

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-914-1
DOI 10.3389/978-2-83251-914-1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Widely used and novel approaches of the measurement of arterial stiffness and central hemodynamic parameters: Is there a consensus on the horizon?

Topic editors

János Nemcsik – Semmelweis University, Hungary

Christopher Clemens Mayer – Austrian Institute of Technology (AIT), Austria

Andrea Guala – Vall d’Hebron Research Institute (VHIR), Spain

Bart Spronck – Maastricht University, Netherlands

Dimitrios Terentes-Printzios – University of Oxford, United Kingdom

Citation

Nemcsik, J., Mayer, C. C., Guala, A., Spronck, B., Terentes-Printzios, D., eds. (2023). Widely used and novel approaches of the measurement of arterial stiffness and central hemodynamic parameters: Is there a consensus on the horizon? Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-914-1





Table of Contents




Editorial: Widely used and novel approaches of the measurement of arterial stiffness and central hemodynamic parameters: Is there a consensus on the horizon?

János Nemcsik, Christopher Clemens Mayer, Andrea Guala, Dimitrios Terentes-Printzios and Bart Spronck

Aortic Stiffness Hysteresis in Isolated Mouse Aortic Segments Is Intensified by Contractile Stimuli, Attenuated by Age, and Reversed by Elastin Degradation

Sofie De Moudt, Arthur Leloup and Paul Fransen

High Pulsatile Load Decreases Arterial Stiffness: An ex vivo Study

Cédric H. G. Neutel, Giulia Corradin, Pauline Puylaert, Guido R. Y. De Meyer, Wim Martinet and Pieter-Jan Guns

Antihypertensive Treatment and Central Arterial Hemodynamics: A Meta-Analysis of Randomized Controlled Trials

Yi-Bang Cheng, Jia-Hui Xia, Yan Li and Ji-Guang Wang

Pathophysiology of Circulating Biomarkers and Relationship With Vascular Aging: A Review of the Literature From VascAgeNet Group on Circulating Biomarkers, European Cooperation in Science and Technology Action 18216

Kristina R. Gopcevic, Eugenia Gkaliagkousi, János Nemcsik, Ömür Acet, M. Rosa Bernal-Lopez, Rosa M. Bruno, Rachel E. Climie, Nikolaos Fountoulakis, Emil Fraenkel, Antonios Lazaridis, Petras Navickas, Keith D. Rochfort, Agnė Šatrauskienė, Jūratė Zupkauskienė and Dimitrios Terentes-Printzios

Modulation of Arterial Stiffness Gradient by Acute Administration of Nitroglycerin

Catherine Fortier, Charles-Antoine Garneau, Mathilde Paré, Hasan Obeid, Nadège Côté, Karine Duval, Rémi Goupil and Mohsen Agharazii

Single M-Line Is as Reliable as Multiple M-Line Ultrasound for Carotid Artery Screening

Afrah E. F. Malik, Tammo Delhaas, Bart Spronck, Ronald M. A. Henry, Jayaraj Joseph, Coen D. A. Stehouwer, Werner H. Mess and Koen D. Reesink

Template Matching and Matrix Profile for Signal Quality Assessment of Carotid and Femoral Laser Doppler Vibrometer Signals

Silvia Seoni, Simeon Beeckman, Yanlu Li, Soren Aasmul, Umberto Morbiducci, Roel Baets, Pierre Boutouyrie, Filippo Molinari, Nilesh Madhu and Patrick Segers

Central Pressure Waveform-Derived Indexes Obtained From Carotid and Radial Tonometry and Brachial Oscillometry in Healthy Subjects (2–84 Y): Age-, Height-, and Sex-Related Profiles and Analysis of Indexes Agreement

Yanina Zócalo and Daniel Bia

Subject-Specific Pressure Normalization of Local Pulse Wave Velocity: Separating Intrinsic From Acute Load-Dependent Stiffening in Hypertensive Patients

Alessandro Giudici, Carlo Palombo, Michaela Kozakova, Carmela Morizzo, J. Kennedy Cruickshank and Ashraf W. Khir



		EDITORIAL
published: 28 February 2023
doi: 10.3389/fphys.2023.1167257


[image: image2]
Editorial: Widely used and novel approaches of the measurement of arterial stiffness and central hemodynamic parameters: Is there a consensus on the horizon?
János Nemcsik1*, Christopher Clemens Mayer2, Andrea Guala3,4, Dimitrios Terentes-Printzios5 and Bart Spronck6,7
1Department of Family Medicine, Faculty of Medicine, Semmelweis University, Budapest, Hungary
2Center for Health & Bioresources, AIT Austrian Institute of Technology, Vienna, Austria
3Vall d'Hebron Research Institute (VHIR), Barcelona, Spain
4CIBER-CV, Instituto de Salud Carlos III, Madrid, Spain
51st Cardiology Department, Hippokration Hospital, National and Kapodistrian University of Athens, Athens, Greece
6Department of Biomedical Engineering, CARIM School for Cardiovascular Diseases, Maastricht University, Maastricht, Netherlands
7Macquarie Medical School, Faculty of Medicine, Health and Human Sciences, Macquarie University, Sydney, NSW, Australia
Edited and reviewed by:
Gerald A. Meininger, University of Missouri, United States
* Correspondence: János Nemcsik, janos.nemcsik@gmail.com
Specialty section: This article was submitted to Vascular Physiology, a section of the journal Frontiers in Physiology
Received: 16 February 2023
Accepted: 23 February 2023
Published: 28 February 2023
Citation: Nemcsik J, Mayer CC, Guala A, Terentes-Printzios D and Spronck B (2023) Editorial: Widely used and novel approaches of the measurement of arterial stiffness and central hemodynamic parameters: Is there a consensus on the horizon?. Front. Physiol. 14:1167257. doi: 10.3389/fphys.2023.1167257

Keywords: arterial stiffness, central blood pressure, pulse wave reflection, cardiovascular risk, modeling
Editorial on the Research Topic 
Widely used and novel approaches of the measurement of arterial stiffness and central hemodynamic parameters: Is there a consensus on the horizon?


The evaluation of vascular biomarkers can help to identify patients with high cardiovascular risk providing opportunity for early preventive interventions to avoid clinical endpoints like cardiovascular morbidity and mortality. Recently a consensus paper was published on the clinical use of pulse wave velocity (PWV) (Park et al., 2022) suggesting that in the near future the importance of PWV measurements in everyday clinical practice will increase (Vlachopoulos et al., 2015).
This Research Topic provides nine articles (one review paper and eight original research papers) that deepen the knowledge in the field. The wide scope of these articles includes the role of circulating biomarkers in vascular ageing, ex vivo animal experiments, technical developments in the measurement of aortic stiffness, reference values of wave reflection parameters as measured in humans, acute effects of vasoactive drugs on arterial stiffness metrics, and a meta-analysis of the effects of antihypertensive medications on central hemodynamic characteristics.
The review paper by Gopcevic et al. gives an overview of circulating biomarkers related to vascular ageing including oxidative stress-based, inflammation-based, cell matrix-based and epigenetic-based biomarkers, the process of DNA methylation, and the importance of telomere length. This paper is a report from an international scientific collaboration on vascular ageing, called VascAgeNet (Climie et al., 2020a; Climie et al., 2020b).
De Moudt et al. demonstrated in isolated mouse aortic segments that both the extracellular matrix and vascular smooth muscle cells contribute to pressure-dependent stiffness hysteresis. Stiffness hysteresis phenomena were contraction-, age-, and extracellular matrix-dependent, which suggests that vascular smooth muscle cells in interaction with the extracellular matrix contribute to the pressure-dependent pulse dampening in the aorta. These results warrant future studies in understanding the role of contractile cells of the aorta in arterial stiffening.
In the same ex vivo setup, Neutel et al. demonstrated that pulse pressure not only modulates the general stiffness of the tissue but also affects the physiological function of vascular smooth muscle cells. At lower pulse pressure the aortic segment showed a larger response to contractile stimuli strongly modulating stiffness, while at a higher pulse pressure, a smaller contraction-induced stiffness modulation was observed. This study contributes to the understanding of blood vessel biomechanics and could potentially yield new therapeutic insights.
Malik et al. provide an easier and less operator-dependent method based on ultrasound images to evaluate carotid artery mechanical properties. In 500 subjects, the single M-line ultrasound approach using the middle M-line was as accurate as the multiple M-line approach using 17 M-lines. Diameter, intima-media thickness, and Young’s elastic modulus were not statistically significantly different when using one vs. 17 M-lines. Differences in distension and distensibility coefficient, though statistically significant, were of a clinically irrelevant magnitude.
Laser Doppler velocimetry enables contactless measurement of carotid-femoral pulse wave velocity, however, the developed CARDIS device requires now additional quality assessment which hampers its clinical usefulness. Seoni et al. explored two possible methods (template matching and matrix profile) for quality assessment to enable real-time feedback on signal quality in future versions of the device. The authors benchmarked these methods using visual scoring as a reference. Both methods were found to be suitable for the automated assessment of the signal quality of acceleration data measured from the skin at the neck and groin.
In the paper of Giudici et al., the authors used mechanistic correction of carotid PWV to distinguish acute and chronic effects of blood pressure on local arterial stiffness. They found that when comparing healthy individuals with patients with stage I and II hypertension, after mechanistic blood pressure correction, the difference in carotid PWV between the two groups was reduced by 68% and became statistically non-significant. These results suggest that moderate hypertension in middle-aged subjects has minor impact on common carotid artery stiffness independently of the acute effect of blood pressure. Further clinical investigations are required to evaluate the clinical utility of this method.
In the article of Fortier et al., the authors demonstrated the acute effect of nitroglycerine on the vasculature using an arterial stiffness gradient (the ratio between aortic PWV and muscular PWV). Besides preserved aortic stiffness, nitroglycerine acutely decreases muscular stiffness and wave reflection enabling higher pulsatility to reach the microcirculation. This effect could be harmful in the longer term, especially for high flow/low resistance organs like the kidneys and brain. The arterial stiffness gradient can potentially have stronger prognostic value than aortic (carotid-femoral) PWV per se, and its changes due to intervention using vasoactive agents (like antihypertensive drugs) could also bear clinical importance.
Zocalo and Bia provide very important age, height, and sex-specific reference intervals for pulse wave analysis/wave separation analysis-derived parameters like augmentation pressure, augmentation index, forward and backward components of aortic blood pressure, reflection magnitude, and reflection index. The age range of the reference population (n = 1,688) is between 2 and 84 years. These data form an important step in the future clinical utility of these parameters.
Cheng et al. performed an individual data meta-analysis on the effects of older and newer antihypertensive agents on central hemodynamic parameters. They found a more pronounced decrease in central systolic blood pressure, augmentation index, and augmentation pressure with newer antihypertensive agents (angiotensin converting enzyme inhibitors, angiotensin receptor blockers, and calcium channel blockers) compared to older medications (diuretics and alpha- and beta-blockers). These data support the therapeutic recommendations of current hypertension guidelines (Williams et al., 2018).
In summary, this Research Topic provided important results from both basic and clinical science demonstrating all levels of research of this scientific area. We hope that these valuable data will help to implement the knowledge in clinical practice and to improve cardiovascular outcome of patients.
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Aim: Cyclic stretch of vascular tissue at any given pressure reveals greater dimensions during unloading than during loading, which determines the cardiac beat-by-beat hysteresis loop on the pressure-diameter/volume relationship. The present study did not focus on hysteresis during a single stretch cycle but investigated whether aortic stiffness determined during continuous stretch at different pressures also displayed hysteresis phenomena.

Methods: Aortic segments from C57Bl6 mice were mounted in the Rodent Oscillatory Set-up for Arterial Compliance (ROTSAC), where they were subjected to high frequency (10 Hz) cyclic stretch at alternating loads equivalent to a constant theoretical pulse pressure of 40 mm Hg. Diastolic and systolic diameter, compliance, and the Peterson elastic modulus (Ep), as a measure of aortic stiffness, was determined starting at cyclic stretch between alternating loads corresponding to 40 and 80 mm Hg, at each gradual load increase equivalent to 20 mm Hg, up to loads equivalent to pressures of 220 and 260 mm Hg (loading direction) and then repeated in the downward direction (unloading direction). This was performed in baseline conditions and following contraction by α1 adrenergic stimulation with phenylephrine or by depolarization with high extracellular K+ in aortas of young (5 months), aged (26 months) mice, and in segments treated with elastase.

Results: In baseline conditions, diastolic/systolic diameters and compliance for a pulse pressure of 40 mm Hg were larger at any given pressure upon unloading (decreasing pressure) than loading (increasing pressure) of the aortic segments. The pressure-aortic stiffness (Ep) relationship was similar in the loading and unloading directions, and aortic hysteresis was absent. On the other hand, hysteresis was evident after activation of the VSMCs with the α1 adrenergic agonist phenylephrine and with depolarization by high extracellular K+, especially after inhibition of basal NO release with L-NAME. Aortic stiffness was significantly smaller in the unloading than in the loading direction. In comparison with young mice, old-mouse aortic segments also displayed contraction-dependent aortic hysteresis, but hysteresis was shifted to a lower pressure range. Elastase-treated segments showed higher stiffness upon unloading over nearly the whole pressure range.

Conclusions: Mouse aortic segments display pressure- and contraction-dependent diameter, compliance, and stiffness hysteresis phenomena, which are modulated by age and VSMC-extracellular matrix interactions. This may have implications for aortic biomechanics in pathophysiological conditions and aging.

Keywords: aortic stiffness, aging, pressure-dependent hysteresis, viscosity, constriction


INTRODUCTION

When the left ventricle of the heart ejects its blood into the circulation, the aorta undergoes large deformations to buffer the volume of the ejected blood. Thereby, the aorta acts as an elastic reservoir to store energy when dilating and to release this energy by elastic recoil during diastole. Evolution designed the aorta to optimize this heart-vessel coupling. The highest relative elastin content in the vascular tree is found in the blood vessels closer to the heart. These elastic arteries are characterized by stress-strain relationships with stress only gradually increasing with elevated pressure in the low pressure range (Armentano et al., 1995; Jesudason et al., 2007; Ratz, 2016). Although the relative VSMC content of the thoracic aorta is lower compared with any other part of the arterial tree, VSMCs are still the predominant cell type in the aortic wall thoracic aorta (Dinardo et al., 2014) and may play a determinant role in biomechanical behavior of the aorta (Qiu et al., 2010; Min et al., 2012; Saphirstein et al., 2013; Leloup et al., 2019). The VSMCs in the aorta are embedded in a plexus of elastin, collagen, and proteoglycans. The orientation and the quantity of these extracellular matrix (ECM) components are responsible for the arterial passive mechanical properties and crucially determine the non-linear stretch-strain relationship of the aorta (Wagenseil and Mecham, 2009, 2012; Charalambous et al., 2017). With aging, the compliance of the aorta slowly decreases, and the pulse-dampening properties are attenuated. It has been described that besides passive adaptations of the vessel wall, involving changes in the extracellular matrix (ECM), also, the intrinsic mechanical properties of the vascular smooth muscle cells (VSMCs) contribute to increased vascular stiffness in aging. In this process, both β1-integrin and α-smooth muscle actin are likely major players in the age-dependent stiffening of VSMC (Qiu et al., 2010; Gao et al., 2014).

Elastic arteries such as the aorta are, however, not purely elastic but also exhibit viscous behavior. At any given pressure, they display greater dimensions during unloading than during loading, which determines a hysteresis loop on the pressure/volume relationship, a process known for a long time (Remington, 1955; Bergel, 1961a,b). This means that, on a cardiac beat-by-beat scale, part of the energy stored by the arterial wall during dilation (diastole to systole) is dissipated within the arterial wall during recoil (systole to diastole) (Bauer et al., 1979; Busse et al., 1981; Barra et al., 1993; Armentano et al., 1995; Boutouyrie et al., 1997). The pulsatile flow of the heart transforms to a nearly continuous flow in the peripheral capillaries. An in vivo and in vitro study of rat abdominal aorta revealed that the arterial wall viscosity was strongly influenced by steady and pulsatile mechanical load, but not by smooth muscle tone (Boutouyrie et al., 1998). Using cellular micro-biaxial stretching microscopy, Win et al. (2018) found that large-strain anisotropic stress caused hysteresis of individual VSMCs. This hysteresis was strongly dependent on load orientation and actin organization. When stretched along the primary fiber alignment, VSMCs exhibited hysteresis with unloading stresses smaller than loading stresses, while stretch in the transverse direction led to reverse hysteresis.

Arterial stiffness is inherently coupled to blood pressure, complicating the interpretation of arterial stiffness measurements in the in vivo situation. In vivo, acute manipulation (pharmacological or mechanical) of arterial pressure allows to compare arterial stiffness at the same level of pressure and to investigate the pressure sensitivity of arterial stiffness (Butlin et al., 2020). As far as we know, an ex vivo stiffness-pressure relationship, comparing isobaric aortic stiffness while increasing and decreasing pressure (as performed in in vivo studies), has never been studied before. In the present study, isolated mouse aortic segments were cyclically stretched in a highly controllable extracellular environment and at high frequency (10 Hz) to simulate the physiological heart rate in mice with the Rodent Oscillatory Tension Set-up to study Arterial Compliance (ROTSAC), an in-house-developed setup to study biomechanical properties of ex vivo intact aortic rings (Leloup et al., 2016). We did not intend to study classical hysteresis phenomena as observed in the beat-to-beat aortic diameter or lumen cross-sectional area-pressure relationship but aimed to study hysteresis phenomena in aortic compliance or stiffness pressure relationships when slower stepwise pressurization/depressurization was superimposed to the cyclic pulsation of the segments. Thereby, we hypothesized that VSMC contraction, mouse age, and extracellular matrix affected the pressure-stiffness relationship differently in the pressurization vs. depressurization direction in ex vivo mouse aortic segments.



METHODS AND MATERIALS


Animals

All animals were bred and housed in the University of Antwerp animal facility in standard cages with 12/12-h light-dark cycles, with free access to regular chow and tap water. This study was approved by the Ethical Committee of the University of Antwerp (ECD2017-11), and all experiments were performed conforming to the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996). The following C57Bl/6 (original substrain C57Bl/6JRj, Janvier Labs, France) male mouse animal groups were used: group 1, 4 to 7 months of age (n = 7, 5.8 ± 1.3 months), group 2, 5 months of age (n = 8, further named young, 5. ± 0.1 months), group 3, 26 months of age (n = 5, further named old, 26. ± 0.2 months), and group 4, 6 months of age (n = 5, further named elastase group, 6. ± 0.1 months). Comparisons between groups of mice only occurred between groups 2 and 3 mice. Both groups contained initially eight mice. Sample size was determined a priori with a statistical power of 90%, an effect size of 20% (pairwise comparison), and a coefficient of variation of 20%. The family-wise type I error was controlled at 5%. These figures (spread and effect size) were derived from historical data available at the lab. The study ended with unequal group sizes, because, in the aged group, three mice died before the ex vivo experiments started.



Aortic Tissue Preparation

Mice were euthanized by perforating the diaphragm while under deep anesthesia [sodium pentobarbital (Sanofi, Belgium), 250 mg kg-1, intraperitoneal]. The thoracic aorta was carefully removed and stripped of adherent tissue. Starting a ~2 mm distally from the aortic arch, the descending aorta was cut into four segments of 2-mm length and immersed in Krebs Ringer (KR) solution (37°C, 95% O2/5% CO2, pH 7.4) containing (in mM): NaCl 118, KCl 4.7, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, CaEDTA 0.025, and glucose 11.1.



Rodent Oscillatory Set-Up for Arterial Compliance

Aortic segments were mounted between two parallel wire hooks in 10-ml organ baths. Force and displacement of the upper hook were measured and acquired at 0.4 kHz with a force-length transducer connected to a data acquisition system (Powerlab 8/30 and LabChart 8, ADInstruments). Because the segment is stretched between the two hooks, the extrapolated diameter of the vessel segment (D) at a given preload had to be derived from the displacement of the upper hook, being directly proportional to the inner circumference (Figure 1): [image: image] with w (width) being the outer distance between the hooks (to approximate the inner circumference of the vessel segment) (see Figure 1A, 10 mN). Before each experiment, width (w) and length (l) were determined at six different preloads (10, 20, 30, 40, 50, and 60 mN), using a stereomicroscope and calibrated image software (Figure 1). To correct for the decrease in segment length with increased width and/or diameter (Figure 1B), the average length of the segment at each cycle (100 ms) was continuously derived from the diameter (D)-length (l) relationship using basic linear regression (Figure 1C).


[image: Figure 1]
FIGURE 1. Determination of the aortic segment extrapolated length and diameter. (A) Images of the aortic vessel segment at six different preloads between 10 and 60 mN; (B) length (l), width (w), and extrapolated diameter (D) as a function of preload; (C) relationship between length and extrapolated diameter (to obtain length at each calculated diameter to measure pressure).


To estimate the transmural pressure that would exist in the equilibrated vessel segment with the given distension force and dimensions, the following relationship was used: [image: image] with F being the force (preload); l, the length as derived from the linear regression in Figure 1B (~2 mm); and D, the diameter of the vessel segment as derived from the displacement of the upper hook. Force was measured directly by the transducer. To simulate cyclic stretch of the segment between two theoretical transmural pressure levels, the preload was adjusted until the desired estimated diastolic and systolic pressure. Although we did not directly measure pressure in the ROTSAC setup but used diastolic and systolic preloads to calculate extrapolated pressures, we decided to use the term “pressure” to indicate “pressure equivalent load”. At all pressures, a stretch amplitude corresponding to 40 mmHg was chosen to allow calculation of compliance and Peterson modulus. Compliance (C) was calculated as follows: [image: image] with ΔD being the difference between systolic and diastolic diameter and ΔP being the pressure difference (i.e., 40 mm Hg). The Peterson modulus of elasticity (Ep) is a frequently used, vessel-size-independent measure of arterial stiffness (Gosling and Budge, 2003) and was calculated as follows: [image: image] with D0 being the diastolic diameter. During all the experiments, the segments were continuously stretched directly after mounting them in the organ bath with a frequency of 10 Hz to mimic the physiological heart rate in mice (600 bpm) and at an estimated physiological pressure (diastolic 80-systolic 120 mmHg). At ~60 min after isolation of the aorta from the animal, the experiments could be started.



Experimental Protocols

Our setup allows studying aortic stiffness in “isobaric” conditions when pressure is built up, which we have defined as the “loading” protocol or when pressure is released, which we have defined as the “unloading” protocol. These protocols were performed in various experimental conditions. By superimposing the slower loading/unloading protocols on top of the cyclic pulsation, we were able to continuously measure Ep, as a measure of aortic stiffness, at all applied pressure steps and in any experimental condition. In the present study, all measurements were performed over a broad pressure range (example of the loading/unloading protocols in Figure 2). The stretch amplitude always corresponded to 40 mmHg over the entire pressure range, which means that segment compliance had the same pressure dependency as diameter change but 40 times smaller. It took ~5 min to acquire measurements over the entire pressure range (pressure up direction, loading), and, again, 5 min to return from the highest pressure back to the low pressure (40–80 mm Hg, pressure down direction, unloading). As mentioned before, at any given pressure, diameter-pressure (preload) loops as shown in Figures 2B–D could be determined. It is evident that the slope of the loop decreased considerably with higher pressure (right vs. left part of Figure 2B), with the addition of 2 μM PE in the presence of L-NAME (Figure 2C) and with the digestion of elastin with elastase (Figure 2D). This is reflected by the higher Ep values as indicated in each figure. Since diameter loops for single stretch cycles were not the topic of this research, the present study focused on the diastolic and systolic diameters, compliance, and stiffness parameter, Ep, along the entire pressure range during loading and unloading protocols (Figure 2A). At each pressure range, starting at 40–80 mm Hg and ending at 200–240 mm Hg, diastolic/systolic diameters, compliance, and Ep were measured as the median value for the last 20–30 cycles before increasing or decreasing to the next pressure range.
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FIGURE 2. (A) Test protocol applied to ROTSAC 1 to measure diameter, compliance, and Peterson modulus, Ep. Starting at diastolic and systolic preloads, according to 80 and 120 mm Hg, the preloads were adapted to obtain diastolic and systolic pressures of 40 and 80 mm Hg and subsequently increased by 20 mm Hg up to 200–240 mm Hg or higher (loading). Thereafter, the pressure was decreased back to 40–80 mm Hg (unloading) and, finally, to 80–120 mm Hg. In the insert, preload and calculated pressure are shown during the clamp of the segment at 10 Hz between 100 mm Hg (36.5 mN) and 140 mm Hg (54.4 mN). Similar protocols were applied to ROTSAC 2, 3, and 4 with the same pressure steps but other preloads. (B–D) Illustrate stretch-by-stretch diameter-pressure loops at 80–120 (black, red) and 160–200 (green, purple) during loading (up, black, green) and unloading (down, red, purple) in three experimental conditions: Krebs-Ringer (KR, B), 2 μM PE + 300-μM L-NAME (C), and 0.1 mg/ml elastase (D). The left y-axis refers to diastolic and systolic diameters at 80–120 mm Hg and the right axis to these parameters at 160–200 mm Hg. The y-axis scale is the same in all figures. The numbers along each loop indicate the Ep value in mm Hg.




Experimental Conditions

Group 1 mice: aortic segments (four per mouse) were subjected to cyclic stretch at increasing and decreasing pressure in KR solution. Because the effect of L-NAME was irreversible, subsequently, two segments were treated with 300-μM NΩ-nitro-l-arginine methyl ester (L-NAME) (Sigma-Aldrich, Belgium) to inhibit endothelial nitric oxide synthase (eNOS), followed by the loading/unloading protocols, and two segments did not receive L-NAME. Then, all segments received 2 μM PE, and the loading/unloading protocols were repeated. Since, in the experiments of group 1 mice, two segments received the same protocol, the mean of the data of the two segments was considered for further evaluation.

Groups 2 and 3 mice: aortic segments followed the same protocol as group 1 mouse segments. Young (group 2) and old (group 3) mouse aortic segments were studied separately but received the same experimental protocol. In the last loading/unloading protocol, two segments (one with and one without L-NAME) received 2 μM PE, and the other two segments (again one with and one without L-NAME) received the high extracellular (50 mM) K+ concentration.

Group 4 mice: the loading/unloading protocol was applied to aortic segments in KR for all segments in the presence of L-NAME, after contraction with 2 μM PE, following the addition of 0.05 units elastase (ROTSAC 1), 0.1 units/ml elastase (ROTSAC 2), 0.1 mg/ml collagenase (ROTSAC 3), and 0.2 mg/ml collagenase (ROTSAC 4), and, finally, following the addition of 2 μM PE to all organ chambers. Only results for 0.1 units/ml elastase are shown in the present study. The data for 0.05 units/ml elastase and the data for collagenase showed effects on the Ep-pressure relationships, which were dependent on the enzyme activity and which will be the subject of a follow-up submission.

After each pressure curve, the organ chambers were thoroughly flushed with fresh KR solution. To obtain the 50-mM K+ solution, Na+ in the KR solution was isosmotically replaced by K+. All loading/unloading protocols and measurements were done on “steady state” contractions, achieved 30 min after the addition of PE or high K+ to the organ chamber (Fransen et al., 2015). Because the present study was mainly interested in the role of smooth muscle cells in modulating stiffness, we mainly focused on segments in which basal NO release was inhibited by L-NAME and which can be considered as the control (KR) Ep-pressure relationship. Although Ep at 80–120 mm Hg was 299 ± 4 mm Hg and significantly rose to 328 ± 8 mm Hg (n = 8, p < 0.05) after the addition of 300 μM L-NAME, Ep pressure relationships were not statistically different between KR and KR + L-NAME (see Supplementary Figure 1).

Elastase (Elastase suspension, 26. mg P/ml, activity: 4.81 units/mg, Worthington, OH, USA) and collagenase (Collagenase type 2,310 units/mg, Worthington, OH, USA) were applied to the organ chambers for 30 min, while segments were stretched between 80 and 120 mm Hg. Then, the segments were washed three times with KR solution until the diameter change induced by elastase or collagenase was in steady state; after which, the experiment was continued.



Statistical Analyses

All results are expressed as the mean ± SEM, with n representing the number of mice, and analyses were performed using Prism 9.0 (GraphPad Software, La Jolla, CA, USA). The effects of VSMC contraction, pressure, and age on the measured vessel parameters were assessed using a repeated measures (RM) two-way or a three-way ANOVA, if appropriate. Sidak's post-hoc test was used to correct for multiple comparisons. Multiplicity-adjusted (when appropriate) p-values are reported in the figures and figure legends, a (family-wise) significance level of 5% was selected.




RESULTS


Diastolic and Systolic Diameter, Aortic Compliance, and Stiffness Are Pressure and Contraction Dependent

When repetitively stretched between 80 and 120 mm Hg, aortic segments of group 1 mice (n = 7) were stretched by 11 ± 0.2% and stretch slope of 2.38 ± 0.003 μm/mm Hg (n = 7), which is in accordance with normal stretch of 10% in the human aorta [13, 14]. As expected, extrapolated and calculated diastolic and systolic diameters were strongly dependent on the distension pressure. In baseline conditions after inhibition of basal NO release with 300 μM L-NAME (Figures 3A,C,E,G), the diastolic and systolic diameters of the aortic diameters increased with pressure. Diameters increased with pressure starting at 40–80 mm Hg up to 240–280 mm Hg (up) until a “maximum” diameter was attained of 1.36 ± 0.07 mm (n = 7) for diastolic pressure at 220 mm Hg and 1.39 ± 0.07 mm (n = 7) for systolic pressure at 260 mm Hg. Upon lowering diastolic and systolic pressure back down to 40–80 mm Hg (down, unloading), both diastolic and systolic diameters decreased but were significantly larger than during the pressure increase, indicating hysteresis. Diameter change between diastolic and systolic pressure divided by the pulse pressure (40 mm Hg) revealed the compliance (in μm/mm Hg) (Figure 3E). Compliance measured during loading was significantly lower than for unloading in the pressure range below 160 mm Hg (140–180 mm Hg) but was similar for higher pressures. Finally, the aortic stiffness parameter, Ep, did not show significant hysteresis in baseline conditions (Figure 3G), and, at any given pressure, Ep, upon loading, was not different from Ep upon unloading.
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FIGURE 3. Aortic segments displayed considerable pressure- and contraction-dependent hysteresis. Aortic segments were treated with 300-μM L-NAME in the absence (A,C,E,G) and presence (B,D,F,H) of 2 μM PE and subjected to cyclic stretch with an amplitude of 40 mm Hg, ranging from 40–80 mm Hg to 240–280 mm Hg (upward direction, open symbols, up) and back to 40–80 mm Hg (downward direction, closed symbols, down). Diastolic and systolic diameters (A–D), compliance (E,F), and Peterson's elastic modulus (Ep, G,H) were determined in aortic segments of 7 C57Bl6 mice (data points ± SEM). Data points for the upward pressure steps (open symbols, up) were compared at any given pressure with data points for the downward pressure steps (closed symbols, down) with two-way RM ANOVA with Sidak's multiple comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001.


Diameters, compliance, and Peterson modulus, Ep, were also determined in the presence of 2 μM PE at gradually increasing and decreasing pressures (Figures 3B,D,F,H) and the following depolarization with 50-mM extracellular K+ (data not shown). After the addition of 2 μM PE in the presence of L-NAME, hysteresis was considerably increased for all parameters. As expected, diastolic and systolic diameters decrease with the addition of PE and after attaining maximal values of 1.30 ± 0.08 mm and 1.33 ± 0.08 mm (n = 6) at 240 and 280 mm Hg, respectively, diameters for the downward pressure steps were, at any given pressure, significantly increased when compared with the upward pressure steps (Figures 3B,D). Compliance (Figure 3F) was nearly three times lower when compared with control conditions (Figure 3E) and was almost pressure-independent for the upward pressure steps. Unloading resulted in clear pressure dependency but was not different from loading compliance for pressures above 220 mm Hg. Similar observations apply for Ep with significantly lower Ep values at any pressure below 220 mm Hg during unloading. We defined these lower stiffness values as “de-stiffening” of the aortic segments for the downward pressure steps below 220 mm Hg (Figure 3H). For depolarization with 50 mM K+, similar results were obtained (see also Figure 6). Finally, it should be mentioned that when segments in the presence of PE and L-NAME were stretched at 80–120 mm Hg after the pressure protocol, it took about 20 to 30 min to attain Ep values comparable with Ep before the pressure protocol (see Supplementary Figure 2). Only after this “recovery” or “re-stiffening” period, another experimental protocol could be performed. These data suggest that the contractile state of vascular smooth muscle cells determines the hysteresis phenomena described in Figure 3 and that at any given pressure, stiffness in unloading conditions is lower than stiffness in loading conditions, which we called de-stiffening.



Age and Contractile Stimulus Affect Aortic Stiffness

Pressure- and contraction-dependent hysteresis, as described above, was further studied in aortic segments of young (5 months, group 2, n = 8) and old (26 months, group 3, n = 5) mice. Contraction was not only induced by α1-adrenergic stimulation with 2 μM PE but also by receptor-independent depolarization by 50 mM K+ in the absence and presence of 300-μM L-NAME to inhibit basal endothelial NO release. Figure 4 compares the effects of 2 μM PE and 50 mM K+ before and after inhibition of basal NO release with 300-μM L-NAME in aortic segments of 5- and 26-month-old mice mounted in static, isometric conditions (100 mm Hg, Figure 4A) and dynamic, isobaric conditions (80–120 mm Hg, Figure 4B). The figure shows that maximal isometric force was higher after depolarization than following α1 adrenoceptor stimulation, especially in aged mice but was not significantly age-dependent. In isobaric conditions, aortic stiffness was significantly increased by addition of L-NAME for PE-induced Ep increase in young animals. In the presence of L-NAME, Ep increased more after α1 adrenoceptor stimulation than following depolarization with high K+ in aged animals. Also, here, there was no significant age-dependent effect.
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FIGURE 4. α1-Adrenergic stimulation and maximal depolarization of aortic segments cause different isometric and isobaric effects. Aortic segments were mounted in isometric (100 mm Hg, A) and isobaric (80–120 mm Hg, B) conditions and treated with 2 μM PE (circles) or depolarized with 50 mM K+ (squares) in the absence (open symbols) and presence (closed symbols) of 300-μM L-NAME. The increase of force (Δorce) and Ep (ΔEp) was determined in aortic segments of 5 (white bars) and 26 (blue bars) months old mice. Two-way RM ANOVA with Sidak's multiple comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001.




Pressure-Dependent Hysteresis Is Contraction- and Age-Dependent

Figures 5, 6 show Ep values for up- and downward pressure steps in the presence of 2 μM PE and 50 mM K+ in the absence and presence of 300-μM L-NAME for aortic segments of young and old mice. Ep in control conditions (KR) was age- and pressure-dependent (Figures 5, 6A) with significantly higher stiffness at elevated distension pressure for aortic segments of old mice. This age-dependent difference in aortic stiffness remained, following stimulating contraction with 2 μM PE or 50 mM K+ in the absence (Figures 5B, 6B) or presence (Figures 5C, 6C) of L-NAME. Both contractile stimuli increase Ep at low and decrease Ep at high-distension pressures, especially in aortic segments of young mice. By subtracting the Ep values for the downward pressure steps from Ep values for the corresponding upward pressure steps, hysteresis is visualized as a pressure-dependent difference in Ep (ΔEp, Figures 5D–F, 6D–F) with negative values corresponding to lower stiffness or “de-stiffening.” In the absence of contractile stimuli, hysteresis was nearly absent. Following contraction of the aortic segments, hysteresis led to lower stiffness (negative values for △Ep) along the whole pressure range for aortic segments of young mice and was more evident in the absence of basal NO release (presence of 300-μM L-NAME) (Figures 5F, 6F). In aortic segments of old mice, hysteresis in contracted segments was smaller for both contractile stimuli. Moreover, in these segments, lower stiffness in the pressure range from 40–80 up to 160–200 mm Hg turned to higher stiffness in the pressure range above 160–200 mm Hg.
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FIGURE 5. Hysteresis is pressure, contraction and age dependent. Aortic segments of mice aged 5 months (black, n = 8) and 26 months (blue, n = 5) were subjected to upward (open symbols, up) and downward (closed symbols, down) pressure steps between 40 and 80 mm Hg to 200–240 mm Hg and back in control conditions (KR, A,D) in the presence of 2 μM PE (B,E) and 2 μM PE in the presence of 300-μM L-NAME to block endothelial NO release (C,F). Absolute values of Ep are shown in (A–C), whereas, in (D–F), data points for the upward pressure steps (open symbols, up) were compared at any given pressure, with data points for the downward pressure steps (closed symbols, down) (stiffness hysteresis). Two-way RM ANOVA with Sidak's multiple comparison test, *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6. Hysteresis is pressure, contraction, and age dependent. Aortic segments of mice aged 5 months (black, n = 8) and 26 months (blue, n = 5) were subjected to upward (open symbols, up) and downward (closed symbols, down) pressure steps between 40 and 80 mm Hg to 180–220 or 200–240 mm Hg and back in control conditions (KR, A,D) in the presence of 50 mM K+ (B,E) and 50 mMK+in the presence of 300-μM L-NAME to block endothelial NO release (C,F). Absolute values of Ep are shown in (A–C), whereas, in (D–F), data points for the upward pressure steps (open symbols, up) were compared at any given pressure with data points for the downward pressure steps (closed symbols, down) (stiffness hysteresis). Two-way RM ANOVA with Sidak's multiple comparison test (old vs. young mice), *p < 0.05, **p < 0.01, ***p < 0.001.


In Figure 7, which reflects the same data as in Figures 5, 6, hysteresis in young and old mice is compared for maximal contractions (NO release inhibited with L-NAME) induced by depolarization and α1-adrenergic stimulation.
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FIGURE 7. Pressure-dependent hysteresis is affected by the contractile stimulus and by age. Data from Figures 5F, 6F are combined in Figure 6A for mice of 5 months (n = 8, 5, black) and 26 months (n = 5, 26, blue). Contractions by 50 mM K+ (squares) and 2 μM PE (circles) were elicited in the presence of L-NAME. Three-way ANOVA: pressure: ***; age 0.12; stimulus *; pressure/age: **; pressure/stimulus ***; age/stimulus 0.73. For clarity, (A) was repeated in (B) (for 5 months) and (C) (for 26 months). Two-way RM ANOVA with Sidak's multiple comparison test, *p < 0.05, **p < 0.01, ***p < 0.001.


In young animals, hysteresis induced by contraction with PE or depolarization resulted in lower stiffness upon unloading along the whole pressure range up to 200 mm Hg, whereas, in old mice, hysteresis changed from lower to higher stiffness upon unloading at pressures above 160 mm Hg. Hysteresis by depolarization was significantly smaller in magnitude than hysteresis by PE, especially in the lower pressure range and for old animals.



Elastase Attenuates Pressure- and Contraction-Dependent Hysteresis

Because one of the characteristics of vascular aging is the age-dependent breakdown of elastin, aortic segments of group 4 mice were treated with 0.1 unit/ml elastase. In baseline conditions, the breakdown of elastin caused a significant increase of diastolic and systolic diameters (Figures 8A,B), especially at physiological pressures. It is evident that at, high-distension pressure, diastolic and systolic diameters, after elastase treatment, are nearly the same. Hence, the compliance, which is defined as the change of diameter per mm Hg distension pressure, is approaching zero at high pressures (Figure 8C). At very low pressure (<100 mm Hg), compliance was higher than in control conditions and rapidly fell to below control levels at pressures above 100 mm Hg. Elastase-treated aortas were significantly stiffer than control aortas at pressures above 140 mm Hg (Figure 8D).
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FIGURE 8. Diastolic and systolic diameters, compliance, and stiffness are elastin dependent. Diastolic diameter (A), systolic diameter (B), compliance (C), and Peterson modulus, Ep (D), were measured in aortic segments in control conditions (black symbols) or after treatment with 0.1 unit/ml elastase (green symbols). Data points for the upward pressure steps (open symbols, up) were compared at any given pressure with data points for the downward pressure steps (closed symbols, down). Two-way RM ANOVA with Sidak's multiple comparison test (elastase vs. control), *p < 0.05, **p < 0.01, ***p < 0.001, n = 5.


