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  Abstract 
  Aims.  Diabetes mellitus is characterized by structural and functional alterations of the large- and medium-size arteries. 
Whether blood glucose variability, i.e. the glycemic oscillations occurring during the 24-h period, represents a risk factor 
for vascular alterations additional to and independent on HbA1c in type 1 diabetes mellitus is still undefi ned. The present 
study was carried out with the aim at investigating the impact of different measures of blood glucose variability on arterial 
structure and function. We studied 17 non-complicated type 1 diabetic patients (11 males, six females) with an age of 
40.8    �    7.6 years (mean  �  SD). In each patient, 24-h glucose profi le was obtained by continuous glucose monitoring system 
and glucose variability was expressed as mean  �  SD of 24-h blood glucose levels, mean amplitude of glycemic excursions 
and postprandial hyperglycemic spikes. Arterial structure and function was measured as carotid IMT and stiffness.  Major 
fi ndings.  The different approaches to assessing blood glucose variability well correlated between and with HbA1c. Carotid 
IMT and stiffness showed signifi cant correlations with age, blood pressure, heart rate and daily insulin intake but a non- 
signifi cant correlation with blood glucose variability.  Principal conclusion.  Thus, in type 1 diabetes mellitus, measures of 
glycemic variability are useful in predicting both actual and long-lasting glycemic control. In absence of diabetes-related 
complications and of any intima-media thickness alterations, the major predictors of arterial distensibility are represented 
by traditional risk factors beside glycemic 24-h control.  
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  Introduction 

 Diabetes mellitus is characterized not only by 
microvascular and macrovascular complications, but 
also by structural and functional alterations of 
the large- and medium-size arteries, such as an 
increase in arterial wall thickness and stiffness (1 – 4). 
These alterations are detectable in (i) young indi-
viduals with uncomplicated diabetes (3); (ii) subjects 
with glucose intolerance not yet displaying diabetes 
but predisposed to it (5,6); and (iii) subjects with 
normal glycemic values but with a family history of 
diabetes (7). The results of both the Diabetes 
Control and Complications Trial in type 1 diabetes 
and the UK Prospective Diabetes Study in type 2 

diabetes left little doubt on the fact that the risk of 
microvascular complications rises exponentially as 
mean blood glucose values increase (8,9). On the 
contrary, the relationships existing between mac-
roangiopathy and fasting plasma glucose or glycated 
hemoglobin (HbA1c) are far from being clearly 
defi ned (10,11). This may be due to a number of 
causes, including the fact that fasting plasma glucose 
levels or HbA1c alone are unable to thoroughly 
refl ect the impact of glycemic disorders on the 
cardiovascular system in diabetic patients. 

 Whether blood glucose variability, i.e. the glyce-
mic oscillations occurring during the 24-h period, 
represents a risk factor for complications additional 
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to and independent of HbA1c in both type 1 and 
type 2 diabetes is still undefi ned. Indeed, blood glu-
cose variability displays an adverse prognostic impact 
in critical care diabetic and non-diabetic patients (12) 
and may exert a pathophysiological role in the devel-
opment of diabetic vascular complications. The data 
collected so far, however, on the impact of blood glu-
cose variability on diabetic-related vascular alterations 
are not univocal. This is the case for the microvascular 
(13 – 19) and, to a greater extent, for the macrovascu-
lar complications of the diabetic state (20 – 22). 

 The aims of the present study carried out in 
type 1 young diabetic subjects free of micro- and 
macro-vascular complications were the assessment of 
(i) the value of different measures of blood glucose 
variability and (ii) the impact of anthropometric, 
hemodynamic as well as metabolic variables (inclu-
ding blood glucose variability) on carotid artery 
thickness and distensibility. Blood glucose values 
were measured throughout 24-h period via a con-
tinuous glucose monitoring system, allowing the col-
lection of about 500 glycemic values in each single 
subject. Variability was assessed as the mean blood 
glucose standard deviation (SD) and mean ampli-
tude of glycemic excursions, thus overcoming the 
methodological limitations of previous studies that 
based variability assessment on seven point blood 
glucose measurements only. Carotid artery structure 
was assessed as intima-media thickness, and carotid 
artery function as arterial distensibility, i.e. two well-
established early markers of the atherogenic vascular 
process (23 – 28).   

