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Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder 
characterized by insufficient insulin secretion, often com-
bined with impaired insulin sensitivity, and is considered a 
major risk factor for cardiovascular disease.1 Regular 
walking has been reported to increase insulin sensitivity in 
patients with Type 2 diabetes.2,3 Regular physical activity 
is also associated with favourable changes in cardiovascu-
lar risk factors in middle-aged and older adults who are 
free from cardiovascular diseases,4–6 whereas low physical 
fitness has been found to be an important risk factor for 
all-cause mortality in men and women.7

The carotid intima–media thickness (cIMT) is increased 
in obese adolescents with diabetes,8 and a validated surro-
gate marker for atherosclerosis,9 which is strongly associ-
ated with an increased risk of stroke.10 A smaller cIMT was 
reported in elite athletes compared with healthy controls of 
the same age who trained at the recreational level.11 
However, data regarding the effect of training on cIMT are 
conflicting, especially in healthy persons, and some stud-
ies report no alteration in cIMT after exercise training.12,13 
In patients with Type 2 diabetes, 6 months of lifestyle mod-
ification improved glycaemic control and decreased the 

rate of progression of thickening of the carotid intima–
media (cIM).14 Similarly, in patients with Type 2 diabetes, 
6 months of aerobic training was found to attenuate the 
thickening of the cIM.15

Arterial stiffness measured as pulse wave velocity in the 
aorta (PWVao) is a strong predictor of cardiovascular risk 
in people with hypertension16 or metabolic syndrome,17 
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cardiovascular mortality in the elderly,18 and is related to 
visceral fat cell volume.19 Increased arterial stiffness is 
related to the fasting blood glucose level in middle-aged 
and elderly men and women.20 Measures of stiffness in the 
peripheral arteries, such as the stiffness index (SI) derived 
from the digital volume pulse (DVP), have been associated 
with the cardiovascular risk score.21 Physical activity may 
have a beneficial effect on arterial stiffness in terms of 
lower PWVao in middle-aged or older men and women 
with Type 2 diabetes.22,23 Augmentation index (AIx) is a 
measure of vascular function well related to hemodynamic 
changes and invasive measurements,24,25 possibly an early 
indicator of vascular damage.26 It is a surrogate marker of 
atherosclerosis in subjects with or without diabetes.27,28 AIx 
was recently shown to improve by weight reduction in 
obese Type 2 diabetes, in relation to improvement in 
inflammatory markers,29 and also by atorvastatin with or 
without pioglitazone in a high-risk population.30 New vas-
cular measures such as ultrasound reflection or echogenic-
ity of the cIM,31 and intima–media thickness in the radial 
artery (IMTrad),32 were recently associated with cardiovas-
cular outcome. The echolucency of the cIM expressed as a 
grey scale median (cIM-GSM) predicts cardiovascular 
mortality,31 is related to high body mass index (BMI), age 
and low high-density lipoprotein (HDL) cholesterol level,33 
and is associated with the metabolic syndrome.34 Whether 
exercise training has any effect on these new vascular vari-
ables is not known.

We recently reported the results of low-intensity Nordic 
walking training (i.e. walking with poles) for 5 h per week 
for 4 months, in patients with Type 2 diabetes, subjects 
with impaired glucose tolerance (IGT) or normal glucose 
tolerance (NGT).35 In that study, not separating men and 
women, we noted that IGT subjects participating in Nordic 
Walking improved power output and reduced haemoglo-
bin A1c (HbA1c), and in subjects with Type 2 diabetes 
reduced serum cholesterol. NGT subjects also reduced 
BMI following exercise intervention, which was not noted 
in the Type 2 diabetes group.

This study aimed to determine the effects of Nordic 
walking for 4 months on cardiovascular function in mid-
dle-aged subjects, and to probe the possible influence of 
gender and insulin resistance.

Methods

Participants

A total of 212 participants were included in a randomized 
controlled study performed at the primary health care cen-
tre at Gustavsberg, Stockholm County, and at the 
Department of Clinical Physiology, Karolinska University 
Hospital, Stockholm, Sweden. Participants were recruited 
by newspaper announcements, from a health care centre, 
or in some cases from the Stockholm Diabetes Prevention 

Program.36 Demographic and exercise data have previ-
ously been reported.35 The inclusion criteria were as fol-
lows: age between 45 and 69 years, BMI > 25 kg/m2 and 
HbA1c for those with Type 2 diabetes, 7.4–9.3% [National 
Glycohemoglobin Standardization Program (NGSP)], or 
57–78 mmol/mol [International Federation of Clinical 
Chemistry (IFCC)]. The exclusion criteria were as fol-
lows: insulin treatment, systolic blood pressure (SBP) > 
 160 mmHg or diastolic blood pressure (DBP) > 100 mmHg, 
symptoms of angina pectoris, physical impairments or 
atrial fibrillation determined by electrocardiography. 
Based on the results of an oral 2-h glucose tolerance test, 
the participants were classified as having NGT, IGT or 
T2DM. An oral intake of 75 g of glucose in water solution 
(in the fasting state) causing a maximum plasma glucose 
value <8.9 mmol/L was defined as NGT, 8.9–12.1 mmol/L 
as IGT and ⩾12.2 mmol/L as Type 2 diabetes.

