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ABSTRACT 
 
Purpose: Increased arterial stiffness is observed with ageing and in individuals with low 

cardiorespiratory fitness (V̇O2peak), and associated with cardiovascular risk. Following an exercise 

bout, transient arterial stiffness reductions offer short-term benefit, but may depend on exercise 

intensity. This study assessed the effects of exercise intensity on post-exercise arterial stiffness in 

older adults with varying fitness levels. Methods: Fifty-one older adults (72±5y) were stratified into 

fitness tertiles (V̇O2peak:low-, 22.3±3.1; mid-, 27.5±2.4 and high-fit 36.3±6.5mL.kg-1.min-1). In a 

randomised order, participants underwent control (no-exercise), moderate-intensity continuous 

exercise (40% of peak power output; PPO), and higher-intensity interval exercise (70% of PPO) 

protocols. Pulse wave velocity (PWV), augmentation index (AIx75) and reflection magnitude (RM) 

were assessed at rest and during 90 min of recovery following each protocol. Results: After control, 

delta PWV increased over time (P<0.001) and delta RM was unchanged. After higher-intensity 

interval exercise, delta PWV (P<0.001) and delta RM (P<0.001) were lower to control in all fitness 

groups. After moderate-intensity continuous exercise, delta PWV was not different to control in low-

fit adults (P=0.057), but was lower in the mid- and higher-fit older adults. Post-exercise AIx75 was 

higher to control in all fitness groups (P=0.001). Conclusions: In older adults, PWV increases during 

seated rest and this response is attenuated after higher-intensity interval exercise, regardless of fitness 

level. This attenuation was also observed after moderate-intensity continuous exercise in adults with 

higher, but not lower fitness levels. Submaximal exercise reveals differences in the arterial stiffness 

responses between older adults with higher and lower cardiorespiratory fitness.  
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ABBREVIATIONS 

AIx75-Augmentation index corrected for heart rate  

cDBP- Central diastolic blood pressure 

cPP- Central pulse pressure 

cSBP- Central systolic blood pressure 

HR-Heart rate 

LMM-Linear mixed model 

MAP-Mean arterial pressure  

Pb- Backward pressure wave 

Pf- Forward pressure wave 

PPO- Peak power output 

PWV-Pulse wave velocity 

RM- Reflection magnitude 

RPE- Rate of perceived exertion 

V̇O2peak- Peak oxygen consumption 
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INTRODUCTION 

Age related arterial dysfunction is characterised by thickening of the artery wall (Tsao et al. 2014),  a 

reduction in endothelial and autonomic function (Thijssen et al. 2016),  and increased arterial stiffness. 

Elevated arterial stiffness is one of the earliest detectable manifestations of these adverse structural and 

functional changes to the vasculature, and contributes to the incidence of hypertension and the 

development of atherosclerosis (McEniery et al. 2005; Cecelja and Chowienczyk 2012). Carotid to 

femoral pulse wave velocity (PWV) is the criterion index representing central arterial stiffness (Van 

Bortel et al. 2012). Stiffening of the peripheral arteries also leads to an early return of the reflected 

pressure wave contributing to increases in central pulse pressure and arterial wall stress (Nichols et al. 

2011). Wave reflection characteristics are represented by the augmentation index (AIx) and reflection 

magnitude (RM) (Nichols and Singh 2002; Westerhof et al. 2006). Increases in PWV, AIx and RM at 

rest are independently associated with the future risk of cardiovascular events and mortality (Mitchell 

et al. 2010; Chirinos et al. 2012); however arterial stiffness is reduced with regular physical activity 

(Gando et al. 2016) and aerobic-exercise training in older adults (Kim et al. 2016; Fujie et al. 2014; 

Fujie et al. 2015). 

The benefits of regular exercise on vascular structure and function are commonly attributed to the 

repeated, transient, hemodynamic perturbations observed in response to a single bout of exercise 

(Romero et al. 2017; Green and Smith 2017). Reductions in arterial stiffness are evident after a single 

bout of  sub-maximal exercise in younger adults (Kingwell et al. 1997; Mutter et al. 2017), and are 

suggested to provide a window of benefit (Luttrell and Halliwill 2015), including a transient reduction 

in central blood pressure (Millen et al. 2016). On the other hand, pronounced post-exercise increases in 

central blood pressure and PWV have been reported in younger adults who are obese (Bunsawat et al. 

2017a) or have untreated hypertension (Gkaliagkousi et al. 2014). These increases in central blood 

pressure and PWV may be indicative of exercise-related risk in adults with established cardiovascular 

disease risk factors (Goodman et al. 2016). 

While higher levels of cardiorespiratory fitness are associated with lower basal (i.e. resting) arterial 

stiffness in older adults (Gando et al. 2016), the influence of cardiorespiratory fitness on the post-
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exercise arterial stiffness response is not well defined. In younger adults, post-exercise PWV is elevated 

in those with lower compared to higher cardiorespiratory fitness (Moore et al. 2016). With small 

increases in cardiorespiratory fitness with training, a transient post-exercise decrease in AIx, but not 

PWV, was reported in middle-aged post-menopausal females (Akazawa et al. 2015). To date, there have 

been no comparisons of the post-exercise arterial stiffness response between older adults with lower 

and higher levels of cardiorespiratory fitness.  

Higher-intensity interval exercise is increasingly recommended for older adults and clinical populations 

as it enables individuals to exercise at an intensity that may not be sustained with continuous exercise 

(Francois and Little 2015). Acute higher-intensity interval exercise is reported to induce a greater 

reduction in PWV and AIx compared to a bout of moderate intensity exercise in younger adults (Tordi 

et al. 2010; Hanssen et al. 2015); however, the short-term responses of arterial stiffness to a single bout 

of exercise have not yet been clearly established in older adults. A better understanding of these 

responses, and how they are influenced by exercise intensity and cardiorespiratory fitness, would 

provide a greater insight into the potential risks and benefits of exercise among older adults. Therefore, 

this study aimed to compare the effect of moderate-intensity continuous and higher-intensity interval 

exercise on indices of post-exercise arterial stiffness, including PWV and wave reflection characteristics 

(AIx, and RM) between older adults with low, mid and higher levels of cardiorespiratory fitness. 