 Materials and methods  

 Subjects 

 We investigated 17 type 1 diabetic patients (11 males, 
six females) with an age amounting to 40.8    �    7.6 
years (mean  �  SD). We selected them on a con-
secutive basis if they displayed (i) a type I diabetes 
mellitus receiving insulin treatment in absence of 
any diabetic-related complication (i.e. microalbu-
minuria, retinopathy and/or neuropathy excluded 
by dipstick test, fundus oculi examination and elec-
tromyography); (ii) no evidence of clinical or sub-
clinical atherosclerotic disease in their history or at 
physical and laboratory examination (such as stan-
dard ECG, echocardiogram and echocolor-Doppler 
of carotid arteries and lower limbs); (iii) no major 
metabolic or cardiovascular disease besides diabe-
tes; and (iv) no hypertrigliceridemia and hypercho-
lesterolemia. With the exception of two subjects, no 
patient was a cigarette smoker. All subjects agreed 
to participate in the study after being informed of 
its nature and purposes. The protocol of the 
study was approved by the ethics committees of the 
institutions involved.  

 Continuous blood glucose monitoring 

 To assess 24-h glucose profi le we used the continu-
ous glucose monitoring system GlucoDay (CGM, 
Azienda Menarini Diagnostics, Florence, Italy). 
The microdialysis GlucoDay sensor was calibrated 
according to the manufacturers ’  instructions, and its 
clock was adjusted to match a master clock in the 
room, which allowed for further synchronization of 
the data. A microdialysis fi ber (Medica, Medolla, 
Modena, Italy) was inserted subcutaneously into the 
periumbelical region, without local anesthesia, using 
an 18-gauge Tefl on catheter as a guide. The fi ber was 
then connected to a portable 245-g apparatus, pow-
ered by a 9-volt battery. Glucose oxidase (sensor) 
and two plastic bags (one for the buffer reservoir and 
one for waste products) complete the apparatus, 
which is contained in a small wearable pouch. A 
perfusion buffer (Dulbecco ’ s solution, containing 
sodium benzoate as preservative) circulates at a rate 
of 10  μ l/min by means of a programmable peristaltic 
pump (29). Glucose concentrations in the dialysate 
were then measured every 3 min by the glucose sen-
sor over a 24-h period. After the 24-h monitoring 
period, data were downloaded into a computer. 
Nanoampere values reported by the GlucoDay device 
were converted into glucose values after two-point 
calibration using glucose values obtained by refl ec-
tometric postprandial automeasurements.   

 Carotid artery distensibility and carotid 
artery wall thickness 

 With the subject supine and the neck in partial 
extension, the diameter and wall motion of the right 
common carotid artery were measured 2 cm below 
the carotid bifurcation by a B-M mode echo-tracking 
device based on Doppler shift (Wall Track System, 
PIE Medical Imaging and Esaote, Maastricht, 
The Netherlands and Florence Italy) and on a trans-
ducer operating at a frequency of 7.5 MHz (30,31). 
The transducer was manually oriented perpendicu-
larly to the longitudinal axis of the vessel under 
B-mode guidance. After switching to A-mode, the 
backscattered echoes from the anterior and posterior 
carotid artery walls were made visible on a screen 
and the corresponding radiofrequency signal was 
tracked by electronic tracers to allow the digitalized 
signal of the internal diameter variations to be derived 
at 50 Hz. The spatial resolution was 300  μ m. Carotid 
pulse pressure was measured by a modifi ed tonom-
eter (pulse pen, see below) at the same time of the 
ultrasound evaluation, and carotid artery distensibil-
ity was derived according to the following formulae: 

 Dist    �    [(2 Δ D    �    Dd) �  Δ D 2 ]/ Δ P � Dd 2  

 where Dist represents distensibility,  Δ D systo-
diastolic diameter change, Dd diastolic diameter of 
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the vessel and  Δ P the corresponding pulse pressure 
value (30). 

