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Introduction 

Regular physical exercise as well as high aerobic capacity reduces cardiovascular risk beyond 

the level explained by modification of traditional risk factors [23, 47]. The cardiovascular 

system adapts to repeated aerobic exercise in many ways, and studies comparing endurance 

athletes with sedentary controls, show besides cardiac enlargement [19] also increased 

dimension of large veins [20] and arteries that supply muscles at work [34]. Moreover, cross-

sectional studies have showed either unaltered [36], thinner [33], or thicker intima media 

complex in large arteries [1] of athletes compared to untrained controls. Despite these divergent 

findings, a theory that exercise systemically reshape the arterial wall has been proposed based 

on results from small studies [33, 41]. The few previous longitudinal studies evaluating the 

response to 2-6 months of aerobic exercise training have found either altered arterial 

distensibility and/or geometry [15, 31], or no measurable response [12, 40]. This probably 

reflects that the vascular adaptation to exercise training is multifactorial, and that factors 

including selection criteria, exercise mode and accumulated exercise volume influence the 

response. In addition, the impact of sex-hormones on the cardiovascular system is gender-

specific [13], and prolonged exercise may promote divergent neuroendocrine and metabolic 

effects in men and women [11]. Higher late systolic pressure amplification is found in central 

arteries of girls compared to boys, while higher age-related decline in carotid wall distensibility 

has been reported in women [2, 45]. Since most previous exercise intervention studies have 

recruited only men or present compiled data from men and women [7], knowledge of the 

vascular adaptation to training in women is limited. The primary aim of the current study was 

to evaluate the vascular adaptation to indoor cycling in healthy, pre-menopausal women. We 

hypothesized that arterial adaptation occurs in regions with high blood flow during exercise, 

and that this association is positively associated to a change in exercise capacity. 
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Materials and methods 

Subjects 

By advertisement, 53 non-smoking female Caucasian volunteers (21-45 years, mainly students 

and hospital employees) were recruited. They were all presumably healthy without any history 

of cardiovascular disease or diabetes. Pregnancy, use of blood pressure lowering drugs and 

inability to perform a maximal exercise excluded them from participation. Subjects were 

characterized as being either sedentary or recreationally active, i.e. performing physical activity 

at low intensity in their daily life and/or had exercised occasionally in the past. Subjects were 

assigned to either an indoor cycling exercise group (ICE) or a time control group (CON) 

instructed to maintain their regular sedentary lifestyle.  

Between baseline and follow-up, four subjects in ICE group discontinued exercise training, 

whereas seven in CON group declined follow-up examinations. Thus, the final study 

population consisted of 21 subjects in each group. All subjects gave their written informed 

consent to participation. The present study that meets the ethical standards in sport and exercise 

research [17], was approved by the regional ethical review board in Linköping, Sweden. 

Exercise training regimen 

To assure a high generalizability and feasibility, subjects in the ICE group were instructed to 

join indoor cycling classes at a local gym, aiming to complete three sessions per week over 

twelve weeks.  Each exercise session lasted for 45-60 minutes, cadence and resistance were 

continuously adjusted by each subject with motivation and instructions from an indoor cycling 

instructor. Subjects were encouraged to reach a sense of high effort during their work out 

session. Further details on training regimen are found in the electronic supplement file. 

Study protocol 
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At baseline and at the three months follow-up, each subject visited the clinic twice within one 

week, where one single operator performed all examinations. Prior to their visits, subjects were 

requested to avoid caffeinated drinks for three hours, alcohol and heavy exercise for 12 hours.  

First visit: A venous blood sample was drawn after an over-night fast. After a light low-fat 

breakfast, subjects rested in the supine position for ten minutes (room temperature 22-24ºC). 

First, upper arm and ankle systolic blood pressure (SBP) were determined bilaterally by 

detecting the return of the pulsatile blood flow during cuff deflation with the aid of a Doppler 

device, and capillary plasma glucose concentration was determined. Second, arterial wall 

tracking of 1) mid infra-renal abdominal aorta (AA); 2) right distal common carotid artery 

(CCA), 1-2 cm proximal from carotid bifurcation and; 3) left distal brachial artery (BA), 0-5 

cm proximal from antecubital crease, were performed. Brachial blood pressure and heart rate 

(HR) were measured before and after each set of diameter distension waveforms. Third, the 

pressure wave configuration of the left radial artery and the right CCA was recorded non-

invasively with the aid of applanation tonometry for 10 seconds. Finally, B-mode ultrasound 

images from the same arterial sites as during the wall tracking procedure were saved. For 

statistical analysis, the average values  from three saved registrations or imageswere used. The 

Doppler blood pressure measurements as well as the venous blood sample can be regarded as 

screening tests to ensure normality in all volunteers. 

Figure 1 present an overview over the vascular examinations. 

Second visit: Subjects underwent echocardiographic evaluation (data previously reported [21]) 

followed by an incremental exercise test. 

