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Methodological considerations for a vascular function test battery 

 

Abbreviations: acetylcholine chloride (ACh); augmentation index (AIx); area under the curve 

(AUC); blood pressure (BP); cardiovascular disease (CVD); coefficient of variation (CV); 

coronary heart disease (CHD); diastolic blood pressure (DBP); digital volume pulse (DVP); 

endothelial dysfunction (ED); flow mediated dilation (FMD); intra-class correlation (ICC); 

laser Doppler imaging with iontophoresis (LDI); perfusion units (PU); pulse transit time (PTT); 

pulse wave analysis (PWA); pulse wave velocity (PWV); reflection index (RI); sodium 

nitroprusside (SNP); stiffness index (SI); systolic blood pressure (SBP); typical error (TE) 
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Abstract 

 

There is a dearth of information regarding the reliability of non-invasive measures of vascular 

function taken in a single testing session. This study aimed to determine the test-retest 

reliability of a ‘test battery’ of vascular function measures; automated blood pressure (BP), 

laser Doppler imaging with iontophoresis (LDI), digital volume pulse (DVP), pulse wave 

velocity (PWV), augmentation index (AIx) measured by pulse wave analysis (PWA) and flow 

mediated dilation (FMD) taken within- and between-sessions. Measures were taken in 21 non-

smoking males intra-session and again inter-session (one-week apart) to determine 

repeatability and reproducibility, respectively. There was moderate-excellent repeatability 

(ICC: 0.53- 0.93; CV = 2.2-18.1%) and reproducibility (ICC: 0.71-0.96; CV 1.9-14.2%) for 

BP, DVP-stiffness index, PWV, AIx, AIx normalised to heart rate (75 bpm), absolute and 

percentage FMD. Repeatability of the DVP-reflection index was moderate (ICC: 0.64; CV = 

9.5%) but there was poor reproducibility (ICC: 0.17; CV = 15.1%). Moreover, the repeatability 

and reproducibility of the LDI measures ranged from poor-good (ICC: 0.31-0.84; CV = 28.4-

36.7%). These data indicated that there was considerable variability in the repeatability and 

reproducibility of measurements of endothelial function and arterial stiffness taken in a battery 

of measurements, which needs careful consideration in future research designs. 
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INTRODUCTION 

 

Cardiovascular disease (CVD) remains the most common cause of worldwide mortality, 

accounting for 45% of all deaths in Europe alone [62].  Hypertension is amongst the top five 

most robust modifiable risk factors for CVD [69] and blood pressure (BP) has been widely 

targeted by nutritional and exercise interventions [20,33]. In recent years the prognostic and 

clinical utility of measurements of endothelial function and arterial stiffness are becoming more 

widespread [2]. Moreover, because endothelial dysfunction and stiffening of the arteries 

precede hypertension, these measures collectively represent valuable nonpharmacological 

therapeutic targets in the prevention and management of CVD [23]. Currently, there are now a 

number of non-invasive methods, that when used in combination, can determine both 

morphological and functional changes in the micro- and macro-vascular system  and these are 

being widely adopted in sports and exercise science and medical research [29,46,52].  

Importantly, endothelial function has been demonstrated to be responsive to both acute and 

chronic nutritional interventions (e.g. polyphenols [28]) and exercise trials, regardless of 

modality [4]. However, the effects of such interventions on arterial stiffness is less clear. For 

example, polyphenol supplementation has been reported to improve arterial stiffness acutely, 

measured by pulse wave velocity (PWV), but not following chronic supplementation [13]. 

Conversely, chronic aerobic exercise training (≥ 4 weeks) has been shown to improve arterial 

stiffness, measured by PWV and augmentation index (AIx), but only an improvement in AIx, 

was found after acute aerobic exercise [49]. The same authors found that acute resistance 

training might result in a transient reduction in arterial compliance [49] and these changes 

persisted in some [11], but not all chronic resistance training studies [3]. Furthermore, despite 

the purported inter-relationship between endothelial function and arterial stiffness [44], these 

measures are not always measured concurrently. In studies where the aforementioned are 
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measured in a test battery, improvements in all measures are not always observed [11,21]. 

These discrepancies demonstrate a clear benefit of being able to measure both endothelial 

function and arterial stiffness in a single testing session, i.e. as a ‘test battery’. However, to be 

clinically useful, multimodal vascular function assessment needs to be repeatable, yet there is 

a paucity of data with regards to the reliability of multiple indices of vascular function taken in 

a single session [25,68]. 

Woodman, Kingwell, Beilin, et al. [68] reported the repeatability of a combination of common 

techniques used to assess peripheral and central arterial stiffness taken one week apart; however 

some methods exhibited increased variability when taken in combination rather than when 

taken independently. For instance, the coefficient of variations (CVs) for the stiffness index 

(SI) derived from digital volume pulse (DVP) are typically less than 10% in healthy individuals 

[38,39], but were higher (20.7%) when taken together with other measures [68]. This study 

highlights the importance of assessing the repeatability of multiple measurements taken in a 

single testing session. In this instance, the assessment of arterial stiffness measures are 

calibrated by peripheral blood pressure (BP) and are influenced by heart rate that would likely 

change depending on the testing duration [35]. In addition, commonly used methods to assess 

endothelial function such as laser Doppler imaging with iontophoresis (LDI) and flow mediated 

dilation (FMD) are reliant on nitric oxide (NO) release [14,64] and NO might alter arterial 

stiffness [58]. Therefore, measurements of endothelial function and arterial stiffness taken in a 

single testing session, which is becoming increasingly common [29,46,52], might exhibit 

different levels of repeatability than those taken independently. In this context, the aim of this 

study was to evaluate the reliability of a battery of non-invasive vascular function measures 

taken within- (repeatability) and between- (reproducibility) sessions. 
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METHODS 

 

Participants and study design 

 