 Carotid artery intima-media wall thickness was 
measured at a posterior wall site located 3 cm below 
bifurcation through an ultrasonographic device 
(Philips Sonos 5500, Philips, Andover, Massachu-
setts, USA)). Measurements were obtained by fi rst 
scanning the artery in B-mode, then freezing the 
digitized image in M-mode and fi nally tracking the 
inner ipoechogenic and the middle anechogenic lay-
ers (32). Measurements were performed by two 
skilled operators (CF and NS) unaware of the exper-
imental design of the study. The within-operator and 
interoperator variabilities of the carotid artery diam-
eter measurements at diastole (i.e. the coeffi cient of 
variation of the mean values of two measurements 
done at two different times) in our laboratory were 
2.5% and 3.5%, respectively. The within-operator 
and interoperator variabilities for the carotid artery 
wall thickness were 3.0% and 4.0%, respectively.   

 Additional measurements 

 Blood pressure was measured not only by the 
semi-automatic AeD device (see above), but also, 
with the patient supine, by a mercury sphygmoma-
nometer, taking the fi rst and fi fth Korotkoff sounds 
to identify systolic and diastolic values, respectively. 
In each subject, the average of three measurements 
was taken as the mean value. To calculate carotid 
artery distensibility, blood pressure was further mea-
sured by a modifi ed tonometric device (Pulse Pen, 
DiaTecne, Milan, Italy) positioned at the level of the 
carotid artery. Brachial sphygmomanometric blood 
pressure was used to calibrate the absolute value. 
Heart rate values were obtained via palpatory method 
(radial artery) over a 30-s period. Waist and hips cir-
cumferences were measured in centimeters with the 
subject in standing position, and body mass index 
was derived from the formulae weight (kilograms)/
height (squared meters). Glycated hemoglobin val-
ues were also measured from a venous blood sample 
within the week preceding the study.   

 Protocol and data analysis 

 Patients were invited to come to the outpatient clinic 
of the San Gerardo Hospital, Monza, Italy, in the 
morning after a 24-h abstinence from alcohol, 
caffeine consumption and cigarette smoking. The 
GlucoDay device was fi tted to the patient (see above). 
The following day the device was then removed and 
additional measurements were performed as follows: 
(i) blood pressure was measured three times by a 
mercury sphygmomanometer with the patient in the 
sitting position; (ii) the subject was placed in the 
supine position, the tonometric blood pressure mea-
suring device was placed on the carotid artery and 

the pulse pressure to be used for carotid artery 
distensibility calculation obtained; (iii) the probe for 
carotid artery evaluation was positioned on the neck 
and fi ve 6-s acquisitions of carotid diameter through-
out the cardiac cycle were obtained during 10 min; 
(iv) the wall track probe was removed and carotid 
artery intima-media wall thickness was assessed by 
the standard echocolor Doppler technique, and the 
three sphygmomanometric blood pressure values 
were averaged. Carotid artery diastolic diameter and 
distensibility were obtained by averaging data from 
the fi ve 6-s acquisition periods. The 24-h glycemic 
values of glycemia were also averaged. Carotid artery 
wall thickness was measured on the screen image of 
the vessels over a 30-s period, based on the ultra-
sound image. After the 24-h monitoring period, the 
glucose curves were manually inspected to verify that 
sensors were active and all curves were qualitatively 
and quantitatively consistent with each other. To 
describe glucose variability in the 24-h period, we 
calculated the mean  �  SD. As additional data, the 
mean amplitude of glycemic excursions was calcu-
lated with a specifi c software for 10 patients (33). 
Finally, the glycemic excursions were based on 
patient ’ s information and correlated by the Gluco-
Day register. The hyperglycemic spike was consi-
dered as the higher glycemic value within the 2 h 
following the meal minus the baseline value before 
insulin injection preceding the meal as described in 
previous studies (34). For each patient, spikes were 
calculated after the three principal meals according 
to their diaries. 