Laboratory measurement 
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Standard analysis included glycated haemoglobin A1c (HbA1c) and fasting plasma glucose 

(FPG).The HPLC method was used to determine HbA1c, here presented according to the IFCC 

standard.  

Exercise test 

Maximal work capacity was determined on an electronically braked cycle ergometer (RE830, 

Rodby Electronic, Södertälje, Sweden), connected to an exercise ECG system (Marquette 

CASE 8000, GE Medical Systems, Milwaukee, WI, USA). The incremental work test 

commenced at an initial work load of 80 W and was increased thereafter by 10 W/min until 

volitional fatigue, interrupted by a five minutes steady state plateau at 120 W where the subject 

also rated their perceived exertion [8]. Heart rate was continuously monitored from a 12-lead 

ECG. Systolic upper arm cuff pressure was measured by detecting the radial artery pulse with 

Doppler (Parks model 812, Parks Medical Electronics inc, Aloha, OR, USA) during cuff 

deflation in sitting position on the bicycle before exercise and during 120 W exercise. 

Further information of the vascular methods is available as electronic supplement material, see 

method and figure file. 

 

Statistical analysis 

Data is presented as mean ± standard error unless otherwise noted. Δ denotes the change 

between the two visits. Paired t-tests were used for pre- to post intervention comparison, while 

Student’s t-tests were used for between group comparisons. The chi-square test was used for 

the evaluation of categorical data. Pearson’s correlation coefficient or univariate regression 

analysis was used for determining associations between continuous variables. Correlation 

analysis was performed between change in parameters of fitness (peak workload and 

submaximal heart rate at 120 W) and change in selected vascular parameters. . P<0.05 was 
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considered statistically significant. SPSS version 22 (IBM Software, Armonk, NY, USA) was 

used for statistical analysis. 

Results 

Baseline characteristics of subjects are presented in table 1. The 21 subjects in ICE group 

completed from 22 to 45 (median 32) indoor cycling sessions over the three months. The 

systolic ankle to brachial pressure index (ABI) was > 1.0, HbA1c < 42 mmol/mol and FPG < 

6.1 mmol/L in all subjects at baseline. 

Blood pressure and heart rate at rest 

Neither brachial nor estimated central pulse pressure changed following the exercise 

intervention (table 2), while heart rate at rest dropped markedly from 63±1 to 55±1 min-1 

(p<0.001). 

Exercise test data 

Maximal work capacity improved from 197±7 to 229±7 W (p<0.001) in ICE group, whereas no 

significant change was found in CON (figure 2). After intervention, HR during exercise at 120 

W decreased in ICE (154±3 to 139±2, p<0.001), whereas no change in the systolic BP at 120 

W was seen (174±4 vs 172±4 mmHg). In ICE group, the median rating of perceived exertion at 

120 W dropped from 14 to 12 (p<0.01), while unchanged at 14 in CON. In the CON group, HR 

and systolic BP at rest and during 120 W exercise were unchanged. 

Arterial geometry 

AA, CCA and BA dimensions are presented in table 3. At baseline, there was no difference 

between groups in lumen diameter (LD), imtima media thickness (IMT) or their ratio at any 

measurement site. Both AA LD (p<0.01) and BA LD (p<0.05) increased in the ICE group, 
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whereas no significant changes were found in the CON group. IMT remained unaltered at all 

sites in the two groups. The diameter of the tubular ascending aorta was higher at follow-up in 

the ICE group (26.8±0.7 vs 27.8±0.7 mm, p<0.01) while unchanged in the CON group 

(28.1±0.9 vs 27.4±0.9 mm, NS). The aortic root dimension measured at sinuses of Valsalva did 

not change significantly in either group from baseline to follow-up (ICE: 28.9±0.5 vs 29.0±0.5 

mm; CON: 28.8±0.5 vs 29.2±0.6 mm).  

Arterial wall properties 

Data from pulse wave analysis is presented in table 2. After adjustment for heart rate, no 

change in recorded radial or estimated central aortic pulse pressure augmentation index was 

seen. 

In CCA, the distensibility coefficient (DC) changed from 45±3 to 53±4 kPa-3 in ICE group 

(p<0.05), whereas similar DC were found in AA and BA before and after intervention, and at 

all sites in CON (figure 3). 

Correlations 

A positive correlation was found between absolute change in peak workload and absolute 

change in diameter of the ascending aorta (r=0.42, p<0.01) in ICE, and after compiling all 

subjects (r=0.47, p<0.01).   Furthermore, an absolute change in HR@120W was oppositely 

correlated with change in diameter of the aortic root (r=0.32, p<0.05) and of the ascending 

aorta (r=-0.38, p<0.05). For graphical display of the relation between relative change in peak 

workload and submaximal heart rate with the change in aortic diameters, see figure 4. 