A convenience sample of twenty one healthy, normotensive, non-smoking males aged 21-46 

years (Mean ± SD; stature: 180 ± 6.5 cm; mass: 79.9 ± 15.1 kg; BMI: 24.7 ± 4.0 kg/m2) took 

part in this study. The study was ratified by the Northumbria University Research Ethics 

Committee and was conducted in line with the journal’s ethical standards [19]. Participants 

were required to visit the laboratory on two separate occasions. For all testing visits they were 

required to arrive fasted (≥ 10h), avoid alcohol, caffeine and strenuous exercise, any medication 

or nutritional supplements, 24 h before each testing day. Vascular function was measured by a 

battery of tests, as described below, which were taken twice in the same session (intra‐session; 

repeatability [n = 20]) and again a week later (inter‐session; reproducibility [n = 21]) to 

determine the short-term reliability. The order of measurement was; automated BP, LDI, DVP, 

PWV, AIx measured by pulse wave analysis (PWA) and FMD, which took approximately 1.5 

h to measure. To reduce the potential for variation, participants were required to wear loose 

fitting garments; whilst testing was performed in the same sequence on each participant, by the 

same researcher on each occasion. As LDI and FMD are both reliant on the release of NO, 

these measures were done at the beginning and end of the sequence, in contralateral arms. All 

vascular measures were taken at the same time of day (8 am ± 1 h) in ambient temperature (22 

± 2°C) with the participants in the supine position following a minimum of 5 minute 

acclimation period at the beginning of each test battery. 
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Blood pressure  

 

Blood pressure was measured using a validated, non-invasive, automated vital signs monitor 

(Carescape V100; Dinamap) in accordance with the British Hypertension Society Guidelines 

[51]. Supine brachial BP measurements were taken with the arm supported at the level of the 

heart. Based on expert consensus for diagnosing hypertension, there might be differences taken 

in different arms, therefore initially blood pressure was measured in both arms and the arm 

with the highest reading used for subsequent measurement [36,42]. Two subsequent BP 

measurements were taken in the respective arm, each separated by 1 min, and the mean systolic 

BP (SBP) and diastolic BP (DBP) was used for analysis [48]. 

 

Laser Doppler imaging with iontophoresis 

 

All subjects had an acclimation period of at least 15 min before the measurements were taken. 

Two Perspex chambers (ION6, Moor Instruments Limited, UK) with an internal platinum wire 

electrode were attached to the skin using adhesive discs (MIC-1AD; Moor Instruments 

Limited, UK) on the ventral aspect of the left forearm and connected to the iontophoresis 

controller (MIC2, Moor Instruments Limited, UK). A 2.5 ml volume of 1% acetylcholine 

chloride (ACh) dissolved in 0.5% NaCl solution was placed in the anodal chamber and the 

same volume of 1% sodium nitroprusside (SNP) in 0.5% NaCl solution was placed in the 

cathodal chamber (all reagents acquired from Sigma-Aldrich, UK). Circular glass coverslips 

(MIC-ION6-CAP; Moor Instruments Limited, UK) were placed over each chamber to prevent 

loss of solutions. Current delivery was controlled by a laser Doppler imager Windows software 

v.6.1 (Moor Instruments Limited, UK). Measurement of skin perfusion was carried out using 
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a moor LDI2-IR laser Doppler imager (Moor Instruments Limited, UK). The scanner head was 

positioned 30 cm above the chambers. The laser beam was directed by a moving mirror in a 

raster fashion over both chambers. A total of twenty repeat scans were taken; the first set with 

no current to act as a control, then four scans at 5 µA, four at 10 µA, four at 15 µA and two at 

20 µA, the final five scans were measured with no current.  The back scattered light (flux) is 

measured in arbitrary perfusion units (PU) and area under the median flux PU vs. time curve 

over the twenty scans was calculated (using the trapezoidal rule) as a measure of microvascular 

response to ACh (endothelium-dependent vasodilation) and SNP (endothelium-independent 

vasodilation), respectively. 

 

Digital volume pulse  

 

A PulseTrace PCA 2 with a photoplethysmograph transducer transmitting infrared light at a 

wavelength of 940 nm (MicroMedical, Kent, UK) was placed on the index finger of the right 

hand and used to calculate the DVP stiffness index (DVP-SI) and DVP reflection index (DVP-

RI). The DVP records the systolic and diastolic waveforms of the pulse by measuring infrared-

light transmission through the finger. The DVP-SI (in m/s) is defined as the height of the 

subject divided by the time between the peaks of the first and the second wave, and it is 

correlated with the stiffness of large arteries [40,68].  The DVP-RI is the relative height of the 

second peak compared with the first and is associated vascular tone of small arteries [39]. 
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Pulse wave velocity  

 

The PWV was determined between carotid and femoral sites. A pencil-like pressure tonometer 

(SphygmoCor CPV system, ScanMed Medical, UK) was held at the base of the neck over the 

carotid artery and at the inguinal crease over the femoral artery on the right side of the body. 

The distance between carotid and femoral sites was measured and electrocardiogram gating 

permitted the time lapse between pulse waves at the carotid and femoral sites to be calculated. 

The PWV was calculated as the ratio of the distance between the two sites and the pulse transit 

time (PTT). Recordings were taken when a consistent signal was obtained with a high 

amplitude excursion. A minimum of two acceptable readings were obtained for PWV (PTT 

variation ≤ 10%) and the average used for analysis. 