 Data analysis was performed using SAS software 
for data management and statistical analyses (SAS 
Institute Inc., Cary, North Carolina, USA). The 
Shapiro – Wilk test was employed to test for normality 
in distribution of each variable. When variables were 
found not normally distributed, non-parametric 
analysis was used and data were logarithmically 
transformed. The majority of our data was then 
found to be not normally distributed. Descriptive 
statistic was performed, comprehensive of calcula-
tion of mean, median, SD, interquartile range. Spear-
man ’ s and or Pearson correlation coeffi cient ( r ) was 
calculated to evaluate the relationships between 
intima media thickness, carotid artery distensibility 
and blood glucose variables. Partial correlation for 
age and systolic blood pressure was calculated apply-
ing the Cholesky decomposition algorithm to the 
Spearman rank-order correlation matrix and using 
the correlation formula. Data are shown as means  �  
SD. A value of  p    �     0.05 was considered statistically 
signifi cant.     

 Results 

 As shown in Table I, in the population of our study 
heart rate and systo-diastolic blood pressure were in 
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  Table I. Demographic and hemodynamic fi ndings in type I diabetic 
patients without microvascular complications enrolled in the 
study.  

Variable Value

Males:females ratio 11:6
Age (years) 40.7    �    7.5
Duration of diabetes (years) 13.6    �    8.8
Waist (cm) 88.6    �    15.2
Hips (cm) 104.7    �    9.5
Systolic blood pressure (mmHg) 129.6    �    17.2
Diastolic blood pressure (mmHg) 77.9    �    9.8
Pulse pressure (mmHg) 47.2    �    11.6
Heart rate (beats/min) 72.7    �    14.2
Total cholesterol (mg/dl) 196.7    �    33.9
Triglycerides (mg/dl) 74.6    �    22.9

    Data are shown as means  �  standard deviation, with the exception 
of the males/females ratio (absolute numbers).   

  Table II. Characteristics of blood glucose metabolism and of 
carotid artery in the 17 type I diabetics patients enrolled in the 
study.  

Variable Mean  �  SD

Fasting blood glucose (mg/dl) 147.2    �    72.1
HbA1c (%) 7.7    �    1.2
Blood glucose standard deviation (mg/dl) 54.4    �    28.6
24 hours glycemia (mg/dl) 142.3    �    52.8
MAGE 24-h (mg/dl) 126.3    �    57.5
Postprandial spikes (mg/dl) 81.5    �    33.6
Insulin (U/day) 49.0    �    15.6
Carotid artery distensibility (mm/mmHg10 2 ) 3.69    �    1.8
Right carotid intima media thickness (mm) 0.55    �    0.1

   Data are shown as means  �  standard deviation (SD). MAGE: 
mean amplitude of glycemic excursion.   
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  Figure 1.     Pearson ’ s correlation coeffi cients of the relationships between right carotid intima-media thickness, carotid artery distensibility 
and anthropometric, hemodynamic and metabolic parameters. SBP, systolic blood pressure; DBP, diastolic blood; TC, total cholesterol; 
HR, heart rate; PPHS, postprandial hyperglycemic spikes; DMD, diabetes mellitus duration; FBG, fasting blood glucose; 24h-BG, mean 
blood glucose of the 24 hours; BG-SD, blood glucose standard deviation; MAGE, mean amplitude of glucose excursion.  

the normal range. This was the case also for plasma 
triglycerides and total cholesterol. Mean abdominal 
circumference and body mass index were in the high 
range, indicating that several subjects were over-
weight or had visceral obesity. In contrast, fasting 
blood glucose and HbA1c were, as expected, greater 
than the reference values (Table II). This was the case 
also for the mean of blood glucose values (around 
500 for each patient) recorded by the GlucoDay. 

