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Abstract
Aims/hypothesis Augmentation index (AIx) and pulse wave
velocity (PWV), both measures of arterial stiffness, consti-
tute risk factors for cardiovascular disease. Notably, hyper-
glycaemia during an acute cardiovascular event is
associated with poor prognosis. The objective of this study
was to investigate whether acute hyperglycaemia increases
arterial stiffness in patients with type 1 diabetes and in
healthy subjects.
Methods Twenty-two male patients with type 1 diabetes
and thirteen healthy men, who were age-matched non-
smokers and without any diabetic complications, underwent
a 120 min hyperglycaemic clamp (15 mmol/l). AIx was
calculated to assess arterial stiffness. Before and during the
clamp, carotid-radial (brachial) and carotid-femoral (aortic)
PWV was measured.
Results At baseline there was a difference in the AIx
between patients with type 1 diabetes and healthy volun-
teers (−5±2.7 vs −20±2.8%, p<0.05). Acute hyperglycae-
mia rapidly increased AIx in patients with type 1 diabetes
(−5±2.7 vs 8±2.5%, p<0.001) and healthy volunteers

(−20±2.8 vs 6±8.8%, p<0.001). Brachial PWV increased
during acute hyperglycaemia in patients with type 1
diabetes (7.1±1.2 vs 8.0±1.0 m/s, p<0.001), but not in
healthy men (7.4±1.7 vs 7.3±1.4 m/s, NS).
Conclusions/interpretation Acute hyperglycaemia increases
the stiffness of intermediate-sized arteries and resistance
arteries in young patients with type 1 diabetes and
consequently emphasises the importance of strict daily
glycaemic control. No change was observed in aortic PWV
during the clamp, indicating that acute hyperglycaemia
does not affect the large vessels.
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Introduction

Arterial stiffness is an independent predictor of cardiovas-
cular morbidity and mortality [1–5]. In general, stiffer
arteries cause an early return of the pressure waves from
reflectance sites and can be detected as an increase in the
pulse wave velocity (PWV). The early return of the
pressure wave increases central systolic pressure and
decreases central diastolic pressure [6]. Thus, arterial
stiffening increases the afterload of the left ventricle while
reducing the coronary blood flow during diastole. Age [7],
smoking [8], LDL-cholesterol [9] and hypertension [10], in
turn, are risk factors for arterial stiffness. The augmentation
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index (AIx), which also reflects arterial stiffness, can be
calculated from non-invasive recordings of the radial pulse
using applanation tonometry. Previously, it has been shown
that AIx is increased during hyperglycaemia in healthy men
[11]. However, this result has not been confirmed by other
studies. Neither is it known whether the presence of chronic
hyperglycaemia (diabetes) affects the acute response of the
arterial tree to hyperglycaemia.

Diabetes is a risk factor for cardiovascular morbidity and
mortality. There is some evidence that during an acute
cardiovascular event patients with hyperglycaemia have a
worse prognosis than normoglycaemic patients [12, 13].
The same finding has been shown after trauma [14, 15].
Notably, it has been shown that type 2 diabetic patients
with postprandial hyperglycaemia are at increased risk of
myocardial infarction and stroke [16–18].

A few studies have shown that patients with type 1
diabetes have stiffer arteries than non-diabetic individuals
[19–26]. However, the patient groups in these studies were
heterogeneous and a wide range of methodologies and
techniques was used. No study, moreover, has measured
arterial stiffness (AIx and PWV) in type 1 diabetic patients
in the absence of confounding factors.

The aim of this study was therefore to examine whether
acute hyperglycaemia increases arterial stiffness in patients
with type 1 diabetes and healthy volunteers.

Materials and methods

Study groups We studied 22 men with type 1 diabetes, with
13 healthy men serving as a control group. Patients with
type 1 diabetes were recruited from the Finnish Diabetic
Nephropathy (FinnDiane) study [27]. The healthy male
volunteers were medical students. The decision to study
men only was based on the fact that arterial stiffness
correlates with hormonal variations. All subjects were
between 18 and 40 years of age. Exclusion criteria were
smoking, hypertension, arrhythmias, diabetic complica-
tions, any medical treatment (except insulin) and acute
infections. The total number of men invited to take part was
52. However, 17 were excluded due to exclusion criteria.
Incipient or overt diabetic nephropathy was ruled out by
reviewing all available urine collections for AER prior to
the study visit. Only patients fulfilling the criteria of normal
AER (<20 μg/min or <30 mg/24 h) in two out of three
overnight or 24 h urine collections were selected. Absence
of diabetic retinopathy was verified from the medical files.
ECGs were recorded from all study subjects and all
recordings were normal. The study protocol is in accor-
dance with the Declaration of Helsinki as revised in 2000
and was approved by the local ethics committee. All
participants gave their informed written consent.