The participants were randomized to a control group or 
intervention group at their first study visit. Participants in 
the intervention group were instructed to increase their 
level of physical activity with Nordic walking (walking 
with poles) 5 h/week over 4 months from May to September. 
Their physical activity was self-reported. The participants 
in the control group were instructed to maintain their 
habitual physical activity. All participants were also 
instructed not to change their usual eating habits. The 
study protocol with regard to exercise has been previously 
described in detail.35 Of the initial 212 participants, 201 
(108 women) were included in the study. Three partici-
pants were excluded because of high blood pressure, six 
for personal reasons and two because of other diseases.

This study was approved by the Regional Ethics Review 
Board at Karolinska Institutet, Stockholm, Sweden, and 
the participants provided informed consent.

Arterial stiffness

We used two techniques to measure arterial stiffness: the 
oscillometric method (Arteriograph, TensioMed Software 
v.1.9.9.2, Budapest, Hungary) and the pulse-trace method 
based on photoplethysmography (PulseTrace, Micro 
Medical/CareFusion, version 1.04. Chatham, Kent, UK). 
The Arteriograph uses an occlusion technique.37 Pressure 
variations in a cuff placed on the right upper arm influence 
a pressure receptor and are transferred via an infrared port 
to a computer. Blood pressure was measured at the initial 
cuff inflation, and the pressure pulse configuration was 
recorded at a new inflation at 35 mmHg above the SBP.38 
The basis of the technique is the generation of two systolic 
peaks. The first early systolic pressure peak (P1) is created 
by the ejection of the blood volume from the left ventricle 
into the aorta. The pressure wave is transmitted to the lower 
part of the body, and the late systolic peak (P2) is reflected 
from the periphery (an average assumed around the aortic 
bifurcation). Pulse pressure (PP) is the difference between 
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the SBP and DBP in mmHg. The aortic augmentation index 
(AIxao; %) was calculated as [100 × (P2−P1)/PP)]. The 
PWVao, m/s, was calculated as the jugulum–symphysis 
distance (m), which is defined as the aortic distance divided 
by the return time (RT/2, s). RT is the difference in time 
between the first (P1) and the reflected (P2) systolic waves, 
and is related to the stiffness of the aorta. The PWVao and 
AIxao are presented as mean values from 1 to 3 recordings. 
The estimation of central SBP (cSBP) was based on the 
relationship between cSBP and SBP in the brachial artery 
on the basis of P2.

The pulse-trace technique, measuring a DVP, was based 
on transmission of infrared light being proportional to the 
volume of blood in the finger pulp.39 An average pulse was 
calculated from a 10 s recording, and the reflection index 
(RI) and SI were derived from the pulse waveform. The RI 
(%) measures the vascular tone of small arteries and was 
calculated using the formula (a/b × 100%) where ‘a’ is the 
reflected peak and ‘b’ is the early systolic peak. The SI 
(m/s) is a measure of large artery stiffness and was calcu-
lated as the subject’s height divided by the distance 
between the first systolic peak and the reflected peak. The 
RI and SI are presented as mean values from three record-
ings measured from the finger of the right hand.

Blood pressure and systemic vascular resistance

A digital automatic blood pressure monitor (Omron M7, 
Healthcare Co., Ltd, Kyoto, Japan) was used to measure 
blood pressure at the time of the ultrasound registration 
of the carotid artery, after a 20–30 min rest. The mean 
SBP and DBP values in both arms were calculated. Mean 
arterial blood pressure (MAP) was calculated as 
DBP + (SBP − DBP)/3. BMI was calculated by dividing 
weight (kg) by the square of height (m2).

Systemic vascular resistance (SVR) was calculated as 
the MAP in mmHg divided by cardiac output (CO) in L/
min and is expressed as mmHg × min/L.

Transthoracic Doppler echocardiography (TTE) was 
performed in all participants using Vivid 7 ultrasound 
equipment (GE Vingmed Ultrasound AS, Horten, Norway) 
to calculate stroke volume (SV) and CO. The velocity time 
integral (VTI, in cm) was measured from a pulsed Doppler 
blood flow recording in the left ventricular outflow tract 
(LVOT) in the apical view. The LVOT area was measured 
from the LVOT diameter in systole from the parasternal 
long axis view. The SV was calculated according to the 
formula SV (mL) = π × (LVOT diameter/2)2 × LVOT VTI. 
CO was obtained by multiplying SV by heart rate (HR) at 
rest during the TTE.

Carotid artery ultrasound

The right common carotid artery (CCA) was evaluated 
using a 4.9/10.7 MHz transducer (M12L, Vivid 7, GE 

Vingmed Ultrasound AS), and two-dimensional images of 
CCA acquired 1–2 cm proximal to the carotid bulb. 
Diastolic images (electrocardiographic R-wave) were 
stored on an EchoPAC server (Image Vault 5.0 system, GE 
Vingmed Ultrasound AS). Analyses were performed as 
previously described.40 In brief, digitized images were 
imported to a semi-automated computer program [Artery 
Measurement Software (AMS) developed in collaboration 
between Chalmers University of Technology and the 
Physiology group at the Wallenberg Laboratory, www.
wlab.gu.se, Gothenburg, Sweden] for detection of the 
cIMT and cIM-GSM.40,41 A 10-mm-long region of interest 
was manually placed proximal to the carotid bulb. The 
program automatically identified the carotid far wall, and 
the outlining was corrected manually if necessary. Leading 
edge of the lumen–intima interface to leading edge of the 
media–adventitia defined cIMT. The same intima–media 
segment was used to calculate the cIM-GSM on a scale 
from 0 (black) to 255 (white). A whiter image represents a 
more echogenic, and a darker a more echolucent, intima–
media. The blood pool was used as the reference for black 
and the adventitia for white. The cIMT and cIM-GSM are 
presented as mean values of three images from the right 
CCA. The cIM-GSM is shown as median grey and the 
cIMT is shown in millimetre.