Diameters, compliance, and Ep were determined also in the presence of 2 μM PE and 300-μM L-NAME. To reveal the effects of PE in the absence and presence of elastase, the difference between the biomechanical parameters in the absence and presence of PE is displayed in Figure 9. In the absence of elastase, PE caused, as expected, decrease of diastolic and systolic diameters, reduced compliance, and elevated aortic stiffness. All these parameters were pressure-dependent, and PE was less effective at high-distension pressures (Leloup et al., 2019), and the pressure at which the PE effect caused higher compliance and lower Ep was ~180–200 mm Hg. After degradation of elastin with elastase, all effects of PE were significantly attenuated in the physiological pressure range (decreased diameters and compliance, increased Ep). Furthermore, in the elastase-treated segments, the pressure at which the PE-induced decrease of compliance and increase of Ep changed a sign (higher compliance and lower Ep) and shifted to lower pressures by ±50 mm Hg.
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FIGURE 9. Diastolic and systolic diameters, compliance, and stiffness in the presence of PE are elastin dependent. Diastolic diameter (A), systolic diameter (B), compliance (C), and Peterson modulus, Ep (D), were measured in aortic segments in the presence of 2 μM PE and 300-μM L-NAME in control conditions (black symbols) or after treatment with 0.1 unit/ml elastase (green symbols). Two-way RM ANOVA with Sidak's multiple comparison test (elastase vs. control), *p < 0.05, **p < 0.01, ***p < 0.001, n = 5.


Finally, pressure-dependent hysteresis was studied in the absence/presence of 2 μM PE and 300-μM L-NAME and absence /presence of elastase. The Δdiameter, Δcompliance, and ΔEp values between upward and downward pressure steps at any given pressure (Δparameter by hysteresis) are shown in Figure 10. In the absence of contraction, hysteresis was only evident for diameters and compliance, but not for Ep. Elastase treatment was ineffective in affecting hysteresis for diameters, but compliance hysteresis was significantly attenuated at physiological pressures (Figure 10E). Hysteresis for all parameters was significantly intensified by contraction with PE in elastin-intact segments. Diameters and compliance were significantly increased for downward pressure steps, whereas segments were less stiff when the segments were unloaded at mean pressures below 160 mm Hg (Figures 10B,D,F,H). In segments treated with 0.1 unit/ml elastase, on the other hand, diameter and compliance hysteresis was reduced at pressures above 100 mm Hg. Hysteresis of aortic stiffness was completely reversed with higher stiffness at any given pressure upon unloading (positive ΔEp values in Figure 10H).
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FIGURE 10. Pressure-dependent hysteresis induced by contraction with PE is elastin dependent. Diastolic (A,B) and systolic diameters (C,D), compliance (E,F), and Ep (G,H) were determined in untreated (black) and elastase-treated (0.1 unit/ml, green) aortic segments in KR (A,C,E,G) and in the presence of 2 μM PE/300-μM L-NAME (B,D,F,H). Data points for the upward pressure steps were compared at any given pressure with data points for the downward pressure steps (stiffness hysteresis). Hence, positive values for diameter and compliance refer to larger diameters and compliance for downward pressure steps. Negative values for Ep correspond to lower stiffness for the downward pressure steps (“de-stiffening”). Two-way RM ANOVA with Sidak's multiple comparison test, *p < 0.05, **p < 0.01, ***p < 0.001, n = 5.





DISCUSSION

The present study revealed that the ROTSAC equipment (Leloup et al., 2016) was suitable to study pressure dependency of arterial stiffness. The pressure-stiffness relationship of the present study displayed key features of anisotropic artery walls with non-linear behavior, being soft at low pressure and increasing stiffness at higher pressures. In this way, they perfectly resemble classical aortic stress-strain relationships (Hong et al., 2015). Moreover, the setup also allowed to study ex vivo viscoelastic properties and stiffness hysteresis of isolated mouse aortic segments. Indeed, dynamic testing of arterial stiffness, whether in vivo or ex vivo, should address viscoelasticity alongside the measurement of stiffness. In vivo, acute manipulation (pharmacological or mechanical) of arterial pressure allows to compare arterial stiffness at the same level of pressure in different animals and to investigate the pressure sensitivity of arterial stiffness (Butlin et al., 2020). For example, chronic hypertension has been described to decrease the pressure sensitivity of arterial stiffness (Ng et al., 2012).


Aortic Stiffness Hysteresis

In the present study, the pressure-diameter relationship for a single-stretch cycle displayed hysteresis with smaller diameters upon increasing than upon decreasing stretch (Figures 2B–D). In general, it is assumed that cell stretch temporarily causes higher stress, followed by a return to the basal level. Hence, cyclic stretch is assumed to cause stress-strain hysteresis, with higher stresses during building up stretch than during subsequent stretch release. This has been demonstrated in numerous studies in vivo and ex vivo (Bauer et al., 1979; Langewouters et al., 1986; Armentano et al., 1995; Boutouyrie et al., 1997; Trepat et al., 2004) and illustrates the viscoelastic nature of blood vessels. The present study did not focus on hysteresis during a single-stretch cycle but investigated whether aortic stiffness also displayed hysteresis phenomena when segments were loaded and unloaded in a pressure range from 60 to 240 mm Hg, while subjected to continuous cyclic stretch with a constant PP of 40 mm Hg at high frequency. At increasing, and subsequently decreasing pressures, diastolic and systolic diameters, compliance, the aortic stiffness parameter, and Peterson's modulus or Ep were compared at any given pressure or mean pressure in the loading and unloading direction. In baseline conditions (KR), diastolic and systolic diameters and compliance for a pulse pressure of 40 mm Hg were smaller at any given pressure upon progressive loading of the segments than upon unloading. Stiffness hysteresis was, however, absent (Figures 3A,C,E,G), mainly because the diameter change in the loading and unloading direction was nearly the same. Hence, aortic stiffness gradually increases with pressure, but the pressure-stiffness relationship was similar in the loading (increasing pressure) and unloading (decreasing pressure) directions.

In general, it is assumed that the passive mechanical behavior of vascular walls is mainly governed by the extracellular matrix (collagen, elastic fibers, proteoglycans, and water), whereas the active mechanical contribution is due to the VSMCs (Holzapfel and Ogden, 2018; Butlin et al., 2020). The interactions between both in regulating aortic compliance are, however, complex and both are definitely crucial elements in the determination of arterial wall stiffness (Saphirstein et al., 2013; Hong et al., 2015; Lacolley et al., 2017). Elastic arteries, such as the aorta, are composed of alternating layers of smooth muscle and elastin-containing fibers. Elastin degradation with elastase caused prominent changes in the pressure-diameters, -compliance, and -stiffness relationships. Vessel diameters were significantly increased, compliance was larger at low pressure (60 mm Hg), but compromised at higher pressures, and Ep was significantly increased at pressures of 140 mm Hg. Similarly, the aorta of elastin heterozygous mice (Eln+/−), in which about 60% of the normal elastin amount is present (Wagenseil and Mecham, 2009), is stiffer than the aorta of Eln+/+ mice (Knutsen et al., 2018). The higher stiffness of Eln+/− or elastase-treated aortas is believed to be due to the redistribution of tensile force to the stiffer collagen. Because aging is accompanied by a gradual increase of elastin breaks and loss of elasticity, this process is also believed to be at the base of progressive arterial stiffening during aging. Also, the present study showed that, in comparison with “young” mice (5 months), aortic segments of old mice (26 months) displayed higher Ep values and aortic stiffness at mean pressures above 100 mm Hg.



Aortic Stiffness Hysteresis Modulation

The presence of a considerable amount of VSMCs in the aorta means that, by generating contractile force, they obviously contribute significantly to the material behavior of the artery wall (Qiu et al., 2010; Poythress et al., 2013; Saphirstein et al., 2013; Gao et al., 2014; Hong et al., 2015; Zhang et al., 2016). Aortic VSMC function can be significantly altered by cyclic stretch (Leloup et al., 2017), and, when subjected to high-frequency (10 Hz) stretch of about 10% in baseline conditions, it is expected that the ECM, together with actomyosin contraction and cytoskeletal remodeling, may produce viscoelastic-like stress relaxation and hysteresis. Thereby, it is assumed that VSMC may contribute markedly to different hysteresis behaviors under different loading regimes (Win et al., 2018).

In the presence of PE and L-NAME, aortic stiffness was almost independent of pressure when pressure was built up [compared with the reduced pressure-sensitivity of stiffness in hypertensive animals (Ng et al., 2012)]. Release of pressure reintroduced “control-like” pressure dependency with maximal compliance again in the physiological pressure range. When compared with baseline conditions, PE caused aortic stiffening in the pressure range between 60 and 180 mm Hg, but, at the highest pressure, stiffness was reduced (Figure 5). This has been explained by a shift in the load-bearing component from collagen at high pressures to the contractile VSMCs at lower pressures (Leloup et al., 2019). In the present study, pressure-induced hysteresis was dependent on the contractile state of the aortic VSMCs. In comparison with baseline conditions, contraction of the aortic VSMCs with α1 adrenergic stimulation or with depolarization by high extracellular K+, especially after inhibition of basal NO release with L-NAME, caused more pronounced hysteresis of all parameters (Figures 3B,D,F,H). In this condition, now, also, clear hysteresis of the aortic stiffness parameter, Ep, occurred with lower stiffness (“de-stiffening”) in the unloading than in the loading direction at any pressure given between 60 and 200 mm Hg. Both depolarization with high K+ and α1 adrenoceptor stimulation with PE caused aortic stiffness hysteresis. Although 50 mM K+ caused larger isometric contractions than PE, stiffness increase by depolarization was significantly smaller than by PE (Figure 4). Furthermore, aortic stiffness hysteresis was more pronounced for PE than for 50 mM K+. The largest difference between upward and downward pressure change was observed at physiological pressures for PE and slightly higher pressures for depolarization (Figure 7). This is the pressure range where the tensile force is mainly absorbed by the contracted VSMCs, suggesting that aortic VSMCs, indeed, play a major role in aortic stiffening, stiffness hysteresis phenomena, and aortic viscosity. The more pronounced hysteresis for PE-induced stiffening may be explained by the stronger activation of Rho/Rho kinase in receptor-mediated (adrenoceptor, PE) than non-receptor-mediated (high K+) contraction. Rho-linked signaling mechanisms have been linked to mechanotransduction via modulation of focal adhesions (Jang et al., 2005; Sun et al., 2012). Focal adhesion sites, where the VSMC cytoskeleton is linked to ECM components through integrin-based interactions (Saphirstein et al., 2013; Lacolley et al., 2017), permit adequate force transmission from the contracted VSMC to the vascular wall via the extracellular matrix, thereby enabling stiffness development. Pharmacological inhibition of focal adhesions results in a more than 60% decrease in vascular stiffening, highlighting their importance in the VSMC contribution to arterial stiffness (Min et al., 2012; Poythress et al., 2013; Gao et al., 2014).

On the other hand, the continuous connection of the elastin fibers to the contractile units in the VSMCs of the aortic wall, which has been termed the “elastin-contractile unit” (Milewicz et al., 2017), is a prerequisite for performing contraction. The present study confirmed these observations. The effects of PE-induced constriction on diameters, compliance, and Ep were reduced by 70 to 100% at low to high pressure. At the high-pressure elastase-treated aortic segment, stiffness was even insensitive to the presence of PE. The “elastin-contractile unit” (Milewicz et al., 2017) may also affect the viscoelastic properties and hysteresis of the aorta. In aortic segments treated with elastase and subjected to PE in the presence of L-NAME, degradation of elastin caused hysteresis, which was exactly the opposite of stiffness hysteresis in elastin-intact aortic segments. At any given mean pressure in the unloading conditions, aortic stiffness was higher than in the loading condition (Figure 10). This “reverse” hysteresis was also observed in single VSMCs exposed to stretch transverse to primary fiber alignment (Win et al., 2018), suggesting that rearrangement of the ECM occurred after elastin digestion in our experiments may affect viscous properties of the aortic segments.

Aging and VSMC stimulation with depolarization or α1 adrenoceptor stimulation changed the typical biomechanical behavior of the aorta. The most prominent effect of aging was the increased aortic stiffness along the entire pressure range investigated. Especially at higher-distension pressure, aortic stiffness was increased. Moreover, stiffness hysteresis in the aorta of old mice was of a mixed type. Stiffness at mean pressures above 160 mm Hg was higher for pressure release than for pressure increase. Below 160 mm Hg, normal hysteresis was present with stiffness being lower in the unloading than loading direction. Aorta segments of young mice showed normal stiffness hysteresis at mean pressures below 200 mm Hg, about 40 mm Hg above the turning point in aortas of old animals. It is well-known that aging causes migration of VSMCs from the media to the intima, wall thickening, and artery stiffening because of the fragmentation and degradation of elastin, cross-linking, collagen remodeling, and ECM irregularities (Toda et al., 1980; Greenwald, 2007; Tsamis et al., 2013). The fact that elastin degradation with elastase turned normal pressure-dependent hysteresis of contracted aortic segments to “reverse” hysteresis may indicate that the mixed hysteresis observed in aortic segments of old mice is due to the age-dependent elastin degradation and/or the elevated number of elastin breaks. However, many different structural and biochemical changes occur within the vessel wall with aging (Ungvari et al., 2018), and recent studies have shown an increase in VSMC cellular stiffness with aging (Qiu et al., 2010). Aging is characterized by an increase in α smooth muscle actin, the stress fiber-specific isoform for VSMCs, which is central to mechanotransduction by transmitting force to the ECM via integrins (Qiu et al., 2010). Hence, also, with aging, focal adhesion assembly and disassembly may be affected. In aortas of old mice, the inhibitory effects of the Src inhibitor PP2 on agonist-induced stress, stiffness, and phosphotyrosine increase are lost, suggesting the regulatory pathways related to focal adhesion are attenuated with aging (Gao et al., 2014).



Physiological Impact, Shortcomings, and Future Directions of This Study

Because of its distinguished location between the contracting and ejecting left ventricle of the heart and the rest of the circulation, the compliance and stiffness of the aorta play a pivotal role in cardiovascular health. The elastic properties of the aorta undoubtedly contribute to the blood buffering capacity of this blood vessel, as well as its viscous properties in the dynamic regulation of wall properties. Results of the present study indicate that both ECM and VSMCs contribute to the pressure-dependent stiffness hysteresis observed as the difference between loading and unloading stiffness along a pressure range from 60 to 240 mm Hg. To investigate this in more detail, more experiments with elastase, collagenase, and factors involved in focal adhesion dynamics are expected to further elucidate the pressure-, age- and contraction-dependent biomechanics of the aorta. An important physiological aspect of the viscous properties of the aortic wall might be a de-stiffening effect of acute exercise. During exercise, diastolic pressure hardly changes, whereas systolic pressure is elevated dependent on the exercise intensity, leading to an increase of pulse pressure. The results of the present study suggest that immediately after an exercise bout, diastolic and systolic diameters are larger than before exercise and dependent on the contractile state of the VSMCs; this may lead to aortic de-stiffening and a higher blood buffering capacity of the aorta immediately after the exercise bout.

One of the main shortcomings of this study is that aortic segments were not pressurized and were only subjected to uniaxial stretch. Ex vivo organ bath studies on isolated aortic segments have been performed extensively in the past few decades. In many cases, researchers focused on the isometric force at non-physiological preloads or stress-strain relationships under static conditions. Recently, a new setup to study biaxial biomechanics of mouse carotid artery under pulsatile conditions has been described (van der Bruggen et al., 2021). With this setup, it was demonstrated that pulse wave velocity, distensibility, and compliance coefficients of murine carotid artery depended on the amount of axial stretch. Although our ROTSAC system uses uniaxial stretch of large mouse aortic segments (diameter ± 1 mm) or larger, it allows to continuously stretch aortic segments at high frequency of 10 Hz (600 beats/min) or even more and to apply extrapolated pressure differences of up to 100 mm Hg. In this way, the ROTSAC setup allows simulating various pulsatile conditions or bouts of exercise. In the ROTSAC setup, compliance of the segments was defined as the change in diameter (between systolic and diastolic pressures) per mm Hg pressure. In general, compliance refers to the change of volume per mm Hg pressure. We preferred to keep the change of diameter per mm Hg, because diameters were directly measured and extrapolated in the present setup. Also, wall thickness was not measured and considered. Therefore, we were not able to measure wall stress. It should be mentioned that, to apply a calculated pressure of 100 mm Hg to the aortic segments, it was found that aortic segments of young mice needed a preload of 27. ± 0.6 mN (n = 8) vs. 30. ± 0.4 mN (n = 5, p < 0.01) for segments of old mice. Probably, this is due to the higher wall thickness of aortas isolated from aged mice.

The advantage of the ROTSAC setup is related to (i) the ability to independently control mechanical and pharmacological stimulation, (ii) the ability to expose the vessel to a physiological stretch rate, (iii) the ability to study several aortic segments of the same mouse, segments of different mice or different experimental protocols at the same time, and (iv) to compare effects of mechanical or pharmacological stimuli at the same extrapolated transmural pressure (isobaric measurements). These advantages might be especially relevant to aortic segments, given it is the significant visco-elastic behavior and (patho)physiological role in overall hemodynamics. Furthermore, the knowledge of the physiological role of VSMC contraction and relaxation in the aorta is still largely lacking, and data collected with the ROTSAC setup are expected to further contribute to a better understanding of the role of (contractile) cells in the aorta. It is evident that the ROTSAC setup cannot simply replace or be translated into the in vivo setting. Use of a biaxial pressurized myograph, which can be used for larger diameter vessels (300–1,000 μm) with (van der Bruggen et al., 2021) or without pulsation (Bersi et al., 2016), may result in additional experiments to demonstrate the (patho)physiological implications of the observations of the present study.




CONCLUSION

The present study revealed that the ROTSAC equipment (Leloup et al., 2016) was suitable to study pressure dependency of arterial stiffness in different, well-controllable experimental conditions. Loading and unloading of aortic segments along a pressure range from 60 to 240 mm Hg and back, while continuously stretching the segments equivalent to a pulse pressure of 40 mm Hg to measure aortic compliance and stiffness, revealed that both the ECM and the VSMCs contribute to pressure-dependent stiffness hysteresis. Stiffness hysteresis phenomena were contraction, age, and ECM dependent, which suggests that VSMCs, in interaction with their ECM, contribute to a pressure-dependent pulse-dampening capacity of the aorta. The presumable role of focal adhesions as the link between VSMC cytoskeleton, integrins, and ECM in aortic stiffness hysteresis in the pulse-dampening capacity of the aorta might be a subject for future studies.
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Measuring arterial stiffness has recently gained a lot of interest because it is a strong predictor for cardiovascular events and all-cause mortality. However, assessing blood vessel stiffness is not easy and the in vivo measurements currently used provide only limited information. Ex vivo experiments allow for a more thorough investigation of (altered) arterial biomechanical properties. Such experiments can be performed either statically or dynamically, where the latter better corresponds to physiological conditions. In a dynamic setup, arterial segments oscillate between two predefined forces, mimicking the diastolic and systolic pressures from an in vivo setting. Consequently, these oscillations result in a pulsatile load (i.e., the pulse pressure). The importance of pulse pressure on the ex vivo measurement of arterial stiffness is not completely understood. Here, we demonstrate that pulsatile load modulates the overall stiffness of the aortic tissue in an ex vivo setup. More specifically, increasing pulsatile load softens the aortic tissue. Moreover, vascular smooth muscle cell (VSMC) function was affected by pulse pressure. VSMC contraction and basal tonus showed a dependence on the amplitude of the applied pulse pressure. In addition, two distinct regions of the aorta, namely the thoracic descending aorta (TDA) and the abdominal infrarenal aorta (AIA), responded differently to changes in pulse pressure. Our data indicate that pulse pressure alters ex vivo measurements of arterial stiffness and should be considered as an important variable in future experiments. More research should be conducted in order to determine which biomechanical properties are affected due to changes in pulse pressure. The elucidation of the underlying pulse pressure-sensitive properties would improve our understanding of blood vessel biomechanics and could potentially yield new therapeutic insights.
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INTRODUCTION

Large artery stiffness is a strong predictor of cardiovascular events and all-cause mortality and directly impacts blood pressure. Evidently, measurement of arterial stiffness in vivo and ex vivo has gained a lot of interest (Vlachopoulos et al., 2010; Leloup et al., 2016; Avolio et al., 2018). Determining pulse wave velocity (PWV) is the cornerstone for the in vivo measurement of arterial stiffness (Butlin et al., 2020). However, PWV does not make a distinction between the contribution of different components of the vessel wall to the overall stiffness. Ex vivo measurements of arterial stiffness may provide more insight into the mechanisms that cause blood vessel stiffening. Such ex vivo measurements can reveal important (altered) biomechanical properties of blood vessels, which can advance the research field of “vascular mechanomedicine” (Naruse, 2018).

Measuring blood vessel stiffness ex vivo can either be done in a static or a dynamic manner. However, the biomechanical behavior of blood vessels differs between stationary and oscillatory experiments (Cox, 1974; Glaser et al., 1995; Lénárd et al., 2000). Therefore, assessing arterial stiffness under pulsatile conditions is favorable, as it is more representative of physiological conditions. Pulsatile ex vivo setups such as the bi-axial stretching setup of van der Bruggen M. M. et al. (2021) or the dynamic intraluminal pressure testing system by Santelices et al. (2007) are able to produce quasi-physiological pressure waveforms. In these setups, pulsatile load/stretch can be mimicked in ex vivo conditions, allowing a dynamic assessment of blood vessel stiffness.

Our research group previously developed a wire myography-based organ bath setup, called ROTSAC, that enables imposing different pulsatile stretching conditions (Leloup et al., 2016). Using this setup, the role of vascular smooth muscle cells (VSMCs) and endothelial cells (ECs) in arterial viscoelasticity was extensively studied (Leloup et al., 2017, 2019, 2020; De Munck et al., 2020; Bosman et al., 2021). In these experiments, the pulsatile load was kept at a pulse pressure of 40 mmHg to mimic the physiological condition. However, the amplitude of the pulsatile stretch is known to modulate mechanosensitive properties of the blood vessel, such as contractile properties, stress fiber alignment, cell morphology and gene expression in both ECs and VSMCs (Birukov, 2009; Haghighipour et al., 2010; Hsu et al., 2010). Moreover, the viscoelastic properties of the arterial wall, which modulate the stiffness of the vessel, can be affected by altered dynamic loading conditions (Tan et al., 2016; Xiao et al., 2017; Butlin et al., 2020). Therefore, instead of assessing the “pressure”–“strain” relationship at a single fixed pulse pressure, altering the stretch amplitude/pulse pressure could reveal other biomechanical responses which would otherwise be neglected.

In the present study, we investigated how altering the amplitude of the pulsatile stretch (i.e., the pulsatile load) ex vivo affects the measurement of arterial stiffness. We aimed to illustrate how VSMC function and arterial viscoelastic properties are affected with altered loading conditions. Specifically, VSMC contraction and relaxation were studied under different pulse pressures to assess whether their functionality is dependent on the pulsatile load. Finally, we compared the descending aorta with the infrarenal aorta in this model to assess differential effects of pulsatile stretch on an elastic and muscular artery, respectively.



MATERIALS AND METHODS


Mice and Tissue Preparation

Seven male C57BL/6J mice (6 months old; Charles River Laboratories, France) were used in the present study. All animals were housed in the animal facility of the University of Antwerp in standard cages with 12 h-12 h light-dark cycles and had free access to regular chow and tap water. The animals were euthanized by perforating the diaphragm while under anesthesia [sodium pentobarbital (Sanofi, Belgium), 75 mg/kg i.p.]. The descending and infrarenal aorta were carefully removed and stripped of adherent tissue. The tissue was cut into segments of 2 mm. In all experiments, segments from the same anatomical location were used in order to minimize variability due to the heterogeneity in blood vessel composition along the aortic tree. The segments were immersed in Krebs Ringer (KR) solution (37°C, 95% O2/5% CO2, pH 7.4) containing (in mM): NaCl 118, KCl 4.7, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, CaEDTA 0.025 and glucose 11.1. The study was waived by the local ethics committee, according to article 3 of the EU legislation (L 276/38, 2010).



Rodent Oscillatory Tension Set-Up to Study Arterial Compliance (ROTSAC)

The ex vivo stiffness of the aortic vessels was determined via ROTSAC measurements as previously described (Leloup et al., 2016). In brief, aortic segments were mounted between two parallel wire hooks in 10 mL organ baths. Force and displacement of the upper hook were controlled and measured with a force-length transducer. The segments were continuously stretched between alternating preloads, corresponding to a “diastolic” and “systolic” transmural pressure at a frequency of 10 Hz. The Laplace relationship was used to calculate the transmural pressure. At any given pressure, calibration of the upper hook allowed the calculation of the vessel diameter (both systolic and diastolic diameter) and the Peterson pressure-strain modulus of elasticity (Ep). The Ep was calculated as follows:

[image: image]

With D0 the diastolic diameter. To dissect how pulse pressure affects the stiffness of the blood vessel, the amplitude of the oscillations was changed to generate higher or lower pulsatile stretches. However, mean pressure is an important regulator of ex vivo stiffness (Leloup et al., 2016). Therefore, altering pulse pressure should be done in such a manner that the mean pressures between pulse pressures are equal (Figure 1). In our setup, the duration of the diastolic and systolic phase are equal (50 ms for each phase). Therefore, mean transmural pressure is calculated as:
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FIGURE 1. Altering pulsatile load ex vivo. To increase the pulse pressure at equal mean pressure, the diastolic and systolic pressures are decreased and increased, respectively, with equal increments. A segment that oscillates between 80 mmHg diastolic pressure and 120 mmHg systolic pressure, is exposed to a mean pressure of 100 mmHg and a pulse pressure of 40 mmHg. Alternatively, a segment that oscillates between 50 mmHg diastolic pressure and 150 mmHg systolic pressure, is exposed to an equal mean pressure of 100 mmHg but an increased pulse pressure of 100 mmHg. F-L Transducer = Force-Length Transducer.


To increase pulse pressure, diastolic pressures were decreased and systolic pressures were increased in equal increments, leading to different pulse pressures, but equal mean pressures. Hence, the effect of a larger or smaller pulse can be assessed in isobaric conditions. The mean pressures were incrementally increased for all pulse pressures to assess the relationship between the non-linear increase in pressure-mediated stiffness and pulse pressure. All the measurements were conducted on the same aortic segment in order to make paired comparisons. A KCl solution (50 mM in Krebs) as well as the NO donor diethylamine NONOate (DEANO, 2 μM) were used to elicit VSMC contraction and relaxation, respectively. The resulting stiffness was measured at steady state conditions (i.e., 20 min after contraction or relaxation). The segments were washed three times after VSMC contraction in order to remove KCl before administering DEANO.



Experimental Pulse Pressure Protocol

Five different pulse pressures were chosen to be implemented in the experimental protocol. The pulse pressure of 40 mmHg was considered as “physiological” pulse pressure and was therefore used as a reference for the other pulse pressures. One sub-physiological and three supra-physiological pulse pressures were included in the protocol (20 mmHg and 60, 80, and 100 mmHg, respectively). In this protocol, the mean pressure was increased from 80 to 200 mmHg in steps of 20 mmHg (see Supplementary Figure 1). The same pulse pressure protocol was applied to each vessel segment in three different conditions (Krebs, KCl, and DEANO). There was a waiting period of 30 min between conditions. Unless otherwise mentioned, segments from the thoracic descending aorta (TDA) were used in this study.



Statistics

All results are expressed as mean ± SEM with n representing the number of mice. Statistical analyses were performed in GraphPad Prism 7.0. Statistical tests are mentioned in the figure and/or table legends. Significance was accepted at P < 0.05.



RESULTS


Pulse Pressure Modulates the Non-linear Pressure-Stiffness Relationship

Increasing pulse pressure augmented the maximum distension of the thoracic aortic segment (Figure 2A). The maximum distension (%) for pulse pressures of 20, 40, 60, 80, and 100 mmHg at a mean pressure of 100 mmHg were 6 ± 0.3, 13 ± 0.6, 20 ± 1, 28 ± 2, and 36 ± 2, respectively. Changing pulse pressure, alters both the D0 and the compliance (Figures 2B,C). Increasing mean pressure increases the Ep (Figure 2D). The pulse pressure significantly changed the pressure-stiffness relationship (Figures 2D,E and Table 1). Ep for each pulse pressure was different at every mean pressure (p < 0.0001), meaning that pulse pressure alters the stiffness of the same blood vessel (Figure 2D). Statistical comparisons in Table 1 were made to 40 mmHg pulse pressure, which was considered as the basal, physiological pulse pressure. Additionally, the interaction between pulse pressure and pressure was significant (p < 0.0001). A sub analysis was conducted for different pulse pressures at a mean pressure of 100 mmHg and demonstrated that pulse pressure significantly affects both D0 (p < 0.0001) and ΔP/ΔD (p = 0.001) (Supplementary Figure 2). This indicates that changes in Ep reflect both changes in diastolic diameter and altered compliance.
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FIGURE 2. Pulsatile load modulates the pressure-stiffness relationship. (A) Mean distension of a single cycle (100 ms) of thoracic aorta segments at different pulse pressures. Tracings were downsampled to 5 ms intervals. (B) Diastolic diameter is altered by the applied pulse pressure, as expected due to the nature of the setup. (C) The relationship between compliance, pulse pressure and mean pressure. (D) The pressure-stiffness relationship is modulated by the pulse pressure. At low pulse pressures, the pressure-mediated increase in Ep is significantly augmented, while the inverse is true for increasing pulse pressures. (E) Surface plot representing the mean interpolated data. n = 7. Ep, Peterson’s modulus of elasticity; PP, pulse pressure.



TABLE 1. Effect of differential pulse pressure on blood vessel stiffness.
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Pulse Pressure Modulates Vascular Smooth Muscle Cell Reactivity

The Pulse pressure-pressure-stiffness relationships were also investigated following constriction of aortic segments by depolarization with high extracellular K + or following removal of basal tonus with exogenous NO (DEANO) (Figure 3). The results for contraction and relaxation are shown in Tables 2, 3, respectively. We previously reported that VSMC contraction increases stiffness at low, physiological pressures, but decreases stiffness at higher, non-physiological pressures (Leloup et al., 2019). The comparisons between 50 mM KCl (50K) contraction induced stiffness at different pulse pressures and their uncontracted state are listed in Table 2. At pulse pressures of 20 and 40 mmHg, 50K increased the stiffness significantly at “low” mean pressures (80–140 mmHg) and decreased stiffness significantly at “high” mean pressures (180–200 mmHg) (Figure 3A). For the pulse pressures 60, 80, and 100 mmHg, 50K only decreased the stiffness significantly (p < 0.0001) at “high” mean pressures (160–200 mmHg). After 50K elicited contraction, all measurements (Ep) were significantly (p < 0.0001) different from each other. The ΔEp was significantly different between 20 and 40 mmHg pulse pressure, at the “low” mean pressures, indicating a stronger response to 50K in the former (Figure 3B).
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FIGURE 3. Pulse Pressure alters VSMC reactivity. (A) Surface plot of the mean interpolated raw data. The transparent surface plot is the uncontracted, basal state of the aortic segment, while the colored surface plot shows the same segment in 50 mM KCl-induced contracted state. At low mean pressures (80–140 mmHg), contraction of VSMCs makes the segment stiffer, while at high mean pressures (140–200 mmHg), the vessel is less stiff when contracted. This effect is consistent for all pulse pressures. (B) Surface plot of the mean interpolated data of the difference in stiffness between contracted and uncontracted state (contracted–basal). (C) Surface plot of the mean interpolated raw data. The transparent surface plot is the uncontracted, basal state of the aortic segment while the colored surface plot shows the same segment treated with 2 μM DEANO. (D) Surface plot of the mean interpolated data of the difference in stiffness (Ep) between relaxed and basal state (relaxed–basal). n = 7. Ep, Peterson’s modulus of elasticity; ΔEP, EPcontraction–EPuncontracted; PP, pulse pressure.



TABLE 2. Blood vessel stiffness before and after 50 mM KCl induced VSMC contraction at different pulse pressures.
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TABLE 3. Blood vessel stiffness before and after DEANO-induced VSMC relaxation at different pulse pressures.
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Adding DEANO to the aortic segments removed the basal tonus of the VSMCs (Leloup et al., 2018). The comparisons before and after DEANO administration at different pulse pressures are listed in Table 3. Overall, at most pressures, there was no clear effect of removal of basal tonus by DEANO. However, at 20 mmHg pulse pressure Ep was significantly decreased at mean pressures of 140, 160, and 200 mmHg (p < 0.01) (Figure 3D). A detailed overview of the effects of 50K and DEANO per pulse pressure can be found in the Supplementary Material (Supplementary Figure 3).



Comparison of Biomechanical Properties of the Thoracic Descending Aorta and the Abdominal Infrarenal Aorta

Overall, Ep for the infrarenal artery was higher than Ep for the descending thoracic aorta, indicating a higher stiffness of the infrarenal artery in all conditions. The individual results are listed in Table 4. Whereas differences in Ep between the descending and infrarenal aorta were significant (p < 0.05–p < 0.01) at mean pressures of 80, 100, 120, and 140 mmHg for a pulse pressure of 20 mmHg, significant differences (p < 0.05) were only observed at mean pressures of 100, 120, and 140 mmHg for a pulse pressure of 40 mmHg and at 120 mmHg mean pressure for a pulse pressure of 60 mmHg (Figure 4). At higher pulse pressures, the difference in stiffness between the descending and infrarenal aorta did not reach significance.


TABLE 4. Difference in stiffness between the thoracic descending aorta (TDA) and the abdominal infrarenal aorta (AIA) at different pulse and mean pressures.
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FIGURE 4. Comparison of the stiffness-profile of the thoracic descending and abdominal infrarenal aorta. (A) Surface plot representing the mean Ep of the descending aorta (transparent/white) and the infrarenal aorta (colored) at different pulse & mean pressures. (B) Surface plot representing the mean difference in Ep (ΔEP) between the infrarenal and thoracic aorta for every pulse & mean pressure. Ep, Peterson’s modulus of elasticity;ΔEP, EPinfrarenal aorta–EPdescending aorta; PP, pulse pressure.




DISCUSSION

In this study, we demonstrated that increasing ex vivo pulsatile load alters the non-linear relationship between pressure and blood vessel stiffness, making the aortic tissue softer. Additionally, the magnitude of the applied pulsatile load altered the response of VSMCs to a contractile stimulus. Finally, we compared the stiffness of the TDA with that of the abdominal infrarenal aorta (AIA). Interestingly, while it is known that the AIA is a stiffer blood vessel compared to the TDA, the difference between the AIA and the TDA becomes less apparent when higher ex vivo pulse pressures are applied. These findings suggest that pulsatile load ex vivo alters the properties of aortic tissue and therefore impacts the measurement of arterial stiffness. Importantly, it was not the aim of the present study to unravel the altered molecular/biomechanical mechanisms when changing pulse pressure, but rather how manipulating this neglected parameter influences the ex vivo measurement of arterial stiffness. Nonetheless, these findings indicate that pulse pressure can be used as an additional variable parameter to better understand arterial stiffening in subsequent studies.

In our setup, whether a segment oscillates at a pulse pressure of 20 or 100 mmHg, both pulses happen at an equal frequency of 10 Hz. Therefore, a segment oscillating at a pulse pressure of 100 mmHg has a higher deformation rate than a segment oscillating at a pulse pressure of 20 mmHg. Our results are in agreement with previous work demonstrating that deformation rate is inversely correlated with the stiffness of (porcine) aortic segments (Delgadillo et al., 2010). Others have reported dissonant results as well. For example, pulse frequency and heart rate have been found to be positively correlated with the dynamic modulus of arteries and PWV, respectively, Bergel (1961), Learoyd and Taylor (1966), Tan et al. (2018), Spronck et al. (2021). However, most of these studies assess the effect of altered pulse frequency on arterial stiffness, which is different from this study since the pulse frequency was kept constant while the ΔP was altered to simulate different pulse pressures. Hydrogels, microtissues and whole tissues such as lung and liver are known to exhibit strain-modulated alterations in viscoelasticity, attributed to, among others, the disruption of crosslinks, protein unfolding and the movement of fluid (Chaudhuri, 2017; Barenholz-Cohen et al., 2020; Walker et al., 2020). Therefore, by applying a larger pulse pressure ex vivo, both the larger deformation rate and the higher strain of the aortic segments would lead to alterations in viscoelasticity, expressed as a decreased stiffness. Which viscous or elastic elements are altered in aortic tissue due to increased deformation rate, is largely unclear. In physics, it is known that increasing the strain rate decreases the viscosity of fluids. Since aortic segments are filled with fluid both intracellularly and in the extracellular matrix, follow-up research should assess how altered internal fluid movement/viscosity (due to a change in deformation rate and maximum strain) affects the stiffness of blood vessels, which is similar to the “poro-viscoelastic model” (Caccavo and Lamberti, 2017). Alternatively, while changes in viscoelasticity due to altered pulse pressure are a plausible explanation for the “softening” of the aortic segments, the presence of the Mullins effect cannot be excluded. The Mullins effect (i.e., softening after an initial deformation) has been described by others within cyclic loading of aortic tissue and differs from viscoelasticity (Sokolis, 2007; Horny et al., 2010; Sarangi, 2010; Weisbecker et al., 2013). The Mullins effect goes with residual strain and has been attributed to the interacting properties of elastin and collagen fibers (Sokolis, 2007; Horny et al., 2010; Sarangi, 2010; Weisbecker et al., 2013). To summarize, we have shown that in our setup, increasing pulse pressure softens aortic tissue, by increasing the strain rate. Accordingly, changing the cyclic pulsatile load modulates the (viscoelastic) properties of blood vessels.

Furthermore, our results suggest that contraction-induced stiffness is dependent on the pulsatile load. At lower pulse pressure, the aortic segment produces a larger response to contractile stimuli (50 mM KCl) and therefore generates a higher apparent stiffness. The opposite is true for higher pulse pressures, where a smaller increase in stiffness is observed after introducing a contractile stimulus. Interestingly, this difference is only noticeable at (relatively) low pressures, where the magnitude of the pulse pressure determines the contraction-induced stiffness. However, at pressures above 160 mmHg, there is no difference between a low or high pulse pressure, yet there is an overall difference between the contracted and uncontracted state. This indicates that at higher pressures, the effect of pulse pressure becomes inferior to the effect of pressure itself. One explanation for this phenomenon could be that the efficacy of contraction is dependent on the applied (pulsatile) strain. At low pressures (100 mmHg), the amplitude of the stretch is mainly determined by the pulse pressure. However, at high pressures (200 mmHg), the pressure itself mainly determines the maximum stretch of the aortic segment while the pulse pressure is not able to change the distension much more, causing smaller oscillations (data not shown). This rationale is in line with previously published findings, where the amplitude of the applied stretch controls intracellular calcium levels as well as the reactivity of aortic VSMCs to contractile stimuli (Monaghan et al., 2011; Hutcheson et al., 2012; Leloup et al., 2017). Moreover, mechanical stretch modulates the contractile apparatus of VSMCs, reorganizing the cytoskeleton and promoting focal adhesion (FA) growth (Halka et al., 2008; Chen et al., 2013; De, 2018; Chatterjee et al., 2019). Therefore, rapid responses to altered stretch, such as both FA kinase and ERK1/2 phosphorylation, could explain why adjusting pulse pressure ex vivo modulates the excitability of VSMCs toward contraction, but only at low, physiological pressures (Chen et al., 2013; Hu et al., 2014).

Besides the pronounced effect on VSMC contraction-induced stiffness, small, but significant, differences were observed upon removal of basal VSMC tonus by DEANO. Whether these small effects have any physiological relevance is unclear but should not be ruled out. Future research should investigate whether basal tonus is truly affected by pulsatile load.

In the first set of experiments, we focused on the TDA, which is mainly a very elastic artery. The TDA has an important physiological role in dampening the pressure wave generated by the left ventricle. In contrast, the AIA is generally a stiffer blood vessel, having a higher collagen to elastin ratio compared to the TDA (Bia et al., 2005; Cuomo et al., 2017). In the present study, we demonstrated ex vivo that the AIA is stiffer than the TDA within the same animal at pressures ranging from 80 to 140 mmHg, but only when low pulse pressures were applied (20–60 mmHg). At higher pulsatile loads, the effect was less pronounced and did not reach statistical significance, in terms of Ep. This means that increased pulsatile load differentially affects the mechanical properties of the AIA and the TDA, and, in essence, shows how ex vivo pulsatile load affects the comparison in stiffness between different tissues.