Study procedure The day before the study, the participants
underwent an overnight (12 h) fast and were instructed not
to drink coffee that morning. They rested for at least 30 min
before the study began. Blood pressure was measured in
duplicate from the left arm in the sitting position at baseline
and at 0, 60 and 120 min of hyperglycaemia using a
sphygmomanometer. A cannula was placed in the large
antecubital vein of the right arm for the glucose infusions
and a retrograde cannula in a vein of the left hand for blood
sampling.

During the hyperglycaemic glucose clamp, plasma
glucose levels were rapidly raised with a bolus injection
of 0.25 g/kg glucose (50% solution); thereafter a 20%
glucose infusion was started if necessary. The goal was to
achieve a plasma glucose concentration of approximately
15 mmol/l and keep it stable for 2 h. Blood samples were
drawn every 10 min to measure and adjust the blood
glucose levels (Beckman Instruments, Fullerton, CA,
USA). After the hyperglycaemic clamp the patients were
monitored for at least 45 min.

The healthy volunteers were examined in the same
manner except that prior to the glucose bolus they were
given a 25 μg bolus followed by a 0.5 μg/min infusion of a
somatostatin analogue (Sandostatin; Novartis, Helsinki,
Finland) through a third cannula in the left arm (antecubital
vein) to inhibit endogenous insulin production throughout
the clamp.

Pulse wave analysis and velocity Applanation tonometry
(SphygmoCor; Atcor Medical, Sydney, NSW, Australia) is
a non-invasive method for estimating arterial stiffness by
analysing arterial pressure waveforms. The pulse wave was
recorded from the radial artery of the right arm with a high-
fidelity micromanometer (SPC-301; Millar Instruments,
Houston, TX, USA). A model of the central pressure
waveform was synthesised by the SphygmoCor software
using a validated generalised transfer function as previously
described [28]. The augmentation was calculated as the
difference between the second (caused by wave reflection)
and the first systolic peak (caused by ventricular ejection).
The AIx, a commonly used parameter for arterial stiffness
in the small arteries (resistance vessels), is the quotient of
the augmentation and central pulse pressure. The average of
three consecutive readings, each consisting of at least 20
sequentially recorded waveforms, was used for the analyses.
AIx was also adjusted for heart rate.

To measure arterial stiffness in large (aortic) and
intermediate-sized (brachial) arteries, carotid-femoral (aor-
tic) and carotid-radial (brachial) PWV pressure waveforms
were recorded sequentially at both the carotid, femoral and
radial artery. With a simultaneous ECG recording of the
R wave as a reference frame, the system software calculated
the PWV [29]. The difference in carotid to femoral and

Diabetologia (2007) 50:1808–1814 1809



carotid to radial path length was estimated from the
distance from the sternal notch to the femoral and carotid
palpable pulse.

The measurements of arterial stiffness were made before
(during normoglycaemia) and at 0, 60 and 120 min of
hyperglycaemia. Additionally, in the healthy volunteers, an
additional measurement was made after the somatostatin
analogue infusion, but before the glucose bolus. All
measurements were performed by a single operator (D.
Gordin).

Biochemical analyses Before the hyperglycaemic clamp,
fasting blood samples were drawn for the determination of
haemoglobin, leucocyte count, HbA1c, lipids and serum
creatinine. Haemoglobin and leucocyte count were measured
by routine methods. HbA1c was analysed by immunotur-
bidimetry. Serum lipids were measured by automated
enzymatic methods (Cobas Mira analyser; Hoffman-La
Roche, Basel, Switzerland) and serum creatinine by routine
enzymatic methods. Urinary AER was assessed from
overnight and a 24 h urine collection by immunoturbidimetry.

Statistical analyses Power calculations were performed to
test the required size of the study population [30]. The study
has 94% power to detect a 10% difference in PWVand AIx at
the 0.05 significance level. All analyses were performed with
SPSS 13.0 (SPSS, Chicago, IL, USA). Baseline character-
istics are presented as means±SD for normally distributed
values and as median with (interquartile) range for non-
normally distributed values. Normally distributed variables
between groups, were tested with the Student’s t test and non-
normally distributed variables with Mann–Whitney U and
Wilcoxon tests. To detect differences in response to hyper-
glycaemia within and between the groups, a two-way
ANOVA for repeated measures was performed, followed
by a mixed effects model adjusted for age. Correlation
coefficients were determined using Pearson’s or Spearman’s
correlation coefficients. The results were corrected for age.
We considered p values <0.05 to be significant.