Radial artery high-resolution ultrasound

By using high-resolution ultrasound with a 55 MHz trans-
ducer (Vevo 770, VisualSonics, Toronto, Canada) B-mode 
images of the radial artery (IMTrad) were obtained as pre-
viously described.40 In brief, images of IMTrad were 
obtained from the longitudinal projection 1–2 cm proximal 
to the fold separating the palm of the hand from the fore-
arm, and stored for offline analysis by VisualSonics soft-
ware. The IMTrad of the far wall was measured at end 
diastole from the lumen–intima interface to the media–
adventitia interface applying the leading edge principle. 
Three measurements were performed in three representa-
tive images and the mean of these nine measurements is 
presented.

Biochemical analyses

All blood samples were obtained in the fasting state and 
were analysed for the concentrations of total cholesterol, 
HDL cholesterol, low-density lipoprotein (LDL) choles-
terol, triglycerides (TG) and HbA1c (MonoS) at the 
Department of Clinical Chemistry, Karolinska University 
Hospital, Stockholm, Sweden. HbA1c (NGSP) was cal-
culated as 0.956 × HbA1c (MonoS) + 1.182, and HbA1c 
(IFCC) was calculated as 10.45 × HbA1c (MonoS) −  
10.62. Plasma glucose concentration was assessed by a 
HemoCue B-Glucose analyzer (HemoCue AB, 
Ängelholm, Sweden).
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Statistics

Statistical analyses were performed using SAS 9.3 (SAS 
Institute Inc., Cary, NC, USA) or Statistica 9.0 (StatSoft, 
Inc., Tulsa, OK, USA). The tests were two-tailed. Results 
were regarded as significant when p < 0.05.

Previous power calculations indicated that to detect, 
with a power of 0.8 and α = 0.05, a difference in HbA1c 
(not reported here) of 0% without and −0.5% with inter-
vention, 17 subjects would be required in each Type 2 dia-
betes group.35

The data are expressed as mean ±  SD. Wilcoxon paired 
sign rank-sum test was used to test intra-individual 
response to training. Spearman’s rank correlation coeffi-
cient, r, was computed to assess relationships between 
variables. Results from the multiple regression analyses 
are presented as standardized β and adjusted R2.

Group comparisons by chi-square exact test were used 
for comparison of medical treatment at baseline. We used 
analysis of variance (ANOVA) to evaluate group differ-
ences at baseline and effects of training. If the distribution 
of the outcome variable was too skewed to the right, the 
variable was transformed with a log transformation based 
on the natural logarithm. Furthermore, if Levene’s test 
indicated inhomogeneous variances between groups, we 
used instead of ANOVA a mixed-model analysis consider-
ing inhomogeneous variances. A two-way factorial 
ANOVA was used to analyse baseline effects of gender 
and diagnosis group (three levels), and the interaction 
between gender and diagnosis group. A three-way factorial 
ANOVA model was used to analyse the possible changes 
from baseline to 4 months, including (1) the effects of the 
factors gender, diagnosis group (two levels) and interven-
tion; (2) the interaction between gender and diagnosis 
group, interaction between gender and intervention, and 
interaction between diagnosis and intervention and (3) the 
three-factor interaction between intervention, diagnosis 
and gender.

Results

Demographic and vascular data at baseline

Baseline data are shown by gender in Table 1, and vascular 
data are also shown by diagnosis in Table 2. Men were 
heavier than women in NGT and Type 2 diabetes, but not 
in the IGT group where they were somewhat older than 
women with a little higher systolic and MAP. IMTrad was 
higher in men than in women in the NGT group 
(0.28 ± 0.06 mm vs 0.25 ± 0.06 mm, p < 0.05) and Type 2 
diabetes group (0.32 ± 0.08 mm vs 0.26 ± 0.06 mm, 
p < 0.01). AIxao was higher in women than in men in NGT 
(p < 0.001), and in IGT and Type 2 diabetes groups (both 
p < 0.01). Women had higher pulse wave velocity 
(p < 0.01) and SVR (p < 0.001) than men in the NGT 
group and higher cSBP (p < 0.05) in the Type 2 diabetes 

group. On the other hand, SI (p < 0.01) and RI (p < 0.001) 
were lower in women in the NGT group, RI also in IGT 
(p < 0.01). These relations between findings in women and 
men were numerically rather similar but without statistical 
significances in the other diagnostic groups. cIMT and 
cIM-GSM did not differ between men and women in any 
group.

In the diagnostic groups, both SI (p < 0.001) and RI 
(p < 0.05) were significantly lower in the IGT than in the 
NGT and Type 2 diabetes groups (Table 2). None of the 
other vascular variables differed between NGT, IGT and 
Type 2 diabetes. Information about the medical treatment 
at baseline is presented in Table 3. The use of medication 
differed between groups. Beta-blockers were used more in 
the IGT group (p < 0.05), whereas angiotensin-converting 
enzyme (ACE) inhibitors (p < 0.001) and statins 
(p < 0.001) were used more frequently in the Type 2 diabe-
tes group.