 

Pulse wave analysis 

 

The PWA was recorded at the radial artery using the same pencil-like pressure tonometer and 

software (SphygmoCor CPV system, ScanMed Medical, UK). Peripheral pulse waveforms 

were recorded for a minimum 11 s and the aortic artery waveform determined using a 

generalised transfer function [47]. The AIx was calculated as the: 
𝑎𝑢𝑔𝑚𝑒𝑛𝑡𝑎𝑖𝑜𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑝𝑢𝑙𝑠𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
 × 100; 

where augmentation pressure is the difference between the “shoulder” of the wave and “peak” 

systolic pressure.  Since AIx is influenced by heart rate [67], AIx normalised for a standard 

heart rate of 75 bpm (AIx@75) is also reported. The AIx@75 is only calculated when a 

participants heart rate is between 40 and 110 bpm, outside this range it is not computed by the 

software [57].   A minimum of two acceptable readings were obtained for PWA (Quality Index 
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≥ 80%; pulse height ≥ 80 units; pulse height variation ≤ 5%; and diastolic variation ≤ 5%) and 

the average used for analysis. 

 

Flow mediated dilation 

 

Flow mediated dilation of the brachial artery was determined according to previously 

established guidelines [12,60] using an ultrasound (HDI‐5000 SONO CT ultrasound machine; 

Philips Medical System) and semi-automated computer software (Brachial Analyzer; Medical 

Imaging Applications). Briefly, a blood pressure cuff placed around the forearm 

(approximately 55 mm below the antecubital fossa), using a 7.5 MHz linear-array transducer, 

baseline images of the brachial artery were recorded for 60 s while the cuff remained deflated. 

The cuff was then inflated to 50 mmHg above systolic BP and following 5 min of occlusion, 

the pressure was rapidly released to allow reactive hyperaemia. Images were recorded for the 

last minute of occlusion and continuously for 3 min after release. Peak diameter was defined 

as the maximum diameter obtained post-occlusion. Average baseline diameter (60 s pre-

occlusion) and the peak diameter were used to calculate the absolute change (peak diameter – 

baseline diameter) and percentage FMD: (
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑐ℎ𝑎𝑛𝑔𝑒

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑑𝑖𝑚𝑎𝑡𝑒𝑟
) × 100. 

 

Statistical analysis 

 

All measures are expressed as mean ± standard deviation (SD) unless otherwise stated. 

Variables were tested for normality (Shapiro-Wilks test) and Log transformed where 

appropriate. For intra-session repeatability and inter-session reproducibility; relative 
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consistency of all vascular measures was assessed using intra-class correlation coefficient 

(ICC3,1[22]), where an ICC >90, 0.75-90, 0.50–0.75 and <0.50 indicate excellent, good, 

moderate and poor reliability, respectively [30]. Typical error (TE) was calculated as the 

between-subject SD of the measurement pairs divided by √2 to represent absolute index of 

repeatability that encapsulates both the random and systematic error associated with each 

measurement [6]. For non-negative values [7], the within-subject variability was also assessed 

using coefficients of variation (CV) for each pair of measurements, determined by using the 

following equation: (
𝑆𝐷

𝑚𝑒𝑎𝑛
) × 100. A CV ≤ 10% was considered good, 10–25% moderate and 

≥ 25% poor reproducibility [59]. Paired samples t-tests or Wilcoxon’s rank test were analysed 

for systematic error [5]. The LDI measures produced significant level of variability so these 

were further explored by Kruskal-Wallis test and post-hoc Wilcoxon’s rank tests for perfusion 

response over the 20 scans. Regression analysis was also conducted for LDI measures because 

of evidence of unexplained systematic bias. All data were analysed using IBM SPSS statistics 

(v 24.0 for Windows; SPSS, Chicago, IL).   

 

RESULTS 

 

Intra-session repeatability 

  

Results for repeatability of all measures are presented in Table 1. Intra-session SBP and DBP 

showed a moderate-good level of repeatability (ICCs ≥ 0.73; CV ≤ 3.5%).  Repeatability of 

LDI perfusion response to SNP taken within-session was poor (ICC: 0.34; CV = 28.4%). The 

AUC for ACh displayed a good level of consistency (ICC: 0.84) however CV was high. There 

was also evidence of systematic error for intra-session LDI-ACh. The perfusion response for 



11 
 

ACh during the first measure was significantly higher for scans 7-17 compared to the second 

measure taken within-session (Figure 1). There was a significant positive correlation between 

measure 1 and measure 2 (Y = 0.659x + 255.3; R2 = 0.754; P < 0.0001). The response to SNP 

did not differ over the 20 scans, nor was the correlation significant. 

 

Repeatability of DVP-SI, DVP-RI, PWV, AIx and AIx@75 were moderate-excellent within-

sessions (ICC ≥ 0.64; CV ≤ 9.5%). However, a consistent pattern of pulse waveforms could 

not be established in one participant, therefore all AIx data presented is for 19 participants. 

Additionally, three participants heart rates fell below 40 bpm and AIx normalised to 75 bpm 

was not calculated. Pulse wave velocity was highly repeatable within-session (ICC ≥ 0.89).  

For FMD two participants data was excluded from analysis, one due to substantial movement 

of the arm during deflation and the other because clear images of the artery could not be 

obtained (n = 18). Baseline diameter had excellent repeatability (ICC: 0.90; CV = 3.1%) and 

both FMD absolute and percentage FMD had a moderate level of repeatability (ICC ≥ 0.53).  