METHODS 

Experimental Overview 

Participants underwent four laboratory visits, each following an overnight fast, refraining from alcohol 

and exercise for 24h, and caffeine for 12h, before each visit. Participants were required to consume a 

standardised meal consisting of oat biscuits (20g carbohydrate, 8g fat) 3h prior to attending the 

laboratory. Visit 1 included an incremental maximal cycling test for the determination of 

cardiorespiratory fitness (V̇O2peak) and peak power output. Three experimental visits were then 

conducted in a cross-over, counter-balanced randomised order, and consisted of a no-exercise control, 

a moderate-intensity continuous and a higher-intensity interval exercise protocol. Arterial stiffness was 
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measured at baseline and at multiple time points during 90 min of supine recovery (0, 20, 40, 60 and 90 

min). Lab conditions were standardised for each session in a climate controlled room (23 ± 1 ºC). To 

control for the diurnal variation of blood pressure and arterial stiffness, each individual performed the 

three visits at the same time of day, separated by 7 days (Li et al. 2014). 

Participants 

Fifty-one healthy older males and females aged 71 ±5 y were recruited through local advertisements. 

Participants were included if they were aged 60-86 y, able to complete cycling exercise and were non-

smokers (>12 months no smoking history). Participants were excluded if they had a known chronic 

metabolic or cardiovascular condition, or uncontrolled hypertension (average SBP ≥140 mmHg and/or 

an average DBP ≥90 mmHg). Participants were informed of the methods and study design verbally and 

in writing before providing written informed consent. The study conformed to the Declaration of 

Helsinki and was approved by the institutional ethics committees.  

Maximal incremental cycling test  

This test was performed on an electro-magnetically braked cycle ergometer (Lode Corival, Groningen, 

Netherlands). Following a 3-min warm up (0 W), the test began at 20 W and then increased by 10 W 

each minute until participants reached their maximum load. Prior to the test, participants were fully 

familiarised with the test procedures and instructed to provide a maximum effort during the test. 

Participants self-selected a pedal cadence (> 60 rpm) and maintained this throughout the test. Expired 

gases were collected continuously and data were averaged every 15 s (Parvo Medics, UT, USA) for the 

determination of oxygen consumption (V̇O2; mL·kg-1·min-1). Peak cardiorespiratory fitness was 

determined as the highest 15 s average of V̇O2 over the last 60 s of maximal exercise (V̇O2peak). Heart 

rate was measured continuously using a 12-lead ECG (Mortara Inc., WI, USA) and recorded, along 

with perceived exertion (RPE) using the 0-10 Borg scale (Borg 1998), during the final 10 s of each 

stage. Peak power output (PPO) at the cessation of exercise was used to establish the exercise intensity 

in the subsequent experimental visits. 
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Exercise and control protocols 

Following pre-test measurements of blood pressure and arterial stiffness, participants performed 24 min 

of: i) moderate-intensity continuous cycling at 40% PPO; or ii) higher-intensity interval cycling 

consisting of 12 x 60 s bouts at 70% PPO, with each interval separated by 60 s at 10% PPO; or iii) no-

exercise control (seated rest). Heart rate and RPE were recorded every 2 min during each protocol. 

Brachial blood pressure was measured every 6-min using a manual sphygmomanometer. Immediately 

following each protocol, participants moved back to the supine position for post-protocol measurements 

of arterial stiffness. 

Arterial stiffness measurements 

Indices of arterial stiffness (PWV, AIx and RM) were measured in the supine position using the 

SphygmoCor Xcel device (AtCor Medical, West Ryde, NSW, Australia), at baseline (after 15 min of 

quiet rest), and 0-90 min post-protocol. Participants were asked to remain quiet and still, before and 

during each measurement. Wave reflection characteristic measurements preceded PWV measurements, 

and these procedures are described in detail below. 

Wave reflection characteristics: Brachial artery waveforms were recorded from the right upper arm 

using the SphygmoCor Xcel (AtCor Medical, Sydney, Australia) and following standard guidelines 

(Hwang et al. 2014). Following triplicate assessment of blood pressure, a corresponding aortic pressure 

waveform was generated by applying a proprietary digital signal processing and transfer function 

(Butlin et al. 2012), from which central systolic (cSBP), diastolic (cDBP), central pulse pressure (cPP), 

mean arterial pressure (MAP), augmentation pressure (AP), and AIx, were derived. Central pulse 

pressure is calculated as the difference between cSBP and cDBP. Augmentation pressure is defined as 

the difference between cSBP and the pressure at the inflection point (the merging of forward and 

reflected waves). AIx is defined as the augmentation pressure expressed as a percentage of pulse 

pressure. As AIx is significantly affected by heart rate (Wilkinson et al. 2000), the index was corrected 

for a heart rate at 75 beats per minute (AIx75). Wave separation analysis was performed using 

SphygmoCor CVMS software (v.9). This method assumes a triangular-shaped flow wave approximated 
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from the estimated aortic pressure wave (Westerhof et al. 2006). The forward (Pf) and reflected (Pb) 

pressure waves correspond to the peak and the end of the assumed flow wave, respectively. The 

reflection magnitude (RM) is calculated as the ratio of the Pb to the Pf (RM = Pb/Pf *100). 

Pulse wave velocity (PWV): To assess carotid-femoral PWV, pulse waveforms were recorded 

simultaneously from the right carotid artery using a hand-held high fidelity applanation tonometer, and 

the right femoral artery using a cuff placed at mid-thigh level. The exact placement of the cuff over the 

thigh and of the tonometer on the carotid artery was marked with an indelible waterproof skin marker 

and the distance between the carotid site and the femoral artery was measured and replicated for all 

repeated sessions. The distance from the inguinal fold to the femoral cuff was standardised at 200 mm. 

After a stable carotid pulse signal was detected, the thigh cuff was inflated to 80 mmHg to obtain a 

concurrent femoral pulse waveform.  Measurements were based on 10 s pulse wave traces that were 

free of artefact and met the quality control threshold of the SphygmoCor Xcel device for pulse-to-pulse 

variability.    PWV was then determined by calculating the ratio of the distance between the carotid and 

femoral arteries to the transit time; measured as the time delay between the arrival of the pulse wave at 

the common carotid artery and the common femoral artery (Wilkinson et al. 2010). The coefficient of 

variation for resting PWV between visits in this study was 6.9%, which is consistent with previous 

reports (Millasseau et al. 2005). 