To date, it has not been fully elucidated what biomechanical mechanisms are modulated by ex vivo pulse pressure and how they translate to our observed differences and cardiovascular pathologies in general. It is generally accepted that arterial stiffness contributes to an increased pulse pressure in vivo (Mitchell et al., 2004, 2010; van der Bruggen M. et al., 2021). In the current work, we have investigated whether there is a reverse crosstalk between pulse pressure and artery stiffness, which is difficult to unequivocally assess in vivo. One study (Said et al., 2018) reported that pulse pressure is an independent predictor of CVD mortality. Similarly, a retrospective study based on the data of the Framingham Heart Study has shown that the forward wave amplitude of the blood pressure, but not the mean arterial pressure, is associated with CVD events (Cooper et al., 2015). While these studies suggest an important role of pulsatile load in CVD, the observational design of these studies, make it difficult to determine whether these are causal relationships. On the other hand, observations in orthotopic heart transplant patients provide complementary insights. Patients equipped with a continuous-flow left ventricular assist device (LVAD) show increased aortic stiffness in the first year after transplantation, opposed to patients who received a pulsatile LVAD (Patel et al., 2017). Additionally, acute aerobic exercise, a condition in which pulse pressure is increased due to increased stroke volume, is known to increase arterial compliance (Kingwell et al., 1997; Tanaka et al., 2000; Maeda et al., 2008; Sharman and LaGerche, 2015). In general, these findings provide direct evidence that pulsatile load affects aortic properties, which is in line with our findings. Therefore, future research should investigate how (dynamic) pulsatile load affects mechanical properties of the aortic wall to enhance our understanding of blood vessel micro- and macromechanics (Bia et al., 2005).



LIMITATIONS

While the standard for measuring stiffness of arterial tissue ex vivo is evaluation of stress-strain relationships (Butlin et al., 2020), the nature of our ROTSAC set-up does not allow to assess vascular wall stress, since the wall thickness/cross-sectional area cannot be measured. Alternatively, the Peterson’s modulus (Ep) is another, widely used, metric to evaluate blood vessel stiffness (Gosling and Budge, 2003; Santelices et al., 2007; Spronck and Humphrey, 2019). The parameters necessary to calculate Ep are easy to obtain, after translating force into pressure using the Laplace relationship. Ep integrates changes in D0 and ΔD which were both manipulated by the applied pressure protocol. Previous publications from our research group have demonstrated that Ep is a valid metric yielding similar results to other commonly used metrics for arterial stiffness (Leloup et al., 2016; De Munck et al., 2020; Bosman et al., 2021). Another limitation relates to the non-randomized order in which the mean pressures and pulse pressures were changed due to practical reasons. However, pilot experiments did not reveal significant crossover effects. Lastly, all experiments were performed at a frequency of 10 Hz, reflecting the physiological heart rate of mice. From a theoretical perspective, investigating different frequencies would be interesting but beyond the scope of the current work.



CONCLUSION

We demonstrated that pulse pressure (i.e., pulsatile load) is a valuable parameter when assessing ex vivo blood vessel stiffness. Altering the amplitude of the cyclic oscillations not only modulates the general stiffness of the tissue but also affects the physiological function of VSMCs. While more research is needed to investigate the mechanisms responsible for altered stiffness due to changes in pulsatile load, pulse pressure provides additional insight into the capacity of a blood vessel to resist (cyclic) deformation.
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Supplementary Figure 1 | The pulse pressure protocol. The mean pressure was increased from 80 to 200 mmHg in steps of 20 mmHg. This was done five times, with each time a different pulse pressure. The order of pulse pressures (PP) was the same between all experiments and started with a PP of 20 mmHg and ended with a PP of 100 mmHg. The same pulse pressure protocol was applied to each vessel segment in three different conditions (Krebs, KCl, and DEANO). There was a waiting period of 30 min between conditions.

Supplementary Figure 2 | Pulse pressure alters diastolic diameter (D0) and ΔP/ΔD Increasing pulse pressure decreases both (A) the diastolic diameter (D0) and (B) the inverse of the compliance (ΔP/ΔD) which both contribute to the decrease in (C) Ep due to increasing pulse pressure. Data is expressed as (Mean ± SEM), n = 7, ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001, ****p < 0.0001 Repeated measures One-Way ANOVA with Holm-Sidak post hoc test for multiple comparisons [data is compared to; control (= 40 mmHg)]. ΔP/ΔD, inverse of compliance; D0, Diastolic diameter; Ep, Peterson’s modulus of elasticity.

Supplementary Figure 3 | The effect of VSMC contraction and basal tonus on Ep per pulse pressure. The relationship between stiffness and pressure (Ep–Mean pressure) under contracting and relaxing conditions at a pulse pressure of (A) 20 mmHg, (B) 40 mmHg, (C) 60 mmHg, (D) 80 mmHg, and (E) 100 mmHg. Ep, Peterson’s modulus of elasticity; 50K, 50 mM KCl; PP, Pulse pressure.
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Background: Antihypertensive treatment may have different effects on central arterial hemodynamics. The extent of the difference in effects between various antihypertensive drugs remains undefined.

Methods: We conducted a systematic review and meta-analysis of randomized controlled trials that explored the effects of antihypertensive agents on both central and peripheral systolic blood pressure (SBP) and pulse pressure (PP) or central augmentation index, with a special focus on the comparison between newer [renin-angiotensin-aldosterone system (RAS) inhibitors and calcium-channel blockers (CCBs)] and older antihypertensive agents (diuretics and β- and α-blockers).

Results: In total, 20 studies (n = 2,498) were included. Compared with diuretics (10 studies), β-blockers (16 studies), or an α-blocker (1 study), RAS inhibitors (21 studies), and CCBs (6 studies) more efficaciously (P < 0.001) reduced both central and peripheral SBP by a weighted mean difference of −5.63 (−6.50 to −4.76 mmHg) and −1.97 mmHg (−2.99 to −0.95 mmHg), respectively. Compared with older agents, the newer agents also more efficaciously (P < 0.001) reduced central PP (−3.27 mmHg; −4.95 to −1.59 mmHg), augmentation index (−6.11%; −7.94 to −4.29) and augmentation (−3.35 mmHg; −5.28 to –1.42 mmHg) but not peripheral PP (p ≥ 0.09). Accordingly, the newer agents reduced central-to-peripheral PP amplification significantly less than the older agents (0.11 mmHg; 0.05 to 0.17 mmHg; P < 0.001).

Conclusion: Newer agents, such as RAS inhibitors and CCBs, were significantly more efficacious than older agents in their effects on central hemodynamics.

Keywords: antihypertensive treatment, central blood pressure, augmentation index, randomized controlled trial, drug


INTRODUCTION

When the blood flows from the central large elastic aorta to the peripheral smaller muscular arteries, systolic blood pressure (SBP) increases, without significant changes in diastolic blood pressure and mean arterial pressure, resulting in widened pulse pressure (PP). Although brachial blood pressure highly correlates with central blood pressure, substantial individual discrepancies between the central and peripheral blood pressure exist. Several studies have shown that the association between target-organ damage and SBP and PP is stronger for the central arteries than the brachial arteries (Kollias et al., 2016). Indeed, in a meta-analysis of 11 studies that included 5,648 subjects followed up for 3.8 years, central PP showed borderline superiority to brachial PP in the prediction of cardiovascular events (Vlachopoulos et al., 2010). Similar results were obtained in at least two recent systematic reviews and meta-analyses (Li et al., 2019; Vieceli et al., 2021).

Previous studies have shown that various classes of antihypertensive drugs may have different treatment effects between the central and peripheral arterial sites and that the newer antihypertensive agents, such as renin-angiotensin-aldosterone (RAS) inhibitors and calcium-channel blockers (CCBs), might be more efficacious than the older ones, such as diuretics, β-blockers, and α-blockers in the effect on central hemodynamics. The Conduit Artery Function Evaluation (CAFE) study, a substudy of the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT), showed that treatment with amlodipine/perindopril was more efficacious than with atenolol/bendroflume thiazide in reducing central SBP and PP by 4.3 and 3.0 mmHg, respectively, despite similar reductions in the brachial arteries (Williams et al., 2006). The cardiovascular benefits of treatment with amlodipine and perindopril observed in ASCOT (Dahlöf et al., 2005) might have been resulted at least in part from the lowering of central blood pressure, although other hemodynamic effects, such as reduced blood pressure variability, might have also played a part (Rothwell et al., 2010). In fact, there is a growing interest in central blood pressure as a target of treatment in hypertension.

In this comparative meta-analysis of randomized controlled trials, we investigated the effects of the newer agents vs. older antihypertensive agents on various central hemodynamic measurements.



MATERIALS AND METHODS


Search Strategy and Selection Criteria

Our meta-analysis strictly followed the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analysis: The PRISMA Statement (Moher et al., 2009). A total of 5,158 abstracts and full-text articles were retrieved systematically from electronic databases (PubMed, Embase, and Cochrane Central Register of Controlled Trials) and searched manually on September 15, 2020. The search key terms included “central pressure,” “aortic pressure,” “carotid pressure,” “pulse amplification,” “central-to-peripheral pulse pressure ratio,” “augmentation index,” “antihypertensive drug,” “antihypertensive treatment,” and “antihypertensive agent.” We limited our search to studies published in peer-reviewed journals in English. We checked the reference lists of review and original articles identified by the electronic search to find other potentially eligible studies.

The selection criteria for the inclusion of clinical trials in this meta-analysis were as follows: parallel-group randomized actively controlled trials in humans, the duration of treatment was no less than 4 weeks, and peripheral and central SBP or augmentation index after intervention were reported in a published article. Studies were excluded if the intervention was not an antihypertensive drug, or if the comparison was within the same drug class, between two newer (RAS inhibitors and CCBs) or older agents (diuretics and β- or α-blockers) or with a combination antihypertensive therapy.



Data Extraction and Quality Assessment

Data extraction was performed using predefined data fields. Variables included author name, year of publication, study design, study population, number of patients, study intervention, duration of treatment and specifications of the blood pressure measuring device and other methods for blood pressure measurement, arterial sites, and the algorithm for augmentation index estimation. Baseline and post-intervention mean values of central and peripheral hemodynamic measurements for the experimental and control groups were extracted with standard deviation (SD), standard error of mean (SEM), or 95% confidence intervals (CIs) separately.

Central hemodynamic measurements included central systolic and diastolic blood pressure (mmHg), central PP (mmHg), augmentation pressure (mmHg), and augmentation index (%). Central augmentation pressure was the absolute difference between the second peak (P2) and the first peak (P1) of the central blood pressure wave. The central augmentation index was calculated either as the ratio of the P2 to the P1, or as augmentation pressure (P2−P1) divided by PP, expressed in percent. Peripheral measurements were brachial SBP and diastolic blood pressure and PP. Central-to-peripheral PP amplification was calculated as the ratio of the central PP to the peripheral PP.

When multiple usable groups were available within an individual study, the data were counted as another study in the meta-analysis. Methodological quality was assessed using the Jadad scores (Jadad et al., 1996). Study selection, quality assessment, and data extraction were performed independently by two investigators (Y-BC and J-HX) in an unblinded standardized manner. Disagreements were resolved by negotiation or consensus with a third authoritative investigator (J-GW).



Data Analysis

For each comparison within each trial, we calculated the absolute differences between the experimental and control groups. If significant between-group differences in any outcome measure were reported at baseline, we calculated the absolute difference in the mean changes over time. The pooled effect for each grouping of trials was derived from the point estimate for each separate trial weighted by the inverse of the variance (1/SE2). Heterogeneity of effect sizes was tested across trials using the χ2 test. If trials were homogeneous (p < 0.10), a fixed-effects model was used to calculate pooled effect sizes. Otherwise, a random-effects model was applied to calculate overall differences. Net treatment effects on central pressure and augmentation index were determined by subtracting the mean change in the experimental group from the corresponding mean change in the control group. We performed all aforementioned computations and statistical analyses in Stata version 15 (Stata Corp LP, College Station, TX, United States). SEM was converted to SD [SE = SD/√(sample size)], and CIs were calculated [CI = mean difference ± (SEM × 1.96)], as appropriate.

Publication bias was assessed using the Egger’s statistic and visual inspection of funnel plots. Potential heterogeneity was further inspected by visual inspection of the data and by subgroup and sensitivity analyses. We performed subgroup analyses based on the classes of drugs, sensitivity analyses by limiting to studies with a Jadad score of ≥3, central blood pressure via the radial approach with the SphygmoCor device (AtCor Medical, Sydney, NSW, Australia), and a primary diagnosis of hypertension. All p-values were calculated from two-tailed tests of statistical significance with a type 1 error of 5%.




RESULTS


Characteristics of the Studies

Figure 1 shows the flow diagram of the selection procedure for studies. The initial literature search retrieved 5,158 potentially eligible articles, and 4,007 records remained after removing duplicates. After having reviewed the title and abstract, 3,845 were excluded. Of the 162 full-text articles retrieved, 142 original articles were excluded for various reasons (Figure 1), leaving 20 eligible original articles in the analysis (Chen et al., 1995; Klingbeil et al., 2002; Ariff et al., 2006; Dart et al., 2007; Jiang et al., 2007; Schneider et al., 2008; Mackenzie et al., 2009; Matsui et al., 2009; Boutouyrie et al., 2010; Doi et al., 2010; Vitale et al., 2012; Kubota et al., 2013; Radchenko et al., 2013; Kim et al., 2014; Koumaras et al., 2014; Ghiadoni et al., 2017; Jekell et al., 2017; Miyoshi et al., 2017; Webster et al., 2017; Choi et al., 2018), comparing RAS inhibitors (n = 21) or CCBs (n = 6) with diuretics, β-blockers, or an α-blocker (Table 1).
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FIGURE 1. Flow diagram of the selection procedure for studies.



TABLE 1. Trials of the renin-angiotensin-aldosterone system (RAS) inhibitors and calcium-channel blockers (CCBs) vs. diuretics, β-blockers, and α-blockers.

[image: Table 1]
These 20 trials included a total of 2,498 participants. The mean age of the study participants ranged from 35.5 (Webster et al., 2017) to 71.6 years (Dart et al., 2007), the proportion of women from 21.0% (Ghiadoni et al., 2017) to 100% (Webster et al., 2017), and the mean follow-up time from 6 (Klingbeil et al., 2002) to 52 weeks (Ariff et al., 2006). The study design was double-blinded in 10 studies, open in 9 studies, and not reported in 1 study. Central hemodynamics was estimated non-invasively from radial, carotid, and brachial applanation tonometry in 16 studies, 3 studies, and 1 study, respectively. Radial tonometry was performed using the SphygmoCor device (n = 11), (Omron Healthcare, Kyoto, Japan) (n = 4), or (Hanbyul Meditech, Jeonju, Korea) (n = 1).



Renin-Angiotensin-Aldosterone System Inhibitors and Calcium-Channel Blockers vs. Diuretics, β-Blockers, and α-Blockers

In total, we performed analyses in 20 trials with 1,250 and 1,248 participants in the treatment groups of newer and older antihypertensive drugs, respectively (Table 1). Newer antihypertensive agents consisted of an ACEI in eight trials (n = 854), an ARB in nine trials (n = 1,123), a renin inhibitor in four trials (n = 197), and a CCB in six trials (n = 490).

Compared with diuretics (n = 10), β-blockers (n = 16), or an α-blocker (n = 1), the weighted mean differences in the central SBP were statistically significant for ACEIs (n = 7) by −3.39 mmHg (−5.91 to −0.89, p = 0.008), for ARBs (n = 9) by −4.12 mmHg (−6.02 to −2.21, p < 0.001), for renin inhibitors (n = 4) by −6.67 mmHg (−7.83 to −5.50, p < 0.001), and for CCBs (n = 6) by −5.60 mmHg (−8.21 to −2.99, p < 0.001). No significant heterogeneity was noticed within all four classes of newer drugs (p ≥ 0.24). The overall weighted mean difference in the central SBP across all 20 trials was −5.63 mmHg (−6.50 to −4.76, p < 0.001; I2 = 15.1%, P for heterogeneity = 0.25). The weighted mean differences in central PP were statistically significant for ARBs (n = 7) by −5.52 mmHg (−8.56 to −2.48, p = 0.006) but not significant for ACEIs (n = 6), renin inhibitors (n = 2), or CCBs (n = 4, p ≥ 0.07). The overall weighted mean difference in central PP across 12 studies with data was −3.27 mmHg (−4.95 to −1.59, p < 0.001; I2 = 55.8%, P for heterogeneity = 0.002, Figure 2).
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FIGURE 2. Effect of angiotensin-converting enzyme inhibitors (ACEIs), angiotensin-receptor blockers (ARBs), renin inhibitors, and calcium-channel blockers (CCBs) vs. diuretics, β-blockers, and α-blockers on central systolic blood pressure (SBP, A) and pulse pressure (PP, B). Weights are from the fixed (A) and random (B) effects analyses. RAS indicates renin-angiotensin-aldosterone system. Dots represent mean difference of each study. The size of the squares is proportional to the sample size. Horizontal lines represent the 95% confidence intervals (CI). Open diamonds represent the weighted mean difference (WMD) with 95% CI.


Compared with diuretics (n = 9), β-blockers (n = 15), or an α-blocker (n = 1), the weighted mean differences in the central augmentation index were statistically significant for ACEIs (n = 7) by −4.89% (−7.28 to −2.50, p = 0.001), for ARBs (n = 8) by −9.20% (−12.54 to −5.86, p < 0.001), and for CCBs (n = 6) by −5.27% (−9.14 to −1.40, p = 0.008). The overall weighted mean difference in the central augmentation index across 18 studies with data was −6.11% (−7.94 to −4.29, p < 0.001; I2 = 67.5%, P for heterogeneity < 0.001, Figure 3). In addition, across five trials with data, the overall weighted mean difference in the central augmentation pressure was −3.35 mmHg (−5.28 to −1.42, p < 0.001; I2 = 55.7%, P for heterogeneity = 0.03, Figure 4).
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FIGURE 3. Effect of angiotensin-converting enzyme inhibitors (ACEIs), angiotensin-receptor blockers (ARBs), renin inhibitors, and calcium-channel blockers (CCBs) vs. diuretics, β-blockers, and α-blockers on central augmentation index. Weights are from the random-effects analysis. For further details, see legends in Figure 2.
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FIGURE 4. Effect of angiotensin-converting enzyme inhibitors (ACEIs), angiotensin-receptor blockers (ARBs), renin inhibitors, and calcium-channel blockers (CCBs) vs. diuretics, β-blockers, and α-blockers on central augmentation pressure. Weights are from the fixed-effects analysis. For further details, see legends in Figure 2.


With regard to peripheral measurements, the weighted mean difference was significant for SBP across 19 trials by −1.97 mmHg (−2.99 to −0.95, p < 0.001; I2 = 0.0%, P for heterogeneity = 0.67), but not for PP across 9 studies [−0.90 mmHg (−1.92 to 0.13 mmHg), p = 0.09; I2 = 25.8%, P for heterogeneity = 0.16, Supplementary Figure 1].

Compared with diuretics (n = 3) or β-blockers (n = 4), the overall weighted mean differences in central-to-peripheral PP amplification were significantly smaller across four trials with either ACEIs (n = 2), ARBs (n = 2), or CCBs (n = 3) by 0.11 mmHg (0.05 to 0.17, p < 0.001; I2 = 54.3%, P for heterogeneity = 0.041, Figure 5).
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FIGURE 5. Effect of angiotensin-converting enzyme inhibitors (ACEIs), angiotensin-receptor blockers (ARBs), renin inhibitors, and calcium-channel blockers (CCBs) vs. diuretics, β-blockers, and α-blockers on central-to-peripheral pulse pressure amplification. Weights are from the fixed-effects analysis. For further details, see legends in Figure 2.




Publication Bias and Sensitivity Analysis

No publication bias was suggested by visual inspection of funnel plot in reporting changes in central SBP (Figure 6, the Egger’s test, p ≥ 0.08).
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FIGURE 6. Funnel plot with pseudo 95% confidence limits for publication bias of actively controlled studies on central systolic blood pressure. WMD indicates weighted mean difference.


We also repeated analyses in subgroups according to the prespecified characteristics. In these subgroup analyses, the weighted mean differences were in agreement with the overall results (Supplementary Table 1).

When the trials of diuretics (n = 10) and β-blockers (n = 16) were compared, these older antihypertensive drugs behaved similar to the effects on the central SBP (n = 25) and peripheral SBP and PP (n = 24, p ≥ 0.17), but different to the effects on central PP (n = 19), central-to-peripheral PP amplification (n = 7), and central augmentation index (n = 24) in favor of β-blockers (p ≤ 0.002, Supplementary Table 2). Furthermore, when the trials of vasodilating (n = 4) and non-vasodilating β-blockers (n = 12) were compared, these two classes of β-blockers did not show significant difference in the effects on central and peripheral arterial hemodynamics (p ≥ 0.15, Supplementary Table 3).




DISCUSSION

This meta-analysis showed the differential effects of various antihypertensive drug classes on central hemodynamics. These results might help explain why some antihypertensive drugs, such as the β-blocker atenolol, were less efficacious in reducing the risk of stroke and cardiovascular mortality (Carlberg et al., 2004; McEniery, 2009), although it is generally believed that blood pressure reduction per se matters more than the choice of antihypertensive agents.

London et al. (1994) first conducted a controlled, blinded study to compare perindopril and nitrendipine in patients on chronic hemodialysis with a focus on central hemodynamic effects of vasoactive antihypertensive agents. The results showed that 12 months of treatment with ACEI and CCB had similar effects on augmentation index and carotid blood pressure. The following REASON study (Asmar et al., 2001) revealed in 471 hypertensive participants who were followed for 12 months that the combination of indapamide and perindopril decreased brachial SBP and PP more significantly than atenolol, with an adjusted between-group difference of −6.02 (95% CI, −8.90 to −3.14) and −5.57 mmHg (95% CI, −7.70 to −3.44), respectively. Similar adjusted between-group differences were observed for central SBP [−12.52 mmHg (95% CI, −17.97 to −7.08)] and PP [−10.34 mmHg (95% CI, −14.12 to −6.56)], and for carotid [−5.57% (95% CI, −10.77 to −0.36)] and aortic augmentation indices [−5.17% (95% CI, −7.74 to −2.61)].

A series of subsequent studies revealed a discrepancy in antihypertensive treatment on central and peripheral blood pressure. In a meta-analyses of 24 trials, Manisty and Hughes (2013) reported that treatment with β-blockers and diuretics posed a significantly less reduction in the central SBP than the brachial SBP by 6.9 and 6.8 mmHg, respectively, whereas other agents of monotherapy similarly lowered central and brachial SBP. Similar results were confirmed by McGaughey et al. (2016) in another meta-analyses of 52 studies with 4,381 participants and 58 studies with 3,716 participants for central SBP and augmentation index, respectively. Fifteen of the included studies had a crossover design, and 46 studies had a parallel group comparison design. Overall, antihypertensive drugs reduced brachial SBP more than central SBP by 2.52 mmHg, which was mainly attributed to the 5.19 mmHg greater reduction in the central-to-brachial amplification observed in β-blockers. Moreover, a significant reduction in the augmentation index was seen with RAS inhibitors, CCBs, and diuretics, but not β-blockers or α-blockers.

Both of the aforementioned meta-analyses were based on summary statistics instead of individual-subject data. The calculated differences in brachial and central SBP were less standardized in statistical analysis, such as adjustment for confounding factors. We tabulated head-to-head comparisons of various antihypertensive drugs regarding the effect on arterial hemodynamics. Despite similar reductions in peripheral PP, RAS inhibitors, and CCBs were more effective in reducing central PP than diuretics, β-blockers, and α-blockers. Newer antihypertensive agents significantly reduced more central blood pressure and augmentation than older agents.

The mechanisms for these differential treatment effects on central hemodynamics remain under investigation. As non-vasodilating β-blockers showed much less central blood pressure-lowering effect than the other classes of antihypertensive drugs, heart rate and vascular dilation or constriction must play a major role in the regulation of central hemodynamics. Indeed, in a meta-regression analysis (Ding et al., 2013), we previously found that slowing heart rate may to a large extent explain the less efficacy of β-blockers vs. the other classes of antihypertensive drugs. Although not shown in our present meta-analysis probably because of a limited number of trials, the vasoactive property must also play an important part in the central hemodynamic regulation. Indeed, a previous head-to-head comparison study showed divergent effects between vasodilating (nebivolol) and non-vasodilating (atenolol) β-blockers (Redón et al., 2014). Studies on the If inhibitor ivabradine provided further evidence. In a randomized, double-blind placebo-controlled, crossover study (Dillinger et al., 2015) in 12 patients with stable coronary artery disease, normal blood pressure, a sinus heart rate ≥70 beats per minute and β-blocker therapy, ivabradine treatment for 3 weeks reduced heart rate (−15.8 ± 7.7 vs. 0.3 ± 5.8 beats per minute, p = 0.001) and increased left ventricular ejection time (18.5 ± 17.8 vs. 2.8 ± 19.3 ms, p = 0.074) and diastolic perfusion time (215.6 ± 105.3 vs. −3.0 ± 55.8 ms, p = 0.0005), but did not significantly increase central SBP (−4.0 ± 9.6 vs. 2.4 ± 12.0 mmHg, p = 0.13) or augmentation index (−0.8% ± 10.0% vs. 0.3% ± 7.6%, p = 0.87). Taken together, it is probably the interaction between heart rate and vasoactive property that determines the extent of central pressure augmentation from wave reflections. This hypothesis may be tested in future animal experiments as well as human research. In addition, thiazide diuretics might be different in the central hemodynamic effects, for instance, between the so-called thiazide-type and thiazide-like diuretics. However, the present analysis did not allow us to perform this comparison because the thiazide-like diuretic was only used in one of the nine studies.

A major limitation of our meta-analysis was that two recent studies on an even newer antihypertensive drug class, i.e., angiotensin receptor neprilysin inhibitor (ARNI), were not included, because the comparative drug was an ARB (Schmieder et al., 2017; Williams et al., 2017), which was defined as a newer agent in the present analysis. In the PARAMETER (The Prospective comparison of Angiotensin Receptor neprilysin inhibitor with Angiotensin receptor blocker MEasuring arterial sTiffness in the eldERly) study, sacubitril/valsartan reduced central aortic systolic pressure (primary outcome) greater than olmesartan [between-treatment difference: −3.7 mmHg (95% CI, −6.4 to −0.9), p = 0.01] after 12 weeks of treatment but not after 52 weeks of treatment, probably because more subjects in the olmesartan group required add-on antihypertensive therapy than in the sacubitril/valsartan group (47% vs. 32%, p < 0.002). Indeed, Schmieder found that sacubitril/valsartan reduced central aortic PP to a greater extent than olmesartan (−3.5 mmHg, p = 0.01) after 52 weeks of treatment, with similar add-on treatment of amlodipine in the two groups (17.5% vs. 29.8%, p = 0.12). These observations shed some light on the potential beneficial effect of novel antihypertensive agents on central hemodynamics.



CONCLUSION

Antihypertensive drug treatment with RAS inhibitors and CCBs was more efficacious than that with diuretics, β-blockers, and α-blockers in the central hemodynamic effects. At present, there is still no direct evidence regarding the clinical relevance of central hemodynamics for decision-making in the management of hypertension and cardiovascular prevention. Therefore, it is imperative to run adequately powered outcome trials to investigate whether central hemodynamic measurements are clinically useful in guiding antihypertensive treatment and other cardiovascular therapeutic approaches for the prevention of cardiovascular events.
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Impairment of the arteries is a product of sustained exposure to various deleterious factors and progresses with time; a phenomenon inherent to vascular aging. Oxidative stress, inflammation, the accumulation of harmful agents in high cardiovascular risk conditions, changes to the extracellular matrix, and/or alterations of the epigenetic modification of molecules, are all vital pathophysiological processes proven to contribute to vascular aging, and also lead to changes in levels of associated circulating molecules. Many of these molecules are consequently recognized as markers of vascular impairment and accelerated vascular aging in clinical and research settings, however, for these molecules to be classified as biomarkers of vascular aging, further criteria must be met. In this paper, we conducted a scoping literature review identifying thirty of the most important, and eight less important, biomarkers of vascular aging. Herein, we overview a selection of the most important molecules connected with the above-mentioned pathological conditions and study their usefulness as circulating biomarkers of vascular aging.

Keywords: vascular aging, circulating biomarkers, oxidative stress, inflammation, cellular matrix, epigenetics


INTRODUCTION

The process of aging is defined as ‘significant physiological alterations which lead to increased susceptibility to disease and risk of death.’ To assess the changes leading to biological aging, molecular and cellular biomarkers, as well as non-invasive imaging techniques, can be applied (Ferrucci et al., 2020). Aging can be viewed as a cell-specific deterioration process mainly caused by genomic instability, telomere shortening, epigenetic changes, and a loss of proteostasis (Crimmins et al., 2008; Freitas-Rodríguez et al., 2017). Moreover, many relevant age-related changes occur at the intercellular level too, which call for a more integrative approach of the aging process (Groenwagen et al., 2016; Sena et al., 2018).

Vascular aging is a natural process, happening with advanced age, and is associated with structural and functional changes in the vascular wall. This is evident in the structural properties of the blood vessels, in that for example, the larger elastic arteries exhibit an increase in collagen content, covalent crosslinking of the collagen, elastin fracture, and calcification and reduction in the elastin content. Increased vascular smooth muscle growth is also a hallmark, in addition to an increase in wall thickness (i.e., the media to lumen ratio). In terms of changes in the functional properties, these are related mainly to aspects of endothelial dysfunction and decreased nitric oxide (NO) production. Finally, and perhaps the major consequence and observable change associated with vascular aging is reduced compliance/increased arterial stiffness of the arterial wall, which is recognized as the hallmark of vascular dysfunction in healthy aging. Importantly, the afore mentioned processes which are associated with vascular aging are accelerated in cardiovascular, and other disease states, and development or onset of these pathophysiological states can result in vascular aging developing earlier in life as compared to natural aging (Nilsson et al., 2008). In this way, as aging is characterized as a chronic progressive proinflammatory phenotype (Franceschi et al., 2000), indirectly controlled by a network of cellular and molecular defense mechanisms, the events which lead to the early development of vascular aging sees many of these mechanisms activated and in turn influence aspects of vascular tree. As such, inflammaging; the gradually adaptive process of the body which leads to a proinflammatory status with advancing age, is central to vascular aging (Kirkwood, 2018).

Another central hallmark and key driver of aging is senescence. Cellular senescence is a state of a durable, irreversible cell-cycle arrest of previously replication-competent cells, which plays a dual role in physiology and disease (Gorgoulis et al., 2019). In this regard, transient induction of senescence followed by tissue remodeling has been recognized as a beneficial mechanism to eliminate damaged or aged cells (He and Sharpless, 2017). Conversely, persistent senescence and inability to eliminate the excess damaged cells, has been linked with detrimental effects leading to inflammation, which as mentioned, is an essential pathophysiological mechanism inextricably linked to tissue dysfunction which characterizes aging and the aging-related diseases (Di Micco et al., 2021).

The term biomarker refers to a broad range of biological measures that can be objectively measured and evaluated as indicators of normal biological and pathogenic processes or pharmacologic responses to a therapeutic intervention (Biomarkers Definitions Working Group, 2001). Specific to aging, or indeed vascular aging, there is currently no standard set of biomarkers in clinical trials yet. The authors of this manuscript were convened within the European Cooperation in Science and Technology (COST) Action on vascular aging international scientific network (CA18216 - Network for Research in Vascular Aging, VascAgeNet1, action duration 4 years (November 5, 2019–November 4, 2023) and a comprehensive literature review was conducted specific to this.

In the following, we introduce a selection of identified molecules/cellular aspect which demonstrate potential in addressing the aforementioned deficit, and provide an overview of their usefulness as circulating biomarkers of vascular aging.



METHODOLOGY

In order to identify all relevant studies a literature search was conducted using PubMed. Research articles were also selected manually from the reference lists of articles. The search strategy used the terms “circulating biomarker,” “cardiovascular disease (CVD),” “aging,” “vascular aging,” and the initial selection of biomarkers was refined by those which appeared in most studies, and importantly met the criteria introduced by Vlachopoulos et al. (2015). As a result, Supplementary Table S1 contains the list of extracellular biomarkers which meet these requisites, and are proven to be involved in: inflammation (3), alterations to the cellular matrix (5), aging of the kidney (1), stress response and mitochondria (1), nutrient signaling (1) and epigenetics (3). Supplementary Table S2 contains a subset of miRNA-based biomarkers which have been shown to be involved in influencing genetics (1), the cell matrix (1), inflammation (1), angiogenesis, cell adhesion, and inflammation (1), mitochondria biogenesis and metabolism (2), and metabolism (2). We then further refined this list, ranking the biomarkers based on their influence on: underlying mechanisms related to vascular aging, involvements in disease, proof of concept, prospective validation, incremental value, clinical utility, clinical outcomes, cost-effectiveness, ease of use, methodological consensus and finally reference value (Vlachopoulos et al., 2015). In doing so, we selected only those which aligned closest with the aforementioned criteria. Further refinement of biomarkers was then based on: (1) clinical utility; (2) cost effectiveness; (3) ease of use; (4) methodological consensus; and (5) reference values (cut-off values).

In conducting the literature search, duplicated studies were identified and removed. The abstracts and titles of article retrieved were screened to exclude the irrelevant studies. Full-text articles were then examined to determine whether they met the inclusion criteria. Inclusion criteria were: (1) studies investigating the association of a biomarker with CVDs, and vascular aging; (2) studies using blood serum or plasma for biomarker analysis; and (3) peer-reviewed articles and all types of reviews published in English between January 1989 and October 2021. Unpublished theses, reports, and conference proceedings were excluded. Data were extracted using a standardized form by the reviewers and verified by another reviewers.

We aim to address the vascular aging phenomenon of different factors within the scope of COST 18216 “Network for Research in Vascular Aging” action. For each selected biomarker, we present the data according to four different sections: pathophysiology, association with physiological aging and vascular markers, association with CVD and measurement method. This review describes important molecules associated with pathological conditions and their implications for their usefulness as biomarkers of circulating vascular aging and showing relevant data on outcomes whenever available. Reviews, guidelines, and consensus papers are also included.



RESULTS

Thirty of the most important and pertinent biomarkers related to inflammation, matrix injury, stress response and mitochondria, nutrient signaling, vascular senescence, thrombotic events and epigenetic were identified; and eight of the less important biomarkers related to genetics, matrix remodeling, angiogenesis, cell inflammation, mitochondrial biogenesis, metabolism (Supplementary Tables S1, S2).

Application of stated criteria to the available literature to the identified 38 biomarkers resulted in a short list of circulating biomarkers: oxidative stress based – superoxide dismutase (SOD); inflammation based – high sensitivity C-reactive protein (hsCRP) and interleukin-6 (IL-6); cellular matrix based – matrix metalloproteinases (MMPs), growth differentiation factor-15 (GDF-15); epigenetic based – micro ribonucleic acids (miRNAs), DNA methylation and telomere length (Figure 1).
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FIGURE 1. Several circulating biomarkers which are proposed to mirror the major pathophysiological mechanisms that contribute to vascular aging in the vascular wall, namely inflammation/atherosclerosis, oxidative stress and genetics-epigenetics.




CIRCULATING BIOMARKERS RELATED TO VASCULAR AGING


Oxidative Stress-Based Circulating Biomarkers


Reactive Oxygen and Nitrogen Species


Pathophysiology

Reactive oxygen and nitrogen species (RONS) are formed by the use of molecular oxygen by aerobic organisms and play an essential role in physiology and pathophysiology of aerobic life (Li et al., 2016). RONS are a group of small reactive molecules, including radicals and non-radicals, that are derived from oxygen metabolism. RONS with unpaired electrons are considered as free radicals. Free radicals such as superoxide ion ([image: image]) and hydroxyl radical (OH∙⁣–), are unstable in nature and subsequently have short biological half-lives (Stevenson et al., 2020). Non-radicals in comparison; such as hydrogen peroxide (H2O2), singlet oxygen (1O2), peroxynitrite (ONOO–) and hypochlorous acid (HOCl), are more stable in contrast and thus exhibit longer half-lives as compared to their free radical counterparts. Mitochondrial respiration is a major source of reactive oxygen species (ROS) within most cells. As electrons are transferred between the complexes of the electron transport chain, some of these electrons can ‘leak’ out to react directly with oxygen to form superoxide (Shields et al., 2021). A hallmark of aging is the progressive loss of mitochondrial function and in turn reduction in mitochondrial-derived ROS (Santos et al., 2018).

In that way, whilst aging sees a reduction in mitochondrial levels of ROS, with respect to the vascular system, there are several other sources of RONS which play a role in promoting oxidative stress; most notably; the enzymatic sources of RONS; which have been the subject of extensive investigation the last number of years. Notably, NADPH oxidases (NOX); which utilizes electrons donated from NADPH to convert molecular oxygen to [image: image], myeloperoxidases (MPO); which converts H2O2 to HOCl, xanthine oxidase (XO); which produces [image: image] anions during the breakdown of purines to uric acid, SOD; which converts [image: image] anions to H2O2 and oxygen, and monoamine oxidase; which decomposes dopamine and produces H2O2 (Shields et al., 2021), are among the most prominent sources of vascular ROS, closely followed by lipoxygenase (LOX), cyclooxygenase (COX), angiotensin II, and cytochrome P450 1B1.

According to numerous published data, RONS have a dual role in an organism: RONS contribute to aging but they also play a crucial role in cell signaling and development, thus serving a beneficial role. In the vascular system, physiological levels of RONS are essential for normal vascular functions including endothelial homeostasis and smooth muscle cell contraction (Salisbury and Bronas, 2015). For example, the free radical nitric oxide (NO), which is produced by endothelial nitric oxide synthase (eNOS) by the vascular endothelium, is very important in the regulation of blood flow and vasodilation (Chen et al., 2018). However, any imbalance between prooxidant and antioxidant mechanisms, often called “redox potential,” can play an important role in vascular aging (Ferrini et al., 2004). Excessive levels of ROS have been shown to cause vascular remodeling by inducing proliferation and migration of vascular smooth muscle cells, vascular cell damage, the recruitment of inflammatory cells, lipid peroxidation, activation of metalloproteinases and deposition of extracellular matrix (Chen et al., 2018). The initiation and progression of disease states such as hypertension, atherosclerosis, restenosis and abdominal aortic aneurysm are among the main vascular diseases in which oxidative stress has been shown to play a key role (Tejero et al., 2019).

With respect to reactive nitrogen species (RNS), a large proportion of their production stems from the activity of eNOS. Under pathological conditions, eNOS can also produce [image: image] which contributes directly to ROS levels. The [image: image] can now react with the NO produced by the same enzyme to produce peroxynitrite (ONOO–), which has been shown to directly damage cellular components, or further react with other molecules to create other types of RNS; nitric dioxide (NO2∙), nitrate radical (NO3∙), nitrous acid (HNO2), nitrite (NO2–), nitrosyl cation (NO+), nitroxyl anion (NO–), peroxynitrous acid (ONOOH), dinitrogen trioxide (N2O3). Similar to peroxynitrite, these RNS have also been shown to cause similar nitrosative damage to cellular component, but also have functional roles in cell signaling and pathogen defense (Shields et al., 2021).

Excessive levels of RONS are mainly generated by and credited to the NOX family of enzymes. The NOX family are the only family of enzymes which produce RONS as its primary function (Lassegue et al., 2012; Montezano and Touyz, 2014), and in general NOX-derived ROS are important regulators of endothelial function and vascular tone. However, the excessive reduction of molecular oxygen to superoxide anion [image: image] by members of this family has been linked to vascular disease and biological aging, directly and indirectly, via several pathogenic pathways (Blankenberg et al., 2003). For example, [image: image] from NOX enzymes initiates the process of eNOS uncoupling which promotes accelerated vascular aging in CVD. Moreover, SOD dismutates the superoxide anion to H2O2 which is able to form highly reactive hydroxyl ions (OH∙) (Gong et al., 2014), that are extremely reactive and cause damage to the cell membrane phospholipids and proteins (Liguori et al., 2018). All seven family members of the NOX family are major producers of RONS in mammalian cells, yet NOX-1, -2. -3, -4, and -5 are variably expressed in the vascular system by endothelial cells or vascular smooth muscle cells, and are among those identified as having a predominant role, through their specific generation of [image: image] or H2O2, in progressing vascular disease (Ighodaro and Akinloye, 2018). Of note, the exact pathophysiological significance of NOX-5 is still unclear, but according to the review of Touyz et al. (2019), this enzyme is important in the physiological regulation of sperm motility, lymphocyte differentiation and interestingly vascular contraction. Emerging evidence has implicated its hyperactivation in the onset and development of CVD, as well as kidney injury and cancer.