There were no significant correlations between change in peak workload or HR@120W and 

change in IMT in any vessel. However, a change in AA IMT/LD-ratio was positively and 

weakly correlated to change in submaximal heart rate (r=0.34 for relative change, r=0.34 for 

absolute change, both p<0.05). 
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A change in DC, augmentation index (AI) or AI normalized to a heart rate of 75 min-1 was not 

correlated with change in peak workload or HR@120W. Estimated central pulse pressure was 

negatively correlated with change in HR@120W (r=-0.40 for relative change and r=-0.38 for 

absolute change, p<0.01 and p<0.05 respectively).  

 

Discussion 

The main finding of the present study was that regular indoor bicycle exercise for 12 weeks 

increased the diameter of ascending aorta and the AA LD in premenopausal untrained women. 

In addition, fitness improved following the intervention, measured as higher exercise capacity 

and lower heart rate at a submaximal workload, and both measures were correlated to an 

increase in the diameter of the tubular ascending aorta.  

To achieve a high generalizability, we choose a realistic setting with regular indoor cycling 

classes at a local gym. Despite the maintained popularity of indoor cycling during the last 

decade, the physiological evaluation has mainly been limited to documented performance 

during individual sessions, confirming that most individuals during classes occasionally 

reaches their VO2 max [4, 9]. 

In the current study, the diameter of ascending as well as abdominal aorta increased following 

training, while the diameter of sinuses of Valsalva was unaltered. Interestingly, we have 

previously demonstrated reduced diameter of tubular ascending aorta, but not the aortic root, in 

young adults following fetal intra-uterine growth restriction and reduced fetal aortic blood flow 

[5]. While the size of the aortic root has been extensively studied in different categories of 

athletes, comprehensively summarized in a meta-analysis by Iskandar et al. (2013), the effect of 

endurance exercise on other aortic segments is far less studied. Neither Houker et al. (2003) nor 

Peterson et al. (2006) found increased local aortic diameter in road cyclists or rowers, while 
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Miyachi et al. (1998) observed larger luminal size of abdominal aorta in young healthy males 

after only two month of ambitious bicycle training. Besides the conduit function, the ascending 

aorta has a cushioning function, ensuring continuous blood perfusion to peripheral organs over 

the cardiac cycle. During lower extremity endurance exercise, aortic blood flow as well as 

pulse pressure increases, while the diameter is unaffected or even decreases, resulting in higher 

mean shear wall stress and lower oscillatory shear stress that differs in magnitude along the 

aorta [3, 10]. The shear stress stimuli enhance the release of endothelial nitric oxide and other 

vasodilating factors from the vessel wall leading to outward remodeling [14]. Thus, it seems 

plausible that the stimulus responsible for the aortic remodeling in the current study is the 

repeated periods of volume blood flow through aorta to the lower extremity during the indoor 

cycling sessions. We have previously shown that sympathetic stimulation does not have any 

significant effect on the aortic diameter, at least not in the abdominal aorta [37]. It is thus 

probable that the aortic enlargement represents true vascular remodeling. The absent diameter 

change of the sinuses of Valsalva in comparison to the tubular ascending aorta could be due to 

characteristic aortic root geometry which create an altered flow pattern. Moreover, the 

mechanical stress that causes rapidly alternating wall tension during the cardiac cycle is higher 

for proximal aorta than abdominal aorta [3]. Nevertheless, young elite athletes (predominantly 

males) have been found to have larger aortic root diameter than sedentary subjects [24], in 

parallel to enlarged cardiac chambers. It is possible that training stimulus needs to be greater 

than in the current study to induce aortic root enlargement, or that this adaptation is secondary 

to left ventricular remodeling in elite athletes. 

We found no difference in CCA LD following the intervention, which is in agreement with an 

interventional study by Spence et al. (2013) and a cross-sectional study with young female 

athletes [18]. However, larger luminal size has previously been found in the CCA of young 

male cyclists and swimmers [46]. The reason for these divergent findings is unknown but 
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differences in selection criteria’s as well as a gender specific influence from sex-hormones on 

the cardiovascular system could be potential contributors [13]. In general, athletes in sports 

with high demands on lower body muscles present larger size of their conduit muscular arteries 

than sedentary subjects, while these vessels are narrower in subjects with lower body disability 

[33, 46]. It is well known that whole body athletes like rowers exhibit enlargement of their 

brachial artery [30], whereas no or minor effects on brachial artery size are seen in exercise 

intervention studies where subjects perform dynamic lower body work [16, 37]. Whether the 

minor BA LD increase in the present study reflect structural changes, change in basal vascular 

tone, or is just a coincident finding, cannot be determined. However, no reduction of basal 

sympathetic nerve activity has been reported after aerobic exercise intervention [32]. 