Correlations at baseline

Correlations between vascular variables and baseline data 
are shown for all participants in Table 4. PWVao, AIxao 
and SI correlated with blood pressure (SBP, DBP and 
MAP; all p < 0.001). Arterial wall thickness was related to 
age, cIMT (p < 0.001) and IMTrad (p < 0.01). AIxao, SI 
and RI (p < 0.001), and PWVao and IMTrad (p < 0.01) 
correlated with gender. AIxao and RI correlated negatively 
with HR (p < 0.001). AIxao correlated positively 
(p < 0.001) and IMTrad correlated negatively (p < 0.01) 
with HDL cholesterol. cIMT correlated with plasma glu-
cose concentration and HbA1c level (p < 0.001). cIM-
GSM correlated with HDL cholesterol (p < 0.05) and 
inversely with TG concentration (p < 0.001), HbA1c level 
(p < 0.001) and body weight (p < 0.01).

Table 5 shows the results of the stepwise regression 
analysis with indices of vascular function (PWVao, AIxao, 
cIMT, cIM-GSM, IMTrad, SI and RI, entered one at a 
time) as dependent variables and demographic data (age, 
gender, height, weight, HR, SBP, HDL cholesterol and 
HbA1c level) as independent variables. Fifty-six per cent 
of the variance for AIxao was explained by gender, height, 
HR and SBP.

Clinical and vascular data at 4 months

In the NGT intervention group, men practiced Nordic 
walking on average 4.5 ± 1.2 h/week, and women 
4.9 ± 1.7 h/week (p = NS). Due to low numbers in gender 
groups of IGT and Type 2 diabetes, we analysed these as 
one group regarding possible intervention effects. In the 
combined ‘IGT + Type 2 diabetes’ group, men walked 
4.5 ± 1.8 h/week and women 4.0 ± 1.4 h/week (p = NS). 
The mean training time did not differ significantly between 
the NGT intervention group, 4.7 ± 1.5 h/week, and the 
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Table 2. Vascular variables at baseline in NGT, IGT and T2DM.

Total (N = 201) NGT (121) IGT (33) T2DM (47) p value, 
NGT vs IGT

p value, IGT 
vs T2DM

p value, NGT 
vs T2DM

p value overall 
model, ANOVAa

SVR, mmHg × min/L 9.9 ± 2.5 9.4 ± 2.8 10.0 ± 2.4 NS NS NS b–
cIMT, mm 0.78 ± 0.16 0.80 ± 0.21 0.85 ± 0.18 NS NS NS b–
cIM-GSM 80 ± 21 74 ± 21 71 ± 20 – – – 0.056c

IMTrad, mm 0.26 ± 0.06 0.28 ± 0.06 0.30 ± 0.08 NS NS NS b–
PWVao, m/s 9.2 ± 1.8 8.7 ± 1.7 9.1 ± 1.7 NS NS NS b–
AIxao, % 34.3 ± 10.5 31.8 ± 10.0 31.5 ± 9.7 NS NS NS b–
cSBP, mmHg 137 ± 21 140 ± 17 135 ± 18 NS NS NS b–
SI, m/s 9.5 ± 2.0 8.3 ± 1.4 10.0 ± 2.0 <0.001 <0.001 NS b–
RI, % 75.0 ± 7.5 70.8 ± 8.2 76 ± 7.2 <0.05 <0.05 NS <0.001

SVR: systemic vascular resistance; cIMT: carotid intima–media thickness; cIM-GSM: carotid intima–media grey scale median; IMTrad: intima–media 
thickness in the radial artery; PWVao: aortic pulse wave velocity; AIxao: aortic augmentation index; SI: stiffness index; RI: reflection index; NS: not 
significant; T2DM: type 2 diabetes mellitus; IGT: impaired glucose tolerance; NGT: normal glucose tolerance; ANOVA: analysis of variance.
Data are presented as mean ± SD.
aANOVA two-way model including groups according to gender (Table 1) and diagnostic group (NGT, IGT, T2DM; Table 2).
bMixed model used because assumptions for ANOVA were not satisfied.
cSubgroup differences not tested because the overall model test ANOVA was not significant.

Table 3. Medical treatment at baseline.

Medication NGT IGT T2DM p value

Oral anti-diabetic agent 0 0 63 <0.001
Beta-blocker 10 30 13 <0.05
ACE inhibitor 3 9 24 <0.001
Angiotensin II receptor blocker 7 15 24 <0.05
Statin 4 9 50 <0.001

NGT: normal glucose tolerance; IGT: impaired glucose tolerance; T2DM: type 2 diabetes mellitus; ACE: angiotensin-converting-enzyme.
The data are expressed as the percentage of participants in each group. Group comparisons by the chi-square exact test.

Table 4. Spearman rank correlations for vascular variables at baseline.

PWVao AIxao cIMT cIM-GSM IMTrad SI RI

Age 0.13 0.11 0.34*** −0.11 0.20** 0.16* 0.12
Gender 0.23** 0.45*** −0.11 0.10 −0.24** −0.25*** −0.35***
Height −0.21** −0.52*** 0.07 −0.03 0.16* 0.12 0.17*
Weight 0.02 −0.33*** 0.16* −0.21** 0.28*** −0.04 −0.05
BMI 0.18* 0.05 0.15* −0.18* 0.20** −0.15* −0.19*
HR 0.10 −0.25*** −0.16* −0.08 0.02 0.07 −0.35***
SBP 0.36*** 0.33*** 0.12 −0.15* 0.13 0.29*** 0.07
DBP 0.34*** 0.27*** −0.03 −0.12 0.06 0.30*** 0.01
MAP 0.36*** 0.33*** 0.12 −0.15* 0.13 0.29*** 0.07
SVR 0.31*** 0.53*** 0.06 −0.08 −0.04 0.17* 0.06
Cholesterol 0.11 0.12 −0.18** 0.03 −0.16* −0.08 0.10
HDL cholesterol 0.13 0.32*** −0.17* 0.15* −0.24** −0.02 −0.15*
LDL cholesterol 0.05 0.03 −0.15* 0.04 −0.13 −0.13 −0.09
TG 0.10 −0.12 −0.03 −0.24*** 0.17* −0.03 −0.02
Plasma glucose −0.06 −0.08 0.26*** −0.08 0.21** 0.12 0.11
HbA1c −0.05 −0.10 0.30*** −0.26*** 0.18* 0.09 0.08

HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial blood pressure; SVR: systemic vascular resistance; 
PWVao: aortic pulse wave velocity; AIxao: aortic augmentation index; cIMT: carotid intima–media thickness; IM-GSM: carotid intima–media grey 
scale median; IMTrad: intima–media thickness in the radial artery; SI: stiffness index; RI: reflection index, LDL: low-density lipoprotein.
* < 0.05, ** < 0.01, *** < 0.001
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combined ‘IGT + Type 2 diabetes’ intervention group, 
4.3 ± 1.6 h/week, (p = NS).

Changes in vascular variables were not different 
between the intervention and control groups from base-
line to 4 months for NGT, or for ‘IGT + Type 2 diabe-
tes’. There was neither any significant difference in 
vascular variables response to intervention between the 
two genders.

Discussion

In this interventional study of middle-aged participants 
with NGT, IGT or T2DM, we tested the hypothesis that 
4 months of Nordic walking would affect arterial function, 
and specifically vascular variables such as PWVao, AIxao, 
SVR, SI, RI, cIMT, IMTrad and cIM-GSM, with or with-
out differential effects of gender and glucose tolerance 
group. Although the Nordic walking intervention in com-
parison with controls, improved physical capacity in ‘IGT 
+ Type 2 diabetes’ and reduced body weight in NGT after 
the 4 months of exercise, as previously described,35 arterial 
structure and function were unaltered. Furthermore, vascu-
lar variables between men and women after the 4 months 
of increased physical activity did not differ in the interven-
tion groups.

Our results are consistent with previous studies show-
ing cIMT is unaltered after physical exercise training of 
different durations and types including aerobic and resist-
ance training.13,42 In contrast, one study reported a decrease 
in the rate of progression of cIMT after 6 months of brisk 
walking for 150 min/week in Type 2 diabetic patients.14 
Additionally, a supervised 6-month aerobic training of 

Type 2 diabetic patients attenuated the thickening of the 
cIM as compared with self-controlled exercise.15 Studies 
of arterial wall thickness in other vascular territories, for 
example in the brachial artery, have shown inconsistent 
results.12,43 To our knowledge, our study is the first to 
examine IMTrad with high-frequency ultrasound before 
and after physical activity training. Similarly, as in the 
carotid artery, we did not find any change in IMTrad after 
4 months of Nordic walking.

People with metabolic syndrome have a more echolu-
cent cIM compared to healthy persons.34 In our study, 
cIM-GSM did not differ between the NGT, IGT and Type 
2 diabetic groups. Echolucency of the cIM complex is 
related to increased BMI, age and low HDL cholesterol 
level in patients with risk factors for coronary heart dis-
ease.33 Our results are consistent with these findings, as we 
found the cIM-GSM related to HDL cholesterol, TG level, 
weight and BMI for the entire group of participants. In this 
study, 50% of the participants with Type 2 diabetes were 
under statin treatment, and this high percentage might 
have influenced our results. A meta-analysis that included 
11 trials, with a mean treatment duration with statins of 
more than 25 months, indicated that statins slow the pro-
gression of thickening of cIM.44 We found no differences 
in cIMT, IMTrad or cIM-GSM between the NGT, IGT or 
Type 2 diabetic groups at the baseline or after 4 months of 
Nordic walking.

Oxidative stress is caused by an imbalance between 
‘reactive oxygen species’ and antioxidant defences, which 
can induce endothelial dysfunction and lead to an inflam-
matory process and the development of atherosclerosis.45 
Exercise training is believed to improve endothelial 

Table 5. Stepwise regression analyses with indices of vascular function as dependent variables and demographic data as 
independent variables in all groups.

Variable Model for 
PWVao

Model for 
AIxao

Model for 
cIMT

Model for 
cIM-GSM

Model for 
IMTrad

Model for SI Model for RI 

R2 = 0.20 R2 = 0.56 R2 = 0.22 R2 = 0.09 R2 = 0.11 R2 = 0.16 R2 = 0.24

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

β p value β p value β p value β p value β p value β p value β p value

Age – – – – 0.32 <0.001 – – 0.20 <0.01 – – −0.40 <0.001
Gender 0.35 <0.001 0.28 <0.001 – – – – – – −0.31 <0.001 – –
Height – – −0.33 <0.001 – – – – – – – – – –
Weight 0.20 <0.01 – – 0.14 0.05 −0.16 <0.05 0.29 <0.001 −0.15 <0.05 −0.21 <0.01
HR – – −0.43 <0.001 −0.14 <0.05 – – – – – – −0.29 <0.001
SBP 0.37 <0.001 0.39 <0.001 0.18 <0.01 – – – – 0.27 <0.001 – –
HDL 
cholesterol