Furthermore, in fully understanding the redox dynamics central to pathophysiological disease states, attention has been directed toward the inherent physiological defense mechanisms which protect the body against oxidative stress. The most important enzymatic systems include SOD, catalase (CAT), glutathione peroxidase (GPx), glutaredoxin (Grx), thioredoxin (Trx), peroxiredoxin (Prx) and glutathione S-transferase (GST). These antioxidant enzymes catalytically remove ROS in their own unique way; for example, SOD dismutases [image: image] into H2O2, which is in turn degraded by CAT or GPx into water and molecular oxygen. Grx and Trx act to protect thiol-containing proteins by repairing damage caused by ROS by transferring electrons to the disulfide bonds of the damaged proteins in order to repair them and restore them back to its reduced form. Prx is a cysteine containing enzyme that reduces the activity of peroxides, while GSTs act synergistically with GPx to reduce lipid peroxidation.

Among the non-enzymatic antioxidants, the most pertinent is glutathione (GSH); which is essential for the activity of GPx and Grx in returning each to their active state. N-Acetyl cysteine (NAC) is important in the formation of GSH acting as its precursor molecule, whilst also participating in redox reactions by donating electrons toward the detoxification of ROS which are present in the vicinity. Finally, Vitamin C and E are important water-soluble antioxidants which scavenge oxygen free radicals in the environment and prevent the oxidation of cholesterol. Vitamin E also acts as an inhibitor of lipid peroxidation (Nandi et al., 2019; Shields et al., 2021).



Association With physiological Aging and Vascular Markers

One of the main features of aging is a progressive loss of tissue and organ function over time. In accordance with the free radical theory of aging; age-associated functional losses are due to the accumulation of oxidative damage to macromolecules (lipids, DNA, and proteins) caused by RONS. The exact mechanism of aging caused by oxidative stress is still unclear, but oxidative stress and aging are becoming increasingly recognized as intertwined biological events as increased RONS production is observed with aging. A wealth of experimental data confirms oxidative stress disrupts critical signaling pathways owing to the damage inflicted to the aforementioned macromolecular molecules/structures of cells and tissues. These changes in signaling pathways are correlative to those associated with cellular aging; a physiological mechanism that reduces/halts cell proliferation in response to damage incurred during the replication cycle (Papaconstantinou, 2019). Senescent cells acquire an irreversible senescence-associated secretory phenotype (SASP) involving secretion of soluble factors (interleukins, chemokines, and growth factors), degradative enzymes like MMPs, and insoluble proteins/extracellular matrix (ECM) components. For example, adoption of a senescent phenotype in endothelial cells leads to impaired endothelium-dependent vasodilation and upregulation of inflammatory gene expression in aged vasculature (Donato et al., 2015). This data and others, have implicated RONS as inducers of cellular senescence in directly acting on various components associated with SASP (Liguori et al., 2018).

Thereafter, RONS-mediated events are concurrent with vascular inflammation and the development and progression of atherosclerosis and accelerated atherosclerotic damage (Wu et al., 2014; Kattoor et al., 2017). Recent experimental data have linked RONS production with the development of aortic stiffening, while conversely, indirect clinical evidence supports the beneficial effect of antioxidant therapies in reducing arterial stiffness (Ashor et al., 2014; Canugovi et al., 2019).



Association With Cardiovascular Disease

Substantial evidence clearly shows that oxidative stress, through inflammation, endothelial dysfunction, and other pro-atherosclerotic mechanisms, plays a pivotal role in the pathophysiology of CVD and highly cardiovascular (CV) risk disorders including hypertension, dyslipidemia, peripheral artery disease, metabolic syndrome, and diabetes mellitus (DM) (Loperena and Harrison, 2017; Touyz and Delles, 2019). Of note, several studies have suggested that therapeutic interventions using antioxidants have prevented CV progression. For example, supplementation of Vitamin A, C, and E have demonstrated positive effects in short-term secondary CV prevention, though their exact role in vascular health remains divisive (Ashor et al., 2016). Other trials aimed at addressing the redox balance in individuals are perceived in much the same way; caloric restriction (reduced CV aging and increased chronic disease protection), nutraceuticals (reduction of blood pressure and oxidative stress, with concomitant increases in NO release), and dietary supplements such as fish oil and green tea (improvement in endothelial function, reduction in inflammation and oxidative stress). Moreover, endogenous forms of antioxidant enzymes are now available (SOD, CAT, and Gpx), whilst efforts are ongoing to produce other mimetics or scavenging molecules of similar capabilities, though no molecule has conclusively been successful, while others are still in trials (Izzo et al., 2021). Similarly, direct evidence linking excessive RONS production to CV mortality is currently lacking due to the complexity in the pathophysiology of CVD, hence oxidative stress has been rendered a key contributing factor but not the primary pathogenetic mechanism. Despite these complexities, clinical data from several trials investigating classical antioxidant treatments, but not medications possessing indirect antioxidant properties, have yet to present conclusive evidence of either no benefit or even harm (Senoner and Dichtl, 2019).

It is worth to mention that many studies have suggested the possible therapeutic application of antioxidants. Among antioxidants, vitamin E and C have shown some effect in short term secondary CV prevention, but their role in vascular health remains controversial (Ashor et al., 2016; Izzo et al., 2016). Even more controversial is the supplementation with vitamin A, which even worsened all-cause mortality (Izzo et al., 2021). In some trials antiaging and antioxidant strategies have been documented. They include: caloric restriction (CV aging and chronic disease protection) (Ashor et al., 2016); nutraceuticals (reduction of blood pressure and oxidative stress, increase of NO release; Ashor et al., 2016); dietary supplements such as: fish oil, green tea, vitamin C and A (improvement of endothelial function, reduction of inflammation and oxidative stress) (Ashor et al., 2016). Until now it is impossible to use endogenous antioxidant enzymes, SOD, catalase or GPx, or any synthetic deriving molecule. Several attempts have been made to create such molecules or scavenging enzymes, but so far, no elements have been successful, and other molecules are still in trials (Izzo et al., 2021).

One of the new molecules emerging as important mediators regulating oxidation and inflammation in the vasculature and heart is osteoprotegerin, which may act through reduction in apoptosis and preservation of the matrix structure. Although osteoprotegerin can affect vascular function, its cardiac effects seem to be direct and independent of effects on the vasculature (Guzik and Touyz, 2017). Finding new molecules and new ways to address aging and oxidative stress is fundamental to find new potential application for cardiovascular prevention and treatment.



Measurement of Reactive and Nitrogen Oxygen Species

Owing to their extremely short half-lives, it is currently incredibly difficult to accurately measure and assess RONS levels (Rice et al., 2012). Markers of oxidative stress are either molecules modified by interactions with ROS, or molecules of the antioxidant system changed in response to increased redox stress (Tanguy et al., 2000). In that way, targeting the molecules upstream of RONS represents the current best way to assess RONS levels indirectly, and the most commonly used markers in CV research include isoprostanes (IsoPs), malondialdehyde (MDA), nitrotyrosine, S-glutathionylation, MPO, oxidized LDL, ROS induced changes to gene expression, glutathione peroxidase (GPX), and isoforms of SOD (Zarzuelo et al., 2013). The measurement of SOD is perhaps one of the most accepted means of measuring RONS activity owing to their levels reflecting their activity catalyzing the dismutation of the strong superoxide radical ([image: image]) thus maintaining redox balance and preventing accumulation of injurious ROS (He et al., 2009). There are three distinct SOD isoforms which include the Cu/Zn superoxide dismutase (SOD1), MnSOD (SOD2), and ECM superoxide dismutase (ECM-SOD/SOD3), and as these isoforms remain stable even when the erythrocytes of the samples are hemolyzed and stored frozen (Pierce et al., 2011), they are suggested to be a suitable biomarker for estimation of oxidative stress (Thangaswamy et al., 2012).





Inflammation-Based Circulating Biomarkers

Nowadays, it is strongly believed that aging and age-associated diseases share many common physiologic and pathophysiologic pathways which seem to converge on inflammation. In fact, at the cellular level, aging is characterized by a state of chronic, sterile, low-grade inflammation (i.e., inflammaging), and it is considered a pre-status mechanism for many age-associated diseases such as cancer, diabetes mellitus (DM) and CVD (Franceschi et al., 2020). Based on the study of Franceschi et al. (2000), inflammaging is the expansion of the network theory of aging and the remodeling theory of aging (Franceschi, 1989; Franceschi and Cossarizza, 1995). Based on the remodeling theory, inflammaging is the gradual adaptive process of the body; the net result of which is a regulation of malignant damage sustained by the body as a result of a trade-off with the immune system. Despite the lack of agreement on definitions and terminology surrounding inflammaging, the prevailing consensus is that the primary feature of such is an increase in the proinflammatory status with advancing age (Kirkwood, 2018).

From an evolutionary perspective, inflammaging is primarily driven by several endogenous signals including the accumulation of misplaced and misfolded self-molecules from damaged or senescent cells. Among the several inflammatory factors, the key molecules associated with inflammaging and aging are the elevated pro-inflammatory cytokines, especially interleukin (IL)-6 and C-reactive protein (CRP) (Singh and Newman, 2011). Various studies have described production of IL-6 by endothelial cells. More specifically, it has been described that human umbilical vein endothelial cells (HUVECs) can produce IL-6 via a G-protein, calcium, and NF-kB-dependent pathway upon stimulation of the protease-activated receptors (PAR) PAR-1 or PAR-2. The effects of both PAR-1 and PAR-2 agonists on the endothelial cells are greatly enhanced by concomitant stimulation by endotoxin (lipopolysaccharide, LPS) or tumor necrosis factor-a (TNF-a) (Chi et al., 2001). In addition, in acute inflammation, it has been shown that thrombin (a procoagulant and proinflammatory molecule) may induce monocyte recruitment through endothelial activation by inducing monocyte chemotactic protein-1 (MCP-1) secretion indirectly through an autocrine loop involving endothelial IL-6 secretion (Marin et al., 2001). Bacterial endotoxin or inflammatory cytokines, such as IL-1 or TNF-alpha have also been shown to stimulate IL-6 production in adult vascular endothelial cells (Loppnow and Libby, 1989; Naka et al., 2002; Puel and Casanova, 2019).


Interleukin-6


Pathophysiology

Interleukin-6 is a small, 21 kDa glycoprotein produced by numerous cell types, including but not limited to; dendritic cells, macrophages, monocytes, T cells and vascular cells. IL-6 binds to its receptor (IL-6R), thus activating the Janus kinase (JAK) tyrosine kinases and the downstream signal transducer and activator of transcription (STAT). The net result is a pleiotropic tissue activity predominantly directed toward the initiation of inflammation and the elevation of acute phase reactants including CRP (Hirano and Murakami, 2020).



Association With Physiological Aging and Vascular Markers

Based on current knowledge, IL-6 is a well-acknowledged sensitive biomarker of low-grade inflammation and is among the best candidates within the interleukin family as a representative biomarker of vascular aging (Puzianowska-Kuźnicka et al., 2016). IL-6 has been positively associated with vascular markers of aging such as pulse wave velocity (PWV) in healthy men and patients with chronic kidney disease (Nishida et al., 2007; Peyster et al., 2017), and carotid intima-media thickness (cIMT) (Huang et al., 2016). Additionally, IL-6 levels have been found to increase in an age-dependent manner in two cohorts of older individuals (Puzianowska-Kuźnicka et al., 2016; Stevenson et al., 2018). Similarly, in a recent meta-analysis including 12421 values for IL-6 in the blood of healthy adult male and female donors, it was found that for every 1-year increase in age, there was a significant increase of IL-6 values by 0.05 pg/ml (Said et al., 2021). Moreover, there is substantial evidence that IL-6 contributes to hypertension as levels of IL-6 have been correlated with blood pressure in hypertensive subjects and are reduced by treatment with angiotensin II-receptor blockade (Vázquez-Oliva et al., 2005). A similar study corroborates this relationship in demonstrating that angiotensin II-receptor inhibitor significantly reduces IL-6 levels in hypertensive patients (Tsutamoto et al., 2000; Manabe et al., 2005).

Hypertension and atherosclerosis are associated with accumulation of cellular senescence biomarkers in the vascular wall; a hallmark often associated with vascular dysfunction (Kovacic et al., 2011). Additional risk factors for CVD; such as smoking, hyperlipidemia, or DM, are also associated with accelerated decline of vascular function (Cunha et al., 2017). Hypertension is inherently associated with accelerated vascular aging and, therefore, research on such has assisted in understanding the vascular remodeling that occurs with age (Lakatta, 2007; Huang et al., 2018). Early vascular aging—a term introduced in the context of premature development of vascular stiffness and remodeling by Nilsson et al. (2009) and Cunha et al. (2017) is a key feature of hypertension (Lakatta, 2007; Guzik and Touyz, 2017). In hypertensive patients, the vascular wall activates monocytes, which increases the release of IL-6 (Guzik and Touyz, 2017; Loperena et al., 2018). Concurrently, the existence of a chronic inflammatory state has been reported in elderly age, and has been shown to be caused by an increase in the levels of IL-6 and TNF-alpha (Derhovanessian et al., 2009). In that way, recent advances in hypertension research have unraveled novel inflammatory, and oxidative mechanisms, of vascular dysfunction that underlie accelerated vascular aging in hypertension and associated CVD (Passacquale et al., 2016).



Association With Cardiovascular Disease

A wealth of data exists confirming the association between increased IL-6 levels and CV mortality and morbidity (Libby et al., 2002; Rao et al., 2005; Danesh et al., 2008; Compté et al., 2013; Ridker et al., 2018; Batra et al., 2021).

More specifically, in the population-based Cardiovascular Health Study, elevated plasma IL-6 levels were found to significantly associate with death across multiple causes and strongly predict future mortality (Walston et al., 2009). Similarly, higher IL-6 levels were associated with increased mortality in older adults in the Framingham Heart Study (Roubenoff, 2003). More recently, it was demonstrated that for each SD increase in log IL-6, there was a 25% increase in the risk of future CV events (Kaptoge et al., 2014). Several studies described the association of IL-6 and cardiovascular mortality and morbidity (Held et al., 2017; Wainstein et al., 2017; Ridker et al., 2018).



Measurement of Interleukin-6

Kenis et al. (2002) examined the stability of IL-6 in human serum using an accelerated stability testing protocol according to the Arrhenius equation. In this study, the effect of time delay between blood sampling and sample processing, clotting temperature and repeated freeze-thaw cycles on serum levels of these proteins were determined. It was concluded that serum samples for the determination of IL-6 can be stored at −20°C for several years (Kenis et al., 2002). Graham et al. (2017) studied the impact of initial and multiple subsequent freeze-thaw cycles on pro-inflammatory including IL-6, anti-inflammatory, acute phase proteins and other biomarkers. The authors found that the examined biomarkers on their panel remained stable for analysis despite multiple freeze-thaw cycles. Together, these data provide the foundation and confidence for large scale analyses of panels of inflammatory biomarkers to provide better understanding of immunological mechanisms underlying health versus disease (Graham et al., 2017).

The foremost way of measuring IL-6 levels in a biological sample is by enzyme-linked immunosorbent assays (ELISA) which are readily available from numerous companies today. For this analysis, sample volumes as little as 50 μL are measurable, with sample matrices including but not limited to serum, plasma, cell culture supernatant. Most ELISA formats allow for a measurable range of 1.56–100 pg/mL (Tecan manufacturer of ELISA kits). Owing to the nature of ELISA-based methods, results of the study Gong et al. (2019), highlighted a number of variables which can affect levels of cytokine in a sample. It was found that incorrect sample handling procedures played a key role in the obtained results. For example, plasma and serum sampling require their own individual protocols. With respect to IL-6, unseparated EDTA plasma can keep IL-6 stable for up to 24 h, whereas with unseparated serum it is recommended to measure IL-6 as soon as possible. Despite these potential obstacles, ELISAs have improved upon earlier methods which utilized flow cytometry and determined the levels of IL-6 based on the cellular response to the cytokine and the employment of a dose-response curve. In comparison, levels of cytokines like IL-6 and their respective activity can now be rapidly determined in accordance with the World Health Organization (WHO) cytokine standards; taking as little as a few hours to achieve, in comparison to previous methods which took days in comparison (Simard et al., 2014).




High Sensitivity-C-Reactive Protein


Pathophysiology

C-reactive protein or high sensitivity (hs)-CRP is an acute-phase reactant and a nonspecific inflammatory biomarker whose production is stimulated in response to inflammatory mediators including IL-6 and IL-1. It is predominantly secreted by hepatocytes in the form of pentameric molecules, although low-level expression of CRP in other cells has also been observed. Levels of CRP have been shown to increase rapidly up to 1,000-fold at sites of trauma, infection or inflammation, and accordingly, rapidly decrease upon resolution of the causative condition. Measurement of hs-CRP is therefore widely used to monitor various inflammatory states.



Association With Physiological Aging and Vascular Markers

Increasing evidence shows that hs-CRP is not only an inflammatory biomarker but also an important risk factor associated with aging and aging-related diseases (Tang et al., 2017). Pertinent to this, it has been demonstrated that hs-CRP levels increase in an age-dependent manner across aging elderly populations without evident CVD. Relatively, hs-CRP levels are significantly lower in healthy aging adults compared to those with aging-related diseases (Puzianowska-Kuźnicka et al., 2016). Moreover, high hs-CRP levels are associated with decreased physical and cognitive performance which are strongly related to the natural aging process (Puzianowska-Kuźnicka et al., 2016; Tegeler et al., 2016), and, additionally, with several aging diseases like sarcopenia (Lee et al., 2020), deep white matter lesions, ischemic stroke, and heart failure (van Wezenbeek et al., 2018).

Concerning the association of hs-CRP with vascular disease, a connection between hs-CRP and atherosclerosis has long been established since hs-CRP directly binds oxidized low-density lipoprotein cholesterol (LDL-C) and has been shown to be present within atherosclerotic plaques. As a result, hs-CRP contributes to plaque instability and exerts a highly proatherogenic effect (Singh et al., 2008; Conte E. et al., 2020). Moreover, hs-CRP has been associated with indices of vascular stiffness. Relatively, hs-CRP has been found to positively correlate and, additionally, predict elevated PWV over and above traditional CV risk factors and in various diseased populations (Nakhai-Pour et al., 2007; Mozos et al., 2019). In addition, hs-CRP has been positively correlated with markers of carotid stiffness including cIMT (Liao et al., 2014).



Association With Cardiovascular Disease

The association between elevated hs-CRP levels and CVD is well established since most large-scale clinical trials have used a hs-CRP cut off point of 2 mg/l for determining increased CV risk, and a handful of studies have shown a consistent association of hs-CRP levels above 3 mg/l with CV events (Möhlenkamp et al., 2011). Additionally, it has been demonstrated that hs-CRP levels are able to predict future CV events. In a large meta-analysis of 160,309 individuals without a history of vascular disease, among a total of 27,769 patients who suffered fatal or nonfatal events, hs-CRP was associated with a significantly increased risk for coronary heart disease (CHD), stroke, and vascular mortality (Kaptoge et al., 2009). Similarly, ample studies have confirmed that elevated hs-CRP concentrations can independently predict the risk of all-cause and CV mortality in different populations including the general population and patients with CHD (Li et al., 2017; Stumpf et al., 2017).

Due to its strong association with CVD, many mathematical models have tried to incorporate hs-CRP in order to improve CV risk prediction owing to the high correlation of hs-CRP with multiple risk factors. Subsequently, hs-CRP has been included in the position paper of the European Society of Cardiology and the Artery Society (Vlachopoulos et al., 2015), and it has been integrated into numerous guidelines in different pathological CV conditions (for primary and secondary CVD prevention). However, the class of recommendations for hs-CRP as circulating biomarker related to vascular wall biology may be measured as part of refined risk assessment only in patients with an unusual or moderate risk, whose profile is mostly class IIb with a level of evidence B, but not in asymptomatic low-risk or high-risk individuals (class III and level of evidence B recommendation) (Perk et al., 2012; Vlachopoulos et al., 2015). Therefore, there seems to be a modest support of the incremental value of hs-CRP, and it is debatable whether its measurement can provide a consistent and clinically meaningful incremental predictive value in risk prediction and reclassification (Yousuf et al., 2013).



Measurement of High Sensitivity-C-Reactive Protein

The standard CRP turbidimetric immunoassay measures markedly high levels of the protein in the range from 10 to 1000 mg/L. On the contrary, the hs-CRP assay accurately detects even lower, basal levels of CRP in the range from 0.5 to 10 mg/L which belongs to the currently accepted CV risk assessment range of 0.20–10.0 mg/l.





Cell Matrix Based Circulating Biomarkers


Matrix Metalloproteinases


Pathophysiology

Proteases degrade proteins by hydrolyzing their peptide bonds, and in their action control and influence many key physiological and pathological processes (López-Otín and Hunter, 2010). An essential part of each cell; the ECM can be modified during aging by protease dysfunction. Imbalances or altered activity of certain proteases can ultimately affect the structure and composition of the ECM, thus altering its ability to perform its biological functions; differentiation, proliferation, migration and survival (Freitas-Rodríguez et al., 2017). Matrix MMPs are a family of multidomain calcium-dependent, zinc-containing endopeptidases, activated by inflammatory signaling. They are able to degrade ECM molecules, have been shown to have a crucial role in aspects of aging, hypertension and atherosclerosis within the arterial wall (Wang et al., 2014). Activated MMPs influence arterial remodeling by promoting endothelial inflammation, intimal-medial thickening, elastin fiber network destruction, arterial fibrosis, calcification and adventitial expansion. Importantly, it was shown that aging enhances MMP-2/-7/-9/-14 activity in the aortic wall, namely via increases in Ang II-mediated signaling, proinflammation, fibrosis and elastin fragmentation (Wang et al., 2015). Conversely, human tissue inhibitors of matrix metalloproteinases (TIMPs) are four glycoproteins responsible for the inhibition of MMPs and thereby are also involved in and influence degradation of ECM.



Association With Physiological Aging and Vascular Markers

There is significant discordance between current and previous studies regarding the association of MMPs with age. For example, in a study including 93 healthy adults of different ethnic origins, no associations were found between MMP-2 and MMP-9 with age (Tayebjee et al., 2005), nor any gender influence. Similarly, in 699 adults of the Framingham study, MMP-9 was not associated with age (Sundström et al., 2004). In a subsequent study including 77 subjects with no evidence of CVD, significant positive correlations between MMP-2 and MMP-7, and a significant negative correlation between MMP-9 and age were found (Bonnema et al., 2007). Recently, Basisty et al. (2020), in using proteomic technology, identified increased levels of MMP-1, MMP-2 and their regulators TIMP1 and TIMP2 as secreted by senescent cells in human plasma (Basisty et al., 2020). Interestingly, age-related changes in the cardiac proteome have been also shown to be MMP-9 dependent (Iyer et al., 2016), while age-related MMP-2 upregulation occurs in the human aorta (McNulty et al., 2005).

Taking into account the crucial role of MMPs into vascular pathophysiology, a certain link with vascular function markers is anticipated. Indeed, it has been shown that plasma MMP-1 levels display a positive correlation with both PWV and augmentation index (AIx) after adjustment for age and mean arterial pressure in a cohort of normotensive and hypertensive individuals (McNulty et al., 2005). Similarly, MMP-9 levels have been positively correlated with aortic and brachial PWV in patients with hypertension including isolated systolic hypertension (Yasmin et al., 2005; Tan et al., 2007; Gkaliagkousi et al., 2012), whereas MMP-2 and MMP-3 have been associated with central arterial stiffness parameters in patients with DM type I (Peeters et al., 2017). In the most recent study so far including 206 healthy young adults, MMP-3 levels were significantly associated and independently predicted PWV (Iannarelli et al., 2021).



Association With Cardiovascular Disease

Subsequently, sample data confirm that several MMPs are closely associated with CVD and can predict both CV events and all-cause mortality in various populations including patients with DM, atherosclerosis and the general population (Table 1).


TABLE 1. Extracellular matrix biomarkers as predictors of risk in CVD.
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Measurement of Matrix Metalloproteinases

Determination of MMPs in biological samples (primarily serum or plasma) can be performed by several analytical methods: ELISA, zymography; optical methods such as near-infrared (IR) optical imaging, fluorescence, and surface plasmon resonance spectroscopy; the use of active-site probes followed by enzymatic digestion of the captured MMPs, and in the last two decades liquid chromatography-mass spectroscopy (LC-MS/MS) (Lopez-Avila et al., 2008). Gelatin zymography is widely used for the detection of the gelatinases MMP-2 and MMP-9 at a level of 10 pg (Kleiner and Stetler-Stevenson, 1994). Casein-, collagen-, and heparin-enhanced substrate- zymography are suitable for the higher quantities of other members of MMPs, while reverse zymography can be used for the detection of TIMPs (Tunon et al., 2010; Hoefer et al., 2015).

Most of the aforementioned assays for MMPs rely on the biological activity of the enzyme to degrade natural substrates, and are so-called “bioassays.” A basic problem in utilizing bioassays in general is that they lack specificity against different substrates, however, they are very sensitive in their level of detection [MMP-9 – 12.5 ng (1.0 nM), MMP-2 – 20 ng (2 nM)]. Given there are a multitude of ways to measure MMPs, each approach presents with its own distinct advantages and disadvantages. For example, zymography as mentioned is perhaps the most routine approach for the detection of particular MMPs based on their activity relative to a relevant substrate, however, a disadvantage of the technique lies in the influence different anticoagulants can have as pre-analytical determinants of plasma MMP activities (this approach should only be used on plasma samples collected in heparin-free collection tubes). In comparison, in situ zymography utilizes an antibody raised to target specific MMP species, which upon interaction is captured and immobilized in areas where MMPs are present before subsequently being utilized for detection and quantification processes. This method is quick, and demonstrates good sensitivity for each subtype of MMP as compared to zymography and collagenolysis. However, this mode of analysis has been shown to possibly influence physical tissue parameters of samples. Western blotting (protein blotting or immunoblotting) is a powerful and important procedure for the immunodetection of MMPs post-electrophoresis. Presenting some unique advantages; in that the resultant membranes are pliable and easy to handle, and the proteins which are immobilized on the membrane are readily and equally accessible to different ligands, Western blotting is utilizes antibodies in much the same way as in situ zymography does, in being specific to the MMP of interest but is perhaps more versatile in its approach. However, Western Blotting does require knowledge of the MMPs native substrate and the availability of anti-MMPs antibodies. In this way, this approach can be expensive and time-consuming. Owing to these respective limitations, ELISAs have emerged as a popular approach for measuring the abundance of MMPs in a sample, and currently ELISAs are available for a number of MMPs species; MMP-9 and MMP-2 and their specific tissue inhibitors: TIMP-1 and TIMP-2 ELISA kits are commercially available and have a good sensitivity (Cheng et al., 2008).





Growth Differentiation Factor 15


Pathophysiology

Growth differentiation factor 15 is a member of the transforming growth factor-β (TGF-β) cytokine superfamily. Also known as macrophage inhibitory cytokine 1 (MIC-1), under physiological conditions it is found in abundance only in placenta (Fairlie et al., 1999). However, as an autocrine regulator of macrophage activation, its levels increase upon macrophage activation and it is produced under conditions of inflammation, vascular injury, and oxidative stress from human endothelial and vascular smooth muscle cells (Bootcov et al., 1997). Its role in vascular biology is divergent as evidence suggests it can exert either pro- or anti- inflammatory, angiogenetic and apoptotic effects (Unsicker et al., 2013). In this context, GDF-15 is released by macrophages during acute phase responses, and its level is thus influenced by pro-inflammatory cytokines such as IL-1, TNFα, TGF-β and CRP.



Association With Physiological Aging and Vascular Markers

Growth differentiation factor 15 is a molecule directly linked to inflammaging. Recently, in a study investigating the plasma proteomic signature of aging in healthy humans, it was demonstrated that GDF-15 levels rise with aging, and exhibit the strongest positive association with age. Interestingly, in the same study, GDF-15 levels were not associated with other CV risk factors indicating that GDF-15 may specifically represent a biomarker of aging (Tanaka et al., 2018). In addition, it has been shown that GDF-15 is produced by senescent endothelial cells (Ha et al., 2019), and is a constituent of the SASP, which as previously described is a powerful driver of age-related dysfunction influencing important mediators of inflammaging (Coppé et al., 2010; Fujita et al., 2016). As various SASP circulating components have been shown to be strongly associated with advanced chronological age, the behavior of biomarkers such as GDF-15 thus support the hypothesis that the SASP could become an informative candidate biomarker of biological age, meaning its respective biological levels could be leveraged to predict risk for adverse health outcomes (Schafer et al., 2020).

Relevant to the age-related vascular dysfunction, it has been demonstrated that GDF-15 may play an important role in the initiation and progress of atherosclerosis exerting proinflammatory effects induced by the macrophage-produced monokines. Indeed, evidence has shown that GDF-15 has been identified in human carotid atherosclerotic plaques, and also co-localized in macrophages (Wiklund et al., 2010). In addition, early studies have indicated the association of GDF-15 with endothelial and myocardial dysfunction and atherosclerotic burden in the elderly after adjustment for conventional CV risk factors (Lind et al., 2009).



Association With Cardiovascular Disease

In addition, GDF-15 has shown a strong predictive ability of clinical outcomes across different CV risk populations. More specifically, GDF-15 has shown to predict all-cause and CV mortality in healthy populations free from CVD (Wiklund et al., 2010; Eggers et al., 2013), while in women, (but not men), with carotid atherosclerosis it has been shown to predict secondary CVD events (Gohar et al., 2017). Importantly, GDF-15 holds an established role as a predictor of future CV events and mortality in populations with CHD while it is a predictor of all-cause mortality and major CV events in patients with acute coronary syndromes (Hagström et al., 2016), and chronic heart failure (Kempf et al., 2007).



Measurement of Growth Differentiation Factor 15

Several biochemical approaches such as ELISA which allow for the measurement of plasma levels of GDF-15 in cost-effective ways which are easy to perform positions GDF-15 as a strong potential biomarker for the aging process and many age-related diseases (Barma et al., 2017; Conte M. et al., 2020) though considerations should be made with respect to the analyses obtained. According to a recently published study by Doerstling et al. (2018), a selected group of apparently healthy participants (n = 268), were analyzed for circulating GDF-15 using the generalized additive models for location scale and shape (GAMLSS) in order to develop age-dependent centile values. Unadjusted and adjusted COX proportional hazards models were used to assess the association between the derived GDF-15 reference values (expressed as centiles) and all-cause mortality. Smoothed centile curves showed increasing GDF-15 with age in the apparently healthy participants, while age-dependent GDF-15 centiles remained a significant predictor of all-cause mortality in all subsequent adjusted models.




Epigenetic Based Circulating Biomarkers

Epigenetic regulation refers to modifications influencing gene expression independently of gene sequence. These changes mainly include DNA methylation, histone modifications, chromatin remodeling and non-coding RNA based gene regulation (López-Otín et al., 2013); all of which participate in the process of vascular aging and are closely relate to several CV risk factors including older age, high-salt and fat diet, smoking and sedentariness (Ding et al., 2018). Among all epigenetic mechanisms, DNA methylation is the most extensively studied.


Micro-Ribonucleic Acids


Pathophysiology

Micro-ribonucleic acids (miRNAs) are small, highly conserved non-coding RNA molecules involved in the regulation of gene expression (Table 2; Ambros, 2004). More than 2000 miRNAs have been discovered in humans that can regulate one third of the genes in the genome (Hammond, 2015).


TABLE 2. Significance of several microRNAs (miRs) in vascular aging process (based on a systematic review by Navickas et al., 2016).
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Association With Physiological Aging and Vascular Markers

There is growing evidence that vascular aging is associated with a dysregulation in the expression of different microRNAs, which are involved in crucial pathogenetic mechanisms leading to impairment of angiogenic processes (Ungvari et al., 2013), decreased cellular stress resilience (Csiszar et al., 2014) and plaque formation, destabilization and rupture (Menghini et al., 2014; Ungvari et al., 2018). Hence, it has been observed that miRNA expression is decreased during cellular senescence, a hallmark of vascular aging, in human tissue culture cells grown in vitro (Brosh et al., 2008). Additionally, it has been shown that several miRNAs have similar expression patterns in both senescent cells and in aging human mononuclear cells and, most importantly, that there is an age-dependent decrease in miRNA expression in peripheral blood mononuclear cells (Hooten et al., 2013). However, existing evidence from larger population studies shows that the expression of particular miRNAs distinctly differs in relation to chronological age, with certain miRNAs showing a positive correlation with age while the majority of them being significantly downregulated in older compared to younger individuals (Meder et al., 2014; Ameling et al., 2015; Huan et al., 2018). Interestingly, while age clearly contributes to expression changes in miRNAs, gender seems to have a rather modest effect. In fact, most miRNAs show a similar behavior over the lifespan in males and females (Fehlmann et al., 2020).

There is increasing evidence confirming that miRNAs are highly influential in various physiological and pathological processes which mediate vascular function. For example, it has been demonstrated that miR-126 and miR-21 can mediate a significantly pro-inflammatory vascular phenotype including but not limited to endothelial cell specific inflammation, in addition to vascular smooth muscle cell proliferation and fibrosis (Lin et al., 2016). Similarly, certain miRNAs are recognized as active contributors to the pathogenesis of vascular calcification (Leopold, 2014) and the progression of atherosclerosis (Toyama et al., 2018). Finally, miRNAs such as miR-34a/b/c, miR-21, and miR-501-3p have been independently associated with established vascular markers of aging including PWV (Parthenakis et al., 2017; Toyama et al., 2018; Gatsiou et al., 2021) whereas miR-132 and miR-1 have been shown to predict carotid artery stiffness (Šatrauskienė et al., 2021).



Association With Cardiovascular Disease

So far, there is currently insufficient evidence to conclusively determine the incremental value and the significance of microRNAs as predictors of clinical outcomes related to vascular aging. However, there are a select number of studies in humans highlighting the significance of several distinct microRNA types in this context. For example, microRNA-208b appears to be an important predictor of mortality, even after adjustment for age and gender, microRNA-133a is related to all-cause mortality, and microRNA-133a, microRNA-499, and microRNA-208a/b are significant diagnostic and/or prognostic markers across different CVD progression stages (Navickas et al., 2016). Moreover, microRNA-199a-3p is a predictor of worsening renal function in acute heart failure patients (Bruno et al., 2016), the complex of five microRNAs (microRNA-106a-5p, -424-5p, let-7g-5p, -144-3p, and -660-5p) is associated with the risk of future myocardial infarction (Bye et al., 2016), and a set of seven microRNAs was recently identified to reliably predict CV death in patients with CHD (Karakas et al., 2017). It is possible that the levels, and respective activities of these particular microRNAs may be dysregulated at different stages of the progression of coronary artery disease (CAD).

According to Šatrauskienė et al. (2021), circulating levels of miR-1 and miR-133 correlated with arterial markers of subclinical atherosclerosis (cardio-ankle vascular index, augmentation index normalized to a heart rate of 75 bpm, aortic pulse wave velocity and carotid artery stiffness).

According to Kumar et al. (2020), circulating miR-21 (as well as miR-133b) were dysregulated in patients with CAD, but without MI. Both of these miRs showed association with CAD severity from subclinical atherosclerosis to acute coronary syndrome. Another study by Cengiz et al. (2015) showed that miR-21 was related to subclinical atherosclerosis in carotid arteries in hypertensive patients.

Moreover, Wang et al. (2019) demonstrated that higher plasma levels of circulating miR-208b and miR-499 were positively associated with the severity of CAD.

Different miRs may be dysregulated in patients without CV risk (at the same time it could be dysregulated in other conditions for example multiple sclerosis, oncological diseases). Considering that CVD are multifactorial diseases, analyses of the profile of miRNA panels may have a more substantial diagnostic or prognostic value than any single miRNA.



Measurements of Micro-Ribonucleic Acids

Plasma and serum miRNAs are the most suitable source for reproducible measurements in everyday clinical practice (Chen et al., 2009; Sato et al., 2009; Wang et al., 2011). MiRNAs are extremely stable and long-term storage or freeze-thaw cycles do not significantly affect them (de Lucia et al., 2017). Reverse transcription quantitative real-time polymerase chain reaction (PCR) is the most widely sensitive method for microRNA profiling (Pritchard et al., 2012), however, it is still unclear which is the best strategy for data normalization (Meyer et al., 2010; Kok et al., 2015; Marabita et al., 2016). Another issue is that cut-off values for miRNAs have not been established yet for almost all miRNAs, except miRNA-133a (Wang et al., 2013).

Human studies on circulating miRNAs represent an active research field, and examples exist in the literature showing their potential use as diagnostic biomarkers. Though several normalization strategies are proposed (Marabita et al., 2016), the provision of uniform procedural guidelines - more than a universal set of normalizers, may assist in obtaining reliable quantifications and comparisons of circulating miRNAs (Schwarzenbach et al., 2015).




DNA Methylation


Pathophysiology

DNA methylation is characterized by the transfer of a methyl group from S-adenyl methionine to the 5th carbon atom of cytosine by a DNA methyltransferase (DNMT), resulting in the formation of 5-methylcytosine (5mC). In human DNA, 5mC is found in approximately 1.5% of genomic DNA. The majority of DNA methylation occurs on cytosines that precede a guanine nucleotide or CpG regions that are short, interspersed GC-rich DNA sequences (Jeltsch and Gowher, 2019). Those CpG sites occur with high frequency in genomic regions called CpG islands which contain the majority of promoters located near the transcription start site of a gene. In normal cells, CpG islands are usually unmethylated regardless of their level of expression, however, the presence of multiple methylated CpG sites inside them causes stable silencing of genes, thus influencing gene expression (Schübeler, 2015).



Association With Physiological Aging and Vascular Markers

DNA methylation changes and age seem to be inextricably linked and a rich body of literature confirms that aging has a profound effect on genome-wide DNA methylation levels with almost ∼2% of the CpG sites showing changes in DNA methylation (Unnikrishnan et al., 2019). More specifically, it has been demonstrated that the global DNA methylation levels increase over the first few years of life and then decrease beginning in late adulthood. However, at specific loci a significant increase in variability of DNA methylation levels with age has been reported; either toward hypomethylation or hypermethylation, with a predisposition for the second (Jones et al., 2015). Most importantly, certain changes in the methylation of a few hundred CpG sites which are consistent across individuals, have been strongly associated with age to the extent that multiple prediction models have been invented to accurately predict the chronological age in humans, commonly termed as epigenetic clocks (Hannum et al., 2013; Horvath, 2013). These models can be nowadays applied across a broad spectrum of tissues and cells although the age prediction accuracy varies depending on the tissue type. Even so, epigenetic clocks represent certain functional age-related epigenetic changes that are common across individuals and are currently considered the best biomarkers for predicting mortality in humans. In addition, epigenetic clocks could help explain why some age-related phenotypes occur. In a prospective study of healthy individuals, it was shown that sites of age-associated-DNA methylation display a greater variability across women who developed cervical cancer within 3 years compared to those who remained healthy (Teschendorff et al., 2012). However, it is uncertain as to how well epigenetic clocks can predict biological age.

So far, no human data regarding the association of DNA methylation with markers of vascular stiffness exist.



Association With Cardiovascular Disease

Evidence of differential DNA methylation patterns has been already observed in various CVD states. For example, enhanced DNMT1 activity has been observed in patients with severe atherosclerotic disease and it correlates with increased levels of inflammatory cytokines (Yu et al., 2016). Similarly, a broad trend toward DNA hypermethylation associated with atherosclerotic plaque progression has been observed (Valencia-Morales et al., 2015; Gallego-Fabrega et al., 2020). In addition, increased DNA methylation levels have been documented in elderly patients with myocardial infarction and CHD and have shown a positive correlation with the degree of coronary atherosclerosis (Jiang et al., 2019).

