number (>50) of additional GV 

metrics have been proposed and extensively reviewed.17–22 Rodbard 

has categorized them into four distinct types: (1) methods related to 

SD, such as interquartile range (IQR); (2) methods based on glucose 

excursions, such as MAGE; (3) methods based on day-to-day variability, 

such as the mean of daily differences (MODD); and (4) methods 

based on variability over relatively short time periods (hours), such 

as continuous overlapping net glycemic action (CONGA).20,21 Despite 

the large number of GV metrics that have been proposed, there is  

no agreed upon successor to MAGE among experts in this field of 

diabetes research. 

The advent of CGMS with the capacity to reliably measure interstitial glucose 

levels every 1–5 minutes for 3–10 days at a time has led to automated 

systems that calculate MAGE as well as many other parameters of GV 

such as area under the curve (AUC), percent of time spent in the normal 

glucose target range, and percent of time spent above or below the target 

range. We recently developed an automated system to calculate GV that 

determines 24-hour values for MAGE, SD, as well as three new metrics. 

The new metrics are: distance traveled (DT), which captures overall 

fluctuation and is similar to mean absolute glucose (MAG);23 excursion 

frequency (EF), the number of glucose excursions outside the normal 

range;22 and the consensus perceived glycemic variability (CPGV).23 

Consensus perceived glycemic variability is a metric that does not fit into 

any of Rodbard’s categories. Rather, it integrates multiple facets of GV via 

machine learning algorithms and is based on physician perception of GV. 

The notion is one suggested to us by David Klonoff, MD, that ‘physicians 

know glycemic variability when they see it.’ Using over 250 individual 24-

hour CMG plots, we had 12 diabetes experts from around the world rate 

each one on a GV scale: low (1), borderline (2), high (3), and extremely high 

(4). We then averaged all responses to each plot and from that developed 

consensus physician GV ratings ranging from 1 to 4. Figure 2 shows how 

MAGE, EF, and DT are determined, in panels A, B, and C, respectively. Panel 

D illustrates representative scores for MAGE, EF, DT, and CPGV on two 

different tracings with different magnitudes of GV. The CPGV, when applied 

to blinded CGM plots, produced a more accurate, sensitive, and specific 

determination of excessive GV than EF, DT, SD, or MAGE.24 Figure 3 is an 

illustration of how the daily and 2-week average CPGV could be reported 

to the clinician at a routine clinical appointment. Although this new metric 

seems promising, it needs to be stressed that at this time there is no gold 

standard for assessing GV and only conflicting data supporting the value 

of GV in predicting complications risk in patients with type 1 diabetes. 

A recent review of four automated programs previously reported to 

calculate GV demonstrated variable agreement on routine calculations 

such as MAGE.24

Glycemic Variability and Mechanisms of  
Tissue Damage
The mechanisms by which chronic hyperglycemia induces diabetes 

complications are well established while the mechanisms for induction of 

tissue damage by GV are less substantiated and these will be described. 

Figure 4 illustrates probable mechanisms for both processes. Sustained 

hyperglycemia results in end-organ damage through the accumulation 

of non-metabolizable sugars in certain cells and the non-covalent 

Figure 1: Two 24-hour Continuous Glucose 
Monitoring Tracings Representing High 
Glycemic Variability (GV) (A) and Low GV (B) 
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Figure 2: Determining Mean Amplitude of 
Glycemic Excursion, Excursion Frequency, and 
Distance Traveled and their Application on 
Continuous Glucose Monitoring Tracings

192

0

50

100

150

200

250

300

350

B
lo

od
 g

lu
co

se
 (m

g/
dl

)

12 12 1210102 24 4 886
AM

6
PM

0

50

100

150

200

250

300

350

B
lo

od
 g

lu
co

se
 (m

g/
dl

)

12 12 1210102 24 4 886
AM

6
PM

0

50

100

150

200

250

300

350

B
lo

od
 g

lu
co

se
 (m

g/
dl

)
B

lo
od

 g
lu

co
se

 (m
g/

dl
)

12 12 1210102 24 4 886
AM

6
AM

12 12 1210102 24 4 886 6
0

50
100
150
200
250
300
350

B
lo

od
 g

lu
co

se
 (m

g/
dl

)

12 12 1210102 24 4 886 6
0

50
100
150
200
250
300
350

Time of dayTime of day

C D

BA

Mage = 59
EF = 0
DT = 672
CPGV = 1.2

Mage = 162,
EF = 7
DT = 1730
CPGV = 3.7

218

78

192

72

#2

236

136

72

Ex
cu

rs
io

n 
#1

#3

#4

#5
144

318318 314

218

7872

144

314

192

72

144

78

146
144
140140

138

314318

218

135

2

2
20

4
4
+
+

+ + +
+

The figure shows how mean amplitude of glycemic excursion (MAGE), excursion frequency 
(EF), and distance traveled (DT) are determined, in panels A, B, and C, respectively. Panel 
D illustrates representative scores for MAGE, EF, DT, and consensus perceived glycemic 
variability (CPGV) on two different continuous glucose monitoring (CGM) tracings with 
different magnitudes of GV. 
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bonding of glucose (glycosylation) to multiple tissue proteins in others. 