  

Inter-session reproducibility 

 

Inter-session reproducibility data is presented in Table 1. Both SBP and DBP displayed a 

similar level of reproducibility between-sessions (ICC ≥ 0.73; CV ≤ 3.4%). Both LDI measures 

(ACh and SNP) displayed poor reproducibility inter-session (ICC ≤ 0.40; CV ≥ 32.7%).  The 

DVP-SI was highly reproducible, whereas DVP-RI had poor consistency between measures 

(ICC: 0.17) despite only a moderate level of within-subject variability (CV = 15.1%).  The 

PWV and AIx was highly reproducible (ICC ≥ 0.83), however paired samples t-test suggested 

systematic bias between inter-session AIx measures (P = 0.030). No systematic error was found 
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for AIx@75, which remained highly reproducible between-sessions (ICC = 0.93). Absolute 

FMD and percentage FMD displayed a moderate-good level of reproducibility (ICC ≥ 0.71) 

and baseline diameter (ICC = 0.90; CV = 2.7%).  
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Table 1. Intra-session repeatability and inter-session reproducibility 

 

Measure 1 

(mean ± SD) 

Intra-session   Inter-session  

 
Measure 2 

(Mean ± SD) 

TE  

(raw units) 

CV 

(%) ICC P value 

 
Measure 3 

(Mean ± SD) 

TE 

(raw 

units) 

CV 

(%) ICC 
P 

value 

 

Systolic BP (mmHg) 117 ± 6 116 ± 7 3.3 2.2 0.733 0.741  117 ± 6 3.0 1.9 0.753 0.385  

Diastolic BP (mmHg) 65 ± 7 66 ± 7 2.9 3.5 0.812 0.113  64 ± 5 3.0 3.4 0.734 0.256  

LDI-ACh (AUC; PU) 2125 ± 1494 1664 ± 1147 542 29.4 0.837 0.007  2459 ± 1543 1265 36.7 0.306 0.566  

 

LDI-SNP (AUC; PU)  
2262 ± 1271 1985 ± 1026 946 28.4 0.339 0.433  2488 ± 1150 943 32.7 0.395 0.274  

DVP-SI (m/s) 5.5 ± 0.6 5.6 ± 0.5 0.2 2.7 0.876 1.000  5.5 ± 0.5 0.3 3.3 0.763 0.927  

DVP-RI (%) 

 
59.6 ± 13.3 61.0 ± 14.9 8.6 9.5 0.635 0.839  63.3 ± 13.1 11.9 15.1 0.173 0.337  

PWV (m/s) 

 
6.0 ± 0.9 6.0 ± 0.7 0.3 3.1 0.894 0.319  5.8 ± 1.1 0.4 6.2 0.825 0.149  

AIx† (%) 

 
-0.4 ± 11.3 -1.2 ± 12.0 3.2 ̶ 0.926 0.156  -2.2 ± 11.3 2.5 ̶ 0.955 0.030  

AIx @75† (%) -13.0 ± 11.9 -12.9 ± 12.5 3.4 ̶ 0.920 0.483  -13.7 ± 11.6 3.1 ̶ 0.932 0.541  

FMD Abs (mm) 0.36 ± 0.09 0.39 ± 0.15 0.1 18.1 0.625 0.288  0.37 ± 0.11 0.1 12.3 0.745 0.539  

 

FMD (%) 

 

8.2 ± 2.2 8.8 ± 2.9 1.8 16.6 0.528 0.391  8.6 ± 2.8 1.3 14.2 0.714 0.408  

†CV is not reported for AIx or AIx@75 as these produce both negative and positive values. 

Blood pressure (BP); laser Doppler imaging with iontophoresis (LDI); acetylcholine chloride (ACh); sodium nitroprusside (SNP); perfusion units (PU); area under the curve (AUC); digital volume pulse 

(DVP); stiffness index (SI); reflection index (RI); pulse wave velocity (PWV); augmentation index (AIx); flow mediated dilation (FMD); absolute (Abs); typical error (TE); coefficient of varation (CV); 

intraclass correlaction (ICC) 

For intra-session SBP, DBP, LDI-ACh and LDI-SNP (n = 20), DVP- SI, DVP-RI and AIx (n = 19); PWV,  FMD abs and percentage FMD (n = 18); and  AIx@75 (n = 16)  

For inter-session SBP, DBP, LDI-ACh, LDI-SNP, DVP-SI and DVP-RI (n = 21); PWV and AIx (n = 20);  FMD abs and percentage FMD (n = 19); and  AIx@75 (n = 17) 

Reasons for excluding data from analyses include: technical problems with equipment (DVP),  no consistent pattern of waveforms (PWV and AIx), substantial arm movement (FMD) 

and heart rate <40 bpm (AIx@75) 
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Figure 1. Differences between intra-session LDI perfusion response for individual scans (left; 

Mean ± SEM ●= Measure 1 and ○ = Measure 2) and regression analysis for area under the 

curve data (right) for; (A) ACh and (B) SNP, respectively (n = 20). Dashed line represents line 

of agreement. * denotes significant differences between measurement pairs (P < 0.05). 
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DISCUSSION 

 

The aim of the current study was to comprehensively determine the repeatability and 

reproducibility of a battery of vascular function tests. The main finding of this study was that 

taken together, there is a considerable range of variability regarding the repeatability and 

reproducibility (poor-excellent; Table 1) of non-invasive measures of endothelial function and 

arterial stiffness, which holds important information for research designs. Before comparing 

the reliability of a vascular function test battery to measures taken independently, there is a 

number of important factors relating to the technical and biological variability that need to be 

considered. Firstly, there are extensive differences between the degree of skill needed to 

perform the measures reported in the current study [2], and therefore to reduce the amount of 

variability several trained researchers might be needed to carry out each measurement, but this 

is an unlikely scenario in a single site research study. Secondly, the testing duration to do 

multiple methods can be much longer than a single measurement, which increases participant 

burden and the potential for additional stress that might influence vascular function variables 

[50]. Lastly, the close interplay between the BP, endothelial function and arterial stiffness could 

also contribute to sources of variability. With this in mind, the automated BP was found to be 

measured with an adequate level of repeatability and reproducibility (Table 1). The between-

day reproducibility appears to be consistent with previous reports of resting SBP and DBP [56]. 

However, in this scenario non-invasive measurements of arterial stiffness were more reliable 

(within- and between-sessions) than methods used to assess endothelial function in the test 

battery.  