Finally, DNA methylation changes are claimed to be an independent predictor of mortality similarly to other risk factors, such as hypertension and DM (Martella and Fisher, 2021). In a 10-year follow-up study of 832 participants at the age of 70 years, a strong correlation was observed between DNA methylation status and the incidence of CVD (Lind and Lind, 2018). In addition, in a large meta-analysis including 13,089 individuals, DNA methylation-based measures were found to predict all-cause mortality over and above chronological age and traditional risk factors (Chen et al., 2016).



Measurement of DNA Methylation

DNA methylation is predominantly measured in DNA extracted from peripheral blood cells/whole blood cells samples. In terms of technology, the Illumina 450K array is the current gold standard for DNA methylation measurement, but its genomic coverage may be limited especially concerning regions that may be crucial to aging such as repetitive elements and long non-coding RNAs.





Telomere Length


Pathophysiology

Telomere length has steadily garnered interest as a potential marker of measuring and quantifying vascular aging in recent years. Telomeres are defined as non-coding, repetitive DNA sequences (hexanucleotide TTAGGG) which are found at each end of the chromosomes of eukaryotic cells (Blackburn, 1991), are highly conserved and, in total, amount to an estimated 11 to 15 kilobases (Moyzis et al., 1988; Blasco, 2005, 2007). Functionally, telomeres preserve the genomic integrity by acting as protective caps to the genetic material and preventing attrition (Blackburn, 2001; Blasco, 2005).



Association With Physiological Aging and Vascular Markers

Telomere shortening is a well-known hallmark of organismal aging, and an accelerated rate of telomere attrition is also a common feature of age-related diseases. That said, telomere length is currently recognized as a ‘biological clock’ of sorts, with a significant number of studies in the literature clearly documenting an inverse correlation with human chronological age (Willeit et al., 2010; Müezzinler et al., 2013).

In addition, short telomere length has been significantly associated with vascular markers of arterial stiffness and aging such as PWV, although these findings are not consistent across different sexes and aging groups (Benetos et al., 2001; Strazhesko et al., 2015). Although not in all (De Meyer et al., 2009), there are quite a few studies demonstrating a significant relationship between carotid atherosclerosis, as a robust marker of subclinical atherosclerosis, and short telomere length (Benetos et al., 2004; Panayiotou et al., 2010; Toupance et al., 2017).



Association With Cardiovascular Disease

Data have shown that short telomere length not only precedes the development of atherosclerotic CVD but may even play a pathogenetic role in the development of the disease later in life (Benetos et al., 2018; Huang et al., 2020). Recent meta-analyses have demonstrated that short telomere length is also significantly and independently associated with the risk of CHD (Haycock et al., 2014), and the presence of stroke and DM type 2 (D’Mello et al., 2014). Importantly, there is evidence that short telomere length is an independent predictor of future CV events namely myocardial infarction and stroke (Willeit et al., 2010). Furthermore, in a meta-analysis including 121,749 individuals, short telomere length was associated with increased all-cause mortality risk in the general population (Wang et al., 2018).



Measurement of Telomeres

Telomere length is predominantly measured in DNA extracted from peripheral blood leukocytes. Currently, there are three main methods for measuring telomere length in said DNA: (a) Southern blot (Lin and Yan, 2005), (b) quantitative polymerase chain reaction (Lin and Yan, 2005), and (c) fluorescent in situ hybridization-based methods (Lansdorp et al., 1996; Saldanha et al., 2003). Each method presents its own unique advantages and disadvantages, depending on the type of analyses required, and the scale of study being devised. Overall, the Southern blot remains the gold standard for measuring telomere length. Despite being the first and oldest of the three methods, it remains the most accurate, and thus, it is utilized by those interested in precise measurement of telomere length. However, it is the most time-consuming method of the three, and also does not allow for the analysis of individual chromosomes or even cells (Saldanha et al., 2003; Aviv et al., 2011). qPCR on the other hand, while less accurate, does allow for single cell/chromosome analyses owing to its sensitivity and dynamic range enabling it to work with minute amounts of material. As such, qPCR is often the most employed method for large population-based studies owing to the nature of analyses available, and the efficiency in doing such (Cawthon, 2002; Saldanha et al., 2003).





CONCLUSION

The term biological marker or biomarker refers to any substance, structure or process that can be measured in the human body, and influences or predicts the incidence of outcomes or diseases (The World Health Organization definition). Many candidate biomarkers have been put forward as viable indicators or vascular aging based on current understanding of vascular pathophysiology, and have been scrutinized accordingly, however, none to date have satisfied all necessary criteria to be translated effectively into clinical practice. While genetic and imaging biomarkers represent some of the current practices, identifying an appropriate circulating biomarker/s, that is/are easily measured in blood or in urine, could be an incredibly useful and direct means of determining different phases of the vascular aging and in turn CV disease susceptibility/progression. While technology and approaches allow for the quick and easy measurement of circulating biomarkers, the acquisition and handling of the body fluids containing them present many limitations; such as sensitivity to temperature, rapid blood coagulation and unstability of urine proteins that are the result of renal filtration.

Our choice of circulating biomarkers which are understood and recognized to see their levels change with respect to indices of vascular aging, was derived from the long list of most frequently mentioned in current literature data (Supplementary Tables S1, S2), and includes those associated with oxidative stress, inflammation, the extracellular cell matrix, and epigenetics, amongst others. Based on the data presented in this review, it is unlikely that a single molecule will ever be considered adequate for most conditions. In that regard, the new paradigm is the development of diagnostic panels of biomarkers. In this process, we must progress our understanding of existing biomarkers, in addition to identifying new biomarkers, and evaluate their real clinical relevance in addition to embracing new technologies in the fields of proteomics, genomics, metabolomics, lipidomics and bioinformatics to achieve this.
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Background: Physiologically, the aorta is less stiff than peripheral conductive arteries, creating an arterial stiffness gradient, protecting microcirculation from high pulsatile pressure. However, the pharmacological manipulation of arterial stiffness gradient has not been thoroughly investigated. We hypothesized that acute administration of nitroglycerin (NTG) may alter the arterial stiffness gradient through a more significant effect on the regional stiffness of medium-sized muscular arteries, as measured by pulse wave velocity (PWV). The aim of this study was to examine the differential impact of NTG on regional stiffness, and arterial stiffness gradient as measured by the aortic-brachial PWV ratio (AB-PWV ratio) and aortic-femoral PWV ratio (AF-PWV ratio).

Methods: In 93 subjects (age: 61 years, men: 67%, chronic kidney disease [CKD]: 41%), aortic, brachial, and femoral stiffnesses were determined by cf-PWV, carotid-radial (cr-PWV), and femoral-dorsalis pedis artery (fp-PWV) PWVs, respectively. The measurements were repeated 5 min after the sublingual administration of NTG (0.4 mg). The AB-PWV and AF-PWV ratios were obtained by dividing cf-PWV by cr-PWV or fp-PWV, respectively. The central pulse wave profile was determined by radial artery tonometry through the generalized transfer function.

Results: At baseline, cf-PWV, cr-PWV, and fp-PWV were 12.12 ± 3.36, 9.51 ± 1.81, and 9.71 ± 1.89 m/s, respectively. After the administration of NTG, there was a significant reduction in cr-PWV of 0.86 ± 1.27 m/s (p < 0.001) and fp-PWV of 1.12 ± 1.74 m/s (p < 0.001), without any significant changes in cf-PWV (p = 0.928), leading to a significant increase in the AB-PWV ratio (1.30 ± 0.39 vs. 1.42 ± 0.46; p = 0.001) and AF-PWV ratio (1.38 ± 0.47 vs. 1.56 ± 0.53; p = 0.001). There was a significant correlation between changes in the AF-PWV ratio and changes in the timing of wave reflection (r = 0.289; p = 0.042) and the amplitude of the heart rate-adjusted augmented pressure (r = − 0.467; p < 0.001).

Conclusion: This study shows that acute administration of NTG reduces PWV of muscular arteries (brachial and femoral) without modifying aortic PWV. This results in an unfavorable profile of AB-PWV and AF-PWV ratios, which could lead to higher pulse pressure transmission into the microcirculation.

Keywords: arterial stiffness gradient, arterial stiffness, aortic stiffness, pulse wave velocity (PWV), nitroglycerin (NTG), pulse wave analysis (PWA), chronic kidney disease (CKD), arterial compliance


INTRODUCTION

Aortic stiffness, determined by aortic pulse wave velocity (PWV), is a hallmark of vascular aging and an independent cardiovascular risk factor in various clinical conditions ranging from hypertension to end-stage kidney disease (Blacher et al., 1999a,b; Laurent et al., 2001; Cruickshank et al., 2002; Karras et al., 2012). The consequences of aortic stiffening on the heart are essentially explained by an increased cardiac workload and a decreased coronary perfusion pressure. However, the peripheral target organ damage may best be explained by the arterial stiffness gradient hypothesis (Mitchell, 2008). Indeed, due to the heterogeneity of vascular wall composition and diameter, there is an increase in arterial stiffness (stiffness gradient) from the heart to the periphery. This gradient in arterial stiffness results in a gradual attenuation of forward pressure wave along the arterial tree down to the microcirculation, where the pulsatility must be minimal. In the process of vascular aging, medium-sized arteries show little changes compared to the aorta, leading to attenuation or even a reversal of the stiffness gradient (Mitchell, 2008; Fortier and Agharazii, 2016). As a consequence, a higher pulse pressure could be transmitted into the microcirculation, causing exaggerated vascular myogenic response, and ultimately hypoperfusion and organ damage (Mitchell, 2008; Fortier and Agharazii, 2016). Indeed, a number of recent studies have underlined the relevance of arterial stiffness gradient on both blood flow and clinical outcomes (Mitchell et al., 2011; Tarumi et al., 2011; Hashimoto and Ito, 2013).

In the context of chronic kidney disease (CKD), we have previously used the PWV ratio between cf-PWV and cr-PWV as a surrogate measure of arterial stiffness gradient and have shown that it was a better prognostic indicator than cf-PWV alone (Fortier et al., 2015). In CKD patients, we have shown that the changes in arterial stiffness gradient are not only guided by an increase in aortic stiffness but also by a decrease in the stiffness of the medium-sized muscular arteries such as the brachial artery (Utescu et al., 2013; Fortier et al., 2015). We have also observed that patients with chronic use of nitroglycerin (NTG), a vasodilatory drug used primarily to treat coronary artery disease and/or heart failure, had a higher PWV ratio. This observation led us to hypothesize that NTG may have a negative impact on arterial stiffness gradient given that it has a more pronounced effect on medium-sized conduit arteries where vascular smooth muscle cells are a major component of the arterial wall (Wilkinson et al., 2002; Pauca et al., 2005; Yamamoto et al., 2017). However, the pharmacological manipulation of arterial stiffness gradient has not been thoroughly studied.

Therefore, we aimed to examine the effect of acute administration of NTG on arterial stiffness gradient. Second, we aimed to study the effect of NTG on local stiffness parameters of the brachial artery and its relation to changes in cr-PWV. Finally, we investigated whether the vascular response to NTG is different in patients with CKD than subjects without a significant decline in renal function.



MATERIALS AND METHODS


Study Design and Population

This is an interventional study designed to examine the acute effects of NTG in a single session of hemodynamic assessment. The inclusion criteria were adult patients with stable blood pressure (BP) medication and without any acute episode of illness (infection or recent cardiovascular events). Patients were excluded if they had a history of adverse reactions to NTG or were on renal replacement therapy. The control group (n = 55) was composed of apparently healthy subjects or hypertensive subjects with an estimated glomerular filtration rate (eGFR) ≥ 45 ml/min/1.73 m2 [CKD-EPI equation (Levey et al., 2009)]. The CKD group (n = 38) was composed of patients with an eGFR < 45 ml/min/1.73 m2 (i.e., Stage 3B CKD and above) (Kidney Disease Improving Global Outcomes [KDIGO], 2013). This cutoff was used because subjects with an eGFR ≥ 45 ml/min/1.73 m2 are not at substantially higher risk of cardiovascular disease (Padhy et al., 2017). The participants recruited were healthcare workers and patients treated in hypertension or CKD clinics of CHU de Québec-Université Laval hospital. Hypertension was defined as BP ≥ 140/90 mmHg or the use of antihypertensive medications in patients with a history of hypertension. Cardiovascular disease was defined as myocardial infarction, coronary artery revascularization, or ischemic heart disease as shown by treadmill, echo, or thallium stress tests; stroke or lower extremity amputation; or revascularization. This protocol had been approved by the comité d’éthique de la recherche du CHU de Québec and was conducted in accordance with the Declaration of Helsinki. All procedures followed were in accordance with institutional guidelines, and each patient had provided informed written consent.



Hemodynamic Measurements Sequence

All measurements were performed after 15 min of rest in a supine position. Brachial artery BP was recorded using an automatic oscillometric sphygmomanometer BPM-100 (BP-Tru, Coquitlam, Canada) by an experienced operator who was present in the room. BP was recorded six times, with a 2-min interval between each measurement, and the average of the last five measurements was used to determine the brachial systolic BP (SBP), diastolic BP (DBP), and brachial artery pulse pressure (bPP). Immediately after BP measurements, radial pulse wave profile was recorded using applanation tonometry after calibration with brachial SBP and DBP (SphygmoCor system ®, AtCor Medical Pty. Ltd., Sydney, Australia), followed by the determination of PWVs in peripheral (brachial and femoral) and central (aortic) arterial segments using Complior ® Analyse (Artech Medical, Pantin, France). Brachial BP, PWVs, and radial pulse wave profile measurements were repeated 5 min after the sublingual administration of 0.4 mg of NTG with the same described procedures except that pulse wave profile has been taken once instead of thrice. Radial pulse wave profile post-NTG was introduced later in the measurement protocol and performed in the last 56 patients. Wall properties of the brachial artery were assessed in 57 subjects by a radiofrequency-based wall-tracking system (ART-LAB, Esaote, Maastricht, Netherlands) before and continuously during 10 min after NTG administration.



Pulse Wave Velocity and Arterial Stiffness Gradients

We determined PWVs by direct measurements of distance and using a maximal upstroke algorithm for pulse transit time. Carotid-radial PWV (cr-PWV, carotid-dorsalis pedis PWV (cp-PWV), and carotid-femoral PWV (cf-PWV were obtained on the same side, in triplicates. Femoral-dorsalis pedis PWV was calculated using the formula (cp distance − cf distance)/(cp transit time − cf transit time). Stiffness gradients from the aorta to the brachial artery (upper limb) and from the aorta to the femoral artery (lower limb) were obtained using the aortic-brachial PWV ratio (AB-PWV ratio = cf-PWV/cr-PWV) and aortic-femoral PWV ratio (AF-PWV ratio = cf-PWV/fp-PWV), respectively.



Local Brachial Stiffness Parameters

With the right arm stabilized in an inflated cushion, pre-NTG end-diastolic diameter (d), intima-media thickness (IMT), and distension of the brachial artery (∼3 cm above the elbow crease). The ART-LAB probe (10 MHz linear probe) was fastened by a locking articulating arm mounted on a platform that allowed two-dimensional microadjustments and good stability for a 10 min-period of real-time measurements after sublingual NTG administration. Arterial wall properties were calculated as follows:

[image: image]
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(Laurent et al., 1994, 2006; Bortolotto et al., 1999; Spronck et al., 2021).

The IMT measurements were not performed after NTG administration, but it was calculated based on the principle of WCSA conservation.



Central Pulse Wave Profile Analysis

Three consecutive recordings were performed on the radial artery to construct a central pulse wave profile using an integrated generalized transfer function. The average of central SBP, central DBP, central pulse pressure (PP), heart rate-adjusted central augmented pressure (AP@75), and augmentation index (AIx@75), as well as end systolic pressure, were measured. Period, ejection duration, diastolic duration, the first peak of pressure height (P1) with the respective time of each peak (T1, T2), time to the reflection of the reflected pressure wave (TR), and subendocardial viability ratio (SEVR) were also obtained (Miyashita, 2012).



Statistical Analysis

The results are expressed as mean ± SD, n (%), or median (25th–75th percentiles). Differences between groups were assessed using t-test, Mann-Whitney U-test, or chi-square accordingly. The effects of NTG on vascular parameters were examined using paired t-test. Linear regression was used to examine the relationship between renal function, PWVs, and PWV ratios. We used generalized estimating equations (GEE) to adjust changes in vascular parameters for changes in DBP. Linear regressions were performed to determine the relationship between cr-PWV and brachial artery diameter. GEEs were also used to compare if the vascular response to NTG was different between CKD and the control group. Forward conditional linear regression was used to identify the determinants of changes in cr-PWV after NTG administration. We used the Spearman rank correlation coefficient to assess the association between TR and AP@75 with both AB-PWV and AF-PWV ratios. Finally, as part of sensitivity analysis, we examined if there were any significant interactions between age, sex, and established cardiovascular disease, and the vascular response to NTG (GEE). All statistical analyses were performed using SPSS Statistics for Windows, Version 27.0 (IBM Corp., Armonk, NY, United States). A two-tailed p-value <0.05 was considered to be statistically significant.




RESULTS


Patient Population

Table 1 shows the baseline demographic, clinical, pharmacological, and biological characteristics of patients overall and in control and CKD subjects, respectively. Patients with CKD were older; had a higher BMI and triglyceride levels; had a higher prevalence of hypertension, cardiovascular disease; and diabetes; and were more frequently treated using calcium-channel blockers and statins. At baseline, there were significant correlations between eGFR, cf-PWV (r = − 0.37, p < 0.001), AB-PWV ratio (r = − 0.38, p < 0.001), AF-PWV ratio (r = − 0.27, p = 0.024), but not with cr-PWV (r = − 0.03, p = 0.76), and fp-PWV (r = − 0.12, p = 0.33) in this study population.


TABLE 1. Characteristics of patients for control group, CKD group, and overall.

[image: Table 1]
As shown in Table 2, after NTG administration, there was a slight, but statistically significant, decline in SBP, DBP, and PP. In the 56 subjects who had central pulse wave analysis before and after NTG administration, there was a reduction in AP@75 (8.8 ± 7.4 vs. 3.6 ± 5.6 mmHg; p < 0.001) and AIx@75 (19.7 ± 13.7 vs. 7.4 ± 14.8%; p < 0.001). The end-systolic pressure decreased despite a reduction in ejection duration, but no changes were observed in the period. Finally, there was an increase in SEVR (156.6 ± 29.0 vs. 163.4 ± 31.3%; p = 0.004).


TABLE 2. Nitroglycerin-induced changes in brachial pressures and regional arterial stiffness.

[image: Table 2]


Impact of Nitroglycerin on Regional Stiffness and Arterial Stiffness Gradients

As shown in Table 2 and Figures 1A–D, after NTG administration, there was no significant change in cf-PWV (p = 0.928), but there were significant reductions in both cr-PWV (0.86 ± 1.27 m/s; p < 0.001) and fp-PWV (1.12 ± 1.74 m/s; p < 0.001). The results remained consistent even after adjustment for the small changes in DBP (Table 2). Consequently, as shown in Figures 1E,F, both AB-PWV and AF-PWV ratios increased significantly after NTG administration and remained significant even after adjustment for changes in DBP.


[image: image]

FIGURE 1. Impact of NTG on regional stiffness, arterial stiffness gradients, and local brachial stiffness parameters. Panels (A–D) show the effect of nitroglycerin (NTG) on pulse wave velocity of various territories (PWV). The NTG had no effect on carotid-femoral PWV (cf-PWV) but significantly decreased carotid-pedis PWV (cp-PWV), femoral-pedis PWV (fp-PWV), and carotid-radial PWV (cr-PWV) leading to a corresponding increase in aortic-femoral PWV ratio [AF-PWV ratio (E)] and aortic-brachial PWV ratio [AB-PWV ratio (F)]. Changes in the brachial artery diameter (G), distention (H), compliance (I), distensibility (J), and incremental elastic modulus [Einc,(K)] in response to NTG.


Table 3 shows the correlation matrix between changes in AB-PWV and AF-PWV ratios and the TR and AP@75.


TABLE 3. Correlations between changes in arterial stiffness gradient and changes in wave reflection parameters.
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Local Brachial Stiffness in Response to Nitroglycerin

Table 4 describes the changes in the brachial artery diameter and stiffness parameters in response to NTG. As expected, after NTG, the brachial artery diameter (4.62 ± 0.80 vs. 5.18 ± 0.77 mm; p < 0.001) and the luminal cross-sectional area (17.2 ± 5.9 vs. 21.6 ± 6.2 mm2; p < 0.001) increased significantly. However, systolic-diastolic distention (0.145 ± 0.064 vs. 0.128 ± 0.047 mm; p = 0.010) and distensibility (9.97 ± 4.67 vs. 8.26 ± 3.56 kPa–1 × 10–3; p < 0.001) decreased, incremental elastic modulus increased (1.43 ± 0.65 vs. 1.97 ± 0.86 kPa–1 × 103; p < 0.001), without any significant changes in brachial artery compliance (1.61 ± 0.72 vs. 1.72 ± 0.92 m2⋅kPa–1 × 10–7; p = 0.197). These results are summarized in Figures 1G–K.


TABLE 4. Brachial artery changes according to nitroglycerin administration.

[image: Table 4]


Brachial Pulse Wave Velocity and Brachial Diameter

To examine if the change in cr-PWV was related to brachial artery diameter, we performed a linear regression analysis and found that higher baseline cr-PWV and smaller baseline diameter were significant determinants in the decline of cr-PWV after NTG administration (R2 = 0.42; Table 5). Age, CKD, diabetes, and cardiovascular disease were not associated with changes in cr-PWV after NTG. We also examined and found no direct relationship between changes in cr-PWV and changes in brachial diameter or wall-to-lumen ratio in either absolute or relative terms.


TABLE 5. Determinants of change in carotid-radial PWV after NTG.

[image: Table 5]


Vascular Response to Nitroglycerin by Chronic Kidney Disease Status

Given the clinical heterogeneity of subjects with or without reduction in renal function, we examined if the vascular response to NTG could be affected by the assigned group. To examine this, we built an interaction term into the GEE equations and found no significant interaction between CKD status and changes in PWVs, PWV ratios, and brachial parameters after NTG.

In addition, we examined and found no modifying effect of age (median 61 years old), sex, and established cardiovascular disease on the extent of studied vascular responses to NTG.




DISCUSSION

This study shows that acute administration of NTG reduces brachial and femoral PWVs without affecting aortic PWV, causing an increase in the AB-PWV and AF-PWV ratios. The delay in the timing of the reflected wave and the lowering of the amplitude of the reflection wave after NTG were best correlated with the changes in the AF-PWV ratio.

These observations are in line with previous studies showing that NTG reduces PWV in muscular peripheral arteries but has no effect in attenuating aortic PWV (Pauca et al., 2005; Yamamoto et al., 2017). These changes result in the attenuation or even the reversal of the arterial stiffness gradient. From a cardiac point of view, increasing the AB-PWV and AF-PWV ratios and delaying the arrival and amplitude of the reflection wave in the ascending aorta may seem desirable, especially in the context of heart failure where nitrates and direct vasodilator (hydralazine) have been shown to improve left ventricular ejection fraction, peak oxygen consumption, and mortality (Cohn et al., 1991; Taylor et al., 2004). However, based on the wave propagation model, if there is less wave reflection in the ascending aorta, the forward pressure wave is less attenuated along the arterial tree, leading to a higher pulsatile pressure transmitted to the microcirculation. As stated earlier, given that the microcirculation is not structurally designed to accommodate a high pulse pressure, its chronic exposure to such mechanical stress may lead to microvascular dysfunction and end-organ damage. This is especially problematic for high flow/low resistance organs such as the brain and the kidneys (Mitchell, 2008). Indeed, in type 2 diabetic patients, Pierce et al. (2016) have observed that aortic-brachial stiffness gradient was associated with kidney function independent of aortic stiffness, implying that the arterial stiffness gradient may have a pathophysiological role in kidney disease. In addition, Mitchell et al. (2011) have shown that the loss of aortic-carotid impedance mismatch reduced the carotid reflection coefficient and facilitated the transmission of excessive flow pulsatility into the brain vasculature, which is presumably responsible for structural injuries to the brain microvasculature and the ensuing cognitive decline.

The clinical and biological determinants of a lower cr-PWV remain largely unknown and understudied. However, data are emerging that in certain conditions such as heart failure, kidney disease, or obesity in adolescents, the cr-PWV may be lower, hence contributing to the attenuation of the arterial stiffness gradient beyond the sole increase in aortic PWV (Mitchell et al., 2001; Zhu et al., 2007; Pierce et al., 2013, 2016; Utescu et al., 2013; Fortier et al., 2015; Agbaje et al., 2021). Moreover, the subjects of the African Americans of the atherosclerosis risk in communities (ARIC) study, tended to have a less favorable arterial stiffness gradient, not only due to higher cf-PWV but also because they presented with lower femoral-ankle PWV than Caucasians (Meyer et al., 2016).

These findings may suggest that the use of surrogate markers of arterial stiffness gradient may have a superior prognostic value above and beyond aortic stiffness. For example, in the dialysis population, we and others have shown that a higher AB-PWV ratio is associated with the worst survival rate even after adjustments for potential confounding factors (Fortier et al., 2015; Bao et al., 2019). In addition, the AB-PWV ratio was associated with cardiovascular events after kidney transplantation (p = 0.045) but not cf-PWV (p = 0.501), and only the AB-PWV ratio has been associated with eGFR and albuminuria in a cohort of middle-aged women with increased cardiovascular risk (Laucyte-Cibulskiene et al., 2018, 2019). However, the superiority of the AB-PWV ratio over cf-PWV was not observed in patients at earlier stages of kidney disease (Bai et al., 2019). It is suggested that this is likely because the AB-PWV ratio increases significantly in patients once the eGFR decreases below 45 ml/min/1.73 m2 (i.e., Stage 3B and above) (Zanoli et al., 2018).

In the ARIC study population, a cross-sectional analysis showed that a low arterial stiffness gradient (femoral-ankle PWV/cf-PWV) was associated with diabetes, coronary heart disease, heart failure, and stroke, whereas a high cf-PWV was only associated with hypertension (Stone et al., 2021). It should be mentioned that this is a relatively older cohort (age of 75 years) with a higher prevalence of hypertension (72%) and diabetes (29%). In contrast, the AB-PWV ratio was not superior to cf-PWV in predicting cardiovascular events in subjects from the Framingham Heart Study, a younger (mean age of 60 years) and healthier cohort (8% diabetes, 31% receiving antihypertensive drugs) (Niiranen et al., 2017).

In this study, NTG resulted in vasodilation of the brachial artery (12%), but this increase in diameter was accompanied by a lower degree of distention, showing no significant changes in the brachial artery compliance and even an increase in incremental elastic modulus. This increase in incremental elastic modulus could be explained by the transfer of pressure load from the vascular smooth muscle cells to the stiffer collagens of the extracellular matrix (Roach and Burton, 1957). Therefore, the reduction in cr-PWV could have potentially been explained by a decrease in a wall-to-lumen ratio according to the Moens–Korteweg equation [image: image], where h is the wall thickness and r is the radius of the artery, and ρ is the blood density. However, we found no statistical relationship between measured changes in cr-PWV and changes in either diameter or wall-to-lumen ratio. This discrepancy could be explained by several reasons. First, it could be that our spatial resolution was too limited for a reliable assessment of in vivo changes in wall-to-lumen ratio. Second, it could be related to the violation of basic assumptions underlying the equation, i.e., that the arterial wall is isotropic and behaves in an isovolumetric manner in response to pulse pressure (Gosling and Budge, 2003). In addition, since in vivo arterial diameter at zero transmural pressure could not be measured, Hooke’s law was applied for the determination of Einc (Roark and Young, 1989), therefore implying geometrical assumptions that the arterial segments were considered as uniform thick-walled tubes. However, this assumption does not take into account any geometrical variation along the arterial wall. Finally, this discrepancy can be explained by the heterogeneity of the arterial tree between carotid and radial artery both in terms of diameter, arterial wall thickness, and composition. As such, the measured PWV over an arterial path is the summation of the local vascular responses along with the studied segments (i.e., ignoring potential heterogeneity of the vascular response). This possibility is further supported by the results from the PWV between the carotid and dorsal pedis artery, which declined after NTG, but this reduction was solely due to the reduction over the vascular bed below the femoral artery.

Besides arterial stiffness gradient, this study underlines the importance of proper assessment of regional vascular stiffness and its response to therapy. Given the nature of translational medicine, we have been eager to take the arterial stiffness assessments out of specialized laboratories and into the large-scale epidemiological studies and clinical practice through simplification of arterial stiffness assessment. For example, our study clearly shows that PWV from the carotid to the dorsal pedis artery declined significantly after NTG, but upon closer look, we saw that this decline was related to the reduction in PWV from the femoral to the dorsal pedis segment and not related to aortic PWV per se. This observation is in line with the findings of Yamamoto et al. (2017) using cardio-ankle vascular index (CAVI) and heart-thigh and thigh-ankle B-stiffness indices.

This study has several strengths and limitations. First, it involves a large number of subjects with a detailed evaluation of various regional pulse wave velocities, central pulse wave profile, and brachial stiffness parameters. Second, given the heterogeneity of the subjects, we were able to perform various sensitivity analyses showing the robustness of our findings. Indeed, older subjects may have a more hypotensive response to NTG (Cahalan et al., 1992). However, even if our CKD patients were older and had several other heterogeneities, it did not modify the vascular responses in this study. There are also limitations that should be mentioned. First, we did not examine the smaller arteries of the vascular bed through the assessment of radial-digital PWV (Obeid et al., 2021). Second, it would have also been interesting to assess the local distensibility of both carotid and femoral arteries. However, given that we only had a 5-min window to measure all PWVs in triplicates and brachial distensibility, the addition of local carotid and femoral distensibilities would have pushed us outside the desired window, and besides technical limitations, it would have added uncertainties regarding the potential fading effect of NTG. Third, our interpretation of results is based on the pulse wave propagation model, which does not consider the reservoir function of the arterial tree (Wang et al., 2003; Tyberg et al., 2009; Parker et al., 2012; Mynard and Smolich, 2014). In addition, there are two limitations regarding the use of augmentation index (AIx) as a marker of wave reflection, namely, the reliability of the central AIx estimated via transfer function from the radial pressure waveform and the validity of central AIx as a measure of wave reflection (Chen et al., 1996; Millasseau et al., 2003; Segers et al., 2005; Miyashita, 2012; Hughes et al., 2013; Heusinkveld et al., 2019). Indeed, the central AIx derived from the generalized transfer function seems to correlate more strongly with the AIx of the original peripheral waveform rather than the central pressure waveform (Segers et al., 2005). Furthermore, the AIx and the related arrival time may be influenced by other factors, such as myocardial contractility, and hence may not be a proper measure of wave reflection (Hughes et al., 2013; Heusinkveld et al., 2019). Finally, our results are limited to the vascular response to NTG in an acute setting and do not imply similar effects would necessarily occur in a chronic setting.



CONCLUSION

While there are statistical associations between markers of arterial stiffness gradient and certain clinical conditions in both cross-sectional and longitudinal studies, there has not been a systematic focus on the impact of pharmacological interventions on the arterial stiffness gradient. In light of recent evidence supporting the potential usefulness of arterial stiffness gradient assessment, and our present data showing an alteration in arterial stiffness gradient in response to NTG, we would like to underline the importance of assessing regional PWV in order to develop an integrated approach into the arterial tree and its response to therapy. As such, these results are hypothesis generating and their clinical and pharmacological usefulness should be assessed in properly designed studies.
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Purpose: Carotid artery properties can be evaluated with high accuracy and reproducibility using multiple M-line ultrasound. However, the cost of multiple M-line-based imaging modalities and the extensive operator expertise requirements hamper the large-scale application for arterial properties assessment, particularly in resource-constrained settings. This study is aimed to assess the performance of a single M-line approach as an affordable and easy-to-use alternative to multiple M-line imaging for screening purposes.

Methods: We used triplicate longitudinal common carotid artery (CCA) ultrasound recordings (17 M-lines covering about 16 mm, at 500 frames per second) of 500 subjects from The Maastricht Study to assess the validity and reproducibility of a single against multiple M-line approach. The multiple M-line measures were obtained by averaging over all available 17 lines, whereas the middle M-line was used as a proxy for the single M-line approach.

Results: Diameter, intima-media thickness (IMT), and Young's elastic modulus (YEM) were not significantly different between the single and multiple M-line approaches (p > 0.07). Distension and distensibility coefficient (DC) did differ significantly (p < 0.001), however, differences were technically irrelevant. Similarly, Bland-Altman analysis revealed good agreement between the two approaches. The single M-line approach, compared to multiple M-line, exhibited an acceptable reproducibility coefficient of variation (CV) for diameter (2.5 vs. 2.2%), IMT (11.9 vs. 7.9%), distension (10 vs. 9.4%), DC (10.9 vs. 10.2%), and YEM (26.5 vs. 20.5%). Furthermore, in our study population, both methods showed a similar capability to detect age-related differences in arterial stiffness.

Conclusion: Single M-line ultrasound appears to be a promising tool to estimate anatomical and functional CCA properties with very acceptable validity and reproducibility. Based on our results, we might infer that image-free, single M-line tools could be suited for screening and for performing population studies in low-resource settings worldwide. Whether the comparison between single and multiple M-line devices will yield similar findings requires further study.

Keywords: arterial stiffness, common carotid artery, echo tracking, reproducibility, vascular risk management, vascular ultrasound


INTRODUCTION

Cardiovascular (CV) diseases are the leading cause of global mortality. An estimated global CV mortality of 17.9 million was recorded in 2019 (World Health Organization, 2021), with lower- and middle income (LMI) countries accounting for three times more CV cases than high-income countries (Jagannathan et al., 2019). Compared to previous decades, there has been a downward trend in CV mortality in developed countries. However, the rate of CV deaths in LMI countries has remained constant, mainly driven by the low detection rate of early-stage CV diseases in these regions (Jagannathan et al., 2019). Early detection of CV diseases facilitates early intervention and is, hence, necessary to reduce the global burden of CV diseases.

Arterial stiffness is recognized as an important predictor of CV diseases at their early stages. By contributing to elevated systolic blood pressure and increased cardiac afterload, an increased arterial stiffness causes CV diseases (Engelen et al., 2015). Increased arterial stiffness is associated with an enhanced risk of coronary heart disease, cerebrovascular events, and all-cause mortality (Laurent et al., 2001; Mattace-Raso et al., 2006; Karras et al., 2012; Steinbuch et al., 2016).

Carotid-femoral pulse wave velocity is considered to be the gold-standard measurement of arterial stiffness (Laurent et al., 2006). It represents the average stiffness over a long trajectory of the arterial tree. This trajectory, however, involves both central elastic and more muscular arteries (Engelen et al., 2015). The stiffness of these arteries may differently relate to CV diseases (Engelen et al., 2015). In addition, atherosclerotic plaques may result in a local modification of the stiffness, while the rest of the arterial tree remains intact (Hermeling, 2009). Therefore, it might be of particular interest to separately measure the stiffness of different arteries. Common carotid artery (CCA) stiffness, defined as distensibility coefficient (DC), is an independent predictor of CV events and all-cause mortality (Alan et al., 2003; Godia et al., 2007; Yuan et al., 2016; Joseph et al., 2020b).

The common practice of estimating local arterial stiffness involves measuring the instantaneous change in carotid diameter—termed distension—by means of ultrasound echo tracking. Combined with a local pulse pressure (PP) estimate, one obtains DC and Young's elastic modulus (YEM). The evaluation of local carotid stiffness requires accurate and precise tracking of the arterial wall. Conventionally, the tracking is based either on the edges of the arterial wall from a B-mode video recording or on the phase of multiple M-line recording. While scanners based on the former technique are limited by the temporal resolution of B-mode recordings, scanners based on phase tracking are costly and depend on the expertise of the operator. This limits their applicability to a small number of specialized hospitals. Both types of scanners, therefore, do not meet the pressing need for a screening tool in low-resource areas. Devices based on a single M-line (Joseph et al., 2020a) are affordable and accessible tools that are promising for diagnosis and screening in LMI countries.

The question that can be asked is whether carotid properties obtained with single M-line-based scanners are as accurate and reproducible as those obtained with multiple M-line-based scanners. Therefore, the aim of this study was to compare the performance of a single against a multiple M-line approach. For this purpose, we exploited existing multiple M-line image-based recordings and used the middle M-line as a proxy for single M-line-based devices. More specifically, we: (1) assessed the validity and compared the reproducibility of our proxy against a multiple M-line approach, and (2) compared the capacity of both methods to determine age-associated changes in stiffness.



MATERIALS AND METHODS


Study Subjects

In this study, we utilized data from The Maastricht Study, an ongoing, observational, prospective, population-based cohort study. It includes residents of the southern part of the Netherlands aged between 40 and 75 years. Its rationale, methodology, and design have been described in Schram et al. (2014). Briefly, the study focuses on the causation, pathophysiology, complications, and comorbidities of type 2 diabetes. The present study includes 500 participants randomly selected from over 7,000 subjects recruited in the first round of the study. In all selected subjects, three repeated measurements were performed (in accordance with the study protocol). Subject characteristics are presented in Table 1. The Maastricht Study has been approved by the institutional medical ethical committee and the Netherlands Health Council. Written informed consent was obtained from all participants prior to the study.


Table 1. Characteristics of the study population.
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Data Acquisition

All vascular measurements were performed by trained technicians in temperature-controlled rooms (21–23°C) as described in Wijnands et al. (2015) and Zhou et al. (2018). Participants were asked to abstain from smoking and caffeine-containing beverages 3 h prior to the study (Wijnands et al., 2015). Vascular measurements were performed in the supine position after 10 min of rest. Repeated longitudinal ultrasound measurements of the left CCA were performed at least 1 cm proximally from the bifurcation using a Mylab70 scanner (Esaote Europe, Maastricht, The Netherlands) with a 7.5 MHz linear array transducer. During ultrasound measurements, systolic and diastolic pressure of the brachial artery was measured with an oscillometric blood pressure monitor (Accutorr Plus, Datascope Inc., Montvale, NJ, USA). Next, PP was calculated as the difference between systolic and diastolic blood pressures. The average of pressure measurements performed at 5-min intervals during the vascular examination (lasting ~45 min) was considered for further analysis (Geijselaers et al., 2016).



Arterial Wall Tracking

The scanner enabled the recording of radiofrequency (RF) signals in fast B-mode with a frame rate of 498 Hz. Although this very high frame rate enables high precision in wall tracking (Meinders et al., 2003), it comes at the cost of a reduced number of recording positions in the longitudinal plane (17 M-lines, separated by 0.96 mm, covering 16.32 mm). This results in a reduction of the longitudinal resolution while retaining information along the entire length of the imaged vessel. For off-line processing, RF signals were fed into a PC-based acquisition system that was coupled with the scanner (ART.LAB, Esaote Europe B.V. Maastricht, the Netherlands) (Wijnands et al., 2015; Geijselaers et al., 2016). RF signals were sampled at 50 MHz. During measurements, a video was depicted on the screen of the PC and an online tracking algorithm showed real-time instantaneous displacement of the arterial wall to assist the operator in orienting the ultrasound probe and obtaining high-quality RF signals. The RF signals were processed in MATLAB (version 7.5, Mathworks, Natick, MA, USA) using a wall-tracking system (WTS), which follows steps that were previously described in Hoeks et al. (1990, 1997). In brief, intima-media thickness (IMT) is assessed in the far wall by estimating the difference in position between the leading edge of the lumen intima echo and the leading edge of the media-adventitia echo during diastole (Willekes et al., 1999). Diameter is defined as the distance between the trailing edge of the anterior and leading edge of the posterior wall media-adventitia echoes obtained during diastole. The distension waveforms were obtained by tracking the displacement of the media-adventitia transition in the anterior and posterior walls. This was achieved by employing an efficient and commonly used complex cross-correlation model on the phase of the corresponding RF signal (Brands et al., 1997; Meinders et al., 2001; Steinbuch et al., 2016).

The WTS performs the abovementioned procedure and estimates the wall properties for each M-line separately. Conventionally, the average over all individual M-lines is considered for each parameter (Meinders and Hoeks, 2004). We refer to this method as the multiple M-line approach. As described in the introduction, we used the middle M-line as a proxy for an image-free single M-line device, which is referred to as the single M-line approach (Figure 1).