By ageing, IMT increases as an adaptive response to alteration in flow, lumen diameter or wall 

tension to normalize local tensile stress. It is believed that intima-media thickening up to 

certain level reflect a non-atherosclerotic remodeling, whereas a thicker carotid artery wall is 

positively associated with increased cardiovascular risk [43]. Some argue that that exercise 

training changes the general arterial structure (i.e. IMT), not only in the conduit arteries that 

supplies the working muscles [34, 41]. It is striking that we found unaltered IMT at all three 

arterial sites after the three months intervention period despite improved cardiorespiratory 

fitness, while others show that similar degree of fitness improvement in males is accompanied 

by reduced IMT. Since arterial luminal distension is accompanied by intima-media 

compression, the lack of expansive remodeling may contribute to the unaltered IMT. On the 

other hand, observation of  wider brachial artery on the dominant side but thinner intima-media 

bilaterally in male squash players [34], suggests that arterial enlargement is not crucial for 

achieving an exercise related reduction of IMT. Other possible explanations for unaltered IMT 

could be that three months exercise intervention is to short duration to induce changes of IMT 

in women, or alternatively, women’s arteries respond differently to exercise training. We have 
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previously demonstrated that young female endurance athletes have similar CCA geometry as 

age-matched controls [6]. Since CCA blood flow only increases slightly during intense aerobic 

exercise [35], and far less than in conduit arteries that supply the working muscles, it is 

conceivable that minor enhancement of the pressure and shear stress stimuli has not enough 

impact on the carotid and brachial artery to alter the local wall thickness in young women. 

An age-related loss of arterial wall distensibility (“vascular ageing”) is seen in central elastic 

arteries from early age, mainly because of elastin being replaced by stiffer collagen. Low 

arterial distensibility is independently linked to increased risk for future cardiovascular events 

[48]. Thus, it is of considerable interest to explore whether exercise alone might explain the 

association between a high aerobic fitness level and high arterial distensibility that has been 

found in earlier cross-sectional studies [28, 42]. In our study, carotid artery distensibility 

increased somewhat after intervention, while the aortic and brachial mechanical properties, as 

well as the pressure wave configuration were unaltered (figure 3). Since we recruited young 

women with presumptively healthy distensible arteries it may be argued that higher exercise 

volume and/or intensity might be needed to induce effects on arterial distensibility. 

Accordingly, middle aged and elderly women seem to have a better potential to affect their 

reduced arterial distensibilty by adopting a physical active lifestyle [28, 39]. Whether the 

vascular response to exercise is of similar magnitude in both young women and men is at 

present unknown but improved large artery distensibility after short-term endurance training 

has been reported in young males [25]. 

Limitations 

First, arterial wall properties might fluctuate over the menstrual cycle [29]. Because of logistic 

reasons we had to examine the women in different phases of the menstrual cycle, although the 

second test were performed in the same menstrual phase as the first. Second, aerobic capacity is 

commonly reported as VO2 max. Although a linear relation between increasing VO2 demand 
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and maximal bicycle power output exist, considerable inter-individual variation may occur 

when the change in peak power output is related to change in peak VO2 [44]. Third, the saved 

ultrasonic B-mode images were analysed off-line in a semi-automatic software. A software for 

automatic LD and IMT edge detection from video sequences could have diminished the 

influence by the reader. Finally, the cardiovascular adaptation is influenced by the specific 

exercise modality that generate different blood flow and shear stress patterns in active and 

inactive vascular beds [26]. Therefore, our findings are valid only for the used protocol and the 

vascular bed examined. 

In conclusion, indoor cycling at a local gym is a feasible mode of exercise for pre-menopausal 

women that not only lead to improved aerobic capacity, but also to regional vascular 

adaptation. Interestingly, the changed ascending aortic diameter  was positively correlated to 

the degree of improved cycling capacity after the three months training period. 

  



 12 

References 

[1] Abergel GE, Linhart A, Chatellier G, Gariepy J, Ducardonnet G, Diebold B, Menard J. 

Vascular and cardiac remodeling in world class professional cyclists. Am Heart J 1998; 

136: 818-823  

[2] Ayer JG, Harmer JA, Marks GB, Avolio A, Celermajer DS. Central arterial pulse wave 

augmentation is greater in girls than boys, independent of height. J Hypertens 2010; 28: 

306-13 

[3] Bal-Theoleyre L, Lalande A, Kober F, Giorgi R, Collart F, Piquet P, Habib G, Avierinos 

J-F. Aortic funtion’s adaptation in response to exercise-induced stress assessing by 1.5T 

MRI: A pilot study in healthy volunteers. PLoS One 2016; Jun 16:11: e0157704 

[4] Battista RA, Foster C, Andrew J, Wright G, Lucia A, Porcari JP. Physiological responses 

during indoor cycling. J Strength Cond Res 2008; 22: 1236-2241 

[5] Bjarnegård N, Morsing E, Cinthio M, Länne T, Brodszki J. Cardiovascular function in 

adulthood following intrauterine growth restriction with abnormal fetal blood flow. 

Ultrasound Obstet Gynecol 2013; 41: 177-84 

[6] Bjarnegård N, Länne T, Cinthio M, Ekstrand J, Hedman K, Nylander E, Henriksson J. 