Endothelial dysfunction is a hallmark of the early development of atherosclerosis and CVD 

[9,16]. Moreover, because of the systemic nature of endothelial function, dysregulation of 

microvascular endothelial function is thought to be a surrogate marker of coronary endothelial 
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function [18]. As such, the micro-vascular endothelial function, as measured by LDI and DVP-

RI, and macro-vascular endothelial function measured by FMD, are important therapeutic 

targets [1]. With regards to micro-vascular endothelial function, laser Doppler methods are 

increasingly popular, because they are relatively easy to perform and do not require extensive 

operator experience [53]. That said, there are a number of extraneous factors that introduce 

variability into these measures, especially when used in conjunction with iontophoresis [32]. 

Moreover, despite the putative clinical utility of these methods, there is currently no 

standardisation of methods and/or data analysis [53,64]. In the current study an iontophoresis 

protocol that had previously been reported to be reliable was adopted [26] and is presented as 

AUC (Table 1) as this is commonly used in randomised controlled trials , [27,29,34]. In contrast 

to our findings, Jadhav et al. [26] reported good reproducibility of the AUC for both ACh and 

SNP taken 8 weeks apart in females with cardiac syndromes, which might be attributable to 

the longer rest period before the measure, correction for skin resistance and the different 

populations between studies. Nonetheless, the findings in the current study are in line with 

others, in that, laser Doppler methods in conjunction with iontophoresis have been reported to 

produce high day-to-day CVs [31,41], low ICCs [61] and SNP perfusion response can be less 

reproducible compared to ACh [26,31,61].  

It is particularly noteworthy that a second measurement taken within the same testing session 

produced a lower endothelial-dependent (ACh) perfusion response; despite identical placement 

of the Perspex chambers, limiting variations and spatial differences in capillary density. 

Although the reason for this remains unknown, it might be related to redistribution of 

endothelium derived hyperpolarizing and/or other vasodilators factor as a result of the FMD 

taken in the same session [8,43]. Further analysis demonstrated that during the protocol, 

iontophoresis ≥ 10 µA and peak perfusion was lower between measurements intra-session 

(Figure 1a).  The fact that both peak perfusion and AUC might be different within-session, 
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despite demonstrating a good level of consistency and significantly related, needs consideration 

and attention in future studies; namely because the acute effects of an intervention might be 

masked. Other methods to assess microvascular endothelial function could be more repeatable 

and reproducible [32], but this was outside of the remits of the current study. 

The DVP method is quick-to-perform, operator-independent and the DVP-RI is strongly 

related to the vascular tone of small arteries  [39] but there are limited published data 

concerning the reproducibility of DVP-RI.  Notwithstanding, in  agreement with others, the 

current study found that RI had higher intra-individual variability and poorer reliability within 

and between-sessions than SI [39]. The current study also found better intra-session reliability 

for DVP-RI than inter-session, which has been reported elsewhere [39,55]. The within-subject 

variability (15.1%) is also similar to those reported by Millasseau and colleagues [39] who 

found inter-session CVs of 13.8% in a very small cohort of 8 healthy males.  However, in the 

current study the low ICC demonstrated poor reproducibility between-sessions. On the other 

hand, macro-vascular endothelial function was assessed using FMD which showed moderate 

repeatability and reproducibility, despite requiring more operator skill than LDI and DVP-RI. 

Moreover, FMD produced a comparable level of technical and biological variation as previous 

studies (median CV of 17.5% [66] and TE ranges from 0.4-4.8 in healthy individuals [15]). 

Arterial stiffness, which is an independent predictor of CVD [37], was measured in the current 

test battery by several different methods due to an absence of a true ‘gold standard’ [68]. Firstly, 

we measured DVP-SI, which has been associated with stiffness of the large arteries [38], 

vascular aging [39] and risk of CVD [17,65]. The current study demonstrated that the intra- 

and inter-session DVP-SI can be measured consistently with very little variability (ICC ≥ 0.76; 

CV ≤ 3.3%), which is supported by the literature [38,39]. In the current study, arterial stiffness 

was also measured by PWV and PWA, which were both highly reproducible (ICC ≥ 0.83) 

within- and between-sessions, and compare favourably with previous research [63,68]. 
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Notably, there was also evidence of systematic bias between-days for AIx, although all other 

statistical tests supported excellent repeatability and reproducibility. Conversely, AIx 

normalised for heart rate (75 bpm) was not different between-session, suggesting HR might 

have contributed to the observed systematic bias, however it should be acknowledged that 

fewer individuals contributed to AIx@75 analysis (n = 17). This is because some participants 

HR fell below 40 in the supine position, which might pose a problem and minimises the utility 

of this measure in athletic or bradycardic populations. 

This study has various strengths such as the use of well-established, commonly used 

methodologies, but it is conceivable that other methods used to assess endothelial function 

might have been more reproducible.  There are several other limitations that warrant discussion, 

firstly, the population in the current study were healthy, non-smoking young males, which has 

limited application to wider populations, but nonetheless was importantly not confounded by 

the presence of disease or medications and hence represent a relatively stable population to 

examine vascular function.  Moreover, different populations might produce more reliable 

results; specifically AIx has been shown to be less reliable in young healthy individuals due to 

the different waveforms [10,24,68]. Secondly, as recommended, we used a minimum of 5 

minutes acclimation period [45,48]; however it should be acknowledged that a longer 

acclimation period might have provided a more stabilised BP reading [54] and perhaps more 

reproducible results. Nonetheless, this would have increased the testing period and participant 

burden. Lastly, although our re-test is after a longer period than previous studies [31,39] this 

research represents short-term repeatability,  therefore future studies might want to consider 

the use of a battery of non-invasive cardiovascular measures taken longitudinally.  