Results

Clinical characteristics and biochemical values The base-
line clinical characteristics are shown in Table 1. Patients

Table 1 Descriptive data of patients (n=22) and healthy volunteers
(n=13)

Type 1 diabetic
patients

Healthy
volunteers

Age (years) 25.9±5.6 25.4±1.4
Height (cm) 179±6 181±5
BMI (kg/m2) 23.5±3.4 24.0±1.7
HbA1c (%) 7.4±0.9*** 5.2±0.3
Brachial SBP (mmHg) 123(116–139) 126(117–136)
Brachial DBP (mmHg) 73(67–78) 72(67–78)
Serum cholesterol (mmol/l) 4.3±1.0 4.3±0.7
Serum LDL-cholesterol (mmol/l) 2.2±1.0 2.2±0.7
Serum HDL-cholesterol (mmol/l) 1.7±0.4 1.7±0.4
Serum triacylglycerol (mmol/l) 0.7(0.6–1.2) 0.6(0.5–1.0)
Serum creatinine (μmol/l) 72.6±12.9* 83±12.0
AER (mg/24 h) 2.0(0.0–13.2) 0.0(0.0–4.0)
Duration of diabetes (years) 9.5±4.4

Data are presented as mean±SD or median with interquartile range
DBP, diastolic blood pressure; SBP, systolic blood pressure
*p<0.05
***p<0.001 vs healthy volunteers

Table 2 Haemodynamic variables in type 1 diabetic patients during the hyperglycaemic clamp (n=22)

Normoglycaemia at baseline Hyperglycaemia

0 min 60 min 120 min

Blood glucose (mmol/l) 6.7 (6.3–8.2) 17.3 (15.9–19.0)*** 17.9 (17.1–20.1)*** 17.9 (16.8–19.5)***
Serum insulin (pmol/l) 1.8 (0.0–7.8) 3.6 (0.0–15.6)
Brachial SBP (mmHg) 123 (116–139) 127 (121–136) 128 (118–136) 126 (121–138)
Brachial DBP (mmHg) 73 (67–78) 72 (66–80) 75 (69–79) 71 (68–80)
Brachial PP (mmHg) 53±11 57±13* 55±13 55±9
Aortic PWV (m/s) 6.5 (5.8–7.4) 6.9 (5.7–7.4) 6.6 (5.4–7.8) 6.1 (5.4–7.1)
Aortic SBP (mmHg) 105 (99–114) 110 (103–119) 107 (104–119) 107 (104–115)*
Aortic DBP (mmHg) 73 (67–80) 73 (68–83) 75 (69–79) 71 (68–84)
Aortic PP (mmHg) 31 (28–38) 35 (32–41)* 35 (30–41)* 38 (31–40)*

Data are presented as mean±SD or median with interquartile range
DBP, diastolic blood pressure; PP, pulse pressure; SBP, systolic blood pressure
*p<0.05
***p<0.001 for change in parameter of hyperglycaemia vs normoglycaemia
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with type 1 diabetes had lower serum creatinine (72.6 vs
83.0 μmol/l, p<0.05) and, as expected, higher HbA1c (7.4
vs 5.2%, p<0.001) than healthy volunteers.

The fasting plasma glucose levels were higher in the
patients with type 1 diabetes than in the healthy subjects,
(6.7 vs 5.1 mmol/l, p<0.05), who by definition had higher
fasting serum insulin levels (1.8 vs 19.8 pmol/l, p<0.05;
Table 2). During the glucose infusions, plasma glucose
levels averaged 17.9±0.5 mmol/l in patients with type 1
diabetes and 16.6±0.3 mmol/l in healthy subjects (p=0.2).
Serum insulin in patients with type 1 diabetes showed a
negligible increase from 1.8 to 3.6 pmol/l during the clamp,
while insulin secretion was blocked by the somatostatin
analogue in the healthy volunteers.The serum insulin con-
centration after somatostatin increased from 19.8 to
43.2 pmol/l in contrast to an expected level of 360 pmol/l
without somatostatin [31]. The time needed to raise the
plasma glucose concentration from normoglycaemia to
hyperglycaemia was on average 23±12 min. Despite the
small difference in the infused fluid volume (915±20 vs
1,082±17 ml), the results did not change after adjusting for
the infused volume and age in a multiple regression
analysis or a two-way ANOVA for repeated measures
when appropriate (data not shown).

At baseline (normoglycaemia) there was a significant
difference in heart rate-adjusted AIx between patients with
type 1 diabetes and healthy volunteers (−5 vs −20%,
p<0.05). Moreover, the difference in AIx at baseline be-
tween groups was corrected for age in a multiple regression
analysis (p<0.05). Neither brachial (7.1 vs 7.4 m/s, p=0.5),

nor aortic (6.5 vs 6.5 m/s, p=0.5) PWV differed between
the groups at baseline.