Statistical analyses 

Based on previous literature (Doonan et al. 2013) who reported a post-exercise difference of the change 

in PWV of 1.2±2.0 m.s-1  between males and females, our power calculation revealed that a cohort of 

17 participants per group (assuming a between group post-exercise difference in PWV of  1.2 m.s-1 with 

a SD of 2 m.s-1  and >80% power) would be required to reveal significant difference in the post-exercise 

PWV response between fitness groups. To differentiate the cohort on the basis of cardiorespiratory 

fitness, participants were stratified into tertiles based on their V̇O2peak. A Linear Mixed Model (LMM) 

was used to compare anthropometric characteristics and a Pearson’s chi squared test was used to 

compare categorical data between the three fitness groups. A two-way (group*protocol) LMM was used 
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to compare baseline arterial stiffness indices [PWV (m.s-1), AIx75 (%) and RM (%)] across the study 

visits. A three-way (group*protocol*time) LMM was used to compare measurements of arterial 

stiffness indices and central blood pressure among fitness groups (low-, mid- and high-fit group), across 

“time” (baseline, 0-, 20-, 40-, 60-, and 90-min post) and between each protocol (control, moderate- and 

higher-intensity exercise). Data were also analysed as changes from baseline (delta) to account for any 

baseline variance. Three-way LMM analysis was also used to detect any differences in heart rate, blood 

pressure and perceived exertion in response to the protocols among the fitness groups, across time (at 

2 min intervals for HR and RPE, and at 6 min intervals for BP) during each protocol. Statistically 

significant interactions were further investigated with multiple comparisons using the least significant 

difference approach (Rothman 1990). Analyses were conducted using the Statistical Package for Social 

Sciences (Version 22; IBM SPSS Inc., Chicago, IL). Statistical significance was set at P<0.05 and exact 

P values are cited (P values of 0.000 are reported as <0.001). Data are presented in the text as mean and 

95% confidence interval (95%CI) unless otherwise stated. 

RESULTS 

Participant characteristics 

Participant characteristics of the complete cohort, and comparisons between the low, mid and high 

fitness groups, are shown in Table 1. Cardiorespiratory fitness, measured as V̇O2peak, was higher in the high-fit group 

compared to mid-fit (P<0.001) and lower-fit groups (P<0.001) (Table 1). 

Heart rate, mean arterial pressure and perceived exertion during the experimental protocols 

Mean power output (W) during exercise was greater in the higher-fit group [moderate-intensity 

continuous: mean = 80W, (95% CI, 71 to 91); higher-intensity intervals: mean = 140W (95% CI, 133 

to 152)] compared to the mid [moderate-intensity continuous: mean = 64W, (95% CI, 48 to 74); higher-

intensity intervals: mean = 112W (95% CI, 91 to 123), P<0.001] and low-fit group [moderate-intensity 

continuous: mean = 52W, (95% CI, 45 to 64); higher-intensity intervals: mean = 91W (95% CI, 82 to 

103), P<0.001]. No differences were observed among the three fitness groups during exercise for mean 

heart rate (P=0.12), mean arterial pressure (P=0.94) and RPE (P=0.29). Mean heart rate was greater 
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during higher-intensity interval exercise [mean heart rate 109 b·min-1 (95% CI, 98 to 115)] compared 

to moderate-intensity continuous exercise [mean heart 91 b·min-1 (95% CI, 78 to 100, P<0.001)], and 

was higher during both exercise protocols compared to control (P<0.05). MAP was greater during 

higher-intensity interval [mean MAP 108 mmHg (95% CI, 98 to 112)] compared to moderate-intensity 

continuous exercise [mean MAP 103 mmHg (95% CI, 89 to 106), P=0.002] and was also higher during 

both exercise protocols than during control (P<0.05). Mean RPE was 4 (95% CI, 3 to 4) during higher-

intensity interval exercise compared to 3 (95% CI, 2 to 3, P<0.001) during moderate-intensity 

continuous exercise.  

Arterial stiffness and central blood pressure indices at baseline and in response to exercise 

Arterial stiffness and central blood pressure indices at baseline and during recovery (0 to 90 min post) 

after exercise/control protocols for the three fitness groups (low-, mid-, and high-fit) are shown in 

Tables 2 and 3. The relative change (delta) from baseline in PWV, AIx75 and RM among the three 

fitness groups for each protocol are shown in Fig 1-3. Findings are summarised below.  

Arterial stiffness indices at baseline were similar across the three separate testing days (pre-

exercise/control). AIx75 at baseline was 9.4% (95%CI 2.3 to 16, P=0.010) higher in the lower-fit 

compared to the higher-fit group (Table 2). There were no differences in PWV and RM between fitness 

groups. 

We did not observe a three-way (protocol*group*time) interaction for any of the arterial stiffness and 

central blood pressure indices (Tables 2 and 3). In control, PWV increased from baseline at all time-

points, whereas after the exercise protocols PWV increased from baseline at 90 min only (Table 2). A 

group*protocol interaction (P<0.001) revealed that delta PWV was lower after both exercise protocols 

in the mid- and high-fit groups, compared with delta PWV in control (Fig 1). Delta PWV was lower 

after higher-intensity interval exercise compared to moderate-intensity continuous exercise in the mid- 

and low-fit groups (Fig 1 b and c). Conversely, delta PWV was similar after moderate-intensity 

continuous exercise compared to control in the low-fit group, but was significantly lower after higher-

intensity interval exercise compared to control (Fig 1).  
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AIx75 decreased and remained below baseline for 90 min after control; and AIx75 was also significantly 

lower than baseline 40 to 90 min after both exercise protocols (Table 2). Delta AIx75 was significantly 

lower after control compared to both exercise protocols in all fitness groups (Fig 2). RM was unchanged 

after the control protocol, and decreased to below baseline levels for 20 min after moderate-intensity 

continuous exercise and for 90 min after higher-intensity interval exercise in all fitness groups (Table 

2). A protocol effect (P<0.001) revealed that delta RM was significantly lower after both exercise 

protocols compared with control, in all the fitness groups (Fig 3). Further, a group*protocol interaction 

(P=0.009) revealed that delta RM was lower after higher-intensity interval exercise compared to 

moderate-intensity continuous exercise in the mid- and low-fit groups, but not in the high-fit group (Fig 

3 b and c).  