– – – – – – – – – – – – – –

HbA1c – – – – 0.23 <0.001 −0.25 <0.001 – – – – – –

HR: heart rate; SBP: systolic blood pressure; PWVao: aortic pulse wave velocity; AIxao: aortic augmentation index; cIMT: carotid intima–media 
thickness; cIM-GSM: carotid intima–media grey scale median; IMTrad: intima–media thickness in the radial artery; SI: stiffness index; RI: reflection 
index.
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function and decrease vascular wall inflammation in 
patients with coronary artery disease.46 Decreased endothe-
lial function is associated with increased wave reflections, 
arterial stiffness and cSBP in healthy persons.47 In our 
study, we found no improvement in PWVao, AIxao, cSBP 
after 4 months of Nordic walking. We have previously 
noted early microvascular impairment in relatives of 
patients with Type 2 diabetes.36 However, in the current 
study, RI and SI at baseline did not differ between the NGT 
and Type 2 diabetic groups. This might possibly be 
explained by more extensive treatment in the current group 
of patients with Type 2 diabetes. Moreover, RI and SI were 
not improved with training.

Exercise recommendations for healthy people, as well 
as individuals with IGT or Type 2 diabetes have been pub-
lished.48 To maintain insulin sensitivity in healthy people, 
the current recommendations for physical activity are 
>30 min/day 5 times/week, or higher intensity aerobic 
exercise 3 times/week, combined with resistance training 
of all major muscle groups 2 times/week. To improve insu-
lin sensitivity in people with Type 2 diabetes, the recom-
mended physical activity level is >30 min/day, 5 times/
week, including >1 h of moderate-intensity aerobic train-
ing 3 times/week, combined with low-intensity and high-
repetition resistance training 2 times/week. In elderly 
people with Type 2 diabetes, physical activity should be 
increased as much as feasible and should include low-
intensity aerobic exercise and low-intensity resistance 
training 3 times/week. These recommendations include 
more daily exercise training than undertaken by the sub-
jects in our study. However, the low-intensity exercise per-
formed by the participants in our study may have suited 
this population, because many of the participants had a 
high BMI (>25 kg/m2) and low level of physical activity 
before enrolling in the study. Weight loss and increased 
physical capacity are prerequisites for progressing to 
higher intensity and resistance training, which is antici-
pated to bring about future improvements in arterial func-
tion and vascular health. However, these expected changes 
remain to be proven.

The limitations of our study were that the physical 
activity performed by the intervention group was self-
reported, compliance could not be evaluated and the inten-
sity of exercise (Nordic walking) was not measured. 
Controls were instructed to maintain their habitual physi-
cal activity levels, and all participants were told to main-
tain food intake during this time. However, we cannot be 
certain that the participants strictly adhered to these 
instructions. Limited experience exists on outcome of 
studies like the present one. Our study could therefore be 
regarded as a pilot study with uncertain power calculations 
although such was previously performed on assumptions 
regarding HbA1c development with exercise. Our study 
groups were of unequal size. We recruited 121 subjects 
with NGT, 33 with IGT and 47 with Type 2 diabetes. A 

smaller number of participants in the IGT and Type 2 dia-
betes groups limited the power to detect effects of inter-
vention. This was partly overcome by pooling IGT and 
Type 2 diabetes groups when comparing intervention and 
the control (non-exercise) groups.

As previously reported, the 4-month Nordic walking 
programme improved exercise capacity in the Type 2 dia-
betic and IGT participants, and had additional beneficial 
effects in the NGT participants including decreased body 
weight and BMI.35 Despite these positive outcomes, the 
type, intensity and duration of the training programme in 
our study were not associated with any significant improve-
ments in vascular variables. Thus, further efforts to estab-
lish validated exercise intervention programmes to 
improve cardiovascular function are warranted. Such strat-
egies will underpin the future development of evidence-
based policies to be implemented to combat metabolic and 
cardiovascular disease in the ageing population.

Acknowledgements

M.R. performed all vascular recordings, interpreted data and 
wrote the manuscript, M.J.E. contributed to interpretation of data 
and discussion and reviewed the manuscript, T.F. supervised the 
Nordic Walking and the exercise tests, and reviewed the manu-
script, G.N. contributed expert knowledge on pulse tracings and 
reviewed the manuscript, C.G.Ö. provided part of the study 
material and reviewed the manuscript, A.K., J.R.Z and K.C. 
planned the study, interpreted data and reviewed the manuscript. 
The authors thank Pia Odenblad for secretarial assistance and 
collection of blood samples, Ebba Lindqvist and Linda Hansson 
for skilful technical assistance, and Magnus Backheden for assis-
tance with the statistical analyses.

Declaration of conflicting interests

G.N. is scientific advisor to Sangrale Medical (Distributor of the 
Arteriograph). The authors report no other conflict of interest.

Funding

The study was supported by the Swedish Research Council, the 
Swedish Heart Lung foundation and Stockholm County Council, 
Stockholm, Sweden.

References

 1. Alberti KG and Zimmet PZ. Definition, diagnosis and clas-
sification of diabetes mellitus and its complications. Part 1: 
diagnosis and classification of diabetes mellitus provisional 
report of a WHO consultation. Diabet Med 1998; 15: 539–
553.

 2. Yamanouchi K, Shinozaki T, Chikada K, et al. Daily walk-
ing combined with diet therapy is a useful means for obese 
NIDDM patients not only to reduce body weight but also to 
improve insulin sensitivity. Diabetes Care 1995; 18: 775–
778.