The current research demonstrates considerable inconsistencies in the repeatability and 

reproducibility of non-invasive measures of structural and functional vascular health. Here we 

report that BP, indices of arterial stiffness and macro-vascular endothelial function can be taken 
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in a battery with adequate reliability in healthy males. However, measurements of 

microvascular endothelial function (LDI and DVP-RI) taken in conjunction with the other 

measures demonstrates poor reproducibility between-sessions. This study highlights the 

importance of testing the reliability of multiple measures taken in a single session, which needs 

careful consideration in research designs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References: 

1. Anderson TJ. Arterial stiffness or endothelial dysfunction as a surrogate marker 
of vascular risk. Can J Cardiol 2006; 22: 72B-80B 

2. Anderson TJ, Phillips SA. Assessment and prognosis of peripheral artery 
measures of vascular function. Prog Cardiovasc Dis 2015; 57: 497-509 

3. Ashor AW, Lara J, Siervo M, Celis-Morales C, Mathers JC. Effects of exercise 
modalities on arterial stiffness and wave reflection: a systematic review and 
meta-analysis of randomized controlled trials. PLoS One 2014; 9: e110034 



20 
 

4. Ashor AW, Lara J, Siervo M, Celis-Morales C, Oggioni C, Jakovljevic DG, 
Mathers JC. Exercise modalities and endothelial function: a systematic review 
and dose–response meta-analysis of randomized controlled trials. Sports Med 
2015; 45: 279-296 

5. Atkinson G, Nevill AM. Statistical methods for assessing measurement error 
(reliability) in variables relevant to sports medicine. Sports Med 1998; 26: 217-
238 

6. Batterham AM, George KP. Reliability in evidence-based clinical practice: a 
primer for allied health professionals. Phys Ther Sport 2000; 1: 54-62 

7. Bedeian AG, Mossholder KW. On the use of the coefficient of variation as a 
measure of diversity. Organizational Research Methods 2000; 3: 285-297 

8. Bellien J, Iacob M, Gutierrez L, Isabelle M, Lahary A, Thuillez C, Joannides R. 
Crucial role of NO and endothelium-derived hyperpolarizing factor in human 
sustained conduit artery flow-mediated dilatation. Hypertension 2006; 48: 1088-
1094 

9. Bonetti PO, Lerman LO, Lerman A. Endothelial dysfunction: a marker of 
atherosclerotic risk. Arterioscler Thromb Vasc Biol 2003; 23: 168-175 

10. Cheng L-T, Tang L-J, Cheng L, Huang H-Y, Wang T. Limitation of the 
augmentation index for evaluating arterial stiffness. Hypertens Res 2007; 30: 
713 

11. Collier S, Kanaley J, Carhart Jr R, Frechette V, Tobin M, Hall A, Luckenbaugh 
A, Fernhall B. Effect of 4 weeks of aerobic or resistance exercise training on 
arterial stiffness, blood flow and blood pressure in pre-and stage-1 
hypertensives. J Hum Hypertens 2008; 22: 678 

12. Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau F, 
Creager MA, Deanfield J, Drexler H, Gerhard-Herman M, Herrington D. 
Guidelines for the ultrasound assessment of endothelial-dependent flow-
mediated vasodilation of the brachial artery: a report of the International 
Brachial Artery Reactivity Task Force. J Am Coll Cardiol 2002; 39: 257-265 

13. Fairlie-Jones L, Davison K, Fromentin E, Hill AM. The Effect of Anthocyanin-
Rich Foods or Extracts on Vascular Function in Adults: A Systematic Review 
and Meta-Analysis of Randomised Controlled Trials. Nutrients 2017; 9: 908 

14. Green DJ, Dawson EA, Groenewoud HM, Jones H, Thijssen DH. Is flow-
mediated dilation nitric oxide mediated? A meta-analysis. Hypertension 2014; 
63: 376-382 

15. Greyling A, van Mil AC, Zock PL, Green DJ, Ghiadoni L, Thijssen DH. 
Adherence to guidelines strongly improves reproducibility of brachial artery 
flow-mediated dilation. Atherosclerosis 2016; 248: 196-202 

16. Grover-Páez F, Zavalza-Gómez AB. Endothelial dysfunction and 
cardiovascular risk factors. Diabetes Res Clin Pract 2009; 84: 1-10 

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

18. Hansell J, Henareh L, Agewall S, Norman M. Non‐invasive assessment of 
endothelial function–relation between vasodilatory responses in skin 
microcirculation and brachial artery. Clin Physiol Funct Imaging 2004; 24: 317-
322 

19. Harriss D, MacSween A, Atkinson G. Standards for ethics in sport and exercise 
science research: 2018 update. Int J Sports Med 2017; 38: 1126-1131 



21 
 

20. Herrod PJ, Doleman B, Blackwell JE, O’Boyle F, Williams JP, Lund JN, Phillips 
BE. Exercise and other nonpharmacological strategies to reduce blood 
pressure in older adults: a systematic review and meta-analysis. J Am Soc 
Hypertens 2018; 12: 248-267 

21. Hobbs DA, Goulding MG, Nguyen A, Malaver T, Walker CF, George TW, 
Methven L, Lovegrove JA. Acute Ingestion of Beetroot Bread Increases 
Endothelium-Independent Vasodilation and Lowers Diastolic Blood Pressure in 
Healthy Men: A Randomized Controlled Trial–4. The Journal of nutrition 2013; 
143: 1399-1405 

22. Hopkins WG. Measures of reliability in sports medicine and science. Sports 
Med 2000; 30: 1-15 

23. Houston M. The role of noninvasive cardiovascular testing, applied clinical 
nutrition and nutritional supplements in the prevention and treatment of 
coronary heart disease. Ther Adv Cardiovasc Dis 2018; 12: 85-108 

24. Hughes AD, Park C, Davies J, Francis D, Thom SAM, Mayet J, Parker KH. 
Limitations of augmentation index in the assessment of wave reflection in 
normotensive healthy individuals. PLoS One 2013; 8: e59371 