After control, heart rate decreased below baseline for 90 min in all fitness groups. After both exercise 

protocols heart rate increased above baseline levels in all fitness groups, before returning to baseline by 

60 min post (Table 3). In all fitness groups, cSBP, cDBP and cPP increased above baseline for 90 min 

after control. After both exercise protocols in all fitness groups, cPP increased immediately after 

exercise (0 min post), and decreased to below baseline levels for up to 60 min post-exercise (Table 3). 

DISCUSSION  

This study demonstrates that the post-exercise arterial stiffness response is dependent on both the 

intensity of exercise and the level of cardiorespiratory fitness in healthy older adults. We observed 

significant increases in PWV following seated rest (control), with negligible changes in RM. Following 

higher-intensity interval exercise, PWV and RM were lower compared to control in older adults of all 

fitness levels. Following moderate-intensity continuous exercise, this relative attenuation in PWV 

compared to control was also achieved in the mid- and higher-fit older adults, but not in older adults 

with low cardiorespiratory fitness. 

Arterial stiffness at rest  

It has previously been suggested that high levels of cardiorespiratory fitness suppress the age-related 

increases in resting arterial stiffness (Gando et al. 2016). In the current cohort of older adults, we found 
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that resting AIx75 was lowest in those with the highest cardiorespiratory fitness, which is consistent 

with previous reports (Ramos et al. 2016; Binder et al. 2006; Denham et al. 2016). In contrast, we did 

not observe differences in the resting measures of PWV between the fitness groups. There are limited 

studies of the effect of fitness on PWV in older adults, showing that PWV is lower in masters athletes 

(Vaitkevicius et al. 1993) and high-fit post-menopausal females (Gando et al. 2010) when compared to 

low-fit control groups. In a group of middle-aged adults, with and without the metabolic syndrome, Jae 

et al. (2010) reported that increases in fitness were associated with reductions in the brachial-to-ankle 

PWV (Jae et al. 2010). This fitness effect was not seen in a similar cohort when PWV was assessed at 

the carotid-to-femoral segment (Ramos et al. 2016), which is consistent with our finding in older adults.  

The conflicting effects of fitness on resting measures of AIx75 and PWV highlights important 

differences between the determinants of these indices of arterial stiffness. There is a progressive 

stiffening of the arterial tree from the ascending aorta and large elastic arteries towards the peripheral 

muscular conduit arteries (London and Pannier 2010). Carotid-to-femoral PWV quantifies the velocity 

of the pulse wave through the aorta, which undergoes the greatest stiffening with age (Mitchell et al. 

2004). Augmentation index (AIx75) characterizes the magnitude of the reflected pressure wave as it 

contributes to systolic blood pressure, and has therefore been reported to reflect peripheral arterial 

stiffness (Nichols 2005). Recent studies have challenged this view, suggesting that augmentation index 

is largely determined by aortic reservoir pressure (Wang et al. 2003). Aortic reservoir pressure increases 

with age, probably as a result of impaired aortic compliance and the limited ability to buffer increases 

in aortic blood volume during cardiac ejection (Davies et al. 2010). Aortic reservoir pressure has 

recently been shown to be lower in middle-aged adults with higher cardiorespiratory fitness (Ramos et 

al. 2016), and therefore may contribute to the lower AIx75 of the higher-fit older adults in the present 

study. Reflected pressure from the peripheral arteries is reported to be better represented by the 

reflection magnitude (RM, ratio of forward to backward pressure waves) (Hughes et al. 2013; Millen et 

al. 2016). Our finding that RM did not differ between the fitness groups further supports the 

interpretation that differences in resting AIx75 between fitness groups are not likely to be caused by 

alterations in peripheral reflected wave function.  
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Post-exercise arterial stiffness  

During recovery from a bout of aerobic exercise, indices of arterial stiffness have been reported to 

increase (Gkaliagkousi et al. 2014; Hull et al. 2011), decrease (Lane et al. 2013; Heffernan et al. 2007a; 

Kingwell et al. 1997), or remain unchanged (McClean et al. 2011; Akazawa et al. 2015) compared with 

baseline levels. This variance in the post-exercise arterial stiffness response is suggested to be due to 

the anatomical segment being assessed, the frequency of measures, as well as the age and health status 

of study participants (Mutter et al. 2017). In the current cohort of healthy older adults, we observed 

decreases in wave reflection characteristics following exercise, but negligible changes in carotid-

femoral PWV.  Carotid-femoral PWV has been shown to be less susceptible to acute post-exercise 

changes compared with peripheral PWV, i.e. changes in femoral-dorsalis pedis PWV (Heffernan et al. 

2007b; Munir et al. 2008). The RM is reported to represent the reflected pressure from the peripheral 

arteries (Hughes et al. 2013; Millen et al. 2016), which is dependent on changes in downstream arterial 

function, including any changes as a result of local muscle activity (Hickson et al. 2016). Hence, it is 

likely that the reductions in wave reflection observed in the present study relate to peripheral 

vasodilation in the lower limbs during the period immediately following exercise. 

We included a no-exercise control condition, which is a strength of the study design and allowed us to 

control for the influence of time and supine rest on changes in arterial stiffness. Indeed, we observed a 

progressive rise in PWV, which may reflect an increase in vascular tone (Fok et al. 2012), and a 

reduction in AIx75, which may be due to a redistribution of blood volume and an altered cardiac-preload 

(van de Velde et al. 2017) during the supine control condition. Compared to control, post-exercise PWV 

and RM were lower following a bout of higher-intensity interval exercise, while post-exercise AIx75 

was higher compared with control. These findings challenge previous studies that did not use a time-

adjusted control comparison and reported post-exercise reductions in AIx75 (Hanssen et al. 2015; Lane 

et al. 2013; Radhakrishnan et al. 2016; Millen et al. 2016). Our finding of a higher AIx75 after exercise 

compared to after a period of rest further supports the notion that the augmentation index is largely 

determined by aortic reservoir pressure, as discussed earlier, which increases with exercise (Climie et 

al. 2015).  McClean et al. (2011) previously observed no differences in post-exercise PWV compared 
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to control in younger adults, however the authors only measured PWV immediately following exercise 

(McClean et al. 2011). Similar to our findings, Wang et al. (2014) reported a lower arterial stiffness 

(cardio-ankle vascular index; CAVI) after both continuous and interval moderate-intensity exercise 

compared to control when measured during 40 min of recovery (Wang et al. 2014), although this study 

also observed a decrease in arterial stiffness from baseline after exercise. This is the first study in healthy 

older adults to report a lower post-exercise arterial stiffness, where the response is attenuated compared 

with control, (PWV and RM) following a bout of higher-intensity exercise. 