Mechanisms include: (1) the Poly-ol Pathway in non-insulin requiring 

tissues such as nerve and lens where glucose crosses the cell membrane 

against a concentration gradient. Intracellularly, the glucose is converted 

into non-metabolizable sugars such as fructose and sorbitol which 

then accumulate, induce cellular osmotic changes resulting in water 

being drawn into the cell as well as the depletion of key intracellular 

components in the cells such as myoinositol and nicotinamide adenine 

dinucleotide phosphate (NADPH) as the cells try to normalize the osmotic 

differences;25 (2) glycation of key proteins such as collagen with resultant 

changes in their tertiary structure leading to tissue and organ damage;26 

(3) formation of advanced glycosylated end-products (AGEs),27 which 

trigger multiple inflammatory cytokine and growth pathways in target 

cells;28 and each of these effects can result in (4) activation of protein 

kinase C-b (PKC-b), mitogen-activated protein kinase (MAPK), and nuclear 

factor kappa B (NF-Kb), which result in activation and induction of both 

oxidative stress,29 and other inflammatory cytokine pathways leading to 

vascular, immunological, and direct end-organ tissue damage.30 

The effect of GV is more complex to assess and separate from tissue 

glycosylation when trying to explain its relationship to long-term diabetes 

complications. Tissue glycation is primarily a time and glucose concentration-

dependent process. By contrast, changes in glucose concentrations included 

in a GV metric would have to include the magnitude and frequency of each 

hyperglycemic and hypoglycemic episode within a specific period of time (24 

hours), as well as the length of time of each hyperglycemic and hypoglycemic 

event. GV is thought to damage endothelial cells through the induction of 

oxidative stress.31,32 However, acute changes in glucose concentrations can 

also directly damage neural (brain) tissue if they are high or low enough.33,34 

Monnier was the first to demonstrate that glucose fluctuations induced 

greater oxidative stress (as measured by 24-hour urine 8-iso PGF2 alpha 

[PGF2]) compared with chronic hyperglycemia in patients with type 2 

diabetes.35 However, in one review of the literature concerning the effect 

of GV on long-term complications risk in type 1 diabetes, only two of eight 

papers demonstrated any relationship between diabetes complications and 

only one of eight used CGM to calculate GV.12,14 One of the major problems 

with GV calculations is that their values typically only reflect a 24-hour period 

or less while HbA1c is a measure of the past 6–8 weeks of hyperglycemia 

and GlycoMark® (see later description) is a measure of the past 2–3 weeks. 

To emphasize this point, the Epidemiology of Diabetes Interventions 

Complications (EDIC) study from the DCCT revealed that variations in HbA1C 

over time were a very strong predictor of microvascular complications2 while 

a 24-hour urine PGF2 is only a reflection of one day’s oxidative stress. 

A final component of GV contributing to tissue damage and complications 

from diabetes that also is not captured by HbA1C or GlycoMark is hypoglycemia. 

Hypoglycemia if present in a given patient is known to reduce the average 

HbA1C of that patient, which underestimates the impact of hyperglycemia 

on complication risk. Yet, elevated HbA1C and high GV together in the same 

patient are associated with increased frequency and severity of hypoglycemic 

episodes in both forms of diabetes, and increased GV has been shown to 

precede episodes of hypoglycemia in CGM data.36–38 Recurrent hypoglycemia 

blunts the counter-regulatory response to the next hypoglycemic event 

resulting in more frequent and severe episodes of hypoglycemia.38 In children 

and adolescents with type 1 diabetes, in whom insulin-induced hypoglycemia 

was intentionally induced (blood glucose <60  ng/dl) in a clinical research 

center setting, elevated GV and CONGA calculated from 3 days of CMG prior 

to the insulin-induced hypoglycemia were indicators of an impaired glucagon 

response to the event which points to a mechanism of hypoglycemia begetting 

hypoglycemia.36 Finally, hypoglycemia is associated with increased mortality in 

the intensive care unit (ICU) setting.39

 