[image: Figure 1]
FIGURE 1. Fast B-mode ultrasound recording of the common carotid artery with the 17 M-lines indicated. The middle M-line (no. 9) was selected as a proxy for a single M-line device and is indicated by dashed (yellow) lines.


The simultaneous assessment of the geometrical parameters, such as diameter, wall thickness, and changes in diameter, in combination with PP, enables the quantification of the local mechanical characteristics of the vessel wall. DC is the relative change in vessel cross-sectional area for a given increase in pressure (Hoeks et al., 1990). YEM reflects the stiffness of a vessel as a function of diastolic diameter, a relative increase in diameter, IMT, and PP (Hoeks et al., 1997). These indices are defined as (Zhou et al., 2018):
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where D is the diastolic diameter; ΔD is the distension; PP is the brachial pulse pressure; and IMT is the intima-media thickness.



Statistical Analyses

Statistical analyses were performed using SPSS version 27 (SPSS, Chicago, IL, USA). To validate the single M-line against the multiple M-line approach, a comparative analysis was performed. The multiple M-line approach was considered as a reference against which we evaluated the performance of the single M-line approach. This analysis included geometrical parameters and mechanical characteristics of the CCA. The validity of the single M-line approach was evaluated in two ways. First, Bland-Altman analysis was employed to assess the agreement between the two methods. Subsequently, a paired t-test was employed to assess the differences between single and multiple M-line approaches. A two-sided p-value < 0.05 was considered statistically significant.

The reproducibility of the single M-line approach was assessed using the intra-subject SD of repeated measurements. In addition, the coefficient of variation (CV) was calculated as [(intra-subject SD/group mean) ×100%]. The computation of within-subject and between-subject SDs has been described previously in Rodbard (1974). Composite SD (SDcomp), which represents the expected between-subject variation for a sample of repeated measurements (nrep), is evaluated using the within-subject SD (SDw) and between-subject SD (SDb) using the formula:
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Equation (3) estimates the expected composite SD for any number of repetitions, e.g., to be utilized for power calculations in future studies.

We considered the middle M-line of a fast B-mode recording to be representative of a single M-line used in an image-free screening tool. However, with an imageless device, the position and orientation of the single M-line relative to the CCA are less controlled. Therefore, we performed a sensitivity analysis exploring the performance of other single M-lines. Additionally, we explored the influence of averaging different quantiles of M-lines on the validity and reproducibility of carotid properties. This was achieved by employing an averaging window around M-line 9 with increasing width from 1 to 15 M-lines using 2-line steps.

Multiple studies have firmly established an age-associated increase in arterial stiffness (Avolio et al., 1983, 1985; Kawasaki et al., 1987). Hence, we extended our evaluation by assessing the capability of the single M-line approach to detect the stiffness increase with age within our study population. To this end, study subjects were divided into two age groups (<60 and ≥60 years), and an independent sample t-test was employed to test for differences in stiffness measures between age groups. A similar procedure was applied to the multiple M-line approach to allow comparison between the two methods. The capability of the two methods to detect the increase in stiffness was compared using repeated-measures ANOVA.




RESULTS

Among the 500 subjects included in the study, one patient was excluded from all statistical analyses due to motion artifacts in the corresponding recording.


Validity and Reproducibility of the Single M-Line Approach

Reproducibility statistics were calculated based on three repeated measurements. These statistics that include the 25–75% CI obtained using bootstrapping are presented in Table 2. The composite SD was also computed using the within-subject and between-subject SDs. Although there was a significant difference between the intra-subject SDs obtained by the single and multiple M-line approaches, with the SD for multiple M-line being slightly lower (better), both tracking methods exhibited very low within-subject SD for carotid diameter (0.19 vs. 0.17 mm). The carotid diameter was similar for both single and multiple M-line approaches (7.79 ± 0.91 vs. 7.80 ± 0.90 mm, p = 0.34). Moreover, the Bland-Altman analysis shown in Figure 2A also revealed a good agreement between the single and multiple M-line approaches for estimating diameter (95% limits of agreement: −0.18 to 0.19 mm).


Table 2. Common carotid artery properties as determined by single and multiple M-line approaches.
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FIGURE 2. Bland-Altman plots show good agreement between single and multiple-M-line approaches in estimating (A) diameter, (B) IMT, (C) distension, (D) DC, and (E) YEM. The gray areas indicate the 95% CIs of the bias and the limits of agreement. IMT, intima media thickness; DC, distensibility coefficient; YEM, young's elastic modulus.


The single M-line approach yielded a significantly higher intra-subject SD for IMT compared to multiple M-line (0.10 vs. 0.07 mm, p < 0.001). However, the Bland-Altman plot shown in Figure 2B demonstrates a good agreement between single and multiple M-line approaches for IMT (95% limits of agreement: −0.13 to 0.12 mm), with no significant bias between single and multiple M-line-derived IMT (0.86 ± 0.20 vs. 0.85 ± 0.18 mm, p = 0.07).

Compared to when using multiple M-lines, the single M-line approach resulted in a significantly higher intra-subject SD for distension (39 vs. 36 μm, p < 0.001) and DC (1.67 vs. 1.55 1/MPa, p < 0.001). Similarly, the single M-line method yielded clinically irrelevant but significantly higher distension and DC (389 ± 132 vs. 385 ± 128 μm, and 15.3 ± 5.5 vs. 15.2 ± 5.3 1/MPa, respectively, p < 0.001). Nevertheless, the Bland-Altman analysis (Figures 2C,D) revealed good agreement between the single and the multiple M-line approach (95% limits of agreement: −42 to 34 μm and −1.8 to 1.5 1/MPa for distension and DC, respectively).

The intra-subject SD of YEM obtained by the single M-line was significantly higher than that achieved with multiple M-lines (0.19 vs. 0.15 MPa, p < 0.001). However, the Bland-Altman plot shown in Figure 2E reveals good agreement between single and multiple M-line approaches for YEM (95% limits of agreement: −0.22 to 0.22 MPa). This finding is corroborated by their non-significant difference (0.70 ± 0.33 vs. 0.71 ± 0.30 MPa, p = 0.90).



Sensitivity Analysis

Figures 3A–C shows how the choice of the single M-line (among the 17 available) affects the 95% limits of agreement between single and multiple M-line approaches for diameter, IMT, and distension, respectively. It is clearly visible that, in comparison with the outermost M-lines, the innermost M-lines showed a better agreement with the multiple M-line approach in terms of limits of agreements derived from Bland-Altman analysis. Moreover, as depicted in Figures 3D–F, central M-lines yielded better reproducibility (lower CVs) compared to the outermost M-lines.


[image: Figure 3]
FIGURE 3. The performance of individual M-lines in terms of the agreement from the Bland-Altman analysis (A–C) and reproducibility coefficient of variation (D–F) for diameter, intima-media thickness (IMT), and distension, respectively. SD, standard deviation.




Effect of Averaging Multiple M-Lines

The spatial averaging window starts at the middle line and extends toward the edges in steps of 2 lines. It is clearly visible from Figure 4 that including more M-lines resulted in narrower limits of agreement and lower (better) reproducibility CVs for diameter, IMT, and distension. Reproducibility curves (Figures 4D–F) have a higher slope in the first section, indicating a pronounced effect of the innermost lines on the reproducibility of carotid property measurements compared to the outermost lines.


[image: Figure 4]
FIGURE 4. The effect of increasing the spatial averaging window on the validity (A–C) and reproducibility coefficient of variation (D–F) for diameter, intima-media thickness, and distension, respectively. The dashed lines represent the reproducibility of the multiple M-line method (i.e., including all 17 M-lines). SD, standard deviation; IMT, intima-media thickness.




The Capacity of the Single M-Line Approach to Detect an Age-Related Increase in Stiffness

Distensibility coefficient and YEM values for subjects below or above 60 years of age and the inter-group differences are presented in Table 3. Both single and multiple M-line approaches showed the ability to detect an increase in stiffness with aging. Both methods revealed a significant reduction in DC as a function of age (single: difference 2.97 1/MPa, t-test: p < 0.001; multiple: difference 3.00 1/MPa, t-test: p < 0.001). Similarly, both single and multiple M-line approaches revealed a significant increase of YEM with age (single: difference 0.758 MPa, t-test: p < 0.001; multiple M-line: difference 0.756 MPa, t-test: p < 0.001).


Table 3. Feasibility of detecting age-related changes in stiffness.
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The capability to detect the age-associated increase in stiffness was comparable for the single and multiple M-line approaches (DC: 3.00 vs. 2.97 1/MPa, ANOVA, p = 0.71; YEM: 0.120 vs. 0.115 MPa, ANOVA, p = 0.71).




DISCUSSION

In the present study, we evaluated the performance of single M-line ultrasound for estimating CCA properties taking multiple M-line as reference. Our evaluation showed that, although using a single M-line tends to generate less reproducible measures, the Bland-Altman analysis revealed good agreement between the single and multiple M-line approaches, with no significant bias for diameter, IMT, and YEM. Despite statistically significant biases for distension and DC, these were notably lower than the reproducibility CVs and, hence, practically irrelevant. Our results indicate that a single M-line-based technique evaluates CCA properties with sufficient validity and reproducibility for clinical use and screening purposes.

The cost of WTS, in combination with the required extensive operator expertise, hampers the large-scale application of arterial properties for screening purposes. Although single M-line-based scanners are not a technical novelty (Palombo et al., 2012), their affordability, user-friendliness, and accessibility form a basis for the wider application of arterial property screening in resource-limited settings (Joseph et al., 2020a). However, because single M-line-based scanners are image-free, they miss image-based features present in multiple M-line-based scanners such as plaque detection and characterization.

In principle, using a single M-line ultrasound without an image displayed on the screen implies increased operator dependency compared to that of multiple M-line image-based tools. However, to minimize operator dependency, single M-line tools visualize the RF signal together with real-time tracking of the arterial wall. Moreover, they also provide a signal quality score to ensure that the echos are coming from the carotid walls and that the probe is perpendicular to the walls (Joseph et al., 2020a). These together act as a feedback to guide the operator to orient the probe and reduce operator dependency induced by the lack of image feedback.

This is the first study to compare the performance of a single M-line against a multiple M-line approach in a single recording performed to measure carotid artery characteristics. In an earlier study, Palombo et al. (2012) compared two different image-based devices: one with a single M-line and one with multiple M-lines. The authors reported significant biases for diameter, distension, and beta stiffness index obtained utilizing the two devices. They explained the significant bias in carotid distension by the variance in the placement of the tracking points between the two systems. We did not encounter this issue in our study, since the single and multiple M-line estimates are based on a single recording and tracking was performed on all the M-lines simultaneously with the same tracking points.

Though the differences in distension and DC between single and multiple M-line were statistically significant, the values obtained by single and multiple M-line approaches were highly correlated (r = 0.99, p < 0.001). Moreover, considering a resolution of about 20 μm of the wall-tracking algorithm (Hoeks et al., 1990), the observed distension bias of 4 μm is technically and practically irrelevant. The observed statistical differences in distension and DC are clearly due to the large sample size and consequently high study power. These differences between single and multiple M-line approaches, however, are smaller than the reproducibility of both methods and, hence, also irrelevant when measuring or monitoring a single subject. The limits of agreement of the single and multiple M-line methods do not exceed 45 μm (about twice the resolution). Despite the absence of a consensus regarding the minimal clinically relevant difference of carotid distension, we regard the limits of the agreement we found as compatible with clinical use and screening purposes.

The single M-line approach yielded comparable reproducibility with the multiple M-line method. When considered in more detail, the reproducibility of diameter, IMT, and distension are in line with previously reported values (CV range: 2.5–11.9%) (Bianchini et al., 2010; Bozec et al., 2020). The YEM obtained using a single M-line showed the most significant difference in CV (poorest reproducibility) compared to that obtained using multiple M-lines. This substantial difference originates from the variability of the IMT measurements, which is commonly reduced by considering the mean over multiple locations along the artery. Therefore, it was expected that IMT and YEM determined with the single M-line approach would have larger variability compared to the other parameters (Table 2).

We chose to use the middle M-line of 17 M-line-based recordings as a proxy for a single M-line device. The choice of the middle M-line was arbitrary and, a priori, had no specific reason. With an image-free device, however, the position of the single M-line relative to the CCA is unknown. Therefore, we also evaluated the performance of the other M-lines. Clearly, the M-lines on the edges exhibited wider limits of agreement and higher reproducibility CVs compared to middle lines (Figure 3). The trend of a worse performance toward the edge can be attributed to the online tracking algorithm. The employed algorithm provides real-time visual feedback on the screen to assist the operator in orienting the probe and optimizing the quality of the M-lines. The tracking feedback entails a criterion forcing the operator to have at least 60% of the M-lines optimized. In this way, the operator may accept a measurement, without a necessity to optimize outermost lines. This technique is beneficial for time-efficient use, yet it does allow for increased noise on the outermost lines. Nevertheless, including more lines in the spatial averaging window resulted in enhanced reproducibility (Figure 4).

Our study has several possible limitations. To compare the capability of single and multiple M-line approaches toward the age-associated increase in stiffness, we addressed aging effects by looking into cross-sectional data rather than longitudinal data, although this kind of analysis should ideally consider differences within the same subjects over time.

The evaluation of arterial stiffness requires an accurate assessment of the arterial diameter changes with simultaneous measurement of the PP. Limitations of our study include the use of a single value of PP to evaluate the DC and YEM for both single and multiple M-line approaches, while, in practice, each method will have different values of PP. Nevertheless, this enables a direct comparison between the two methods in the present study. In addition, the caudal-cranial probe orientation was not fully consistent among recordings, affecting line identity (i.e., swap between 1 and 17, and so on). Therefore, probe orientation was verified by means of the sign of the correlation coefficient of the linear regression line between M-line position and the corresponding dicrotic notch for all M-lines (Hermeling et al., 2009) and, where necessary, images were vertically flipped to make probe orientation consistent prior to sensitivity analysis. In this study, single and multiple M-line estimates were derived from a single scanner and, hence, were based on the same axial and temporal resolutions. In practice, however, separate devices may come with different resolutions. Since resolution largely influences the validity and reproducibility of the estimates obtained using a scanner, it should be taken into account when considering a single M-line device for screening. There exist single M-line tools with temporal and spatial resolution comparable to that of multiple M-line tools (Joseph et al., 2020a).

Another limitation is our selection of study population and setting. First, the characteristics of our population might not be representative of the targeted population. In addition, although our ultimate target is resource-constrained areas, our study context and infrastructure were those of an expert center in a western country with adequately available resources.

Some aspects regarding our study boundaries are worth discussing. First, the current study does not present an evaluation of two systems in the same population; it is instead a retrospective evaluation of two methods based on a single recording obtained using the same scanner. However, using two devices implies the presence of two procedures, so the variance induced by positioning the probe plays a significant role in the comparison. Second, the image and visual feedback are extra information that is not available in an image-free screening tool. In this regard, our proxy may be too near ideal for a single M-line device. Hence, there is a need for a next study to address the boundaries of the present study. Therefore, our next step will be to assess the performance of a single M-line image-free device against multiple M-line scanner in a screening setting.

In conclusion, single M-line ultrasound appears as a promising tool to estimate anatomical and functional common carotid artery properties with very acceptable validity and reproducibility. Based on our results, we might infer that image-free, single M-line tools could be suited for screening and population studies in low-resource settings worldwide. Whether the comparison between single and multiple M-line devices will yield similar findings requires further study.
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Background: Laser-Doppler Vibrometry (LDV) is a laser-based technique that allows measuring the motion of moving targets with high spatial and temporal resolution. To demonstrate its use for the measurement of carotid-femoral pulse wave velocity, a prototype system was employed in a clinical feasibility study. Data were acquired for analysis without prior quality control. Real-time application, however, will require a real-time assessment of signal quality. In this study, we (1) use template matching and matrix profile for assessing the quality of these previously acquired signals; (2) analyze the nature and achievable quality of acquired signals at the carotid and femoral measuring site; (3) explore models for automated classification of signal quality.

Methods: Laser-Doppler Vibrometry data were acquired in 100 subjects (50M/50F) and consisted of 4–5 sequences of 20-s recordings of skin displacement, differentiated two times to yield acceleration. Each recording consisted of data from 12 laser beams, yielding 410 carotid-femoral and 407 carotid-carotid recordings. Data quality was visually assessed on a 1–5 scale, and a subset of best quality data was used to construct an acceleration template for both measuring sites. The time-varying cross-correlation of the acceleration signals with the template was computed. A quality metric constructed on several features of this template matching was derived. Next, the matrix-profile technique was applied to identify recurring features in the measured time series and derived a similar quality metric. The statistical distribution of the metrics, and their correlates with basic clinical data were assessed. Finally, logistic-regression-based classifiers were developed and their ability to automatically classify LDV-signal quality was assessed.

Results: Automated quality metrics correlated well with visual scores. Signal quality was negatively correlated with BMI for femoral recordings but not for carotid recordings. Logistic regression models based on both methods yielded an accuracy of minimally 80% for our carotid and femoral recording data, reaching 87% for the femoral data.

Conclusion: Both template matching and matrix profile were found suitable methods for automated grading of LDV signal quality and were able to generate a quality metric that was on par with the signal quality assessment of the expert. The classifiers, developed with both quality metrics, showed their potential for future real-time implementation.

Keywords: laser doppler vibrometry (LDV), matrix profile, template matching, logistic regression, signal quality


1. INTRODUCTION

The aorta and large central arteries fulfill key physiological functions in the circulation, whereby their structure is apt to their function. They consist of complex composite soft tissues, concentrically organized in lamellar units, where sheets of elastin intertwine with layers of vascular smooth-muscle cells in a matrix of collagen and other proteins composing the extra-cellular matrix (Wolinsky and Glagov, 1967). This allows the aorta and large arteries to distend when the heart contracts and blood is ejected into the aorta and store elastic energy in the arterial wall, which is used during the relaxation phase of the heart to maintain blood pressure and drive the perfusion of organs and tissues. This function is also referred to as the windkessel or buffering function of the large arteries, and ensures that the pulsatile blood flow generated by the heart is transformed into a near steady flow when reaching the smaller arteries (Westerhof et al., 2009). It prevents excessive maximal (systolic) and too low minimal (diastolic) blood pressure. Arterial stiffening leads to a loss of this buffering function with detrimental effects on nearly all organ systems, and especially low resistance organs such as the brain, the kidneys, and the heart itself (Chirinos et al., 2019). Arterial stiffening has received large attention over the past three decades, and there is a consensus that assessment of arterial stiffness is especially relevant in the assessment of an individual's risk for cardiovascular disease and death (Laurent et al., 2006; Vlachopoulos et al., 2010).

Because of the distensible nature of arteries, cardiac contraction generates a wave (detectable as a change in pressure, flow, or arterial diameter). This wave initially propagates from the heart to the periphery, but increases in complexity as it interacts on its way with the branching arterial tree and gets shaped because of wave reflection and transmission (O'Rourke and Kelly, 1993; Mitchell et al., 2004, 2011; Chirinos et al., 2019). The wave speed, or pulse wave velocity (PWV), is directly linked with the distensibility of the arteries (the stiffer the artery, the higher PWV) (Bramwell and Hill, 1922), and the current clinical standard method to measure arterial stiffness is by measuring the pulse wave velocity (Segers et al., 2020). In essence, the method is simple and straightforward: one detects the pulse at two locations a distance dx apart, and from the time delay, dt, between the signals, one gets PWV = dx/dt. Despite the simplicity of the concept, there are still many hurdles in measuring PWV in practice, mainly related to the non-availability of sites to directly measure the pulse along the path of the aorta in a non-invasive way and without the need for clinical scanners (Segers et al., 2020). Accessible sites closest to the aorta are the neck (carotid artery) and groin (femoral artery) and carotid-femoral PWV is considered the best possible proxy for aortic PWV (Laurent et al., 2006).

Several sensors can be used to detect the pulse in the neck and groin (Pereira et al., 2015; Segers et al., 2020), including applanation tonometry, ultrasound (pulsed Doppler recordings), or accelerometers. Motivated by the relatively high cost of equipment, the required level of expertise by the operator, or the contact-based nature of the measurement, we and others have explored the use of Laser-Doppler Vibrometry (LDV) to detect the motion of the skin atop the carotid and/or femoral arteries in response to the passage of the arterial pulse (Morbiducci et al., 2007b; De Melis et al., 2008; Scalise and Morbiducci, 2008; Campo and Dirckx, 2011; Kaplan et al., 2012). To eliminate motion drift and amplify the fast displacements associated with the arrival of the foot of the pulse (Morbiducci et al., 2007b), we have been using skin acceleration as the basic signal from which to derive time delays between the neck and groin for measuring carotid-femoral PWV.

The feasibility of the method has been shown using industrial-type LDV sensors (De Melis et al., 2008), and we have been working on the design and development of a multi-beam handheld device. The core of the device is a silicon photonics chip integrated into a micro-optical system which allows for flexible and compact multi-array designs (Li et al., 2013, 2020). A first prototype (consisting of 2 connected yet separable handheld pieces to measure in the neck and groin with each 6 laser beams) was developed within the context of the H2020-funded project CARDIS and included a clinical feasibility study whereby carotid-femoral PWV was assessed in 100 patients and compared with a reference method based on applanation tonometry (Marais et al., 2019). Measurements were performed with a minimal visual feedback during the measurements and all the analyses were carried out in an off-line modality.

A next generation version of the device is under development and will provide real-time measurement of carotid-femoral PWV. To do so, we need a real-time assessment of the quality of incoming data to decide whether or not data records are of an acceptable quality for subsequent processing. This is, however, not a trivial assessment as there is little reference as to what makes LDV signal recordings appropriate for PWV estimation.

The aim of this study is, therefore, to identify a strategy to objectively and automatically assess the LDV-signal quality and set criteria for future use of this technology in arterial pulse detection. To do that we will use the existing CARDIS database of LDV recordings at the carotid and femoral measurement sites and subject them to two different strategies: the template matching and the matrix profile will be tested for (1) analyzing the nature and achievable quality of the recorded signals, and (2) exploring models for automated classification of LDV-signal quality.



2. MATERIALS AND METHODS


2.1. The CARDIS Device

Technical details on the optics and overall design of the CARDIS device have been described in Li et al. (2020). Briefly, the device consists of two handpieces (handpiece 1 contains the handgrip of the device, handpiece 2 is the add-on part of the device: we refer to Figure 1 for an illustration of the device and the positioning of the handpieces), each sending out 6 laser beams (wavelength 1,550 nm), positioned along a line and 5 mm apart. The handpieces can be used separately for measurement of carotid-femoral PWV or attached to measure signals on locations 25–50 mm apart, e.g., to locally measure pulse wave propagation along the carotid artery. A retro-reflective tape is attached to the skin at the measurement location to enhance the reflection of the laser light, and the device is equipped with a spacer to ensure an appropriate optical focus distance and to stabilize measurements.


[image: Figure 1]
FIGURE 1. CARDIS device in configuration to measure carotid-femoral (A) and local carotid PWV (B). (C,D) display representative tracings on the carotid (C) and femoral (D) measuring site receiving a visual grading score of 1–5. Especially in the excellent tracings, the foot-of-the-wave waveforms are clearly visible, with the same for the dicrotic notch waveforms in the local carotid case.




2.2. Study Population and Available Database

The data used in this study were acquired with a clinical feasibility study in 100 patients, conducted at the Hpital Europen Georges Pompidou (HEGP) in Paris, France, to assess the ability of the CARDIS device to measure signals in a configuration with simultaneous carotid-femoral or carotid-carotid recordings. Patients were in the age range 19–85 and presented with mild to stage 3 hypertension, controlled or not (Marais et al., 2019). For each subject, 4–5 datasets, each consisting of 20 s traces on 12 channels measured with the two handpieces, were acquired. In detail, the analyzed database was made of 410 datasets (4,920 waveforms) from carotid-femoral recordings, and of 407 datasets (4,884 waveforms) from carotid-carotid recordings. Raw IQ (In-phase and quadrature) LDV-data were acquired at a sampling frequency of 100 kHz, and LDV-displacement data were downsampled to 10 kHz upon demodulation. A low-pass filter with a cut-off frequency of 30 Hz was applied to LDV displacement data, which were differentiated two times to yield acceleration. The same low-pass filtering strategy was applied after each differentiation operation.



2.3. Visual Scoring of the Data

A graphical interface displaying all the LDV acceleration signals derived from the six channel recordings per handpiece was implemented in the MATLAB environment (The MathWorks, Naticks MA, US). The acceleration signals were visually scored by an expert operator (Segers P.) on a 5-level grade scale taking values Qvis according to Table 1.


Table 1. The 5-levels grade scale taking values Qvis.

[image: Table 1]

Note that the presence of brief artifacts in the 20 s acquired traces was not used as a criterion to score the signal quality. As such, signals qualified as excellent may still demonstrate a brief episode of poor data. Overall, the femoral data were of a markedly lower Qvis “quality” than traces recorded at the carotid artery, which impacted the rating. Therefore, the Qvis quality score of 3 (borderline) was given to femoral traces that appeared to be of a much lesser quality than Qvis = 3 rated carotid traces. Such a borderline score was assigned when 5–10 beats were discernible in the signal. Representative carotid and femoral signals receiving the different scores are displayed in Figure 1.



2.4. Template Matching

Template matching technique is an effective approach for the automatic detection of a priori identified patterns in signal recordings (Jiun-Hung et al., 2003; Won-Du and Chang-Hwan, 2014) and images (Omachi and Omachi, 2007). A good-quality carotid LDV acceleration signal presents two sharp peaks for each heartbeat: the first peak corresponds to the systolic rapid upstroke of pressure and demarcates the foot of the arterial pulse; the second peak denotes the wave that is generated at the moment of closure of the aortic valve (the dicrotic notch). The LDV-femoral recording is devoid of clearly identifiable features related to the dicrotic notch because of the distance of the measurement site from the heart, whose final effect is filtering the recorded LDV pulses, in the femoral artery. An example of displacement, acceleration, and ECG signals together are shown in Figure 2.


[image: Figure 2]
FIGURE 2. An example of Cardis data. (A) shows the ECG signals, (B) shows the displacement signal, and (C) the corresponding acceleration signal.



2.4.1. Constructing the Templates

High-quality carotid and femoral LDV-acceleration traces were adopted for template construction. Traces with visual score values Qvis of 4 and 5 were selected. To avoid subject-specific biasing in template construction, only one 20 s recording (from the acquired channel with the highest Qvis) per subject was selected. Based on these selection criteria, 135 carotid LDV-acceleration traces from 20 different subjects and 40 femoral LDV-acceleration traces from 10 different subjects were identified as suitable for template construction in the CARDIS dataset. The selected carotid LDV-acceleration traces were from both handpieces.

The selected traces, characterized by the presence of sharp and pronounced peaks at the foot (and dicrotic notch for carotid recordings), were then segmented in epochs, each one corresponding to a single heartbeat. LDV-acceleration trace segmentation was carried out using ECG synchronous recordings (available for each subject in the CARDIS dataset, on which automatic R-peak detection was carried out, refer to Figure 3). Over each LDV trace, single epochs were then defined within a time interval within the occurrence of two consecutive R peaks in the ECG trace (Figure 3A). By construction of the visual inspection classification, some of the identified single epochs might still not be of adequate quality for template construction, because of the presence of short-time artifacts/noise (Figure 3B). The lower quality single epochs in an LDV-acceleration trace were identified according to the following strategy: (1) for each LDV segmented trace, a correlation matrix Rij was built up, each element of the matrix being the Pearson-correlation coefficient between epochs i and j, used as a measure of their shape similarity; (2) a threshold value of the correlation coefficient was defined and single epochs with an average correlation coefficient with all the other epochs lower than the threshold was discarded, since they were not sufficiently similar in shape to the other epochs in the recorded trace (Figure 3C); (3) for each LDV-acceleration trace, an “individual template” was built up by averaging only the identified highly correlated epochs (Figure 3D); (4) by adopting the same approach with the carotid and femoral LDV-acceleration traces, the final carotid and femoral “population templates” were obtained (Figure 4).


[image: Figure 3]
FIGURE 3. Workflow detailing the construction of the template. Illustration of selection of good quality epochs using the correlation coefficient. (A) ECG signal with detected R peaks, which are used to segment the acceleration signal into heartbeat epochs (B). After the correlation matrix analysis, only the good epochs are maintained (D). In (C) the final individual template, calculated as the average of the good epochs, is displayed.



[image: Figure 4]
FIGURE 4. Bottom (C,D): individual carotid (CC) and femoral (CF) templates; Top (A,B): population-average carotid and femoral templates.


Template construction is based upon the definition of a strategy to treat the issue of the different time length of single epochs (intra-individual RR variability) (Jensen-Urstad et al., 1997; Zhang, 2007) and the individual templates as well. Hence, the time length of single epochs should be defined on the basis of what the template should represent. In the case under study, the carotid LDV-acceleration template longer than 350 ms will include by construction the foot of the wave (first peak) and the dicrotic notch (second peak). In this study, we speculate that a carotid LDV template incorporating the second peak may degrade in performance, as the distance between the two peaks is (intra-individually and inter-individually) variable. In Figure 5, carotid and femoral LDV-acceleration templates constructed for different (predefined) time length are displayed. In detail, time lengths of 300, 400, and 500 ms were considered for the femoral LDV-acceleration template, and time lengths of 200, 400, and 600 ms for the carotid LDV-acceleration template. The impact of the time length in the LDV template performance when used for the automatic assessment of the quality of the CARDIS data was evaluated.


[image: Figure 5]
FIGURE 5. Left column (A,C,E): three different length of the femoral template; Right column (B,D,F): three different lengths of the carotid template.




2.4.2. Template Matching and Beat Selection

The matching between the templates and the LDV-acceleration traces in the CARDIS dataset was performed by applying a local moving-window function calculating the Pearson's correlation coefficient between the LDV template and the 20 s-long acceleration trace at each time step, as displayed in Figure 6. The locations of peaks in the time series resulting from this moving-window cross-correlation operation identify the time instants where the sliding template is similar to a segment of the LDV-acceleration trace.


[image: Figure 6]
FIGURE 6. The template matching algorithm is shown. The chosen template (displayed in the middle row of the figure) is iteratively correlated with the acceleration signal to get the cross-correlation function. In that function, the appropriate peaks are then identified.


Setting a threshold for the value of the cross-correlation coefficient then demarcates the correspondence level above which segments of the LDV-acceleration trace can be considered similar to the template. Based on the set threshold value, single segments corresponding to single heartbeats in the LDV trace can be considered of sufficient or not sufficient quality.

To further improve the identification of high-quality heartbeats in the LDV recorded traces, two further selective criteria were added. First, all the LDV-acceleration peaks in the recorded trace with an amplitude lower than 80% of the average peak amplitude were not considered. Then, if two successive peaks were detected within a time window shorter than 500 ms, the second peak was discarded and only the first one was considered. The latter criterion was adopted to avoid the dicrotic notch detection (second peak), especially when the shorter carotid template was used. An explanatory example of peak detection, presenting the LDV-acceleration trace, the moving-window cross-correlation function, and detected peaks are displayed in Figure 7.


[image: Figure 7]
FIGURE 7. First row: acceleration signal. Second row: normalized cross-correlation function and its maximum values of the acceleration signal with the femoral template of 500 ms. Last row: acceleration signal with the detected peaks using the template matching method.




2.4.3. LDV Traces Classification Based on Template Matching-Finding Threshold Values

The performance of the template matching algorithm in classifying the quality of the CARDIS dataset was evaluated by comparison with visual score classification, according to the following scheme: acceptable heartbeat (label 1), corresponding to Qvis values 4 or 5; not acceptable heartbeat (label 0) corresponding to Qvis values 1 or 2. Signals with Qvis-values of 3 are discarded in this analysis as these signals are difficult to assign an absolute and correct classification (refer to discussion). The template matching-based classification, as also mentioned before, depends upon the threshold value for the moving-window correlation function and the number of detected heartbeats in the LDV-acceleration trace, which have to be appropriately set.

In this study, we considered: true positive (TP) an acceptable LDV trace (based on Qvis classified by the template matching as acceptable; false negative (FN) an acceptable LDV trace classified by the template matching as not acceptable; true negative (TN) an unacceptable LDV trace classified by the template matching as not acceptable; false positive (FP) an unacceptable LDV trace classified by the template matching as acceptable. On this basis, sensitivity and specificity values of the classifier are defined as:
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and
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Sensitivity and Specificity were then used to build up the Receiver Operating Characteristic (ROC) curves and their area under the curve (AUC) was used to assess the performance of the classifier. Moving-window cross-correlation coefficient threshold values and the number of detected heartbeats yielding the highest AUC were defined on the complete CARDIS dataset and this for each one of the template lengths in time.



2.4.4. LDV Traces Classification Based on Template Matching-Defining Quality Score and Testing on the CARDIS Dataset

Once the best performing carotid and femoral templates time length and the associated moving-window cross-correlation threshold values were identified, a quality score (QTM)was estimated for each 20 s LDV-trace recording, based on two main features.

The first feature (Q1) is the number of the detected acceleration peaks (npeaks), normalized with the maximum expected number of peaks or heartbeats in the 20 s LDV-trace recording (maxpeaks). This value was empirically set equal to 26 to ensure a maximal feature value of 1 in the investigated database:
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The second feature (Q2) is defined as the average time delay between the occurrence of a maximum value of each LDV-acceleration epoch in the recorded trace and the occurrence of the peak value on the template (dpeakn), normalized to the template time length (N):
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When the peaks in the template and in each LDV epoch are all perfectly aligned, and when all the peaks in the LDV-trace are detected (i.e., Q1 = 1), feature Q2 is equal to 1, indicating good quality of the LDV trace recording. The final score based on template matching can be computed as the mean value of the partial scores Q1 and Q2:

[image: image]

By construction, the score QTM was set up so that the value is within the range [0, 1] (with QTM = 0 representing the worst possible signal quality and QTM = 1 indicating that the signal is of excellent quality). QTM was calculated for all the traces in the CARDIS database and compared to the corresponding assigned visual score Qvis, which is treated as the ground truth.



2.4.5. A Logistic Regression Model for Signal Classification Based on Template Matching

QTM Was a heuristically derived quality metric with equal weighting on the sub-components. Now we use logistic regression models to find a better weighting of the contributions of Q1 and Q2, and automatically map this to a predicted quality of the signal. Logistic regression models are chosen since they can be well applied to binary classification problems and are typically used in medical research (Domínguez-Almendros et al., 2011; Austin and Steyerberg, 2012; Nick and Campbell, 2012) when a two-class classifier is required. These predictions were then compared to the ground truth labels (given by the visual scores).

Logistic regression models were trained and tested with the two template-matching derived scores (Equations 3 and 4) as features, on both carotid and femoral LDV-acceleration traces. For this purpose, again the LDV traces visually scored with Qvis equal to 1 or 2 were labeled 0, and LDV traces visually scored with Qvis equal to 4 or 5, were labeled 1. Again, signals with a Qvis score of 3 were not included in the analysis.

The data available in the CARDIS database was split such that 80% was used for training the logistic regression model and the remaining 20% used for testing purposes. The training-testing set partition was randomly iterated 1,000 times while storing the model accuracy every iteration, so that the overall accuracy distribution of the logistic regression model approach could be assessed.

Of note, all features used to train logistic regression models were normalized via standardization. This allowed the logistic regression-model coefficients to be interpreted as the corresponding feature weights, granting information about which feature was most influential in labeling an LDV trace.

The accuracy distributions of logistic regression models trained on template-matching and the later discussed matrix-profile derived features were evaluated.




2.5. Matrix Profile

The matrix profile is a data structure that annotates a time series (Yeh et al., 2018; Zhu et al., 2020). It allows for exact, simple, and fast (Zhu et al., 2017b) similarity search or discord discovery and is among the state-of-the-art techniques in the field of discrete time-series analysis (Zhu et al., 2017a; Madrid et al., 2019). The matrix profile has been used in processing biological signals like EEG (Mueen et al., 2009), ECG, and gait cycles (Zhu et al., 2020). It was applied in this study to accurately identify recurring waveforms in the LDV-acceleration data. Every such waveform is a subsequence of the original sequence or time series. These subsequences, taken together, are collectively called a motif. We gauged the quality of an LDV-measurement via several features determined by its best motif. The strength of the matrix profile lies in the fact that it does not require a template or other input parameters except for the length m of the desired motif subsequences. Analogous to the template matching analysis, waveforms were subsampled to 1 kHz. We set m to 200 ms, similar to the optimal length of the template described in previous sections.


2.5.1. Signal Classification Based on the Matrix Profile

A quality metric (QMP) was constructed based on three features of the matrix profile-generated motif as seen in Equation (6). This metric was constructed so that its possible values lie between 0 and 1.
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The first feature used in calculating (QMP) is the average relative maximum amplitude of a subsequence in the motif (AMP) computed as in Equation (7). The maximum amplitude of subsequence A was compared with the maximum amplitude of the reference subsequence Aref. This reference is the first subsequence identified by the matrix profile (the minimum of the matrix profile) and subsequently included in the motif. In good quality measurements, most maximum amplitudes of subsequences in the motif were similar.
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The second feature, the average relative time-instant of the subsequence peaks in the motif (td,MP), is computed as in Equation (8). The time-instant of the subsequence peak was compared with that of the reference. This value was then normalized over the length of the subsequence m. Ideally, all subsequences in the motif represent the same heartbeat-related waveform with peaks at similar time instants. For poor quality signals, these time instants tended to randomly vary over the length of the subsequence.
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Finally, the third feature (nMP) was calculated as the expected amount nexp vs. the effective amount nmtf of subsequences in the motif, shown in Equation (9). nexp was estimated based on a discrete-Fourier-transform analysis of the entire signal recording. More specifically, the peak corresponding to the heartbeat during the measurement was identified as the most prominent peak in the signal spectrum, in the range 0.5–1.5 Hz. The effective amount of subsequences in the motif nmtf was based on how many heartbeats the matrix-profile technique was able to pick up.
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Before a subsequence is included in the motif, three criteria decide the inclusion: (1) If a subsequence maximum amplitude was lower than 0.8 times the reference maximum amplitude it was excluded from the motif. (2) If the time instant of the peak deviated 30 ms or more from that of the reference, the subsequence was also removed from the motif. (3) If two subsequences were closer than 0.8 times the expected time delay between two subsequent heartbeats, the one with the lower matrix-profile value (higher similarity to the reference) of the two was preserved, the other was removed. The applied thresholds levels were determined empirically from excellent and poor quality signals.

Figure 8 shows an example of a signal being scored by first finding the motif so that as many heartbeats as possible are present within it, then calculating the features of that motif. Both the relative amplitude and time-instant of subsequence peak features of one subsequence in the motif are indicated in the figure.


[image: Figure 8]
FIGURE 8. Example of one signal being scored by the features that are derived from the Matrix-Profile-identified motif. The amplitude feature of one subsequence is shown in the upper figure, the reference is indicated with a red square. The time-instant of subsequence peak feature is shown in the lower figure where all subsequences shown in the upper figure are time-aligned. The signal score is shown in the upper left corner of the upper figure. The visual score of this signal is 4.


The auto-generated matrix-profile-based quality metric was computed for all carotid-carotid and femoral-carotid datasets and results were compared to the visual scores.



2.5.2. A Logistic Regression Model Based on the Matrix Profile

Similar to template matching, we also designed logistic regression models using the previously discussed matrix-profile derived features. These models allow for more freedom in weighting the features to come to a better classification result. Models were trained and tested on the three features mentioned above. Signals were labeled and available data was split into training and testing sets analogous as in the previously discussed template-matching case.




2.6. Relation Between Signal Quality and Physiological Variables

Finally, we investigated the existence of possible associations of quality of the LDV-acceleration traces with age, body mass index (BMI), and systolic blood pressure. The statistical analysis was performed using QMP as a quality score variable. In detail, the existence of a linear correlation was tested using the Pearson-correlation coefficient on both CC and CF datasets, with data analyzed per handpiece. For all analyzes, significance was assumed for p < 0.05.