Vascular characteristics in young women – effects of extensive endurance training or a 

sedentary lifestyle. Acta Physiol (oxf) 2018 Jun; 223: e13041 

[7] Black JM, Stohr EJ, Shave R, Esformes JI. Influence of exercise training mode on arterial 

diameter: A systematic review and meta-analysis. J Sci Med Sport 2016; 19: 74-80 

[8] Borg G, Ljunggren G, Ceci R. The increase of perceived exertion, aches and pain in the 

legs, heart rate and blood lactate during exercise on bicycle ergometer. Eur J Appl 

Physiol Occup Physiol 1985; 54: 343-349 

[9] Caria MA, Tangianu F, Concu A, Crisafulli A, Mameli O. Quantification of spinning 

bike performance during a standard 50-minute class. J Sports Sci 2007; 25: 421-429 

[10] Cheng CP, Herfkens RJ, Taylor CA. Abdominal aortic hemodynamic conditions in healthy 

subjects aged 50-70 at rest and during lower limb exercise: in vivo quantification using 

MRI. Atherosclerosis 2003; 168: 323-31 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cheng%20CP%5BAuthor%5D&cauthor=true&cauthor_uid=12801616
https://www.ncbi.nlm.nih.gov/pubmed/?term=Herfkens%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=12801616
https://www.ncbi.nlm.nih.gov/pubmed/?term=Taylor%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=12801616


 13 

[11] Davis S, Galassetti P, Wasserman D, Tate D. Effects of gender on neuroendocrine and 

metabolic counterregulatory responses to exercise in normal man. J Endocrinol Metab 

2000; 85: 224-230 

[12] Ferrier KE, Waddell TK, Gatzka CD, Cameron JD, Dart AM, Kingwell BA. Aerobic 

exercise training does not modify large-artery compliance in isolated systolic 

hypertension. Hypertension 2001; 38: 222–226 

[13] Franklin SS, Gustin W, Wong ND, Larson MG, Weber MA, Kannel WB, Levy D 

Hemodynamic patterns of age-related changes in blood pressure. The Framingham Heart 

Study. Circulation 1997; 96: 308–315 

[14] Goto C, Higashi Y, Kimura M, Noma K, Hara K, Nakagawa K, Kawamura M, Chayama 

K, Yoshizumi M, Nara I. Effects of different intensities of exercise on endothelium-

dependent vasodilatation in humans: Role of endothelium-dependent nitric oxide and 

oxidative stress. Circulation 2003; 108: 530-535 

[15] Green D, Swart A, Exterkate A, Naylor L, Black M, Cable T, Thijssen D. Impact of age, 

sex and exercise on brachial and popliteal artery remodelling in humans. Atherosclerosis 

2010; 210: 525-530 

[16] Hafner N, Womack C, Luden N, Todd M. Arterial adaptation to training among first time 

marathoners. Cardiovascular Ultrasound 2016; 14: 19 

[17] Harriss DJ, Macsween A, Atkinson G. Standards for Ethics in Sport and Exercise Science 

Research: 2018 Update. Int J Sports Med 2017; 38: 1126-1131 

[18] Hayashi K, Sugawara J, Aizawa K, Komine H, Yoshisawa M, Nakamura M, Yokoi T. 

Arterial elastic property in young endurance and resistance-trained women. Eur J Appl 

Physiol 2008; 104: 763-768 

[19] Hedman K, Tamas K, Henriksson J, Bjarnegård N, Brudin L, Nylander E. Female 

athlete’s heart: Systolic and diastolic function related to circulatory dimensions. Scand J 

Med Sci Sports 2015; 25: 372–381 

[20] Hedman K, Nylander E, Henriksson J, Bjarnegård N, Brudin L, Tamas E.  

Echocardiographic characterization of the inferior vena cava in trained and untrained 

females. Ultrasound Med Biol 2016; 42: 2794-2802 



 14 

[21] Hedman K, Bjarnegård N, Länne T. Left ventricular adaptation to 12 weeks of indoor 

cycling at the gym in untrained females. Int J Sports Med 2017; 38: 653-658 

[22] Huonker M, Schmid A, Schmidt-Trucksass A, Grathwohl D, Keul J. Size and blood flow 

of central and peripheral arteries in highly trained able-bodies and disabled athletes J 

Appl Physiol 2003; 95: 685-691 

[23] Hu G, Tuomilehto J, Silventoinen K, Barengo N, Jousilathi P. Joint effects of physical 

activity, body mass index, waist circumference and waist-to-hip ratio with the risk of 

cardiovascular disease among middle-aged Finnish men and women. Eur Heart J 2004; 

25: 2212-2219 

[24] Iskandar A, Thompson PD. A meta-analysis of aortic root size in elite athletes. Circulation 

2013; 127: 791-798 

[25] Kakiyama T, Sugawara T, Murakami H, Maeda S, Shinya K, Matsuda M. Effects of 

short-term endurance training on aortic distensibility in young males. Med Sci Sports 