Compared with higher-intensity interval exercise, the response of post-exercise PWV and RM to 

moderate intensity continuous exercise was less pronounced in both the low and mid-fit groups. This is 

consistent with the augmented effect of higher-intensity compared to moderate-intensity exercise on 

lowering post-exercise arterial stiffness in some (Tordi et al. 2010; Hanssen et al. 2015) but not all 

studies (Siasos et al. 2016) in younger adults. Intensity-dependent changes in post-exercise arterial 

stiffness are complex, and may be due to increases in vessel tone and reductions in central pressure 

following higher intensity exercise (Millen et al. 2016). We observed transient reductions in cPP 

following exercise in this study, and whilst this has previously been associated with corresponding 

changes in PWV (Lim et al. 2016), we did not observe an intensity (protocol) effect for cPP and thus it 

is unlikely to explain our findings. Blood flow and shear stress are augmented with increased exercise 

intensity (Santana et al. 2013; Bond et al. 2015) and may partly explain the intensity effect observed in 

post-exercise PWV and RM. Shear-mediated increases in endothelial function (Munir et al. 2008) and 

the activation of vasodilators e.g. nitric-oxide and prostaglandins (Poveda et al. 1998), and inhibition 

of vasoconstrictors e.g. endothelin-1 expression (Di Francescomarino et al. 2009) have all been 

associated with a transient lowering of arterial stiffness after exercise. Further, exercise-induced 

suppression of pro-inflammatory cytokines (Jablonski et al. 2015) and intensity-dependant decreases in 

post-exercise sympathetic nerve activity (Heffernan et al. 2007a) may also contribute to a lower arterial 

stiffness following higher-intensity exercise. 

Post-exercise arterial stiffness has previously been reported to be lower in younger adults with high, 

compared with low, levels of cardiorespiratory fitness (Moore et al. 2016). A similar trend was observed 
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in the current study following moderate-intensity exercise, where the response of the low-fit group 

(delta PWV) did not differ to the rises observed during control, whereas participants in the high-fit 

group demonstrated an attenuation of the PWV response after both exercise intensities compared to 

control.  This suggests that higher levels of cardiorespiratory fitness may improve the sensitivity or 

responsiveness of the vasculature to submaximal exercise in older adults, and this may relate to the 

improved endothelial function and vascular tone seen with training and increased fitness in older adults 

(DeSouza et al. 2000; Pialoux et al. 2009). It is also possible that the absolute exercise intensity, which 

was greatest in the high-fit group, may have a generated a greater stimulus for post-exercise changes in 

arterial stiffness and contributed to our observations. However, it is important to note that there were 

no differences in heart rate, blood pressure or perceived exertion between the groups during exercise. 

We found significant differences in post-exercise PWV and RM between the fitness groups, despite 

there being no difference in the resting measures. These findings support the recent suggestion that 

subtle underlying differences in arterial stiffness that are undetectable at rest become more pronounced 

with acute exercise, (Keith et al. 2013; Schultz et al. 2017). It has also been reported that the arterial 

stiffness response to maximal exercise may be a useful tool for detecting small, but clinically relevant 

changes in vascular health (Bunsawat et al. 2017b; Shim et al. 2011) and we also now show that 

submaximal exercise may reveal important differences in arterial stiffness between adults with higher 

and lower levels of cardiorespiratory fitness.  

As increased PWV and RM during seated rest may reflect increased cardiovascular risk (Mitchell et al. 

2010; Chirinos et al. 2012), and the attenuation of arterial stiffness with exercise may reflect a transient 

cardiovascular benefit, or a reduction in risk (Millen et al. 2016). Similar to the relationship between 

acute and chronic blood pressure responses to exercise, (Kiviniemi et al. 2014), the lowering of arterial 

stiffness may be additive and contribute to the longer term reductions in resting arterial stiffness after 

exercise training in older adults (Kim et al. 2016). Whether the acute influence of exercise intensity or 

cardiorespiratory fitness seen in the present study has any implications for the effect of exercise training 

on arterial stiffness in older adults remains to be determined. 
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Limitations 

This study included healthy older male and female adults, and we acknowledge that sex-related 

differences in arterial stiffness (Coutinho et al. 2013) may limit some comparisons. However, it should 

be noted that the proportion of males and females was similar in each fitness group in this study, and 

thus is unlikely to have influenced our findings. The inclusion of participants with controlled 

hypertension (n=16) may have also influenced our findings, but again the proportion of those with 

hypertension was similar between groups (30-35%). Anti-hypertensive medication has been reported to 

lower PWV at rest (Mahmud and Feely 2008), and may have confounded the differences in arterial 

stiffness across fitness groups in this study. Finally, we did not include measures of potential 

mechanisms involved in the changes in arterial stiffness with exercise, and this should be the focus of 

future research.  

Conclusions 

In conclusion, the present study suggests that the post-exercise arterial stiffness response is dependent 

on both the intensity of exercise and the level of cardiorespiratory fitness in healthy older adults. PWV 

increases during prolonged seated rest in older adults. Moderate-intensity continuous exercise has a 

positive attenuation on PWV compared with seated-rest control in those with higher, but not lower, 

levels of fitness.  PWV and RM are lower after higher-intensity interval exercise compared with control 

in older adults of all levels of cardiorespiratory fitness. Submaximal exercise reveals differences in 

arterial stiffness responses between adults with higher and lower levels of cardiorespiratory fitness.   
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Tables 

Table 1. Participant characteristics 

Table 1 
All Low fit                      Mid fit High fit 

P value 
(n=51) (n=17) (n=17) (n=17) 