Fasting blood glucose was slightly greater than the 
mean blood glucose values observed throughout the 
24 h, the difference not achieving, however, statisti-
cal signifi cance (147.2    �    72 vs 142.3    �    52 mg/dl, 
 p    �     NS). Table II also shows the mean values of the 
different glucose variability parameters assessed in 
the present study, i.e. mean  �  SD of 24-h blood 
glucose levels, mean amplitude of glycemic excur-
sions, and postprandial hyperglycemic spikes, as well 
as the data related to carotid artery wall thickness and 
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  Figure 2.     Pearson ’ s correlation coeffi cients of the relationships between blood glucose standard deviation and mean amplitude of glucose 
excursion with other parameters of blood glucose metabolism. DMD, diabetes mellitus duration; FBG, fasting blood glucose; 24h-BG, 
mean blood glucose of the 24 hours; PPHS, postprandial hyperglycemic spikes; MAGE, mean amplitude of glucose excursion; BG-SD, 
blood glucose standard deviation.  

distensibility in the 17 uncomplicated type 1 diabetes 
mellitus patients of the present study. 

 Figure 1 illustrates Pearson ’ s correlation coeffi -
cients of the relationships between right carotid intima 
thickness, carotid artery distensibility, and anthropo-
metric, hemodynamic and metabolic parameters. As 
expected, we found signifi cant correlations between 
carotid distensibility and age, blood pressures and 
heart rate, while intima media thickness showed a 
non-signifi cant trend in the same direction. Consi-
dering the different parameters of glucose meta -
bolism, we observed a signifi cant correlation only 
between carotid distensibility and daily insulin intake. 
In contrast, the SD of the glycemic values, taken as a 
marker of blood glucose variability, did not show any 
signifi cant relationship with both right carotid intima 
media thickness and carotid artery distensibility values. 
This was the case also for the mean amplitude of gly-
cemic excursion values assessed in 10 patients. When 
the data were adjusted for age, only the correlation 
between carotid distensibility and heart rate remained 
statistically signifi cant ( r    �      �    0.60,  p    �     0.01). 

 Figure 2 shows the correlation coeffi cients of the 
relationships between the two parameters of blood 
glucose variability, i.e. blood glucose SD and mean 
amplitude of glycemic excursions, with other para-
meters of blood glucose metabolism. They were both 

related to the mean glycemic values assessed during 
the 24-h period, while only mean blood glucose SD 
showed a signifi cant correlation with HbA1c. The 
two measures of variability were signifi cantly related 
to each other (Figure 2). Insulin treatment and 
fasting blood glucose showed a tendency to correlate 
with mean blood glucose SD, while the mean ampli-
tude of glycemic excursion appeared to be more 
related (even if not achieving statistic signifi cance) to 
fasting blood glucose values.   

 Discussion 

 The present study provides two sets of new informa-
tion related on one side to the methodological 
approaches to assess glucose variability in diabetic 
patients and on the other to the relationship between 
glucose abnormalities and the functional and struc-
tural alterations of large arteries in diabetic patients. 
These two sets of information will be separately 
discussed thereafter. 

 As far as the fi rst issue is concerned, our data 
show that two different measures of blood glucose 
variability such as the mean amplitude of glucose 
excursion and the mean blood glucose SD well cor-
relate each other. They also show that both these two 
parameters were highly and signifi cantly related to 
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mean 24-h blood glucose levels, thus refl ecting the 
whole day glycemic control. Finally both mean blood 
glucose SD and mean amplitude of glucose excur-
sion show an elevated Pearson correlation coeffi cient 
when plotted against HbA1c ( r    �     0.52 and  r    �     0.53, 
respectively). The correlation value, however, achi-
eved statistical signifi cance only for mean blood glu-
cose SD presumably because of the greater number 
of patients in which this variable was assessed com-
pared with the mean amplitude glucose excursion 
( n    �     17 vs  n    �     10). Thus both these two indices of 
glycemic variability represent either the day by 
day or the long-lasting metabolic control of blood 
glucose in type 1 diabetes mellitus. 