3. RESULTS


3.1. Visual Scoring
 
3.1.1. Carotid-Carotid Measurements

By visual inspection, about 12% of all LDV-acceleration traces were qualified as bad and close to 30% as poor (Figure 9B). This implies that about 42% of the recorded LDV traces were evaluated to not be of sufficient quality for further analysis. About 22% of all recordings were scored from good to excellent and are deemed suitable for further analysis. About 37% of the traces were visually scored borderline, i.e., these traces might be of sufficient quality for further analysis with advanced processing. The number of LVD traces scored with Qvis 4 or 5 and recorded using handpiece 2 was higher than the number using handpiece 1. For handpiece 1, channel 1 scored almost systematically very low; the best channels were channels 3 and 4. For the second handpiece, the best channels were channels 2 and 3.


[image: Figure 9]
FIGURE 9. Top row: visual scoring of signals measured with handpieces 1 and 2 during local carotid measurements (A) with overall grades shown in (B) and box plots and mean values per channel in (C). Bottom row: visual scoring of signals measured during carotid-femoral PWV measurements (D) with overall grades shown in (E) and box plots and mean values per channel in (F).




3.1.2. Carotid-Femoral Measurements

The bottom row of Figure 9 illustrates that, concerning femoral LDV-acceleration traces (handpiece 1), 20% of all recordings were qualified as bad, and another 32% as poor, meaning that over 50% of all recordings is not usable for analysis. About 15% of the measured signals get a score good to excellent, deemed immediately suitable for analysis. The best channels are channels 3 and 4 with 21.9% (beam 3) and 19.5% (beam 4) of the recordings good to excellent. For handpiece 2 (carotid recordings), about 20% gets a score good to excellent. This is less than what was obtained for handpiece 2 for the carotid-carotid recordings, where close to 25% of all recordings were rated good to excellent. On the other hand, less signals received grades 1 and 2. The best channels are channels 4 (24.9%) and 5 (24.1% of the recordings scoring good to excellent).




3.2. Template Matching
 
3.2.1. Carotid-Carotid Measurements

From the analysis carried out on the complete CC dataset, it emerged that using the carotid template of 200 ms length guarantees the best performance in terms of specificity, setting the cross-correlation threshold to 0.74 and the minimum number of detected heartbeats per trace to 15 (AUC = 0.89, sensitivity 74%, specificity 89%; template of 400 ms length: AUC = 0.89, sensitivity 81%, specificity of 83%; template of 600 ms length: AUC = 0.92, sensitivity 87%, specificity 86%). For each template length, the corresponding confusion matrix is presented in Table 2. The adoption of specificity for the evaluation of the performance of the template matching strategy was dictated by the need of maximizing the removal of LDV traces with inadequate quality. More in detail, it emerged that in general, the template matching performed excellently in correctly classifying visual scores 1 and 5, while accuracy decreased for visual scores 2 and 4 (Table 2). Interestingly, using the shorter template length of 200 ms led to a score of 42% of the LDV acceleration traces visually scored 3 (borderline) as acceptable data.


Table 2. Confusion matrices of signal classification done by the hand-engineered classification model constructed with template matching.
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The level of agreement obtained between QTM and Qvis on the CC recordings dataset, with template matching adopting a 200 ms template length, is presented in Figure 10. This suggests that the median of the QTM values, computed on traces that have a Qvis = 3, could be adopted as a threshold value for the automatic quality checking of an LDV trace (i.e., in the case under study, traces with a QTM > 0.5 could be considered of adequate quality; note that, manually setting these thresholds is not required for the logistic regression models since this is implicitly learned in the training).


[image: Figure 10]
FIGURE 10. Quality score comparison between visual score and the template-matching-derived and matrix-profile-derived. Subfigures (A,C) display the score based on the template matching and (B,D) quality score based on the matrix profile.


The accuracy distributions of logistic regression models trained on quality scores derived from template-matching are displayed in Figure 11. On average, the accuracy on traces acquired using handpiece 2 is higher than handpiece 1 (85 ± 1.6% and 80 ± 1.70%, respectively; the results are summarized in Table 4).


[image: Figure 11]
FIGURE 11. Accuracy distributions for 1,000 random train-test set partitions and subsequent logistic regression models trained. The accuracy distribution is shown cumulatively through bar-charts with the equivalent Gauss-curve plotted on top of it. Subfigures (A–H) show this for CC HP1, CC HP2, CF HP1, and CF HP2 cases, respectively.




3.2.2. Carotid-Femoral Measurements

From the analysis carried out on the complete CF dataset, it emerged that using the carotid template of 500 ms length guarantees the best performance in terms of specificity, setting the cross-correlation threshold to 0.56 and the minimum number of detected heartbeats per trace to 10 (AUC = 0.89, sensitivity 77%, specificity 92%; template of 400 ms length: AUC = 0.88, sensitivity 76%, specificity of 91%; template of 300 ms length: AUC = 0.87, sensitivity 72%, specificity 92%). The confusion matrices are shown in Table 3 for each template.


Table 3. Confusion matrices of signal classification done by the hand-engineered classification model constructed with template matching.
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As for the carotid traces, the performance of the template matching algorithm was based on the specificity values, in order to remove the bad quality signals. More in detail, the template matching strategy shows excellent performance for the classification of visual scores 1 and 5 (accuracy of 96 and 93%, respectively), while the accuracy decreases for class 2 and class 4 (91 and 72%, respectively). In the femoral case, the method classified a majority of LDV traces with a visual score of 3 (borderline) as inadequate. Indeed, considering the template of 500 ms, the template matching method classified 65% of score 3 as inadequate signals and the other 35% (borderline)as adequate.

The level of agreement obtained between QTM and Qvis on the CF recordings dataset, using the 500 ms template length, is shown in Figure 10C. The results indicate that from the median QTM values scored Qvis = 3, a threshold value could be adopted for the automatic quality checking of the LDV trace (i.e., in the case under study, traces with a QTM > 0.23 could be considered of adequate quality; again, this threshold is not required when working with the logistic regression models.)

The accuracy distributions of logistic regression models trained on quality scores derived from template-matching are displayed in Figure 11. On average, the accuracy on traces acquired using handpiece 1 is higher than handpiece 2 (87 ± 1.3% and 81 ± 1.9%, respectively; the results are summarized in Table 4).


Table 4. The table contains the average performance of the logistic regression models trained on features derived by both template matching and matrix profile methods.
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3.3. Matrix Profile

On good quality data, i.e., those visually scored at 4 or 5, the matrix profile technique was able to include nearly all heartbeats in the motif. On poor quality data, the matrix profile was unable to identify most heartbeats because of noise or artifacts in the measurement. On some measurements that contain pure noise, the matrix profile picked up random noisy waveforms that were less prevalent and differed much compared to the desired foot-of-the-wave waveform.


3.3.1. Quality Metric Results

The signals measured at the carotid measuring site were given a matrix profile-derived quality score that is compared with their visual scores in Figure 10B. A positive, linear relation between the two scoring methods is observed for the carotid-carotid database. The same information is shown for the femoral measuring site in Figure 10D. The difference between poor and good quality signals is apparent. Signals with visual scores 1, 2, or 3 have significantly lower QMP than those with visual scores 4 or 5.



3.3.2. Logistic Regression Models Performance

Figures 10C,D,H show the accuracy distributions of the repeated logistic regression model-training experiment for signals measured in the neck with the different handpieces. All accuracy averages are above 80 with 82% (±1.64%) and 88% (±1.53%) for carotid-carotid recordings with handpieces 1 and 2, respectively. For carotid-femoral recordings, carotid data recorded with handpiece 2 yielded an accuracy of 85%± 1.71%. The distributions were assumed to be normally-distributed after a Shapiro-Wilk test and thus the Gauss-curves are drawn onto the subfigures of Figure 11.

The same data for the femoral data (measured with handpiece 1 during carotid-femoral recordings), is shown in Figure 11G. Average accuracy of 86% with a SD of 1.43% is observed. All accuracy statistics of the different measurement situations are summarized in Table 4.




3.4. Signal Quality vs. Physiological Variables

The results from the correlation analysis between QMP and age, BMI, and systolic blood pressure are shown in Figure 12 for the femoral data (carotid-femoral recording, handpiece 1; CF hp1) and the carotid-carotid recordings with handpiece 2 (CC hp2) showing the strongest trends. Significant negative correlations were found between age and QMP for CF hp1 (r = –0.253, P < 0.05) and CC hp2 (r = –0.365, P < 0.001). The correlation with BMI (Figure 11B) was significant only for the femoral recording (r = –0.304, P < 0.01) while the correlation with systolic blood pressure was significant only for CC hp2 (r = –0.206, P < 0.05)(Figure 11C). In a multivariate regression model including both age and systolic blood pressure, the correlation between carotid signal quality and systolic blood pressure was no longer significant (due to the correlation between age and systolic blood pressure). In contrast, in a multivariate model of femoral signal quality, both age and BMI remained significantly correlated with signal quality. The same relations are found when repeating the analysis with Qvis or QMP (data not shown).
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FIGURE 12. Correlation analyses of the matrix profile-based quality score with age, BMI and systolic blood pressure, shown in subfigures (A–C), respectively. Only data in the CC HP2 and CF HP1 cases is shown. Trendlines of the data are also drawn.





4. DISCUSSION

The potential of LDV for non-contact measurement of physiological (cardiovascular) signals has been reported since about 2000 in explorative studies (Pinotti et al., 1998; Morbiducci et al., 2007a; Kaplan et al., 2012; Rohrbaugh et al., 2013) making use of bulky industry-time devices, and the technique has been suggested for measurement of carotid-femoral PWV by De Melis et al. (2008). An important technological breakthrough to enable LDV-based measurements in a clinical setting is the use of silicon photonics to miniaturize and integrate the optical components onto chips (Li et al., 2013) that are easily built-in into hand-held devices as the CARDIS prototype used in this study. That prototype was used in a clinical feasibility study where measurements were performed on the carotid and femoral artery, and we previously reported on the agreement of LDV-based carotid-femoral PWV with a reference method (Marais et al., 2019). In that article, data were processed off-line and algorithms for foot detection relied on the ECG and gating was applied on carotid and femoral tracings to ensure identification of the correct characteristic points on the waveforms. Further developments aim for ECG-independent measurements and will require a more stringent quality assessment in real-time application to ensure that data is captured from which transit times can be derived. Unlike the CARDIS device, future versions of the device will provide real-time feedback on signal quality and valid measurements will only be accepted after a minimal number of data samples have been retrieved from signals passing predefined quality criteria. In this study, we explored two possible strategies for such quality assessment, template matching and matrix profile, and benchmarked them using visual scoring as reference.

The visual grading was done by what we considered an expert observer but is inherently subjective. The graphical user interface that was developed showed all data within one single window for reasons of efficiency but inevitably leads to a weighed appreciation where data from different channels do get, to some extent, a degree of relative scoring. This mainly applies to the scores good (4)-excellent (5) where recordings of certain channels could have likely received different rankings if they had been individually assessed without the knowledge of the signal on the other channels. This remark may also pertain to the grade borderline. As future use of the device will target acquiring the best possible signals in a given subject, we particularly focused on signals graded 4 or 5. Figure 9 provides a visual overview of observed quality across the complete database. Each handpiece of the device is equipped with 6 channels in line, spanning 2.5 cm with the aim to have minimally one channel that detects a strong signal. It is clear that channel 1 on handpiece 1 systematically yields very low scores, which was attributed to a hardware problem with the inadequate alignment of the optical components during device assembly. For carotid measurements, the middle channels 3 and 4 yielded the highest quality signals (as expected), but this shifted to channels 2 and 3 for handpiece 2. Also, the overall signal quality was slightly higher for handpiece 2. We speculate that the use of the spacer underneath handpiece 1 may contribute to the difference in signal quality between both handpieces. These data can be compared to the data from handpiece 2 during carotid-femoral measurement, where handpiece 2 is now equipped with a spacer (refer to Figure 9 for the measuring configurations). The mean signal quality is now in the same range as it was for handpiece 1 on the local carotid measurements. An extra factor, however, is the fact that carotid-femoral measurements are technically more demanding, requiring the simultaneous acquisition of signals at 2 distinct locations. The same conclusions can be drawn on the basis of the automatically calculated sores QTM and QMP.

In essence, one very good to excellent channel recording on each of the handpieces should guarantee a reliable transit time estimation from one handpiece to the other. This was achieved in 27% of the local carotid datasets and in 13% of the carotid-femoral datasets mainly due to the suboptimal femoral recording that is more challenging due to the fact that the operators have to manipulate two sensors on two distinct locations as well as the deeper positioning of the femoral artery leading to weaker signals. That does not imply that the remaining datasets cannot be processed (especially when the ECG is available; refer to Marais et al., 2019) or that LDV would not be suitable as a measuring technique; we just speculate that these results can be drastically improved with real-time feedback on the signal quality upon measurement.

The main objective of this study was to explore different methods for an automated signal quality assessment, where we first explored template matching. The template should minimally contain the foot fingerprint of the wave, apparent on both the carotid and femoral measuring locations. That pattern turned out to be fairly robust across the tested population. Even though the amplitude of acceleration signals was lower at the femoral measuring site, the pattern of the foot is quite similar on both measuring locations. A practical choice that has to be made is the length of the template. For carotid signals, it may be relevant to extend the template such that it also encompasses the dicrotic notch. We preferred the shorter template of 200 ms (which does not extend beyond the dicrotic notch) as the time delay between the wave's foot and the dicrotic notch is not constant but varies in between subjects and also within one subject from cycle to cycle due to physiological variations in blood pressure and heart rate. The shorter template was found to result in a somewhat higher specificity in correctly classifying poor signals, but overall, the performance of the carotid templates with different lengths was not very different, as can be observed from the confusion matrix (Table 2). On the other hand, for the femoral artery, we preferred the longest template of 500 ms which should detect epochs characterized by one prominent peak, the foot of the wave, followed by a long tail of low amplitude signals.

We then determined optimal thresholds levels for the magnitude of the cross-correlation and the number of detected beats using ROC analysis, whereby we maximized the classification performance of a binary classifier on the basis of QTM. In this exploratory study, that analysis was done on the complete database and further optimizations should be done on the used features and repeating the analysis with separate training and testing data set. Using the resulting thresholds, the agreement between QTM and Qvis was overall satisfactory. The logistic regression model analyses learned that a template matching approach is a valuable option to automatically classify signal quality as acceptable or not acceptable with an accuracy of over 80%.

As a second method, we considered the matrix profile as a technique to identify recurring patterns in the LDV-measurements in an automatic manner (Zimmerman et al., 2019), with very few control parameters. The potential advantage of a matrix profile approach over template matching is that no prior knowledge is required on the shape of the signal feature that one is looking for. Also, using the matrix profile allows the generation of a “user-dependent” template in situ. Signal quality was quantifiable using features of the motifs found by the matrix profile and combined into the quality metric QTM, which showed a good agreement with the ground truth of visual scores as can be observed from Figure 10.

As for the template matching approach, the average accuracy of a logistic regression model trained and tested on features derived from motifs provided by the matrix profile technique is in all cases higher than 80%. Overall, only relatively small differences are observed between the two techniques. Both techniques perform similarly well which suggests that both, or a combination of the two, can be used for classifying new, future data into “bad, unusable” or “good, usable.” This allows us to state that a logistic regression model suffices, along with the signal features and techniques that are considered, to accurately assess incoming data in future real-time applications.

In our logistic model training, we purposely discarded datasets visually labeled “borderline” (score 3) as these data were simply hard to classify visually in an unequivocal way. That difficulty is relatively well reflected in the values of the quantitative metrics for these signals (Figure 10) and the performance of the classifiers as quantified by the confusion matrix (Tables 2, 3). Especially for the carotid artery, automated classification leads to a close to fifty-fifty percent labeling of data as acceptable or not acceptable. For the femoral recordings, there is a larger tendency to classify signals with a visual score of 3 as not acceptable. This is in line with our own perception that femoral data may have received higher scores than carotid data of similar quality and underlines the need for objective tools to score signal quality.

Interestingly, the quality score, exemplified by QMP, correlates negatively with age and especially with BMI when signals are measured in the groin on the femoral artery. This observation supports the operators impression that measuring good quality LDV-signals on more obese subjects is consistently more challenging. The deeper the positioning of the artery and the more surrounding tissue, the stronger the signal attenuation. Such relation with BMI was absent for neck recordings. Also, skin inelasticity or thickness is expected to play a role in the transmission of intra-arterial vibrations and likely contributed to the observed negative correlation between and signal quality at the carotid and femoral locations in the study populations. The negative correlations between signal quality and age for carotid-carotid recordings with handpiece 2 were less strong, and were not found for the other carotid recordings (carotid-carotid handpiece 1 or carotid-femoral handpiece 2 recordings). A possible explanation may be the use of the spacer for these latter measurements, which may mechanically interfere with the transmission of the vibrations from within the artery to the skin and exert an effect on the recordings. Overall, this effect is considered minor, but it may nonetheless be a factor contributing to observed differences in the recordings.

The CARDIS prototype has a laser wavelength of 1,550 nm which is insufficiently reflected by the skin. We, therefore, attached retroreflective patches to the skin at the measurement locations to enhance reflection. The next-generation prototype aims for measurements without the retroreflective patch to facilitate practical use. A wavelength of 1,300 nm, for which there is a relative peak in skin reflectance (Rockwell and Goldman, 1974), will be used but the impact of skin pigmentation or sweating on data quality will have to be investigated.

In this study, signal quality was assessed off-line on 20 s recordings. Future developments will focus on real-time assessment of data quality as data is being captured and where the considered techniques will be used for epoch detection and subsequent quality quantification. Although a template-matching approach has the benefit that prior knowledge can be used to assess incoming data from the start, we assume that both techniques provide similarly useful features and that both are suitable for real-time implementation. It may be an option to hybridize the two techniques to come to a stronger, even more robust algorithm when implementing them into the device.



5. CONCLUSION

In conclusion, template matching and matrix profiling are methods suitable for the automated assessment of the signal quality of acceleration data measured from the skin in the neck and groin using laser Doppler velocimetry. Both methods allow to identify epochs in a data stream and provide quantifiable features that can be combined into a quality score or be used as input for logistic regression models for automated classification of signals as acceptable or not acceptable. Models based on both methods yielded an accuracy of minimally 80% in our CARDIS database of carotid and femoral recordings, reaching as high as 87% for the femoral data.
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Aortic blood pressure (aoBP) waveform-derived indexes could provide valuable (prognostic) information over and above cardiovascular risk factors (CRFs). To obtain aoBP waveform-characteristics, several (i) techniques, (ii) recording sites, (iii) pressure-only waveform analysis mathematical approaches [e.g., pulse wave analysis (PWA), wave separation analysis (WSA)], and (iv) indexes [augmentation pressure and index (AP and AIx), forward (Pf) and backward (Pb) components of aoBP, reflection magnitude (RM), and reflection index (Rix)], were proposed. An accurate clinical use of these indexes requires knowing their physiological age-related profiles and the expected values for a specific subject. There are no works that have characterized waveform-derived indexes profiles in large populations considering: (i) as a continuous, data from different age stages (childhood, adolescence, and adulthood), (ii) complementary indexes, (iii) data obtained from different techniques and approaches, and (iv) analyzing potential sex- and body height (BH)-related differences. In addition, (v) there is a lack of normative data (reference intervals, RIs) for waveform-derived indexes.

Aims: (1) to evaluate the association and agreement between PWA- and/or WSA-derived indexes obtained with different techniques and approaches; (2) to determine the need for sex-, BH-, and/or age-specific RIs; (3) to define RIs for PWA- and WSA-derived indexes in a large cohort of healthy children, adolescents, and adults.

Methods: 3619 subjects (3–90 y) were included; 1688 healthy (2–84 y). AP, AIx, AIx@75, Pf, Pb, RM, and RIx were obtained (carotid and radial tonometry, brachial oscillometry/plethysmography). The association and agreement between indexes were analyzed (Concordance correlation coefficients, Bland–Altman analysis). Mean and SD equations and sex-specific BH- and age-related profiles were obtained (regression methods; fractional polynomials).

Results: Waveform-derived indexes were not equivalent; for a specific index, there were systematic and proportional differences associated with the recording site (e.g., carotid vs. radial) and technique (e.g., tonometry vs. oscillometry). The need for sex-, BH-, or age-specific RIs was dependent on the index and/or age considered. RIs were defined for each index considering differences between recording sites and techniques. Equations for waveform-derived indexes age-related profiles were included, enabling to determine for a specific subject, the expected values and potential data deviations.

Keywords: adolescents, adults, applanation tonometry, children, oscillometry, pulse wave analysis, wave separation analysis, normative data


INTRODUCTION

Central aortic blood pressure (aoBP) waveform contains valuable (e.g., prognostic) information beyond and in addition to the obtained from its corresponding systolic, diastolic, and pulse pressure levels (aoSBP, aoDBP, aoPP) (Mynard et al., 2020). Several techniques (e.g., applanation tonometry, oscillometry/plethysmography) and mathematical methods (e.g., direct carotid or distal-arteries recordings associated to a general transfer function) have been proposed to perform waveform analyses (Hametner and Wassertheurer, 2017). In addition, different pressure-only approaches for waveform analysis [e.g., pulse wave analysis (PWA), wave separation analysis (WSA)] are available (Westerhof et al., 2006; Wang et al., 2010; Chirinos et al., 2012; Weber et al., 2012; Zamani et al., 2014; Hametner et al., 2015; Sluyter et al., 2017; Mynard et al., 2020). Augmentation pressure (AP), augmentation index (AIx), and AIx corrected for heart rate (AIx@75) are the PWA-derived indexes most commonly used. The concept or basic idea underlying PWA is that forward waves traveling from the ventricle toward the periphery are distally reflected. Reflected waves augment (central) pressure. AP represents the augmentation level (a positive AP indicates “additional” pressure arising from reflections) (Baksi et al., 2009; Sugawara et al., 2010). It is calculated from the inflection point in the pressure waveform (systolic phase) that “signalizes or identifies” the reflected component’s arrival to the aortic root (Kelly et al., 1989). AIx, calculated as AP/aoPP, is considered as a surrogate index of wave reflection (although it is known that it also depends on factors like heart rate or ventricle function) (Hametner and Wassertheurer, 2017). In WSA, the aoBP waveform is decomposed into single forward (Pf) and backward (Pb) components, which actually integrate different forward and backward propagating waves. Furthermore, it is to note that the Pf represents the integration of forward wave arising from the ventricle and re-reflections of backward propagating waves at the ventricular-aorta interface. From Pf and Pb, the reflection magnitude (RM; RM = Pb/Pf) and index {RIx; RIx = [Pb/(Pf + Pb)]} were determined. However, taking into account the above stated (and despite the names), they cannot be considered as simple measures or indicators of the reflections (Westerhof and Westerhof, 2013; Zamani et al., 2014).

In the last decade, several clinical studies have shown that waveform analysis could provide valuable information (even exceeding the information obtained from the analysis of the exposure to cardiovascular risk factors [CRFs]) (Zamani et al., 2014; Hametner and Wassertheurer, 2017; Mynard et al., 2020). However, to optimize their value and to ensure a proper use of waveform-derived indexes, some issues should be assessed and clarified. First, it is unknown whether the different techniques and methods used to quantify waveform-derived indexes provide equivalent information that would allow the use of similar normative data (reference intervals, [RIs]) regardless of the approach considered. Second, there is limited information concerning age and/or sex-related RIs for PWA- and WSA-derived indexes obtained at the same time in large healthy populations (including children, adolescents, and adults). This is true, even more so if data from South American populations are considered. In this regard, it is to note that ethnicity may be an independent determinant of wave reflections (both in adults and children) (Chirinos et al., 2011; Heffernan et al., 2020). In addition, an accurate use of waveform-derived indexes requires knowing the expected physiological age-related profiles and the predicted value for a specific subject. However, in our knowledge, there are no works assessing waveform-derived indexes’ variations (as a continuous) considering data from different age-stages and their transitions (childhood-adolescence-adulthood). It is to note that studies that aimed at analyzing age-related differences do not allow for their adequate and comprehensive characterization, as they (i) considered small numbers of subjects [e.g., n = 65 (Hughes et al., 2013), n = 267 (Yu et al., 2020)], (ii) did not exclude subjects with cardiovascular disease or exposed to CRFs [e.g., cardiology outpatients (Namasivayam et al., 2016), unhealthy or diseased subjects (Torjesen et al., 2014; Hodson et al., 2016; Li et al., 2019), and subjects with CRFs (Mitchell et al., 2004; Hughes et al., 2013; Hickson et al., 2016; Wilenius et al., 2016; Gómez-Sánchez et al., 2020; Yu et al., 2020)]; (iii) compared “mean values” of groups comprising subjects of wide age ranges (e.g., 5–7 years (y) (Segers et al., 2007; Janner et al., 2010; Hodson et al., 2016) or 10 y (Kelly et al., 1989; Mitchell et al., 2004; McEniery et al., 2005; Torjesen et al., 2014; Hickson et al., 2016; Namasivayam et al., 2016; Solanki et al., 2018; Li et al., 2019; Yu et al., 2020) of difference in the age of subjects belonging to the same group); (iv) considered only adults within a limited age range (e.g., 40–70 y, grouped by decades) (Li et al., 2019), and (v) in general, did not consider subjects under 18–20 years of age. In this context, it should be noted that the need for RIs for vascular parameters in children and adolescents is now well-recognized and is considered necessary to extend their use in clinical practice (Climie et al., 2021).

In this context, this work’s aims were: (1) to evaluate the association and/or agreement between PWA- and/or WSA-derived indexes obtained with different techniques and approaches, (2) to determine the need for sex-, body height (BH)-, and/or age-specific RIs, (3) to define RIs for PWA- and WSA-derived indexes in a large cohort of healthy children, adolescents, and adults from South America. As a secondary aim, non-linear equations for sex-, BH-, and/or age-specific percentiles were determined and included (text and spreadsheet formats); the information given enables to determine the expected value for a particular subject (and to assess any possible deviation from the anticipated).



MATERIALS AND METHODS


Study Population and Clinical and Anthropometric Evaluation

The study was carried out in the context of the CUiiDARTE project (Bia et al., 2011; Santana et al., 2012a,b; Zócalo et al., 2020; Bia and Zócalo, 2021), a population-based study developed in Uruguay. In this work, we considered data from 3619 subjects included in CUiiDARTE database. This contains data on demographic and anthropometric variables, exposure to CRFs, personal and family history of cardiovascular disease and data on hemodynamic, and on structural and functional vascular parameters (Bia et al., 2011; Santana et al., 2012a,b; Zócalo et al., 2020; Bia and Zócalo, 2021; Zócalo and Bia, 2021a,b). In this work, the analysis was focused on PWA- and WSA-derived indexes.

All procedures agree with the Declaration of Helsinki (1975 and reviewed in 1983). The study protocol was reviewed and approved by the Ethics Committee of Centro Hospitalario Pereira Rossell, Universidad de la República. Prior to the evaluation, the participants provided their written informed consent to participate in the study. In subjects under 18 y, parents’ written consent and children’s assent were obtained before the evaluations. Subjects or parents (in case of subjects aged < 18 y) provided informed written consent to have data from their medical records used in research.

Before cardiovascular evaluation, a brief clinical interview together with the anthropometric and blood test results evaluation enabled to assess exposure to CRFs. Body weight and BH were measured with the participant wearing light clothing and no shoes. Standing BH was measured using a portable stadiometer and recorded to the nearest 0.1 cm. Body weight was measured with an electronic scale (841/843, Seca Inc., Hamburg, Germany; model HBF-514C, Omron Inc., Chicago, IL, United States) and recorded to the nearest 0.1 kg. Body mass index (BMI) was calculated as body weight-to-squared BH ratio. In children and adolescents, z-scores for BMI were calculated using the WHO software (Anthro-v.3.2.2; Anthro-Plus-v.1.0.4) (Castro et al., 2019).

Obesity was defined as z-score for BMI ≥ 2.0 (for subjects < 18 y) or BMI > 30 Kg/m2 (for subjects ≥ 18 y). Arterial hypertension was considered to be present, if it had been previously diagnosed in agreement with reference guidelines and/or use of blood pressure-lowering drugs was reported. Cut-off values were: brachial systolic blood pressure (baSBP) ≥ 140 mmHg and/or diastolic blood pressure (baDBP) ≥ 90 mmHg (for subjects ≥ 18 y) and baSBP and baDBP > 95th percentile for sex, age, and BH (for subjects < 18 y). Personal and family histories of cardiovascular disease (i.e., presence of cerebral, coronary, aortic, or peripheral arterial disease) were assessed. A family history of cardiovascular disease was defined by the presence of first-degree (for all the subjects) and/or second-degree (for subjects ≤ 18 y) relatives with early (< 55 y in males, < 65 y in females) cardiovascular disease. History of dyslipidemia and diabetes were considered to be present if they had been previously diagnosed in agreement with reference guidelines and/or the use of lipid- or glucose-lowering drugs (respectively) was reported. Dyslipidemia was defined as total cholesterol > 240 mg/dL or high-density lipoprotein cholesterol for men < 40 mg/dL and for women < 46 mg/dL. In turn, diabetes diagnosis was based on plasma glucose levels (fasting plasma glucose ≥ 126 mg/dl). Regular (current) smokers, defined as usually smoking at least one cigarette/week, were identified.



Cardiovascular Evaluation

The participants were asked to avoid exercise, tobacco, alcohol, caffeine, and food-intake 4 h before the evaluation. All hemodynamic measurements were performed in a temperature-controlled environment (21–23°C), with the subject in supine position and after resting for at least 10–15 min, which enabled reaching steady hemodynamic conditions. Using a validated oscillometric device (HEM-433INT; Omron Healthcare Inc., IL, United States), heart rate, baSBP, and baDBP were recorded in supine position simultaneously and/or immediately before or after each non-invasive arterial recording. Then, brachial artery pulse pressure (baPP; baPP = baSBP-baDBP) and mean BP (baMBP, baMBP = baDBP + baPP/3) were calculated.



Structural and Functional Markers of Subclinical Atherosclerosis

Left and right common, internal, and external carotid arteries, vertebral artery, common femoral artery, and left brachial artery were examined (B-Mode and Doppler ultrasound, 7–13 MHz, linear transducer, M-Turbo, SonoSite Inc., Bothell, WA, United States). Transverse and longitudinal arterial views were obtained to assess the presence of atherosclerotic plaques (defined as focal wall thickening at least 50% greater than the adjacent segment, focal thickening protruding ≥0.5 mm into the lumen, or an intima-media thickness ≥1.5 mm) (Zócalo and Bia, 2016; Marin et al., 2020).

Left and right brachial and tibial systolic and diastolic blood pressure levels were obtained (no fixed order) at 5 min intervals (Hem-4030, Omron Inc., IL, United States). At least five measurements were obtained from each recording site. The Ankle Brachial Index, an index of arterial permeability and central-peripheral blood pressure amplification, was calculated as tibial systolic blood pressure/baSBP (Zócalo and Bia, 2016). Right and left Ankle-Brachial Index values < 0.9 were used to define and rule out stenosis of at least 50% distal to common femoral artery (Zócalo and Bia, 2016). After applying the exclusion criteria related to exposure to CRFs, there were no subjects with Ankle-Brachial Index < 0.9 in the group of RIs.



Central Blood Pressure Levels and Waveform Analysis-Derived Indexes

Central aoBP levels and waveforms were obtained (random order) using commercially available devices: SphygmoCor-CvMS ([SCOR]; v.9, AtCor-Medical, Sydney, NSW, Australia) and Mobil-O-Graph PWA-monitor system ([MOG]; I.E.M.-GmbH, Stolberg, Germany).

Using SCOR, aoBP waveforms were derived from, (i) radial artery (applying a general transfer function) and (ii) carotid artery (directly) manual tonometric recordings (Figure 1). Carotid pulse waveforms were assumed to be identical to the aortic ones (due to the proximity of the arterial sites) (Karamanoglu and Feneley, 1996). Thus, a transfer function was not applied to obtain central waveforms from carotid recordings. Only accurate waveforms on visual inspection and high-quality recordings (in-device quality control (operator) index > 75%) were considered. The operator index is an indicator of recorded signals’ overall reproducibility. It is calculated by assesing weighted quality control parameters and adding them to give a number as a percentage. Quality index assessment includes: (i) average height of individual records above 100 units, (ii) pulse height variation (accepted values: <5%), (iii) diastolic variation (indicates constancy of the basal level of the wave, accepted value: <5%), (iv) shape variation (difference in the shape of the recorded waves, accepted values <5%), and (v) maximum dP/dt (maximum value of the first derivative or maximal rate of wave rise). Based on the described variables, the operator index (recordings quality/reproducibility) was automatically assessed by the recording device. Brachial artery blood pressure levels and waveforms were automatically obtained using the MOG system (brachial cuff-based oscillometric device) (Zinoveev et al., 2019). The device determined aoBP levels and waveforms from peripheral recordings using a validated general transfer function. Only high-quality records (index equal to 1 or 2) and satisfactory waveforms (visual inspection) were considered.


[image: image]

FIGURE 1. Instrumental approach employed to obtain central blood pressure waves and waveform-derived indexes. Examples of positive and negative AIx. Aix, Augmentation index; AP, augmentation pressure; GTF, general transfer function; Pf and Pb, forward and backward central blood pressure components; PP, pulse pressure; SphygmoCor, SphygmoCor device; v.9, AtCor-Medical, Sydney, NSW, Australia. Mobil-O-Graph, Mobil-O-Graph PWA-monitor system, I.E.M.-GmbH, Stolberg, Germany.


Both devices (SCOR and MOG) enable PWA and WSA. A detailed (step-by-step) explanation of the method used for WSA based on recorded (carotid waveforms, SCOR) and mathematically derived aortic waveforms (SCOR and MOG) was included as Supplementary Material in a previous work (Zinoveev et al., 2019). As was previously published, absolute and relative intra- (repeatability) and interobserver (reproducibility) variability of aoBP levels and waveform-derived indices were analyzed (considering different methodological approaches: radial tonometry, carotid tonometry, and brachial oscillometric records) (Zinoveev et al., 2019). No significant differences were observed in aoSBP, aoPP, and waveform derived-indexes levels either within each visit, between two records [obtained by a single investigator (Y.Z.)], or between records obtained by two investigators (Y.Z., D.B.); indicating adequate repeatability, as well as reproducibility. In all cases, relative inter- and intraobserver variability was <6%.

Using both devices (SCOR and MOG) and the three recording sites (carotid and radial with SCOR and brachial with MOG), we quantified: (i) AP, AIx, AIx@75 and (ii) Pf, Pb, RM, and RIx (Figure 1). Recorded waveforms were calibrated using baDBP and baMBP (Zinoveev et al., 2019). AIx, AIx@75, RM, and RIx are “attractive” biomarkers because they are dimensionless and, therefore, do not depend on waveform calibration.

The variables were named based on the (i) waveform-derived index, (ii) recording site, and (iii) device (e.g., Pf_Radial_SCOR vs. Pf_Carotid_SCOR vs. Pf_Brachial_MOG).



Data Analysis

A step-wise analysis was performed. First, after descriptive statistics were computed and checked (Tables 1, 2 and Supplementary Tables 1, 2), it was analyzed whether the studied variables showed the expected trend in terms of age-related variations. Figure 2 exemplifies the results obtained for AIx@75_SCOR_Radial.


TABLE 1. Subjects demographic, anthropometric, and clinical characteristics.
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TABLE 2. Central and peripheral blood pressure and central waveform-derived indexes.
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FIGURE 2. Age-related profiles and Bland–Altman analysis for AIx@75. (A,B) Age-related profiles (1th, 2.5th, 5th, 10th, 50th, 90th, 95th, 97.5th, and 99th percentiles) for AIx@75_SCOR_Radial and z-score diagram used to verify model fit. (C) Bland–Altman diagram for AIx@75_SCOR_Radial and AIx@75_SCOR_Carotid comparison. There were significant mean (15.9, 95% CI.; 15.28 to 16.53%, p < 0.001) and proportional errors (slope coefficient: –0.4234, 95% CI.: –0.4571 to –0.3897, p < 0.001). (D–F) Age-related percentile curves for AIx@75 obtained with three different methods. Age-related percentile curves (1th, 2.5th, 5th, 10th, 50th, 90th, 95th, 97.5th, and 99th percentiles) for AIx@75_MOG, AIx@75_SCOR_Radial, and AIx@75_SCOR_Carotid.


Second, it was defined as a reference subgroup to determine RIs. This subgroup included subjects (n = 1688, 864 females) without any of the following (Engelen et al., 2013, 2015; Bossuyt et al., 2015): (i) cardiovascular disease; (ii) use of blood pressure-, lipid-, and/or glucose-lowering drugs; (iii) arterial hypertension; (iv) tobacco use; (v) diabetes; (vi) dyslipidemia; and (vii) obesity. In this subgroup, the atherosclerotic plaques presence was not associated with the waveform-derived indexes. Then, the subjects with plaques were not excluded from the RIs subgroup (Supplementary Table 3).

Third, in order to determine whether specific RIs were necessary for the same waveform-derived parameter obtained with different approaches (e.g., Pf_Radial_SCOR vs. Pf_Carotid_SCOR vs. Pf_Brachial_MOG), we analyzed the degree of association and agreement between data by assessing: (i) concordance correlation coefficients and (ii) mean and proportional differences (Bland–Altman analysis) (Table 3 and Supplementary Table 4). Figure 2 exemplifies the results obtained when comparing AIx@75_SCOR_Radial and AIx@75_SCOR_Carotid. Specific RIs for all waveform-derived indexes obtained with the different approaches were defined as necessary.


TABLE 3. Agreement between central waveform-derived indexes obtained with carotid and radial applanation tonometry and brachial oscillometry: Concordance Correlation and Bland–Altman analysis.
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Fourth, we evaluated whether age-, BH-, and/or sex-specific RIs were necessary using multiple linear regression models that included interaction analysis (Sex*Age; Sex*BH) with Johnson-Neyman significance regions definition (Supplementary Tables 5–10). Variables “y,” “x,” and “w” (moderating variable) were assigned to the waveform-derived indexes (y), sex (x), and age or BH (w). We identified indexes that: (i) required sex-specific RIs only from a certain age or BH, (ii) required sex-specific RIs regardless of age or BH, (iii) did not require sex-specific RIs, (iv) did not require age-, BH-, and/or sex-specific RIs (Supplementary Table 11). To enable comparisons with other authors and, at the same time, to minimize type 1 error associated with the development of several multiple regression models (n = 42), even in the case that sex-variable was significant, we defined RIs for the whole group (males and females).

Fifth, age- and BH-related percentile curves and RIs were obtained. To obtain age- and BH-related equations for mean values and SD, we used parametric regression methods based on fractional polynomials (Royston and Wright, 1998; Díaz et al., 2018; Zócalo et al., 2020; Bia and Zócalo, 2021; Zócalo and Bia, 2021a,b). Briefly, fitting fractional polynomials, age-specific (and BH-specific) mean value and SD regression curves were defined for the different variables (e.g., AIx@75_SCOR_Radial) using an iterative procedure (generalized least squares). Then, age-specific (and BH-specific) equations were obtained for the different indexes. For instance, AIx@75_SCOR_Radial equation would be: “AIx@75_SCOR_Radial mean value = a + b*Agep + c*Ageq + .,” where a, b, c, are the coefficients, and p and q are the powers, with numbers selected from the set [−2, −1, −0.5, 0, 0.5, 1, 2, 3] estimated from the regression for mean AIx@75_SCOR_Radial curve, and likewise from the regression for SD curve. Fractional polynomials with powers [1,2], that is, with p = 1 and q = 2, illustrate an equation with the form a + b*Age + c*Age2 (Royston and Wright, 1998). Residuals were used to assess the model fit, which was deemed appropriate if the scores were normally distributed, with a mean of 0 and a SD of 1, randomly scattered above and below 0 when plotted against age (or BH). Best-fit curves, according to visual and mathematical criteria (Kurtosis and Skewness coefficients), were selected. From the equations obtained, age- and BH-specific percentiles were defined using the standard normal distribution (Z) (Supplementary Tables 12, 13).

Detailed age- and BH-related RIs and percentile curves data can be found in Supplementary Tables 14–76 (for age) and 77–139 (for BH) and in Supplementary Material 2 (Supplementary Figures 1–21; for age) and 3 (Supplementary Figures 22–42; for BH). Figure 2 exemplifies age-related percentile curves for AIx@75_MOG, AIx@75_SCOR_Radial and AIx@75_SCOR_Carotid. Table 4 shows a summary (5 y intervals) of the age-related RIs (p50th, p75th, p90th, p95th, p97.5th, p99th) for each waveform-derived index. Table 5 shows a summary (10 cm intervals) of BH-related RIs (p50th, p75th, p90th, p95th, p97.5th, p99th) for each waveform-derived index.