Demographics 

Male (%) 85 83 83 95 - 

Age (years) 72±5 74±5 69±4 70±6 0.801 

Hypertensive (%) 33 30 30 35 0.913 

Anthropometric measurements 

Height (cm) 174±8 173±8 172±7 176±9 0.223 

Weight (kg) 75±12 75±12 79±13 76±10 0.545 

BMI (kg.m-2) 25±3 25±3 26±4 25±3 0.426 

Body fat (%) 28±8 27±8 27±5 22±5 0.917 

Waist:Hip ratio 0.9±0.1 1.0±0.1 1.0±0.1 0.9±0.1 0.738 

Resting heart rate and blood pressure 

Heart rate (bpm) 56±8 59±8 57±6 51±6 0.100 

Brachial SBP (mmHg) 131±18 122±14 124±10 127±10 0.471 

Brachial DBP (mmHg) 76±9 72±9 72±7 73±6 0.682 

Central SBP (mmHg) 115±6 113±13 114±9 119±7 0.185 

Central DBP (mmHg) 73±7 73±9 73±6 74±6 0.530 

Central PP (mmHg) 42±8 40±7 42±7 46±9 0.162 

Medication use 

ARB / ACE inhibitors (%) 22 12 6 24 0.314 

Antiplatelets (%) 9 18 6 6 0.412 

Beta-blockers (%) 4 12 0 0 0.125 

Calcium channel blockers (%) 10 6 12 6 0.762 

Statins (%) 27 30 35 18 0.662 

Maximal incremental cycling test 

VO2 peak (L.min-1) 2.2±0.6 1.7±0.3 2.2±0.4 2.8±5.6 0.001 

VO2 peak (mL.kg-1.min-1) 28.9±7 22.3±3 27.5±2 36.3±6 0.001 

Peak heart rate (bpm) 151±15 142±15 157±14 156±10 0.010 

Peak RER (AU) 1.17±0.1 1.23±0.1 1.13±0.1 1.14±0.09 0.020 

Peak Power  (Watts) 163±40 130±27 160±27 198±34 0.001 
Data are presented as mean±SD or frequency (%). P <0.05 indicates significant difference between fitness groups. Heart rate 
and blood pressure data are an average of the resting measures collected on the three experimental visits.  SBP, systolic pressure; 
DBP, diastolic pressure; cPP, central pulse pressure; BMI, body mass index; ARB, Angiotensin II receptor blockers; ACE, 
angiotensin converting enzyme; VO2, oxygen uptake; RER, respiratory exchange ratio. 
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 Fitness 
groups Protocol Time point (min) P values 

Baseline 0 post 20 post 40 post 60 post 90 post Time Protocol Group Interactions 

PWV (m.s-1) 

Low 
CON 11.1 ± 2.2 12.0 ± 2.1* 12.2 ± 2.5* 12.2 ± 2.0* 12.6 ± 2.3* 12.7 ̉± 2.0* 

0.001 0.014 0.799 

Protocol*Time:  
   0.009 

MOD 11.5 ± 2.0 12.1 ± 2.2 11.9 ± 2.0 12.2 ± 2.4 12.0 ± 2.0 12.9 ± 2.2* 
HIGH 12.3 ± 2.3 12.1 ± 2.5 11.9 ± 2.1 12.3 ± 1.9 12.5 ± 1.9 13.1 ± 2.3* 

Mid 
CON 11.2 ± 2.0 11.9 ± 2.0* 12.0 ± 2.3* 12.0 ± 2.0* 12.3 ± 2.2* 12.4 ± 2.2* 
MOD 11.3 ± 2.1 12.0 ± 2.0 11.7 ± 2.0 11.7 ± 2.0 11.8 ± 2.1 12.2 ± 2.0* 

Protocol*Group*Time:                   
0.948 

HIGH 11.4 ± 1.9 11.9 ± 1.8 11.7 ± 2.1 11.6 ± 2.1 11.6 ± 1.9 12.3 ± 2.0* 

High 
CON 11.2 ± 1.4 12.0 ± 1.9* 11.6 ± 1.8* 11.8 ± 1.8* 11.9 ± 1.9* 12.4 ± 1.9* 
MOD 11.3 ± 1.9 11.7 ± 1.8 11.3 ± 1.6 11.3 ± 1.7 11.5 ± 1.9 11.8 ± 1.8* 
HIGH 11.3 ± 2.0 11.5 ± 1.8 11.5 ± 1.9 11.5±1.9 11.5 ± 1.9 11.8 ± 1.7* 

Alx75 (%) 

Low 
CON 24.7 ± 11 22.6 ± 9* 23.6 ± 10* 21.5 ± 12* 21.2 ± 13* 24.0± 10* 

0.001 0.001 0.008 

Protocol*Time:     
0.001 

MOD 26.5 ± 11 22.5 ± 11 28.0 ± 13 23.0 ± 11* 22.5 ± 13* 24.9 ± 13* 
HIGH 24.9 ± 11 24.9 ± 11 24.9 ± 11 24.2 ± 12* 23.0 ± 13* 22.5 ± 13* 

Mid 
CON 23.8 ± 9 17.0 ± 7* 18.2 ± 6* 15.4 ± 8* 16.0 ± 8* 17.8 ± 8* 
MOD 22.7 ± 9 21.5 ± 9 24.3 ± 9 19.0 ± 8* 18.8 ± 8* 19.5 ± 8* 

Protocol* Group*Time:                  
0.937 

HIGH 25.0 ± 9 23.2 ± 9 25.0 ± 8 19.2 ± 9* 18.8 ± 10* 19.9 ± 8* 

High 
CON 14.7 ± 10 10.7 ± 8* 13.4 ± 10* 8.9 ± 9* 10.0 ± 9* 11.2 ± 10* 
MOD 17.5 ± 9 15.5 ± 8 18.3 ± 6 13.1 ± 6* 11.2 ± 9* 14.6 ± 7* 
HIGH 16.3 ± 7 17.8 ± 8 18.3 ± 8 14.7 ± 9* 12.5 ± 7* 13.3 ± 7* 

RM (%) 

Low 
CON 73.0 ± 16 77.7 ± 12 79.0 ± 13 78.9 ± 13 82.0 ± 13 79.4 ± 12 

0.001 0.001 0.522 

Protocol*Time: 
    0.001 

MOD 80.4 ± 13 62.0 ± 13* 74.9 ± 10* 77.6 ± 13 77.9 ± 14 80.2 ± 15 
HIGH 82.7 ± 13 57.3 ± 14* 79.7 ± 15* 79.4 ± 9* 76.5 ± 12* 77.0 ± 15* 