Haemodynamic variables in type 1 diabetic patients After
120 min of hyperglycaemia heart rate-adjusted AIx increased
from −5% at baseline to 8% (p<0.001; Fig. 1). Systolic (123
vs 126 mmHg, NS) and diastolic (73 s 71 mmHg, NS) blood
pressure remained unchanged during hyperglycaemia and
normoglycaemia. Pulse pressure increased from 53 to
57 mmHg (p<0.05; Table 2). Brachial PWV increased from
the baseline values (7.1 vs 8.0 m/s, p<0.001; Fig. 2). The
magnitude of these changes was greatest at 60 min (0.9 m/s).
Aortic PWV remained unchanged (6.5 vs 6.1 m/s, p=0.6).

Haemodynamic variables in healthy volunteers Heart rate-
adjusted AIx increased steeply during acute hyperglycae-
mia compared with normoglycaemia (−20 vs 6%, p<0.001;
Fig. 1). There were no differences in systolic or diastolic
blood pressure (Table 3). Aortic and brachial PWV did not
change during the clamp in healthy volunteers (Table 3,
Fig. 2). No correlation was observed between either the
change in insulin levels and heart rate-adjusted AIx (r=16;
p=0.48) or any other haemodynamic variables during the
clamp (data not shown).

Comparison between type 1 diabetic patients and healthy
volunteers The increase in brachial PWV was significantly
greater in patients with type 1 diabetes than in non-diabetic
volunteers (0.4 vs 0.1 m/s, p<0.05), see Electronic
supplementary material (ESM) Table 1. Interestingly, heart
rate-adjusted AIx (12 vs 17%, p=0.05) increased to a
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greater degree in healthy volunteers than in diabetic
patients, although the difference was not significant.

Discussion

This study demonstrated that type 1 diabetic patients
without diabetic complications or other confounding factors
have higher AIx than age-matched healthy men at baseline,
indicating higher stiffness in the resistance arteries. In
contrast, neither brachial nor aortic PWV differed between
the groups at baseline. The study also showed that acute
hyperglycaemia increased the AIx in patients with type 1
diabetes and in healthy subjects in a rather similar manner.
Furthermore, in diabetic men acute hyperglycaemia caused
an increase in brachial PWV, indicating stiffness in
intermediate-sized arteries, a finding not observed in
healthy men. There was no change in aortic PWV during
the clamp.

Notably, no previous study has assessed the relationship
between type 1 diabetes, AIx and PWV in such a
homogenous group of subjects. Our results clearly show
that hyperglycaemia by itself increases the AIx indepen-
dently of diabetic complications at baseline. Although a
similar finding was shown by Wilkinson et al. [21] in
patients with type 1 diabetes, that study did not exclude
smokers or diabetic kidney disease, well known cardiovas-
cular risk factors [32]. Furthermore, PWV was not
measured. Importantly, Lacy et al. [26] compared PWV in
a mixture of patients with type 1 (n=25) and type 2 (n=41)
diabetes and in healthy volunteers, showing, in contrast to
us, a difference in PWV between diabetic and non-diabetic
subjects. These two studies are not comparable with ours,
since investigations by Lacy included a mixture of patients

with type 1 and 2 diabetes and also patients with diabetic
complications [33]. In our study, of a homogenous group of
patients with type 1 diabetes and no complications, we did
not see any difference in either brachial or aortic PWV
between diabetic and control subjects at baseline. Aortic
PWV is an indicator of aortic stiffness and the elastic
properties of the aorta are determined mainly by the
properties of the vascular extracellular matrix. Thus, these
results indicate that the chronic hyperglycaemia in patients
with type 1 diabetes had not yet caused detectable structural
stiffening of the arterial walls during normoglycaemia.

The difference in AIx between the two groups at
baseline is likely to be a consequence of a higher vascular
stiffness (tone) in resistance arteries in the diabetic patients.
This view is supported by the fact that the divergence in
AIx between the groups during normoglycaemia dimin-
ished substantially when blood glucose levels were raised
acutely. These findings also indicate that no structural
changes had yet occurred in the arteries of the diabetic
patients. However, it is likely that patients with type 1
diabetes will develop structural changes with increasing age
and duration of diabetes. The elevated AIx in the diabetic
patients at baseline is probably rather a result of increased
vascular tone due to functional alterations caused by
chronic hyperglycaemia. The rapidity of the change in
pulse wave reflection also favours this hypothesis [34, 35].