25. Ibrahimi K, De Graaf Y, Draijer R, Danser AJ, VanDenBrink AM, van den 
Meiracker AH. Reproducibility and agreement of different non-invasive 
methods of endothelial function assessment. Microvasc Res 2018; 117: 50-56 

26. Jadhav S, Sattar N, Petrie JR, Cobbe SM, Ferrell WR. Reproducibility and 
repeatability of peripheral microvascular assessment using iontophoresis in 
conjunction with laser Doppler imaging. J Cardiovasc Pharmacol 2007; 50: 343-
349 

27. Jin Y, Alimbetov D, George T, Gordon M, Lovegrove JA. A randomised trial to 
investigate the effects of acute consumption of a blackcurrant juice drink on 
markers of vascular reactivity and bioavailability of anthocyanins in human 
subjects. Eur J Clin Nutr 2011; 65: 849 

28. Kay CD, Hooper L, Kroon PA, Rimm EB, Cassidy A. Relative impact of 
flavonoid composition, dose and structure on vascular function: a systematic 
review of randomised controlled trials of flavonoid‐rich food products. Mol Nutr 
Food Res 2012; 56: 1605-1616 

29. Keane KM, George TW, Constantinou CL, Brown MA, Clifford T, Howatson G. 
Effects of Montmorency tart cherry (Prunus Cerasus L.) consumption on 
vascular function in men with early hypertension. The American journal of 
clinical nutrition 2016; 103: 1531-1539 

30. Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation 
coefficients for reliability research. J Chiropr Med 2016; 15: 155-163 

31. Kubli S, Waeber B, Dalle-Ave A, Feihl F. Reproducibility of laser Doppler 
imaging of skin blood flow as a tool to assess endothelial function. J Cardiovasc 
Pharmacol 2000; 36: 640-648 

32. Loader J, Roustit M, Taylor F, MacIsaac RJ, Stewart S, Lorenzen C, Walther 
G. Assessing cutaneous microvascular function with iontophoresis: Avoiding 
non-specific vasodilation. Microvasc Res 2017; 113: 29-39 

33. Luís Â, Domingues F, Pereira L. Association between berries intake and 
cardiovascular diseases risk factors: a systematic review with meta-analysis 
and trial sequential analysis of randomized controlled trials. Food Funct 2018; 
9: 740-757 

34. Macready AL, George TW, Chong MF, Alimbetov DS, Jin Y, Vidal A, Spencer 
JP, Kennedy OB, Tuohy KM, Minihane A-M. Flavonoid-rich fruit and vegetables 



22 
 

improve microvascular reactivity and inflammatory status in men at risk of 
cardiovascular disease—FLAVURS: a randomized controlled trial–. The 
American journal of clinical nutrition 2014; 99: 479-489 

35. Mahe G, Comets E, Nouni A, Paillard F, Dourmap C, Le Faucheur A, 
Jaquinandi V. A minimal resting time of 25 min is needed before measuring 
stabilized blood pressure in subjects addressed for vascular investigations. Sci 
Rep 2017; 7: 12893 

36. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Böhm M, Christiaens 
T, Cifkova R, De Backer G, Dominiczak A. 2013 ESH/ESC guidelines for the 
management of arterial hypertension: the Task Force for the Management of 
Arterial Hypertension of the European Society of Hypertension (ESH) and of 
the European Society of Cardiology (ESC). Blood Press 2013; 22: 193-278 

37. Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML, 
Schalekamp MA, Asmar R, Reneman RS, Hoeks AP, Breteler MM. Arterial 
stiffness and risk of coronary heart disease and stroke: the Rotterdam Study. 
Circulation 2006; 113: 657-663 

38. Millasseau S, Kelly R, Ritter J, Chowienczyk P. Determination of age-related 
increases in large artery stiffness by digital pulse contour analysis. Clin Sci 
2002; 103: 371-377 

39. Millasseau SC, Kelly RP, Ritter JM, Chowienczyk PJ. The vascular impact of 
aging andvasoactive drugs: comparison of two digital volume pulse 
measurements. Am J Hypertens 2003; 16: 467-472 

40. Millasseau SC, Ritter JM, Takazawa K, Chowienczyk PJ. Contour analysis of 
the photoplethysmographic pulse measured at the finger. J Hypertens 2006; 
24: 1449-1456 

41. Morris S, Shore A. Skin blood flow responses to the iontophoresis of 
acetylcholine and sodium nitroprusside in man: possible mechanisms. The 
Journal of physiology 1996; 496: 531-542 

42. NCGC. Hypertension: The Clinical Management of Primary Hypertension in 
Adults: Update of Clinical Guidelines 18 and 34.  2011, DOI:  

43. Newton D, Davies J, Belch J, Khan F. Role of endothelium-derived 
hyperpolarising factor in acetylcholine-mediated vasodilatation in skin. 
International angiology: a journal of the International Union of Angiology 2013; 
32: 312-318 

44. Nigam A, Mitchell GF, Lambert J, Tardif J-C. Relation between conduit vessel 
stiffness (assessed by tonometry) and endothelial function (assessed by flow-
mediated dilatation) in patients with and without coronary heart disease. The 
American journal of cardiology 2003; 92: 395-399 

45. O'brien E, Asmar R, Beilin L, Imai Y, Mallion J-M, Mancia G, Mengden T, Myers 
M, Padfield P, Palatini P. European Society of Hypertension recommendations 
for conventional, ambulatory and home blood pressure measurement. J 
Hypertens 2003; 21: 821-848 

46. Okamoto T, Masuhara M, Ikuta K. Combined aerobic and resistance training 
and vascular function: effect of aerobic exercise before and after resistance 
training. J Appl Physiol 2007, DOI:  

47. Pauca AL, O’rourke MF, Kon ND. Prospective evaluation of a method for 
estimating ascending aortic pressure from the radial artery pressure waveform. 
Hypertension 2001; 38: 932-937 