Exerc 2005; 37: 267–271 

[26] Laughlin MH, Newcomer SC, Bender SB. Importance of hemodynamic forces as signals 

for exercise-induced changes in endothelial cell phenotype. J Appl Physiol 2008; 104: 

588-600 

[27] Miyachi M, Iemitsu M, Okutsu M, Onodera S. Effects of endurance training on the size 

and blood flow of the arterial conductance vessels in humans. Acta Physiol Scand 1998; 

163: 13-16 

[28] Moreau KL, Donato AJ, Seals DR, DeSouza CA, Tanaka H. Regular exercise, hormone 

replacement therapy and age-related decline in carotid arterial compliance in healthy 

women. Cardiovasc Res 2003; 57: 861-868 

[29] Papaioannou TG, Stamatelopoulos KS, Georgiopoulos G, Vlachopoulos C, Georgiou S, 

Lykka M, Lambrinoudaki I, Papamichael CM, Stefanadis CI. Arterial wave reflections 

during the menstrual cycle in healthy women: a reproducibility study. Hypertension 

2009; 54: 1021-1027 

 [30] Petersen S, Wiesmann F, Hudsmith L, Robson M, Francis J, Selvanayagam J, Neubauer S, 

Channon K. Functional and structural vascular remodeling in elite rowers assessed by 

cardiovascular magnetic resonance. J Am Coll Cardiol 2006; 48: 790-797 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Iskandar%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23322885
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thompson%20PD%5BAuthor%5D&cauthor=true&cauthor_uid=23322885
https://www.ncbi.nlm.nih.gov/pubmed/?term=Miyachi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9648618
https://www.ncbi.nlm.nih.gov/pubmed/?term=Iemitsu%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9648618
https://www.ncbi.nlm.nih.gov/pubmed/?term=Okutsu%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9648618
https://www.ncbi.nlm.nih.gov/pubmed/?term=Onodera%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9648618


 15 

[31] Rakobowchuk M, Tanguay S, Burgomaster K, Howarth K, Gibala M, MacDonald M. 

Sprint interval and traditional endurance training induce similar improvements in 

peripheral arterial stiffness and flow-mediated dilatation in humans. Am J Physiol Regul 

Integr Comp Physiol 2008; 295: R236-R242 

[32]  Ray CA, Carter JR. Effects of aerobic exercise training on sympathetic response to 

mental stress in humans. Am J Physiol Heart Circ Physiol 2010; 298: H229-234 

[33]  Rowley N, Dawson E, Birk G, Cable T, George K, Whyte G, Thijssen D, Green D. 

Exercise and arterial adaptation in humans: uncoupling localized and systemic effects. J 

Appl Physiol 2011; 110: 1190-1195 

[34] Rowley N, Dawson E, Hopman M, George K, Whyte G, Thijssen D, Green J. Conduit 

diameter and wall remodeling in elite athletes and spinal cord injury. Med Sci Sports 

Exerc 2012; 44: 844-849 

[35] Sato K, Ogoh S, Hirasawa A, Oue A, Sadamoto T. The distribution of blood flow in the 

carotid and vertebral arteries during dynamic exercise in humans. J Physiol, 2011; 589 

2847-2856 

[36] Schmidt-Trucksass A, Schmid A, Dorr B, Hounker M. The relationship of left ventricular 

to femoral artery structure in male athletes. Med Sci Sports Exerc 2003; 35: 214-219 

[37] Sonesson B, Vernersson E, Hansen F, Länne T. Influence of sympathetic stimulation on 

the mechanical wall properties of the aorta in humans. Acta Physiol Scand 1997; 159: 

139-145 

[38] Spence A, Carter H, Naylor L, Green D. A prospective randomized longitudinal study 

involving 6 months of endurance or resistance exercise. Conduit artery adaptation in 

humans. J Physiol 2013; 591:1265-1275 

[39] Sugawara J, Otsuki T, Tanabe T, Hayashi K, Maeda S, Matsuda M. Physical activity 

duration, intensity, and arterial stiffening in postmenopausal women. Am J Hypertens 

2006; 19: 1032–1036 

[40] Tanaka H, Seals D, Monohan K, Clevenger C, DeSouza C, Dinneno F. Regular aerobic 

exercise and the age-related increase in carotid artery intima-media thickness in healthy 

men. J Appl Physiol 2002; 92: 1458–1464 



 16 

[41] Thijssen D, Dawson E, van den Munckhof I, Birk G, Cable T, Green D. Local and 

systemic effects of leg cycling training on arterial wall thickness in healthy humans. 

Atherosclerosis 2013; 229: 282-286 

[42] Vaitkevicius P, Fleg P, Engel J, O’Connor F, Wright J, Lakatta L, Yin F, Lakatta E. 