To our knowledge, this is the first report of a hyper-
glycaemia-induced increase in brachial PWV in patients
with type 1 diabetes. Interestingly, no corresponding
response could be seen in healthy subjects. In contrast to
brachial PWV, aortic PWV did not change in response to
acute hyperglycaemia in either of the study groups. This
discrepancy might be due to the differences in the structure
of the aorta and the brachial artery. The aortic walls consist
mainly of elastin and collagen fibres, whereas the walls of

Table 3 Haemodynamic variables in healthy volunteers during the hyperglycaemic clamp (n=13)

Normoglycaemia at baseline Hyperglycaemia

0 min 60 min 120 min

Blood glucose (mmol/l) 5.1 (4.7–5.4) 16.6 (16.1–17.6)*** 18.3 (17.6–19.3)*** 16.6 (16.0–18.4)***
Serum insulin (pmol/l) 19.8 (9.0–28.8) 43.2 (32.4–69.0***
Brachial SBP (mmHg) 126 (117–136) 125 (118–134) 128 (117–134) 126 (119–131)
Brachial DBP (mmHg) 72 (67–78) 74 (67–81) 71 (62–78) 68 (63–71)
Brachial PP (mmHg) 56±9.3 49±10.7 56±7.3 57±7.6
Aortic PWV (m/s) 6.5 (5.3–7.1) 6.0 (5.0–7.1) 6.3 (5.7–7.1) 6.7 (5.5–7.5)
Aortic SBP (mmHg) 107 (98–117) 106 (103–119) 106 (98–118) 105 (100–111)
Aortic DBP (mmHg) 72 (68–78) 75 (68–82) 71 (63–80) 68 (64–73)
Aortic PP (mmHg) 34 (27–38) 34 (30–41) 36 (34–41)* 37 (34–43)*

Data are presented as mean±SD or median with interquartile range
DBP, diastolic blood pressure; PP, pulse pressure; SBP, systolic blood pressure
*p<0.05
***p<0.001 for change in parameter of hyperglycaemia vs normoglycaemia
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the brachial artery contain a considerable amount of smooth
muscle cells. This observation could imply that chronic
hyperglycaemia (diabetes) increases reactivity to high
glucose levels in small and intermediate-sized arteries.

The mechanisms for the functional alterations are
probably related to endothelial dysfunction [36]. Giugliano
et al. [37] have shown that acute hyperglycaemia reduces
availability of nitric oxide, which could explain the differ-
ences and changes in arterial tone. An inflammatory
component in the pathogenesis of cardiovascular disease
has been under debate. It has been shown that endothelial
and inflammatory markers acutely increase during a hyper-
glycaemic clamp [38]. Furthermore, oxidative stress
increases in response to hyperglycaemia and could be a
part of the pathogenesis [39].

The tonometer measurements recorded after infusion of
the somatostatin analogue in healthy volunteers showed
that the hormone did not alter arterial stiffness. At least
supraphysiological levels of insulin have been shown to
decrease arterial stiffness [40], but it is very unlikely that
the diminutive insulin secretion seen in healthy volunteers
in this study would have had an effect on the results. In
support of this assumption, no correlations between
changes in insulin levels and changes in measures of
arterial stiffness were found. Our sample size was not large,
but a power analysis showed that the number of patients
was sufficient to detect a 10% difference in PWV and AIx
with 94% power at the 0.05 significance level. We chose to
study men only to avoid hormonal variations that might
have had an affect on arterial stiffness. Consequently, our
results may not be directly applicable to women. However,
no conclusions regarding the mechanisms underlying the
findings can be drawn on the basis of this study.
Nevertheless, the findings may be clinically relevant. An
important question that arises is how fast do the arteries
recover from the effects of hyperglycaemia?

This study provides a further incentive to aggressively
treat hyperglycaemia. On the other hand, our results show
that diabetic patients with postprandial hyperglycaemia also
have daily episodes of significant changes in their vascular
tree. This, together with the observation of the effect of
postprandial hyperglycaemia on HbA1c in patients with
type 1 diabetes in the Diabetes Control and Complications
Trial (DCCT) [41, 42], is an additional reason to strictly
control daily blood glucose levels.

To summarise, this study shows that acute hyperglycaemia
increases the stiffness of intermediate-sized and resistance
arteries in patients with type 1 diabetes, thus emphasising the
importance of strict daily glycaemic control. No change was
observed in aortic PWV during the clamp, indicating that
acute hyperglycaemia does not affect the large vessels. In
healthy subjects acute hyperglycaemia increased the stiffness
of resistance arteries but not that of intermediate-sized arteries.
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