 Our study also provides information on the rela-
tionships between anthropometric data, hemody-
namic values as well as glucose abnormalities and the 
functional and structural alterations of the large 
arteries in diabetic patients. First, in our group of 
normotensive, non-microalbuminuric, uncompli-
cated type 1 diabetes mellitus patients, the most rel-
evant variable affecting the structure and the function 
of the carotid artery was, as found in the general 
population, subjects ’  age (35,36). Second, the quite 
high correlation coeffi cient values observed between 
diabetes duration and both intima media thickness 
and distensibility found in the present study confi rms 
the role of diabetes mellitus as a promoter of the 
adverse effects that the ageing process has on vascu-
lar structure and function (37). Third, besides age, 
hemodynamic factors, such as systolic, diastolic and 
pulse pressure, highly predicted carotid artery disten-
sibility values. However, because arterial distensibility 
is calculated by a formula that makes use of pulse 
pressure values in its determination, this signifi cant 
correlation may represent simply a mathematical con-
sequence (30). Fourth, arterial distensibility signifi -
cantly correlated with baseline resting heart rate and 
this correlation was detectable after data adjustment 
for age in a multivariate analysis. Heart rate is an 
early marker of diabetic disautonomia and sympa-
thetic activation (38,39). Arterial distensibility is a 
very early marker of arterial function and cardiovas-
cular damage in both type 1 and type 2 diabetic 
patients (5,7). Arterial distensibility and arterial 
function have been shown to be affected by heart rate 
both because an increased heart rate reduces the 
recovery time of the viscoelastic components of arte-
rial wall (40) and because wall distention is under 
sympathetic control both in healthy and diseased 
subjects (41,42). In the highly selected type 1 diabe-
tes mellitus patients of the present study, arterial 
distensibility exhibited only spurious and not signifi -
cant correlations with the different indices of glyce-
mic status and metabolic control. Moreover, among 
the various indices of glycemic control taken into 
account in our study, HbA1c showed a correlation 
coeffi cient value (0.47) that, although not achieving 
statistical signifi cance, was in any case greater than 

that displayed by 24-h mean glycemic values, fasting 
blood glucose and glycemic variability considered 
parameters. This supports the hypothesis that long-
lasting glycemic control is of major importance also 
for arterial function determination (19). Finally, insu-
lin U/day value was signifi cantly and inversely related 
to carotid artery distensibility, a fi nding suggesting 
that glycemic control is obtained with a prevalence of 
negative effects of insulin on arterial wall (43). 

 Our study has some strengths as well as a limita-
tion. The strengths refer to the fact that our diabetic 
type 1 subjects were highly selected to exclude pati-
ents with vascular complications; moreover, func-
tional and structural carotid artery evaluation as well 
as 24-h glycemic control were accurately performed. 
Our study also has a major limitation, which consists 
in the fact that the relative small number of enrolled 
subjects precluded multiple regression analysis. It is 
thus possible that a larger number of subjects would 
allow stronger conclusions on the relationship 
between structure and function of arterial vessels and 
glycemic variability. 

 In conclusion, our data provide evidence that in 
type 1 diabetes mellitus measures of glycemic vari-
ability are useful in predicting both actual and long-
lasting glycemic control. Their clinical importance is 
therefore further emphasized. In absence of diabetes-
related complications and of any intima-media thick-
ness alteration, the major predictors of arterial 
distensibility are represented by age, blood pressure, 
heart rate and insulin treatment daily dosage.   
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