Mid 
CON 76.2 ± 11 71.7 ± 10 78.7 ± 13 77.2 ± 12 76.8 ± 14 77.2 ± 13 
MOD 75.0 ± 10 63.2 ± 11* 70.6 ± 9* 72.8 ± 10 74.4 ± 10 71.9 ± 13 

Protocol* Group*Time:                  
0.061 

HIGH 78.0 ± 9 60.3 ± 9* 69.3 ± 12* 69.3 ± 12* 70.9 ± 12* 73.3 ± 12* 

High 
CON 78.5 ± 13 73.9 ± 11 74.3 ± 10 71.8 ± 11 73.3 ± 13 73.0 ± 13 
MOD 77.1 ± 12 70.7 ± 11* 75.3 ± 11* 78.0 ± 11 73.4 ± 13 74.9 ± 9 
HIGH 79.8 ± 10 65.0 ± 12* 78.9 ± 12* 75.1 ± 10* 75.6 ± 10* 73.0 ± 13* 

Pf (mmHg) 

Low 
CON 23.4 ± 5.1 24.6 ± 5.8* 23.6 ± 4.7 22.5 ± 5.0 23.3 ± 4.7 25.0 ± 4.7* 

0.001 0.241 0.090 

Protocol*Time: 
    0.001 

MOD 23.6 ± 6.2 30.0 ± 7.9* 24.8 ± 6.3 23.7 ± 6.5 23.9 ± 5.9 25.0 ± 5.6 
HIGH 22.1 ± 4.6 29.9 ± 6.2* 24.4 ± 5.8 22.8 ± 4.8 23.8 ± 4.8 25.1 ± 5.6* 

Mid 
CON 25.5 ± 4.8 26.1 ± 6.0* 23.8 ± 5.9 24.5 ± 6.5 24.7 ± 6.4 25.1 ± 6.4* 
MOD 24.3 ± 4.4 30.6 ± 7.0* 25.2 ± 5.6 23.9 ± 5.5 24.8 ± 6.4 25.1 ± 6.6 

Protocol*Group*Time:                  
0.533 

HIGH 23.9 ± 4.6 30.4 ± 7.0* 24.9 ± 5.4 24.2 ± 6.0 23.8 ± 5.2 25.4 ± 7.5* 

High 
CON 22.8 ± 5.5 25.1 ± 4.8* 25.1 ± 4.9 24.5 ± 4.7 24.5 ± 4.2 25.8 ± 6.1* 
MOD 24.3 ± 5.1 28.1 ± 4.4* 24.5 ± 5.5 22.3 ± 4.9 22.9 ± 4.8 25.0 ± 6.4 
HIGH 23.8 ± 5.0 30.1 ± 6.2* 22.9 ± 4.6 22.9 ± 5.2 22.2 ± 4.4 34.5 ± 5.6* 

Pb (mmHg) 

Low 
CON 16.7 ± 3.1 18.9 ± 4.1* 18.6 ± 4.6 17.6 ± 3.3 19.0 ± 4.2 19.9 ± 4.9* 

0.001 0.001 0.266 

Protocol*Time: 
    0.046 

MOD 18.6 ± 3.6 18.2 ± 3.2 18.3 ± 3.3* 18.1 ± 3.5* 18.4 ± 3.7 20.0 ± 5.0 
HIGH 18.2 ± 3.9 16.8 ± 3.0* 16.9 ± 2.6* 17.4 ± 3.3* 18.1 ± 3.4* 19.1 ± 4.1 

Mid 
CON 19.4 ± 3.3 18.5 ± 3.3* 18.4 ± 3.5 18.1 ± 2.9 18.6 ± 3.5 18.9 ± 3.1* 
MOD 18.0 ± 2.8 19.2 ± 4.2 17.8 ± 3.9* 17.2 ± 3.4* 18.3 ± 4.1 17.7 ± 3.4 

Protocol*Group*Time:                  
0.909 

HIGH 18.5 ± 2.4 18.5 ± 4.6* 17.1 ± 3.1* 16.6 ± 2.8* 16.7 ± 3.1* 18.3 ± 4.9 

High 
CON 17.8 ± 4.1 18.7 ± 4.4* 18.8 ± 4.2 17.7 ± 3.9 18.0 ± 3.9 18.8 ± 4.8* 
MOD 18.7 ± 4.2 19.9 ± 3.9 18.2 ± 3.2* 17.3 ± 3.2* 16.6 ± 3.2 18.6 ± 4.2 
HIGH 19.0 ± 3.8 19.4 ± 3.9* 18.0 ± 3.9* 17.1 ± 3.3* 16.8 ± 3.4* 17.8 ± 4.2 

 

 

       

Table 2. Arterial stiffness at baseline and after control, moderate continuous- and high-intensity interval exercise in low-, mid- and high-fit groups 

Data are presented as mean ± SD; CON, no-exercise control; MOD, moderate intensity exercise; HIGH, higher- intensity exercise; AIx75, augmentation index normalised to a heart rate of 75 bpm; RM, 
reflection magnitude; Pf, forward pressure wave; Pb, backward pressure wave; PWV, pulse wave velocity. *Significantly different to baseline based on protocol*time post-hoc comparisons. 
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Table 3.  Heart rate and central blood pressure indices at baseline and after control, moderate continuous- and high-intensity interval exercise in low, mid and high fit 
groups. 
 