 3. Knowler WC, Barrett-Connor E, Fowler SE, et al. Reduction 
in the incidence of Type 2 diabetes with lifestyle interven-
tion or metformin. N Engl J Med 2002; 346: 393–403.



Ring et al. 323

 4. Blair SN, Cooper KH, Gibbons LW, et al. Changes in coro-
nary heart disease risk factors associated with increased tread-
mill time in 753 men. Am J Epidemiol 1983; 118: 352–359.

 5. Manson JE, Greenland P, LaCroix AZ, et al. Walking 
compared with vigorous exercise for the prevention of car-
diovascular events in women. N Engl J Med 2002; 347: 
716–725.

 6. Mora S, Cook N, Buring JE, et al. Physical activity and 
reduced risk of cardiovascular events: potential mediating 
mechanisms. Circulation 2007; 116: 2110–2118.

 7. Blair SN, Kohl HW 3rd, Paffenbarger RS Jr, et al. Physical 
fitness and all-cause mortality: a prospective study of 
healthy men and women. JAMA 1989; 262: 2395–2401.

 8. Kotb NA, Gaber R, Salama M, et al. Clinical and biochemi-
cal predictors of increased carotid intima-media thickness 
in overweight and obese adolescents with Type 2 diabetes. 
Diab Vasc Dis Res 2012; 9: 35–41.

 9. de Groot E, Hovingh GK, Wiegman A, et al. Measurement 
of arterial wall thickness as a surrogate marker for athero-
sclerosis. Circulation 2004; 109: III-33–III-38.

 10. Ebrahim S, Papacosta O, Whincup P, et al. Carotid plaque, 
intima media thickness, cardiovascular risk factors, and 
prevalent cardiovascular disease in men and women: the 
British Regional Heart Study. Stroke 1999; 30: 841–850.

 11. Rowley NJ, Dawson EA, Birk GK, et al. Exercise and arte-
rial adaptation in humans: uncoupling localized and sys-
temic effects. J Appl Physiol 2011; 110: 1190–1195.

 12. Thijssen DH, de Groot PC, Smits P, et al. Vascular adapta-
tions to 8-week cycling training in older men. Acta Physiol 
2007; 190: 221–228.

 13. Tanaka H, Seals DR, Monahan KD, et al. Regular aero-
bic exercise and the age-related increase in carotid artery 
intima-media thickness in healthy men. J Appl Physiol 
2002; 92: 1458–1464.

 14. Kim SH, Lee SJ, Kang ES, et al. Effects of lifestyle 
modification on metabolic parameters and carotid intima-
media thickness in patients with Type 2 diabetes mellitus. 
Metabolism 2006; 55: 1053–1059.

 15. Kadoglou NP, Fotiadis G, Kapelouzou A, et al. The differ-
ential anti-inflammatory effects of exercise modalities and 
their association with early carotid atherosclerosis progres-
sion in patients with Type 2 diabetes. Diabet Med 2013; 30: 
e41–e50.

 16. Blacher J, Asmar R, Djane S, et al. Aortic pulse wave 
velocity as a marker of cardiovascular risk in hypertensive 
patients. Hypertension 1999; 33: 1111–1117.

 17. Safar ME, Thomas F, Blacher J, et al. Metabolic syndrome 
and age-related progression of aortic stiffness. J Am Coll 
Cardiol 2006; 47: 72–75.

 18. Meaume S, Benetos A, Henry OF, et al. Aortic pulse wave 
velocity predicts cardiovascular mortality in subjects 
>70 years of age. Arterioscler Thromb Vasc Biol 2001; 21: 
2046–2050.

 19. Arner P, Backdahl J, Hemmingsson P, et al. Regional varia-
tions in the relationship between arterial stiffness and adipo-
cyte volume or number in obese subjects. Int J Obes (Lond) 
2015; 39: 222–227.

 20. Sipila K, Koivistoinen T, Moilanen L, et al. Metabolic 
syndrome and arterial stiffness: the Health 2000 Survey. 
Metabolism 2007; 56: 320–326.

 21. Gunarathne A, Patel JV, Hughes EA, et al. Measurement of 
stiffness index by digital volume pulse analysis technique: 
clinical utility in cardiovascular disease risk stratification. 
Am J Hypertens 2008; 21: 866–872.

 22. Jennersjo P, Ludvigsson J, Lanne T, et al. Pedometer-
determined physical activity is linked to low systemic 
inflammation and low arterial stiffness in Type 2 diabetes. 
Diabet Med 2012; 29: 1119–1125.

 23. Madden KM, Lockhart C, Cuff D, et al. Short-term aerobic 
exercise reduces arterial stiffness in older adults with Type 2 
diabetes, hypertension, and hypercholesterolemia. Diabetes 
Care 2009; 32: 1531–1535.

 24. Chen CH, Ting CT, Nussbacher A, et al. Validation of 
carotid artery tonometry as a means of estimating augmen-
tation index of ascending aortic pressure. Hypertension 
1996; 27: 168–175.

 25. Horvath IG, Nemeth A, Lenkey Z, et al. Invasive validation 
of a new oscillometric device (Arteriograph) for measuring 
augmentation index, central blood pressure and aortic pulse 
wave velocity. J Hypertens 2010; 28: 2068–2075.

 26. Riggio S, Mandraffino G, Sardo MA, et al. Pulse wave 
velocity and augmentation index, but not intima-media 
thickness, are early indicators of vascular damage in hyper-
cholesterolemic children. Eur J Clin Invest 2010; 40: 250–
257.