48. Pickering TG, Hall JE, Appel LJ, Falkner BE, Graves J, Hill MN, Jones DW, 
Kurtz T, Sheps SG, Roccella EJ. Recommendations for blood pressure 



23 
 

measurement in humans and experimental animals: part 1: blood pressure 
measurement in humans: a statement for professionals from the Subcommittee 
of Professional and Public Education of the American Heart Association Council 
on High Blood Pressure Research. Circulation 2005; 111: 697-716 

49. Pierce DR, Doma K, Leicht AS. Acute effects of exercise mode on arterial 
stiffness and wave reflection in healthy young adults: a systematic review and 
meta-analysis. Front Physiol 2018; 9: 73 

50. Poitras VJ, Pyke KE. The impact of acute mental stress on vascular endothelial 
function: evidence, mechanisms and importance. Int J Psychophysiol 2013; 88: 
124-135 

51. Reinders A, Reggiori F, Shennan AH. Validation of the DINAMAP ProCare 
blood pressure device according to the international protocol in an adult 
population. Blood Press Monit 2006; 11: 293-296 

52. Rodriguez-Mateos A, Rendeiro C, Bergillos-Meca T, Tabatabaee S, George 
TW, Heiss C, Spencer JP. Intake and time dependence of blueberry flavonoid–
induced improvements in vascular function: a randomized, controlled, double-
blind, crossover intervention study with mechanistic insights into biological 
activity–. The American journal of clinical nutrition 2013; 98: 1179-1191 

53. Roustit M, Cracowski J-L. Assessment of endothelial and neurovascular 
function in human skin microcirculation. Trends Pharmacol Sci 2013; 34: 373-
384 

54. Sala C, Santin E, Rescaldani M, Magrini F. How long shall the patient rest 
before clinic blood pressure measurement? Am J Hypertens 2006; 19: 713-717 

55. Scholze A, Burkert A, Mardanzai K, Suvd-Erdene S, Hausberg M, Zidek W, 
Tepel M. Increased arterial vascular tone during the night in patients with 
essential hypertension. J Hum Hypertens 2007; 21: 60 

56. Stanforth PR, Gagnon J, Rice T, Bouchard C, Leon AS, Rao D, Skinner JS, 
Wilmore JH. Reproducibility of resting blood pressure and heart rate 
measurements: the HERITAGE Family Study. Ann Epidemiol 2000; 10: 271-
277 

57. Stoner L, Young JM, Fryer S. Assessments of arterial stiffness and endothelial 
function using pulse wave analysis. Int J Vasc Med 2012; 2012:  

58. Sugawara J, Komine H, Hayashi K, Yoshizawa M, Yokoi T, Otsuki T, Shimojo 
N, Miyauchi T, Maeda S, Tanaka H. Effect of systemic nitric oxide synthase 
inhibition on arterial stiffness in humans. Hypertens Res 2007; 30: 411 

59. Tew GA, Klonizakis M, Moss J, Ruddock AD, Saxton JM, Hodges GJ. 
Reproducibility of cutaneous thermal hyperaemia assessed by laser Doppler 
flowmetry in young and older adults. Microvasc Res 2011; 81: 177-182 

60. Thijssen DH, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA, Parker B, 
Widlansky ME, Tschakovsky ME, Green DJ. Assessment of flow-mediated 
dilation in humans: a methodological and physiological guideline. American 
Journal of Physiology-Heart and Circulatory Physiology 2010; 300: H2-H12 

61. Tibiriçá E, Matheus AS, Nunes B, Sperandei S, Gomes MB. Repeatability of 
the evaluation of systemic microvascular endothelial function using laser 
doppler perfusion monitoring: clinical and statistical implications. Clinics 2011; 
66: 599-605 

62. Townsend N, Wilson L, Bhatnagar P, Wickramasinghe K, Rayner M, Nichols 
M. Cardiovascular disease in Europe: epidemiological update 2016. Eur Heart 
J 2016; 37: 3232-3245 



24 
 

63. Tripkovic L, Hart KH, Frost GS, Lodge JK. Interindividual and intraindividual 
variation in pulse wave velocity measurements in a male population. Blood 
Press Monit 2014; 19: 233-241 

64. Turner J, Belch JJ, Khan F. Current concepts in assessment of microvascular 
endothelial function using laser Doppler imaging and iontophoresis. Trends 
Cardiovasc Med 2008; 18: 109-116 

65. Vakalis K, Bechlioulis A, Naka KK, Pappas K, Katsouras CS, Michalis LK. 
Clinical utility of digital volume pulse analysis in prediction of cardiovascular risk 
and the presence of angiographic coronary artery disease. Artery Research 
2015; 9: 33-39 

66. van Mil AC, Greyling A, Zock PL, Geleijnse JM, Hopman MT, Mensink RP, 
Reesink KD, Green DJ, Ghiadoni L, Thijssen DH. Impact of volunteer-related 
and methodology-related factors on the reproducibility of brachial artery flow-
mediated vasodilation: analysis of 672 individual repeated measurements. J 
Hypertens 2016; 34: 1738-1745 

67. Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The 
influence of heart rate on augmentation index and central arterial pressure in 
humans. The Journal of physiology 2000; 525: 263-270 

68. Woodman RJ, Kingwell BA, Beilin LJ, Hamilton SE, Dart AM, Watts GF. 
Assessment of central and peripheral arterial stiffness: studies indicating the 
need to use a combination of techniques. Am J Hypertens 2005; 18: 249-260 

69. Yusuf S, Hawken S, Ôunpuu S, Dans T, Avezum A, Lanas F, McQueen M, 
Budaj A, Pais P, Varigos J. Effect of potentially modifiable risk factors 
associated with myocardial infarction in 52 countries (the INTERHEART study): 
case-control study. The lancet 2004; 364: 937-952 

 

 