 

 

                          
 

 

 

 Fitness 
groups Protocol 

Time point (min) P-Value  

Baseline 0 post 20 post 4 0 post 60 post 90 post Time Protocol Group Interactions 

HR (bpm) 

Low 
CON 60 ± 10 56 ± 9* 54 ± 8* 54 ± 8* 56 ± 7* 55 ± 8* 

0.001 0.001 0.012 

Protocol*Time:                            
 0.001 

MOD 59 ± 7 67 ± 9* 62 ± 8* 59 ± 7 59 ± 7 59 ± 7 
HIGH 58 ± 8 71 ± 12* 63 ± 10* 61 ± 9* 59 ± 8 58 ± 7 

Mid 
CON 58 ± 7 54 ± 6* 52 ± 4* 51 ± 4* 53 ± 5* 53 ± 3* 
MOD 56 ± 6 67 ± 8* 62 ± 7* 57 ± 6 57 ± 5 57 ± 5 

Protocol*Group* Time:                     
0.680 

HIGH 56 ± 6 67 ± 8* 62 ± 7* 57 ± 6* 57 ± 5 57 ± 5 

High 
CON 51 ± 7 46 ± 5* 47 ± 6* 46 ± 6* 49 ± 8* 48 ± 6* 
MOD 52 ± 6 59 ± 7* 55 ± 8* 53 ± 6 52 ± 5 52 ± 6 
HIGH 51 ± 6 64 ± 7* 59 ± 7* 56 ± 7* 53 ± 6 52 ± 6 

cSBP (mmHg) 

Low 
CON 111 ± 14 118 ± 14* 116 ±14* 116 ± 13* 117 ± 14* 123 ± 16* 

0.001 0.001 0.727 

Protocol*Time:                                
0.001 

MOD 115 ± 15 117 ± 13* 112 ± 13 113 ± 14* 115 ± 12 121 ± 18* 
HIGH 114 ± 13 117 ± 15* 102 ± 12* 110 ± 12* 114 ± 12 121 ± 13* 

Mid 
CON 118 ± 9 122 ± 12* 120 ± 12* 121 ± 13* 121 ± 13* 124 ± 13* 
MOD 114 ± 10 121 ± 11* 113 ± 10 113 ± 10* 117 ± 13 120 ± 15* 

Protocol*Group*Time:                      
0.805 

HIGH 114 ± 9 118 ± 12* 113 ± 11* 113 ± 13* 115 ± 12 122 ± 15* 

High 
CON 117 ± 11 122 ± 11* 122 ± 10* 120 ± 9* 120 ± 11* 125 ± 15* 
MOD 119 ± 11 123 ± 9* 116 ± 8 113 ±10* 114 ± 11 122 ± 12* 
HIGH 117 ± 9 123 ± 7* 113 ± 8* 114 ± 9* 114 ± 10 119 ± 11* 

cDBP (mmHg) 

Low 
CON 72 ± 8 75 ± 8* 73 ± 9* 75 ± 9* 75 ± 8* 79 ± 10* 

0.001 0.007 0.904 

Protocol*Time:                                 
0.048 

MOD 73 ± 10 75 ± 9* 72 ± 10 72 ± 10 74 ± 12 78 ± 12* 
HIGH 73 ± 10 77 ± 12* 71 ± 9 72 ± 9 73 ± 9 76 ± 10* 

Mid 
CON 74 ± 7 77 ± 7* 76 ± 7* 76 ± 8* 78 ± 8* 80 ± 8* 
MOD 72 ± 6 77 ± 8* 73 ± 7 74 ± 8 75 ± 9 78 ± 10* 

Protocol*Group* Time:                     
0.915 

HIGH 74 ± 7 76 ± 7* 74 ± 8 74 ± 9 76 ± 10 79 ± 9*  

High 
CON 73 ± 7 74 ± 7* 75 ± 7* 74 ± 7* 74 ± 7* 78 ± 9*  
MOD 75 ± 6 77 ± 7* 74 ± 7 73 ± 7 73 ± 7 77 ± 9*  
HIGH 74 ± 8 78 ± 8* 74 ± 7 75 ± 9 74 ± 8 75 ± 8* 

cPP (mmHg) 

Low 
CON 38 ± 8 44 ± 6* 43 ± 8* 41 ± 4* 43 ± 8* 45. ± 8* 

0.001 0.001 0.482 

Protocol*Time:                                 
0.001 

MOD 41 ± 7 42 ±7 41 ± 6 41 ± 6* 41 ± 8 44 ± 8  
HIGH 40 ± 7 40 ±6 37 ± 5* 38 ± 5* 40 ± 6* 45 ± 7* 

Mid 
CON 44 ± 9 45 ± 9* 44 ± 8* 44 ± 8* 44 ± .9* 45 ± 8* 
MOD 41 ± 8 44 ± 9 40 ± 8 40 ± 9* 42 ± 9  42 ± 9 

Protocol*Group*Time:                     
0.519 

HIGH 41 ± 6 42 ± 10 39 ± 7* 40 ± 8* 39 ± 7* 43 ± 11* 

High 
CON 44 ± 10 48 ± 9* 47 ± 9* 46 ± 8* 46 ± 6* 47 ± 11* 
MOD 45 ± 9 46 ± 8 43 ± 7 41 ± 7* 41 ± 7 45 ±10 
HIGH 45 ± 9 45 ± 8 41 ± 8* 40 ± 7* 40 ± 9* 44 ± 10* 

 

 

   
  

     

                

 
                   

                            
  

                   
                   

                   

  Data are presented as mean±SD; CON, no-exercise control; MOD, moderate-intensity exercise; HIGH, higher-intensity exercise; SBP systolic blood pressure; SDP, diastolic blood pressure; cPP, 
central pulse pressure. *Significantly different to baseline based on protocol*time post-hoc comparisons. 
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Time:                                     P<0.001 
Protocol:                               P<0.001 
Group*Protocol:                  P<0.001 
Protocol*Time:                    P=0.009 
Protocol*Group*Time:    P=0.802 
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Fig. 1 Delta PWV response to control (a), moderate continuous (b) and higher-intensity interval 
(c). Delta PWV response between low-fit (circles), mid-fit (squares) and high-fit (triangles).  
Symbols and error bars represent mean ± SEM; PWV, pulse wave velocity. #significantly different to control; *high-intensity 
protocol significantly different to moderate-intensity protocol. 
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Fig. 2 Delta Alx75 response to control (a), moderate continuous (b) and higher-intensity interval (c). Delta Alx75 
response between low-fit (circles), mid-fit (squares) and high-fit (triangles). Symbols and error bars represent mean ± SEM; 
AIx75, augmentation indexer normalised to a heart rate of 75 bpm. #significantly different to control. 
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Fig. 3 Delta RM response to control (a), moderate continuous (b) and higher-intensity interval (c). Delta RM 
response between low-fit (circles), mid-fit (squares) and high-fit (triangles).  Symbols and error bars represent mean ± SEM; 
RM, reflection magnitude. #significantly different to control; *high-intensity protocol significantly different to moderate-intensity protocol. 
 

 

 

 