Hypoglycemia contributes to long-term complications by processes different 

from hyperglycemia. Studies have demonstrated that hypoglycemia induces 

both proinflammatory and prothrombotic pathways in addition to oxidative 

stress in endothelial tissues.40–42 These are the probable mechanisms for the 

increased risk for vascular events in intensively treated (HbA1C <7 %), older 

type 2 diabetes patients with pre-existing cardiovascular complications 

reported in the NICE-SUGAR study43 and in patients with acute myocardial 

infarction who developed hypoglycemia during attempted intensive 

glucose control.44

How a particular tissue, organ, or individual patient responds to 

hypoglycemia itself is another variable which has not been adequately 

studied in the context of GV in patients with type 1 diabetes other than 

acute neurological effect or long-term impairment of cognitive function. 

Other studies looking at mechanisms of hypoglycemia-induced vascular 

Figure 3: How Daily and 2-week Average 
Consensus Perceived Glycemic Variability 
could be Reported to the Clinician at a Routine 
Clinical Appointment
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Figure 4: Mechanisms of Diabetes Complications
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complications include clamp studies of insulin-induced hypoglycemia in 

both normal and type 1 diabetes patients, which have been shown to 

induce the release of adhesion molecules (intercellular adhesion molecule 

[ICAM], vascular cell adhesion molecule [VCAM], E-Selectin, P-Selectin), 

inflammatory cytokines (tumor necrosis factor-alpha [TNF-a], interleukin 

6 [IL-6]), and pro-atherogenic (plasminogen activator inhibitor-1 [PAI-1], 

vascular endothelial growth factor [VEGF]) factors.40,45 In these studies the 

physiological responses to the hypoglycemia were both concentration 

and time-dependent. Therefore, we feel that future studies looking at 

the relationship between GV and risk for diabetes complications should 

measure markers of oxidative stress, inflammation, coagulation, and 

endothelial function to capture the effects of hypoglycemia. 

Clinical Markers of Inflammation, Excessive 
Oxidative Stress, and Glycemic Variability in 
Type 1 Diabetes
Results from studies looking at biochemical and physiological markers 

of GV in patients with type 1 diabetes have produced conflicting data. 

Table 1 lists the common markers that have been assessed in clinical trials 

in addition to HbA1C trying to link GV with tissue damage and long-term 

diabetic complications. GlycoMark (1,5-anhydroglucitol or 1, 5-AG2)46 is a 

naturally occurring monosaccharide found in nearly all foods and is filtered 

in the blood like glucose but competes with glucose in the renal proximal 

tubule, which decreases during times of hyperglycemia above 180 mg/dl 

and cannot be reabsorbed. Thus, in periods of hyperglycemia, serum 1,5-

AG levels drop, and so are inversely correlated with high glucose levels. 

1,5-AG levels are now used as a measure of post-prandial hyperglycemia 

in patients with high GV that may not be detected with HbA1C.
46–48 However, 

1,5-AG does not show significant correlation with measures of CONGA-1, 

MAGE, and MODD or markers of oxidative stress in patients with type 2 

diabetes.49 Measurement of 24-hour urinary PGF2 is commonly used as 

a surrogate marker of daily oxidative stress when obtained as a 24-hour 

measurement compared to assessments of GV.50 Isoprostanes are stable 

end-products of lipid peroxidation and are commonly and easily measured 

in human urine. Higher levels of urine PGF2 correlate quite well with GV and 

with risk for macrovascular complications in patients with type 2 diabetes35 

in multiple studies as well as survival in the ICU. However, adolescents 

and adults with type 1 diabetes exhibit much higher levels of GV and 

24-hour urinary PGF2 compared with non-diabetics and individuals with 

type 2 diabetes.13 High GV was also observed in children and adolescents 

attending a summer camp, where no correlations were found between GV 

and urinary PGF2.51 Other studies have also reported the lack of correlation 

between increased GV and urine PGF2 in type 1 diabetes. Additional markers 

of oxidative stress have been measured in patients with type 1 diabetes 

with significant correlations between elevated serum levels of VEGF, 

nitrous oxide (NO), and malondialdehyde (MDA) in individuals with poorly 

controlled diabetes, however, GV was not assessed. Studies looking at the 

adhesion molecules (ICAM, VCAM, E-Selectin, P-Selectin), inflammatory 

cytokines (TNF-a, IL-6), and pro-atherogenic (PAI-1 or VEGF) factors have 

also been seen in patients with uncontrolled type 1 diabetes but GV has not 

been assessed in these studies. A recent report assessing the relationship 

between single nucleotide polymorphisms (SNPs) of 15 oxidative stress 

genes which were combined into an ‘oxidative stress risk allele score’ and 

atherosclerosis was predicted using this score and demonstrated a 1.5-

fold risk increase per abnormal allele (p<0.001). The combined risk alleles 

were also associated with elevated plasma myeloperoxidase (MPO) levels 

suggesting that testing for genetic markers of oxidative stress or induction 

of certain genes might be a future target seeking to link GV with micro and 

macrovascular risk in type 1 diabetes. 