Cardiovascular risk factors, lipids, and insulin: Effects of age and aerobic capacity on 

arterial stiffness in healthy adults. Circulation 1993; 88:1456-1462 

[43] Van den Oord S, Sijbrands E, ten Kate G, van Klaveren D, van Domburg R, van der 

Steen A, Schinkel A. Carotid intima-media thickness for cardiovascular risk assessment: 

Systematic review and meta-analysis. Atherosclerosis 2013; 228: 1-11 

[44] Vollaard N, Constantin-Teodosiu D, Fredriksson K, Rooyackers O, Jansson E, Greenhaff 

P, Timmons J, Sundberg CJ. Systemic analysis of adaptations in aerobic capacity and 

submaximal energy metabolism provides a unique insight into determinants of human 

aerobic performance. J Appl Physiol 2009; 106: 1479-1486 

[45] Waddell TK, Dart AM, Gatzka CD, Cameron JD, Kingwell BA. Women exhibit a greater 

age-related increase in proximal aortic stiffness than men. J Hypertens 2001; 19: 2205-

2212 

[46] Walther G, Nottin S, Karpoff L, Perez-Martin A, Dauzat M, Obert P. Flow-mediated 

dilation and exercise-induced hyperaemia in highly trained athletes: comparison of the 

upper and lower limb vasculature. Acta Physiol (Oxf) 2008; 193: 139-50 

[47] Wessel T, Arant C, Olson M, Johnson D, Reis S, Sharaf B, Shaw L, Handberg E, Sopko 

G, Kelsey S, Pepine C, Bairey Merz N. Relationship of physical fitness vs body mass 

index with coronary artery disease and cardiovascular events in women. JAMA 2004; 

292: 1179-1187 

[48] Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs L, Ibsen H, 

Jeppesen J. Prognostic value of aortic pulse wave velocity as index of arterial stiffness in 

the general population. Circulation 2006; 113: 664-670 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Waddell%20TK%5BAuthor%5D&cauthor=true&cauthor_uid=11725165
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dart%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=11725165
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gatzka%20CD%5BAuthor%5D&cauthor=true&cauthor_uid=11725165
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cameron%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=11725165
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kingwell%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=11725165


Figure legend 
 
Figure 1  

The vascular methods and their approximate recording sites For details, see ‘Methods’ and 

supplementary material. 

 
Figure 2  

Individual (dots) and mean (horizontal lines) peak workload in each group at baseline and 

follow-up. Open circles represent controls (CON) and filled circles indoor cycling exercise 

group (ICE). 

Figure 3 

The relative change of the distensibility coefficient (DC) in abdominal aorta (AA), common 

carotid artery (CCA) and the brachial artery (BA) between baseline and follow-up. Filled grey 

bars represent exercise group, open bars controls. * p<0.05 within the exercise group. 

comparison. 

Figure 4 

Graphical display of relation between relative change in two parameters of fitness; peak 

workload (a-c) and heart rate at 120 Watts (HR@120W, d-f) with relative change in diameter 

of sinuses of Valsalva (a+d), ascending aorta (b+e) and abdominal aorta (c+f). R2 and β-

values for separate univariate regression models including all subjects. Filled, blue circles 

represent exercise group and red circles control group. 
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Exercise training regimen 

Subjects in the ICE group were instructed to join indoor cycling classes at a local gym, three 

sessions per week over twelve weeks. Subjects were encouraged to reach a sense of high 

effort (rate of perceived exertion 17 on the Borg scale) during their work out session without 

using heart rate monitors to imitate a realistic scenario. The workout intensity was however 

checked during one of their first exercise sessions using a heart rate monitor (Polar S610), 

showing an average heart rate that corresponded to 75-88% of their individual heart rate 

response (HRR) which was defined as (HRexercise-HRrest) / (HRmax-HRrest), taking 

HRmax from the baseline ergometer test. At each indoor cycling session, an instructor guided 

them through a 45-60 minutes program consisting of a warm-up phase followed by more 

challenging interval phases where resistance and cadence were altered until a period of peak 

effort was reached, followed by a cool down phase. Each subject self-registered completed 

exercise sessions in a log book and print-outs of their registered visits at the gym were later 

collected.  

Additional description of the vascular methods 

Vascular ultrasound 

A digital ultrasound system (HDI 5000, Philips Medical Systems, ATL Ultrasound, Bothell, 

WA, USA) equipped with an ECG module was used with a phased array (P4-2) transducer for 

determination of the end-diastolic diameter of the tubular ascending aorta and sinuses of 

Valsalva, using B-mode guided M-mode measurements in the parasternal view (figure 1A). 

The intra-observer in-between session coefficient of variation was 1.2% for tubular ascending 

aortic diameter measurements. 
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Linear array broadband transducers were used for scanning the CCA and BA (L12-5), and AA 

(L9-4). Frozen end-diastolic, magnified B-mode images were saved for later analysis on a PC 

with software (Artery Measurement System II, Image and Data Analysis, Gothenburg, 

Sweden) for off-line measurement of lumen diameter (LD) and intima-media thickness 

(IMT). Calibration and subsequent measurement was performed by manually tracing a cursor 

along the leading edge of the intima-lumen echo of the near wall, leading edge of the lumen-

intima echo and media-adventitia echo of the far wall to obtain mean LD and far wall IMT 

along a 10 mm long section of the artery (Figure 1C). During analysis, the measurement 

window was hidden for the operator and values were saved in a text file. 