 27. Rosenbaum D, Giral P, Chapman J, et al. Radial augmenta-
tion index is a surrogate marker of atherosclerotic burden 
in a primary prevention cohort. Atherosclerosis 2013; 231: 
436–441.

 28. Wilhelm B, Klein J, Friedrich C, et al. Increased arterial 
augmentation and augmentation index as surrogate param-
eters for arteriosclerosis in subjects with diabetes mellitus 
and nondiabetic subjects with cardiovascular disease. J 
Diabetes Sci Technol 2007; 1: 260–263.

 29. Samaras K, Viardot A, Lee PN, et al. Reduced arterial stiff-
ness after weight loss in obese Type 2 diabetes and impaired 
glucose tolerance: the role of immune cell activation and 
insulin resistance. Diab Vasc Dis Res 2013; 10: 40–48.

 30. Forst T, Wilhelm B, Pfutzner A, et al. Investigation of the 
vascular and pleiotropic effects of atorvastatin and pioglita-
zone in a population at high cardiovascular risk. Diab Vasc 
Dis Res 2008; 5: 298–303.

 31. Wohlin M, Sundstrom J, Andren B, et al. An echolucent 
carotid artery intima-media complex is a new and inde-
pendent predictor of mortality in an elderly male cohort. 
Atherosclerosis 2009; 205: 486–491.

 32. Eklund C, Omerovic E, Haraldsson I, et al. Radial artery 
intima-media thickness predicts major cardiovascular events 
in patients with suspected coronary artery disease. Eur Heart 
J Cardiovasc Imaging 2014; 15: 769–775.

 33. Peters SA, Lind L, Palmer MK, et al. Increased age, high 
body mass index and low HDL-C levels are related to an 
echolucent carotid intima-media: the METEOR study. J 
Intern Med 2012; 272: 257–266.

 34. Lind L, Andersson J, Ronn M, et al. The echogenecity 
of the intima-media complex in the common carotid 
artery is closely related to the echogenecity in plaques. 
Atherosclerosis 2007; 195: 411–414.

 35. Fritz T, Caidahl K, Krook A, et al. Effects of Nordic walk-
ing on cardiovascular risk factors in overweight individuals 



324 Diabetes & Vascular Disease Research 12(5)

with Type 2 diabetes, impaired or normal glucose tolerance. 
Diabetes Metab Res Rev 2013; 29: 25–32.

 36. Jorneskog G, Kalani M, Kuhl J, et al. Early microvascular 
dysfunction in healthy normal-weight males with heredity 
for Type 2 diabetes. Diabetes Care 2005; 28: 1495–1497.

 37. Baulmann J, Schillings U, Rickert S, et al. A new oscil-
lometric method for assessment of arterial stiffness: com-
parison with tonometric and piezo-electronic methods. J 
Hypertens 2008; 26: 523–528.

 38. Ring M, Eriksson MJ, Zierath JR, et al. Arterial stiffness 
estimation in healthy subjects: a validation of oscillometric 
(Arteriograph) and tonometric (SphygmoCor) techniques. 
Hypertens Res 2014; 37: 999–1007.

 39. Chowienczyk PJ, Kelly RP, MacCallum H, et al. 
Photoplethysmographic assessment of pulse wave reflec-
tion: blunted response to endothelium-dependent beta2-adr-
energic vasodilation in type II diabetes mellitus. J Am Coll 
Cardiol 1999; 34: 2007–2014.

 40. Ring M, Farahnak P, Gustavsson T, et al. Arterial structure 
and function in mild primary hyperparathyroidism is not 
directly related to parathyroid hormone, calcium, or vitamin 
D. PLoS ONE 2012; 7: e39519.

 41. Wendelhag I, Liang Q, Gustavsson T, et al. A new auto-
mated computerized analyzing system simplifies readings 
and reduces the variability in ultrasound measurement of 
intima-media thickness. Stroke 1997; 28: 2195–2200.

 42. Olson TP, Dengel DR, Leon AS, et al. Moderate resistance 
training and vascular health in overweight women. Med Sci 
Sports Exerc 2006; 38: 1558–1564.

 43. Green DJ, Swart A, Exterkate A, et al. Impact of age, sex 
and exercise on brachial and popliteal artery remodelling in 
humans. Atherosclerosis 2010; 210: 525–530.

 44. Bedi US, Singh M, Singh PP, et al. Effects of statins on pro-
gression of carotid atherosclerosis as measured by carotid 
intimal–medial thickness: a meta-analysis of randomized 
controlled trials. J Cardiovasc Pharmacol Ther 2010; 15: 
268–273.

 45. Thijssen DH, Cable NT and Green DJ. Impact of exercise 
training on arterial wall thickness in humans. Clin Sci 2012; 
122: 311–322.

 46. Ribeiro F, Alves AJ, Duarte JA, et al. Is exercise train-
ing an effective therapy targeting endothelial dysfunction 
and vascular wall inflammation? Int J Cardiol 2010; 141: 
214–221.

 47. McEniery CM, Wallace S, Mackenzie IS, et al. Endothelial 
function is associated with pulse pressure, pulse wave veloc-
ity, and augmentation index in healthy humans. Hypertension 
2006; 48: 602–608.

 48. Mann S, Beedie C, Balducci S, et al. Changes in insulin 
sensitivity in response to different modalities of exercise: a 
review of the evidence. Diabetes Metab Res Rev 2014; 30: 
257–268.