A physiological study measuring carotid intima medial thickness and 

vessel stiffness in patients with type 1 diabetes recently demonstrated 

significant correlations with age, blood pressure, heart rate, and daily 

insulin intake but no statistically significant correlation with MAGE or 

‘post-prandial glucose spikes’ was observed. However, this study again 

did not look at additional markers of complication risk such as GV. 

Clinical Evidence that Glycemic Variability 
Contributes to Complications in Type 1 Diabetes
Analysis of data from the EDIC study to see whether longer-term follow-

up of DCCT patients suggested that ‘glycemic instability’ contributed to 

risk for later retinopathy and nephropathy as fasting glucose levels, 

post-prandial glucose levels, and HbA1C correlated strongly with risk 

for later complication.1,2,4 In the EDIC publication, GV calculated from 

daily 5–7 fingerstick glucose data points using SD or MAGE as the 

indices failed to predict risk.5 Interestingly, these same investigators 

demonstrated that long-term glucose variability as defined by ‘variable 

HbA1C‘ levels over the years did contribute to development of retinopathy 

and nephropathy in these type 1 diabetes patients.2 However GV 

parameters calculated from 5–7 fingerstick glucose levels per day 

may have been inadequate metrics of GV to detect GV’s contribution 

to complication risk in type 1 diabetes in the DCCT.13 As previously 

mentioned, adolescents and adults with type 1 diabetes exhibit higher 

measures of GV and higher levels of 24-hour urinary PGF2 compared 

with adults with type 2 diabetes and non-diabetics.13 Recent studies of 

type 1 diabetes patients using CGM data to calculate GV to assess risk 

for complications are beginning to show significant correlation for risk. 

One study demonstrated that type 1 diabetes patients with any evidence 

of early microvascular complications (retinopathy, microalbuminuria, 

neuropathy) had significantly higher GV than patients with comparable 

glycemic control (HbA1c) without complications.52 Other studies have 

shown correlation between GV (3-day mean glucose MG levels) and 

endothelial function (as measured by assessing post-occlusion 

forearm vascular resistance)53 while another study in adolescents 

with type 1 diabetes undergoing fitness testing demonstrated an 

inverse relationship between mean VO2 max and MAGE as well as  

an inverse relationship between metabolic work load (measure of total 

accumulated workload during exercise) and MAGE.54 These limited, 

preliminary studies do support the concept that individuals with type 

1 diabetes and high GV are experiencing physiological changes that 

can result in tissue/end-organ damage (endothelial cells), these effects 

can now be measured both biochemically and physiologically, and 

confirmatory studies are on the horizon.

Table 1: Markers of Risk for  
Diabetes Complications
 

• Glycosylated hemoglobin (HbA1c)

• 1,5-anhydroglucitol (AG)

• 8-iso-PGF2 alpha (PGF2) 

• Nitrous oxide (NO)

• Malondialdehyde (MDA)
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Clinical Significance of Type 1 Diabetes 
Glycemic Variability in 2014
Just as older physicians knew intuitively that hyperglycemia contributed 

to the long-term complications of diabetes, so do current physicians 

intuitively ‘know’ that GV contributes to both short-and long-term 

complications. The relationship between high GV and the increased 

risk for hypoglycemia in both forms of diabetes at all stages of life is 

generally accepted.6,36,37,55,56 From a safety perspective, all patients with 

high GV and hypoglycemia should initially have ‘reverse intensification’ 

of therapy, lowering of insulin doses, and elimination of the lows before 

restarting attempts to improve overall glucose levels.38 Currently, there 

are no recommendations to target high GV in patients with type 1 

diabetes as a means of reducing complication risk. However, now that 

various parameters of GV can be calculated automatically, we feel that 

future prospective, multisite outcomes studies measuring agreed upon 

parameters of GV by CGM, as well as serological markers of tissue 

endothelial inflammation and oxidative stress, are ultimately required to 

turn a clinical hunch into a certainty. n
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