Arterial wall tracking  

An ultrasound system (Esaote AU5, Esaote Biomedica, Florence, Italy) equipped with a 7.5 

MHz linear array, and a 3.5 MHz curved array transducer was used for real-time imaging of 

CCA, BA (7.5 MHz) and AA (3.5 MHz). The system was connected to a PC, with the Wall 

Track System software (WTS2, Pie Medical, Maastricht, The Netherlands). In short, ECG 

leads were connected to the subject and after visualisation of the artery in a B-mode 

longitudinal section, the scanner is switched to M-mode, and the M-mode line is positioned 

perpendicular to the anterior and posterior vessel wall. A window of sufficient width to 

include the envelope from both anterior and posterior wall is chosen, and the radio frequency 

signal is transferred to the PC for storage. A sample volume is automatically positioned on the 

media-adventitia transition of the anterior and posterior wall and track the positions over four 

seconds, followed by calculation of the diameter distension curve (Figure 2A). 
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Blood pressure measurement 

A blood pressure cuff of appropriated size was wrapped around the subject’s upper arm. The 

cuff was connected to an oscillometric blood pressure device (Dinamap PRO 200 Monitor, 

Critikon, Tampa, FL, U.S.A) that automatically calculate systolic, diastolic and mean arterial 

blood pressure together with heart rate with the aid of an implemented algorithm.  

Applanation tonometry 

The SphygmoCor system (Model MM3, AtCor Medical, Sydney, Australia) equipped with a 

Millar pressure tonometer was used to sample pulse waves during ten seconds to a 

commercially available software for on-line analysis (SphygmoCor version 7.0). The average 

central pressure waveform was obtained by a transfer function, calculated from the radial 

artery pressure waveform that was calibrated by taking the brachial systolic and diastolic 

pressures (Figure 2B). Time to reflection (Tr), augmentation index (AI) and augmentation 

pressure (Aug) were automatically calculated from the aortic waveform. Each file is given a 

quality index from 0 to 100 by the software, where the value 100 indicate regular heart 

rhythm and similar pressure wave configuration for all cardiac cycles. In most saved files, an 

index > 90 was obtained, while the files with quality index below 75 were rejected. Further 

prerequisites for accepting a file were; a true arterial pressure wave configuration and 

reasonable automatic identification of the two peaks, P1 and P2, during systole. 

Carotid artery pressure waveform was calibrated by taking mean arterial pressure (MAP) 

from the integrated radial artery pressure curve in combination with diastolic brachial 

pressure (DBP).  

Calculations and data analysis 
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The distensibility coefficient (DC, unit 10-3/kPa) is the relative increase of arterial cross-

section area for a given increase in pressure [1]. 

DC =
2

2

PD

DDD

∆

∆+∆2  

where D is the minimum diastolic diameter in mm, ∆D is pulsatile diameter change, ∆D2 is 

the square of the pulsatile diameter change in mm and ΔP is pulse pressure in kPa. The arm 

pulse pressure (PP) was used as a surrogate measure for local pulse pressure when DC of the 

AA was calculated, whereas the tonometer derived local PP was used in the calculation of 

CCA DC. The inter-session coefficients of variation for distensibility coefficients calculated 

from measurements in the CCA and the BA were 10 % and 14 %, respectively, in a previous 

methodological evaluation at our laboratory. 

The radial augmentation index (RA Al) is defined as the pressure at the second systolic 

shoulder (P2), divided by pressure at the first peak (P1) 

RA AI % = P2/P1 x 100  

The aortic augmentation index (AI) is defined as the increase of pressure over the first systolic 

shoulder (P1) due to wave reflection (Aug), divided by pulse pressure (ΔP). 

AI (%) = aug/PP x 100 

To account for differences in heart rate, AI@75 is also presented as the AI normalized to a 

heart rate of 75 min-1. 
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	Figure 2
	Individual (dots) and mean (horizontal lines) peak workload in each group at baseline and follow-up. Open circles represent controls (CON) and filled circles indoor cycling exercise group (ICE).
	Figure 3
	The relative change of the distensibility coefficient (DC) in abdominal aorta (AA), common carotid artery (CCA) and the brachial artery (BA) between baseline and follow-up. Filled grey bars represent exercise group, open bars controls. * p<0.05 within...
	Figure 4
	Graphical display of relation between relative change in two parameters of fitness; peak workload (a-c) and heart rate at 120 Watts (HR@120W, d-f) with relative change in diameter of sinuses of Valsalva (a+d), ascending aorta (b+e) and abdominal aorta...
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