TABLE 4. Age-related reference intervals for central waveform-derived indexes (All: Females and Males).
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TABLE 5. Body height-related reference intervals for central waveform-derived indexes (All: Females and Males).
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The minimum sample size required was 377 (Bellera and Hanley, 2007). Like in previous works and according to the central limit theorem, normal distribution was considered (considering Kurtosis and Skewness coefficients distribution and sample size >30) (Lumley et al., 2002). Data analysis was done using MedCalc-Statistical software (v.18.5, MedCalc Inc., Ostend, Belgium) and IBM-statistical package for the social sciences (SPSS) software (v.26, SPSS Inc., IL, United States). PROCESS v.3.5 (SPSS extension) was used for moderation (interaction) analysis (Hayes, 2020). A p < 0.05 was considered statistically significant.




RESULTS


Agreement of Waveform-Derived Indices Obtained From Carotid, Radial, and Brachial Recordings

Table 3 (Supplementary Table 4) shows correlation coefficients and Bland–Altman analyses carried out to determine the agreement between data of a “similar waveform-derived index” obtained with different devices and/or approaches. Although the associations between indexes (e.g., Pb obtained with different approaches) were significant (95% CI did not cross zero), they were “weak” or “moderate.” Then, regardless of whether AP, AIx@75, Pf, Pb, RM, or RIx were considered: (i) the levels of association were always statistically significant and (ii) in all cases, concordance correlation coefficients showed low agreement between data (values were always <0.66). For instance, concordance correlation coefficients [95% CI] were 0.43 [0.38–0.47], 0.30 [0.25–0.35], and 0.62 [0.59–0.64] for the association between (i) Pb_MOG and Pb_SCOR_Radial, (ii) Pb_MOG and Pb_SCOR_Carotid and (iii) Pb_SCOR_Radial and Pb_SCOR_Carotid, respectively. It is to note that the highest levels of association were obtained when analyzing carotid and radial tonometry data (SCOR_Radial and SCOR_Carotid), whereas data from brachial oscillometry (MOG) and carotid tonometry (SCOR_Carotid) showed the lowest levels of association (Table 3 and Supplementary Table 4).

Bland–Altman tests showed not only significant systematic, but also proportional differences (errors). Then the differences varied in magnitude depending on the index values (Table 3 and Supplementary Table 4). The highest systematic (mean) errors were obtained when analyzing agreement between MOG and carotid tonometry (SCOR_Carotid). As a result, specific RIs for all the waveform-derived indexes obtained were defined as necessary.



 Age-, Sex-, and/or Body Height-Related Differences

Age, BH, and/or sex-specific RIs for a given waveform-derived index (e.g., AIx@75) may (or may not) be required, depending on the approach used for its measurement (MOG vs. SCOR_Carotid vs. SCOR_Radial). For instance, Pb_MOG was independently associated with sex and BH, but not with age. In turn, Pb_Radial_SCOR and Pb_Carotid_SCOR showed independent associations with age and BH (but not with sex). AIx@75_MOG was independently associated with sex and age (and BH), without age-dependent changes in the association with sex (non-significant Johnson-Neyman regions).

On the other hand, AIx@75_SCOR_Radial and AIx@75_SCOR_Carotid were associated with age, but not with sex, but in subjects aged 7–8 y and older, sex moderated the “AIx@75-age” association. Regardless of the method (MOG or SCOR) considered, RM and RIx were not independently associated with sex. However, for SCOR_Radial and SCOR_Carotid records, in subjects aged 17 years and older, sex moderated the relationship with age.

Regardless of the measurement method, almost all waveform-derived indexes showed an independent association with age and BH (and/or an association through their interaction with sex). Consequently, both age- and BH-related RIs were necessary. In contrast, we identified waveform-derived indexes that: (i) required sex-specific RIs only from a certain age (e.g., AP_SCOR_Radial) or BH (e.g., Pf_SCOR_Radial), (ii) required sex-specific RIs regardless of age or BH (e.g., Pf_MOG, Pb_MOG), (iii) did not require sex-specific RIs (e.g., Pb_SCOR_Radial), or (iv) did not require sex-specific and/or BH-related RIs (e.g., RI_MOG) (Supplementary Tables 5–11).



 Age-, Sex-, and/or Body Height-Related Reference Intervals

Year-by-year (for age) and decimeter-by-decimeter (for BH) RIs data can be found in Supplementary Tables 14–139. Supplementary Materials 2 and 3 show age-related (Supplementary Figures 1–21) and BH-related (Supplementary Figures 22–42) percentile curves for waveform-derived indexes. Tables 4, 5 show a summary (5 y and 1 decimeter intervals) of age- and BH-related RIs data for each waveform-derived index.

Comparisons of data from this study (p50th for all subjects), with data obtained by other authors (p50th or mean value), are shown in Figures 3–6.
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FIGURE 3. Forward pressure (Pf) and backward pressure (Pb) age-related profiles. Top: Comparison between curves obtained in our study (p50th) and mean values or p50th obtained by other authors. CT, carotid applanation tonometry; CRFs, cardiovascular risk factors; RT, radial applanation tonometry; U.K., United Kingdom; United States, United States of America; BP, blood pressure; BA, brachial artery; Bottom: Age-related profiles (p50th) for males and females.
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FIGURE 4. Reflection magnitude (RM) and Reflection index (RIx) age-related profiles. Top: Comparison between curves obtained in our study (p50th) and mean values or p50th obtained by other authors. Pb and Pf, backward and forward pressure; CT, carotid applanation tonometry; CVD, cardiovascular disease; CRFs, cardiovascular risk factors; RT, radial applanation tonometry; U.K., United Kingdom; United States, United States of America; BP, blood pressure; BA, brachial artery. Bottom: Age-related profiles (p50th) for males and females.
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FIGURE 5. Augmentation pressure (AP), Augmentation Index (AIx), and heart rate-corrected AIx (AIx@75) age-related profiles. Left and right middle panel: Comparison between curves obtained in our study (p50th) and mean values or p50th obtained by other authors. CT, carotid applanation tonometry; CVD, cardiovascular disease; CRFs, cardiovascular risk factors; RT, radial applanation tonometry; U.K., United Kingdom; United States, United States of America; BP, blood pressure; BA, brachial artery. Right top and bottom panel: Age-related profiles (p50th) for males and females.
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FIGURE 6. Waveform-derived indexes body height-related profiles. Comparison between curves for waveform derived indexes obtained in our study (p50th) using three different approaches. Pf, Forward pressure; Pb, Backward pressure; RM, Reflection magnitude; RIx, Reflection index; AP, Augmentation pressure; AIx and AIx@75, Augmentation index and heart rate-corrected AIx; CT, carotid applanation tonometry; CVD, cardiovascular disease; RT, radial applanation tonometry; BA, brachial artery.





DISCUSSION


Main Findings

Considering their demonstrated value (e.g., as prognostic tool), there is growing interest in assessing central BP waveform-derived indexes in clinical practice. Their accurate clinical use requires knowing their physiological age-related profiles and the expected values for a specific subject. To our knowledge, this is the first time RIs for different waveform-derived indexes (obtained from different widely used measurement approaches) were defined (at the same time) in large population of healthy children, adolescents, and adults (2–84 y). The main findings can be summarized as follows:

First, methods used to quantify aoBP waveform-derived indexes (brachial oscillometry; carotid and radial tonometry) showed mostly little (statistically significant) association with each other. Furthermore, in no case, the association was very strong (r ≥ 0.80) (Table 3). Methodological approaches used to quantify similar waveform-derived indexes (e.g., Pb) were not equivalent, but showed systematic and proportional errors (Table 3).

Second, the need for sex-specific RIs relied on both physiological (e.g., age and/or waveform-derived index) and non-physiological factors (e.g., methodological approach used) (Supplementary Table 11). Then, the associations of a given arterial propagate property (e.g., reflection coefficient) with subjects’ characteristics (e.g., sex, age) could vary depending on the approach used in the evaluation.

Third, the population-based RIs for waveform-derived indexes were defined from data obtained in the same group of healthy children, adolescents, and adults (Tables 4, 5 and Supplementary Tables 14–139). Defining RIs is an important step when considering the use of waveform-derived indexes in laboratory and clinical practice, for example, as a tool to identify conditions associated with data deviation from anticipated values in physiological settings and/or to detect subclinical target organ (vascular) damage.

Fourth, aiming at contributing with other groups and/or researchers, sex-specific BH- and age-related equations for mean value, SD, and percentile values were included in text and spreadsheet formats (Supplementary Material 1). Thus, the expected values for a given subject could be calculated.



Wave Separation Analysis-Derived Indexes: Forward Pressure, Backward Pressure, Reflection Magnitude, and Reflection Index


Age-Related Profiles

The age-related profiles obtained for WSA-derived indexes showed similarities and differences with data reported by other authors (Figures 3, 4). However, it is to note that although some articles showed age-related changes in waveform-derived indexes, data from large populations of healthy subjects, with minimized exposure to traditional CRFs, are scarce, limiting the possibility of comparing our findings with those of other authors. Moreover, we found no work including children, adolescents, and adults.

Regardless of the methodological approach considered, the Pf increased in childhood and adolescence, reaching a maximum at ∼20 y. Thereafter, it remained stable and finally showed a tendency to increase after 60–70 y (Figure 3). At least in theory, the significant increase in Pf during childhood and adolescence could be related to (explained by) changes in stroke volume. In this regard, it was previously described that early in life, there is a rapid increase in stroke volume, reaching a peak at ∼20 y, followed by a slow decline from the beginning of the third decade of life (Cattermole et al., 2017; Zócalo et al., 2020). The (relative) Pf stability observed within the range of 30 and 60 y of age is in agreement with previous findings in subjects with controlled and uncontrolled blood pressure (Hodson et al., 2016), in healthy and unhealthy subjects (Li et al., 2019) and in subjects with cardiovascular disease (Namasivayam et al., 2016). On the other hand, whereas in this work, the increase in Pf after 70 y of age was discrete, works that included subjects with cardiovascular disease and/or exposed to CRFs described a greater (steeper) increase (Figure 3). At least in theory, the dissimilar findings could be explained by a cumulative effect of cardiovascular disease and/or CRFs on Pf determinants (e.g., aortic root impedance). In this regard, in Hodson et al. work, it was observed that compared with subjects with controlled blood pressure, those with uncontrolled pressure showed almost identical Pf (and Pb) levels at early ages (e.g., <21, 21–25, and 30–37 y). Subsequently, the Pf levels were gradually higher in subjects with uncontrolled blood pressure (with the differences being statistically significant from ∼45 y) (Figure 3; Hodson et al., 2016). In addition, since the Pf component actually integrates forward wave and re-reflections of backward waves at the ventricular-aorta interface, the increase in Pf could also be explained by increased reflections (and the subsequent increase in re-reflections). In this regard, it should be noted that aging has been associated with arterial stiffening and increased wave reflections. Finally, it is worth noting that despite of the differences in Pf values, the different methodological approaches considered enabled to obtain similar age-related profiles.

Taking into account the above mentioned, the differences in Pf values among studies could be explained (at least partially) by differences in the calibration methods, methodological approaches, and/or subjects considered.

Similarly, Pb showed a significant rate of increase in the first decade of life, and then it continued to increase steadily throughout life. The age-related profiles obtained for adults are in agreement with data from other works. However, the age-related increase in Pb observed in this work was (apparently) smaller compared with data from other works. Furthermore, for young subjects (e.g., 20–30 y), data from this and other works overlapped, but the maximum values reported by other authors for old subjects (e.g., 80–90 y) were almost always higher than the observed in this work (Figure 3). The differences could be ascribed to differences in the populations studied (Figure 3). In this regard, it is to note that this work was carried out in healthy subjects with minimized exposure to risk factors.

Jointly considering the above factors, it could be said that more flattened curves would be expected for both Pf and Pb in adults without cardiovascular disease and minimally exposed to traditional CRFs. Finally, the differences in the rate of Pf and Pb change observed in adults in this work are consistent with data from other studies (Cecelja et al., 2009; Namasivayam et al., 2009, 2016).

The age-related changes in RM (Pb/Pf) and RIx [Pb/(Pf + Pb)] showed great heterogeneity (Figure 4). Both RM and RIx tend to increase in adult life, but the rate of increase differed depending on the methodological approach considered (MOG or SCOR). In addition, while RM and RIx obtained with tonometry (SCOR) showed a reduction in the first years of life and started to increase after the age of 10 y, the data obtained from MOG increased through all the age-range considered (Figure 4). The finding of an age-related increase in RM and RIx is in agreement with other authors (Segers et al., 2007; Hodson et al., 2016; Namasivayam et al., 2016). On the other hand, Torjesen et al. (2014) and Li et al. (2019) reported a slight increase in RM and RIx until ∼60 y, followed by a subsequent reduction. In turn, Hughes et al. (2013) (in a small sample of subjects exposed to CRFs) found an age-associated decrease in RM. Finally, there were differences in RM and RIx data among works, even at ages in which neither the cardiovascular disease presence nor the exposure to CRFs could contribute to explain them (e.g., RM values equal to ∼1.0 [Yu et al., 2020], 0.55 [Hodson et al., 2016], 0.45 [Namasivayam et al., 2016], 0.35 [Li et al., 2019], and 0.15 [Hughes et al., 2013] were observed in subjects aged ∼20 y) (Figure 4).



Sex-Related Differences

Data from multiple linear regression models (Supplementary Table 11) and age-related profiles (Figures 3–5) showed that the association between waveform-derived indexes (Pf, Pb, RM, and RIx) and sex differed depending on the approach considered.

Figure 3 shows that after approximately 10–15 y, the p50th for Pf and Pb was higher in males than in females, but Pf values tend to be similar at ages over 70 y. In turn, for subjects over 50–60 y, the Pb values were higher in females than in males (Figure 3). In regression analysis, adjusted by BH, the Pf and Pb remained associated with sex only when considering data from MOG. This is in agreement with other authors (Lieber et al., 2010; Liao et al., 2011; Hughes et al., 2013).

The above data should be carefully analyzed. Whereas we (and other authors) analyzed Pf and Pb and absolute values, and other authors analyzed waveform components in terms relative to aoPP. In subjects younger than 60 y of age, Namasivayam et al. found that both incident and reflected waves showed a greater contribution to the age-related increase in aortic pressure in females than in males (Namasivayam et al., 2009; Torjesen et al., 2014; Hodson et al., 2017). Our curves for RM and RIx (indexes that allow relativizing Pb amplitude) tended to be higher in females from ∼20 y; except for MOG-derived data (Figure 4). Opposite to the described levels for Pf and Pb, RM and RIx levels obtained with SCOR showed sex-related differences (higher values in females), from 13.5 to 12.6 y for SCOR_Radial and from 17.1 to 17.2 y for SCOR_Carotid. Our findings add to those reported by Namasivayam et al. (2009). These authors found that the higher relative contribution of Pb in females would be observed from ∼12 to ∼17 y for radial and carotid recordings, respectively. Additionally, the authors described that the sex-related differences remained thorough adult life.

The similarity observed in girls and boys agrees with previous works that reported no sex-related differences in structural and functional arterial parameters at prepubertal ages (4–8 y), but showed sex-related differences in adolescents (∼15 y) (Curcio et al., 2016).



Body Height-Related Profiles

Regardless of the methodological approach considered, and with independence of sex and age, Pf and Pb were positively associated with BH (Figure 6 and Supplementary Table 11). In turn, RM and RIx data obtained with MOG did not show an independent association with BH, whereas SCOR-derived RM and RIx data were independently associated with BH (higher BH, lower RM and RIx) (Supplementary Tables 9, 10). The negative association of BH with RM and RIx could be explained (at least partially) by the well-known inverse relationship between the magnitude of reflections measured at the central aorta and the distance between the site of wave generation (heart) and reflection (which move away as BH increases).

Our findings could be considered opposite to that reported by Hughes et al. (2013) who did not find association between RM and BH in healthy normotensive subjects (n = 65; 21–78 y; 43 male) evaluated with carotid tonometry. However, the results were alike when considering the association of BH with RM and RIx data obtained with SCOR_Carotid without adjusting for cofactors (Figure 6; note the flattened profiles).




Pulse Wave Analysis-Derived Indexes: Augmentation Pressure, Augmentation Index, and Augmentation Index Corrected for Heart Rate 75 Beats/Minute


Age-Related Profiles

Like in previous works, the AP showed an age-related increase in adults (Figure 5). When considering SCOR data, it was observed as a decrease in AP during childhood and adolescence and an increase from the age of ∼15 onward. The AP levels obtained with MOG showed an increase from childhood onward. Additionally, there were differences in the AP levels obtained with the different methodological approaches (Figure 5).

Regardless of the methodological approach considered, the AIx and AIx@75 showed a reduction in childhood and adolescence, but they increased from ∼10–15 y onward (Figure 5). This is in agreement with previous findings in children and adolescents (Hidvégi et al., 2015; Díaz et al., 2018), and in adults (McEniery et al., 2005). We found a linear relationship with age that did not become non-linear in subjects aged 70 y and older as was described by other authors (McEniery et al., 2005). The dissimilar findings could be explained by differences in studied subjects’ characteristics (e.g., we evaluated healthy subjects minimally exposed to traditional CRFs, whereas other authors included subjects with extensive exposure to CRFs) and/or by demographics differences between the populations considered. About this, Janner et al. (2010) found that the association between AIx and age became progressively less linear (above 60–70 y) when considering subjects with increased cardiovascular risk (associated with exposure to CRFs). Other hypotheses have been proposed to explain the findings. Namasivayam et al. suggested that the ratio of two linear relationships, such as AP vs. age and aoPP vs. age, resulted in a curvilinear trend (AIx vs. age). This mathematical phenomenon could contribute to the “flattening” of age-AIx curve (described by other authors) (Hickson et al., 2016).

Finally, it is to note that only few authors reported reference data or age-related profiles for AIx@75. The available works described an age-related increase, but whereas Gómez-Sánchez et al. showed a significant constant increase in AIx@75 with aging (like in this work), and Solanki et al. found a slight age-related increase (Figure 5; Solanki et al., 2018; Gómez-Sánchez et al., 2020).



Sex-Related Differences

The augmentation pressure levels tended to be higher in females than in males (Figure 5), but the differences were statistically significant only in case of SCOR_Radial data from subjects aged > 12.9 y (Supplementary Table 11). This is in agreement with data from other authors (adult subjects) (Mitchell et al., 2004; McEniery et al., 2005; Segers et al., 2007; Torjesen et al., 2014).

Regardless of BH, compared to males, females showed higher AIx and AIx@75 (Figure 5): (i) for all ages when considering MOG records, (ii) from 9.5 and 7.8 y when considering SCOR_Radial records, and (iii) from 2.8 and 7.0 y when considering SCOR_Carotid records (Supplementary Table 11). The finding of higher AIx and AIx@75 in females than in males is in agreement with data from previous works (Mitchell et al., 2004; McEniery et al., 2005; Wojciechowska et al., 2006; Segers et al., 2007; Janner et al., 2010; Hughes et al., 2013; Torjesen et al., 2014; Wilenius et al., 2016; Solanki et al., 2018).



Body Height-Related Profiles

When analyzing the (simple) association between AP and BH data, no clear trend was observed (Figure 6). However, in multivariate analysis, it was observed a negative association between BH and AP. The association was independent of age and sex in case of SCOR and of age for MOG records (Supplementary Tables 8–11). In turn, the AIx and AIx@75 showed a negative association with BH, regardless of sex and age (Supplementary Tables 8–11). This is in agreement with Wilenius et al. (2016).




Strengths and Limitations

Our results should be analyzed in the context of the work’s strengths and limitations. First, since this is a cross-sectional study, it provides no data on longitudinal age-related variations in waveform-derived indexes. Although useful for quantifying RIs, our data do not allow to determine with certainty the true impact of aging on arterial system properties (Campos-Arias et al., 2021). Second, the outcome data were not considered. Thus, cutoff points (e.g., p90th, p95th) could not be selected based on the association with increased cardiovascular risk, but on data distribution in the RIs group. Whether or not the RIs values should be used as cutoff values for central hemodynamic alterations diagnose and/or treatment is not known. Third, in this work, the concept of “waveform-derived index” was mainly presented as “static or unchanged,” rather than the composite of (i) “fixed or stable” (e.g., age-dependent arterial pulse propagation and reflection capabilities) and (ii) “variable or adjustable” (e.g., vascular smooth muscle capability to temporally adjust arterial pulse propagation or reflection properties) (Bia et al., 2003, 2008). Fourth, the RIs subgroup consisted of people whose CRFs levels did not exceed accepted thresholds for abnormality (e.g., hypertensive subjects were excluded). Given that the prevalence of many CRFs increases with age (e.g., arterial hypertension), by definition (older), “superhealthy” individuals would have had a greater possibility of being included in the RIs group. Consequently, at least for adults, this work’s data probably describe an “optimal,” rather than a “typical” aging trajectory.

Fifth, as a strength, in this study, waveform-derived indexes were obtained in a large population sample (of children, adolescents, and adults) that included subjects within a wide age-range (almost the whole range of life expectancy), as a continuum. This would contribute to understand the arterial pulse propagations and their impact on waveform-derived indexes throughout life, providing important information for clinical diagnosis and cardiovascular research. To our knowledge, this is the first study of its sort in South Americans. Sixth, despite we previously demonstrated that aoBP and some waveform-derived indexes could vary depending on the calibration schema considered (Zinoveev et al., 2019), in this work, we opted for the schema most used in the literature (use of baDBP and baMBP). In this regard, it is to note that whereas some indexes do not depend on the calibration schema (e.g., AIx), others are highly dependent on the methodological approach used (e.g., Pf and Pb). Hence, data should be analyzed/used being aware of this. Seventh, it is to note that an accurate optimal analysis of wave reflections would require pressure and flow measurement, rather than BP waveform recording and analysis alone. However, the simultaneous measurement of pressure and flow might not always be feasible. On the other hand, the different approaches used to quantify waveform-reflection indexes may differ in the obtained data (e.g., differences in the algorithms used to analyze the waveform and to identify the “inflection point” may yield different indexes values). In this context, we opted for working with widely used devices and algorithms of analysis (SphygmoCor and Mobil-O-Graph). Finally, it should be noted that while in this work we focused on the most frequently used waveform-derived indexes, we recognize (i) the existence of other indexes and (ii) the limitations of the quantified indexes. For instance, the AIx reflects both cardiac and vascular properties. Hence, it has limitations as a measure of wave reflection (Hughes et al., 2013; Heusinkveld et al., 2019).




CONCLUSION

This study adds to the knowledge of the physiological variations in waveform-derived indexes and arterial pulse propagative properties that would be expected during growth and aging, analyzing at the same time (and comparatively) the behavior of different indexes, obtained with three different approaches. Our data showed that the methods used to quantify aoBP waveform-derived indexes (brachial oscillometry, carotid, and radial tonometry) showed little association with each other. Waveform-derived data from different approaches were not equivalent, but showed systematic and proportional errors. These results evidenced that the non-invasive methodological approach used is an important determinant of the results (e.g., RIs levels). Our study strongly emphasizes the need for consensus on non-invasive assessment of waveform-derived indexes.

There were not uniform behaviors that standardize the need for sex-related RIs (normative data), but the need for sex-specific waveform-derived indexes RIs relied on the index and/or age considered. Population-based RIs for waveform-derived indexes were defined from data obtained in the same group of healthy children, adolescents, and adults. Aiming at contributing with other groups and/or researchers, sex-specific BH- and age-related equations for mean value, SD, and percentiles values were included in text and spreadsheet formats. Thus, the expected values for a given subject could be calculated for clinical and/or research purposes.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Comité de Ética de Investigación, Centro Hospitalario Pereira Rossell, ASSE, Universidad de la República. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

YZ and DB contributed to conception and design of the study, performed the cardiovascular recordings, constructed and organized the database, performed the statistical analysis, wrote the first draft and final version of the manuscript, contributed to manuscript revision, read, and approved the submitted version. Both authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by Agencia Nacional de Investigación e Innovación (ANII), grant number PRSCT–008–020; and extra budgetary funds provided by DB and YZ and CUiiDARTE Center.



ACKNOWLEDGMENTS

We thank the children, adolescents and adults, and their families for their participation in the study. To colleagues who integrated the CUiiDARTE Project in different stages, as part of their final degree, master and/or doctoral projects.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2021.774390/full#supplementary-material


ABBREVIATIONS
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Pulse wave velocity (PWV) is a powerful predictor of cardiovascular events. However, its intrinsic blood pressure (BP)-dependency complicates distinguishing between acute and chronic effects of increased BP on arterial stiffness. Based on the assumption that arteries exhibit a nearly exponential pressure-area (P-A) relationship, this study proposes a method to assess intersubject differences in local PWV independently from BP. The method was then used to analyze differences in local carotid PWV (cPWV) between hypertensive and healthy normotensive people before and after BP-normalization. Pressure (P) and diameter (D) waveforms were simultaneously acquired via tonometer at the left and ultrasound scanning at right common carotid artery (CCA), respectively, in 22 patients with Grade 1 or 2 hypertension and 22 age- and sex-matched controls. cPWV was determined using the D2P-loop method. Then, the exponential modeling of the P-area (A = πD2/4) relationships allowed defining a mathematical formulation to compute subject-specific changes in cPWV associated with BP changes, thus enabling the normalization of cPWV against intersubject differences in BP at the time of measurement. Carotid systolic BP (SBP) and diastolic BP (DBP) were, on average, 17.7 (p < 0.001) and 8.9 mmHg (p < 0.01) higher in hypertensives than controls, respectively. cPWV was 5.56 ± 0.86 m/s in controls and 6.24 ± 1.22 m/s in hypertensives. BP alone accounted for 68% of the cPWV difference between the two groups: 5.80 ± 0.84 vs. 6.03 ± 1.07 m/s after BP-normalization (p = 0.47). The mechanistic normalization of cPWV was in agreement with that estimated by analysis of covariance (ANCOVA). In conclusion, the proposed method, which could be easily implemented in the clinical setting, allows to assess the intersubject differences in PWV independently of BP. Our results suggested that mild hypertension in middle-aged subjects without target organ damage does not significantly alter the stiffness of the CCA wall independently of acute differences in BP. The results warrant further clinical investigations to establish the potential clinical utility of the method.

Keywords: pressure-independent PWV, hypertension, arterial stiffness, common carotid arteries, blood pressure


INTRODUCTION

Arterial stiffness as pulse wave velocity (PWV) is a powerful predictor of mortality and cardiovascular events in hypertensive patients, above and beyond traditional risk factors (Boutouyrie et al., 2002; Laurent et al., 2003; Cardoso et al., 2019). The arterial wall, however, presents a complex microstructure where different wall constituents, mainly collagen, elastin, and smooth muscle, play different but equally important roles in arterial function (Boutouyrie et al., 1998; Cruickshank et al., 2002; Krasny et al., 2017; Giudici et al., 2021e). The heterogeneous microstructure of the arterial wall makes its behavior highly nonlinear (Giudici et al., 2021b) so that arterial stiffness and, consequently, PWV are intrinsically blood pressure (BP)-dependent (Spronck et al., 2015b). This fact complicates distinguishing between chronic (i.e., actual BP-induced wall remodeling) and acute effects (i.e., transitional shift to a different working point in the nonlinear behavior of the arterial wall) of increased BP on arterial structure and mechanics. Most clinical studies address the issue of the BP-dependency of PWV via statistical methods, using BP as a confounding factor for PWV (Desamericq et al., 2015; Diaz et al., 2018; Valbusa et al., 2019). However, statistical methods suffer some limitations: (1) they lack subject specificity and, hence, are less likely to be used in clinical practice, (2) they may fail to discriminate between acute and chronic effects of increased BP on the wall stiffness (Spronck, 2021), and (3) the choice of the normalizing pressure, i.e., the subject-specific pressure level to be used as the confounder in multivariate analysis, is not trivial and largely affects the size of the correction itself (Giudici et al., 2021a). While, in clinical investigations, statistical adjustments for systolic BP (SBP) (Valbusa et al., 2019), mean BP (MBP) (Desamericq et al., 2015), and pulse pressure (PP) (Brandts et al., 2012) are often made, most regional PWV metrics (e.g., carotid-femoral and brachial-ankle PWV), use the foot of arterial waves as the fiducial point, suggesting that diastolic BP (DBP) likely represent a more appropriate choice for their pressure-normalization (Spronck et al., 2017b). As intergroup differences in SBP are typically larger than those in DBP, widely used SBP- and MBP-statistical adjustments likely lead to overcorrections of PWV and potentially limit our understanding of pressure-induced chronic vascular damage (Spronck et al., 2017b).

In the past two decades, researchers have attempted to address the BP-dependency of PWV using mechanistic approaches that rely chiefly on the assumption that, in the physiological pressure range, the pressure (P)-area (A)/diameter (D) relationship of arteries resembles an exponential function (Gavish and Izzo, 2016). If the fitting exponential function is opportunely formulated, its constant can be used as a BP-normalized index of arterial stiffness (Spronck et al., 2017a; Giudici et al., 2021a). In 2006, Shirai et al. introduced the cardio-ankle vascular index (CAVI) that uses the heart-to-ankle PWV (haPWV), a regional PWV metric quantifying the average properties of the entire heart-to-ankle arterial pathway, to estimate Kawasaki’s stiffness index β, defining the exponential relationship between P and D. A decade later, however, Spronck et al. (2017a) raised concerns related to the actual (in)dependency of CAVI from BP at the time of measurement, due to the inherent dependency of β from the subject-specific DBP. They proposed a revised metric CAVI0 that relies on Hayashi’s stiffness index β0, which, unlike β, is defined with respect to a standardized reference pressure (Pref). Furthermore, CAVI and CAVI0 differ also in the normalizing pressure used to estimate β from haPWV, raising once more the question of which is the most appropriate pressure level for the normalization of PWV metrics (Giudici et al., 2021a).

Similar methods have been devised to correct local PWV estimates, which, unlike regional PWVs, provide information on the stiffness of a specific location of the arterial tree. Spronck et al. (2015a) used the exponential P-A relationship proposed by Meinders and Hoeks (2004) to effectively predict the changes in local carotid PWV (cPWV), estimated via a linearized Bramwell-Hill equation (Bramwell et al., 1923), associated with the BP lowering achieved with 3-months of antihypertensive treatment in hypertensive patients. A considerably more complex approach was proposed by Ma et al. (2018) who used Fung’s exponential hyperelastic strain energy function to define the relationship between BP and local PWV. While undoubtedly elegant, this approach is unlikely to be used in clinical practice due to the difficulty in estimating subject-specific parameters for the mathematical model describing the artery behavior.

Using a similar mechanistic approach based on the exponential modeling of the P-A relationship of arteries (Spronck et al., 2015b,2017a), our current study analyzed differences in local cPWV between healthy controls and patients with hypertension, aiming to distinguish between acute and chronic effects of high BP on carotid function. We also aimed to compare mechanistic and statistical correction of cPWV, analyzing the impact of the choice of the normalizing pressure on the size of the correction and on inter-group differences.



MATERIALS AND METHODS


Theoretical Background

Tube laws mathematically define the relationship between P and A in flexible tubes. The pressure-normalization method adopted in this study is based on the tube law proposed by Meinders and Hoeks (2004):
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where D is the luminal diameter (A is assumed to be circular, A = πD2/4), Pref is a reference pressure, Dref is the diameter at Pref, and γ0 is an index of arterial stiffness defining the exponential relationship between P and D2. Note that identical P-D2 relationships can be obtained with opportunely different combinations of Pref, Dref, and γ0 (Giudici et al., 2021a). Eq. 1 represents a generalized form of the tube law proposed by Meinders and Hoeks who chose Pref = DBP. While Pref does not have any physiological meaning and its choice is arbitrary, fixing Pref to a constant value makes γ0 a pressure-normalized index of arterial stiffness. Following previous studies (Giudici et al., 2021a; van der Bruggen et al., 2021), we chose Pref = 100 mmHg. This value represents the most commonly established value for mean pressure of healthy adults and allows direct comparison with previous studies.

The Bramwell-Hill equation (Bramwell et al., 1923), defining the relationship between arterial distensibility and local PWV, suggests that PWV at a given pressure level Pc can be expressed as a function of the slope of the tangent to the P-D2 relationship at Pc.
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where ρ is the blood density, here assumed as 1,060 kg/m3. Using Eq. 1 to determine the derivative term in Eq. 2 and rearranging using Eq. 1 leads to the following relationship between PWV and γ0, as previously demonstrated (Giudici et al., 2021d) (refer to Eqs A1–A7 in Appendix for the detailed calculations):
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Eq. 3 indicates that PWV at any Pc can be directly estimated using γ0 and Pref.

Let us define a target pressure PT as the pressure level to which normalization is required. Given that PWV was measured at the pressure Pc [i.e., PWV(Pc)], the pressure change used to normalize PWV(Pc) is determined as the difference between the two pressure levels: PT–Pc. Following from Eq. 3, PWV at PT can be determined as follows:
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By combining Eq. 3 and 4, we obtain as follows:

[image: image]

Eq. 5 allows us to convert PWV at pressure Pc to the desired target pressure PT. We noted that Pc is generally unknown and depends on the choice of the method used to estimate PWV. However, if γ0 is known, Pc for any PWV estimation method can be numerically estimated by solving Eq. 3.



Study Population and Data Acquisition

The study sample came from individuals undergoing standard outpatient cardiovascular risk assessment at the Pisa University Hospital (Pisa, Italy), omitting anyone with carotid atherosclerotic plaque, diabetes, and history of major cardiovascular events, atrial fibrillation, malignancy, or chronic inflammatory disease. Hypertension was defined as brachial SBP (SBPb) > 140 mmHg and/or DBP > 90 mmHg or based on active antihypertensive treatment. The final study population included n = 22 healthy normotensive controls and n = 22 patients with mild-to-moderate (or Grade 1–2) hypertension (Williams et al., 2018), of which 41% (n = 9) were treated (treatment duration < 1 year). The protocol of the study followed the principles of the Declaration of Helsinki and was approved by the institutional ethics committee “Comitato Etico di Area Vasta Nord Ovest” (reference number: 3146/2010). All subjects gave their informed consent to participate.

Both SBPb and DBP were measured using a digital Omron device (model 705cp, Kyoto, Japan) after subjects had rested for at least 15 min in the supine position. Then, the pressure waveform of the left common carotid artery (CCA) and the diameter waveform of the right CCA were simultaneously acquired by tonometry (PulsePen, DiaTecne, Milan, Italy; sampling frequency = 1 kHz) and ultrasound scanning (Aloka Prosound 10, Hitachi Ltd., Japan), respectively. A similar coupling of waveforms acquired at the contralateral CCAs has been performed previously to achieve correspondence in heartbeats between the pressure and diameter signals, under the assumption that hemodynamic features are similar in the two CCAs due to their similar geometrical characteristics and downstream branching (Giannattasio et al., 2008). The ultrasound machine was equipped with a 10.0 MHz linear array probe with radiofrequency data output at the frequency of 1 kHz. In the longitudinal right CCA view, a single scan line was aligned perpendicularly to the vessel walls, approximately 1.5 cm proximal to the carotid bulb, as reported previously (Uejima et al., 2019). The cursors were then placed by the experienced operator at the anterior and posterior carotid walls to enable wall tracking. PulsePen recordings were calibrated assuming constant DBP and MBP along the arterial tree. Brachial MBP was estimated from SBPb and DBP assuming a form factor of 0.43: MBP = DBP+0.43 (SBPb–DBP) (Segers et al., 2009). Both acquisitions lasted for approximately 10 s, yielding 7–10 overlapping pressure and diameter cardiac cycles to be used in the analysis. The two main peaks of the second derivatives (i.e., acceleration) of the pressure and diameter signals (identifying the foot of the wave and dicrotic notch, respectively) were used as fiducial points for the alignment of the two waveforms, as previously described (Giudici et al., 2021c). Figures 1A,B provide examples of aligned left CCA pressure and right CCA diameter waveforms in a representative normotensive and hypertensive person, respectively.
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FIGURE 1. Examples of left common carotid artery (CCA) pressure and right CCA diameter distension waveforms of a representative normotensive (control) person (A) and hypertensive patient (B). Pressure and diameter waveforms were aligned using the two major peaks of their second derivative, representing the foot of the wave and the dicrotic notch, as fiducial points. In (C), representative pressure-area (P-A) relationships were obtained by ensemble averaging pressure and diameter heartbeats [the luminal area (A) was calculated from the diameter (D) assuming a circular luminal area: A = πD2/4]. (C) Illustrates how the exponential relationship in Eq. 1 was fitted on the measured subject-specific P-A relationships to estimate the stiffness index γ0 (notably, in reality, this was performed on a beat-to-beat basis rather than on the ensemble-averaged curves).




Data Analysis

cPWV was estimated using the D2P-loop method (Alastruey, 2011), a linearization of the Bramwell-Hill equation (Eq. 2) over the late diastolic part of the P-D2 relationship (i.e., the diastolic decay spanning from the pressure at the dicrotic notch, Pnotch, to DBP), as described previously (Giudici et al., 2021c).
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where Dd is the diameter at DBP, and the derivative term dP/dD2 indicates the slope of the linear regression of the late diastolic part of the P-D2 relationship.

As detailed in the theoretical background section, the accurate BP-normalization of cPWV requires knowledge of the pressure, Pc, that drives the BP-dependency of cPWV estimated with the D2P-loop method. As indicated above, the D2P-loop method estimates cPWV over the pressure range between Pnotch and DBP. Therefore, the representative Pc is expected to fall within these two pressure levels. To estimate the most suitable Pc for the D2P-loop method, the beat-to-beat relationships between left CCA P and right CCA D2 were fitted using Eq. 1, as shown in Figure 1C, to estimate γ0. For each heartbeat, this step entailed determining the combination of γ0 and Dref that minimizes the difference between the measured P waveform and that estimated using Eq. 1, given the D waveform as input. Then, the most suitable Pc was numerically determined by solving Eq. 3, given γ0 and cPWV. Notably, for each patient, the used γ0 and cPWV were the mean values of the 7–10 simultaneously recorded heartbeats. Finally, cPWV was pressure-normalized using Eq. 5.



Statistical Analysis

Statistical analysis was performed using SPSS 23 (SPSS, IBM Corp., Chicago, IL, United States). Comparison of variables between the two groups was first performed using Student’s t-test and then adjusting for potential confounders using analysis of covariance (ANCOVA). The BP-normalization of cPWV was performed using both mechanistic (Eq. 5) and statistical (ANCOVA) methods and considering four different pressure levels as normalizing pressure: (1) Pc, determined numerically by solving Eq. 3, (2) DBP, (3) MBP, and (4) SBP. The latter three pressure levels were chosen because often used as normalizing pressures in clinical studies. For each pressure level, PT in Eq. 5 was set to the average Pc, DBP, MBP, or SBP across groups. Data are generally presented as average ± standard deviation (SD). ANCOVA estimates are presented as average (95% CI). The p-value < 0.05 was considered statistically significant.




RESULTS


Group Characteristics

Group characteristics are presented in Table 1. Hypertensive and control groups were matched in age and gender, but not heart rate (HR) that was on average 6 bpm higher in hypertensives (p = 0.021). Carotid SBP was, on average 17.7 mmHg higher in hypertensives than controls (p < 0.001), while the difference in DBP was approximately half (p < 0.01). As a result, PP was also 8.7 mmHg higher in hypertensives than controls. Average CCA diameters at SBP and DBP were slightly higher in hypertensives than controls, but differences were not significant and were reduced further after appropriate SBP and DBP adjustments [7.62 (7.23–8.02) vs. 7.76 (7.37–8.16) mm and 7.15 (6.77–7.53) vs. 7.33 (6.95–7.71) mm]. Conversely, carotid IMT and IMT/Dd were higher in hypertensives than controls (p = 0.005 and p = 0.058, respectively).


TABLE 1. Characteristics and carotid artery dimensions of control and hypertension groups.
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As expected, before accounting for BP differences, cPWV, calculated using Eq. 6, was on average 12% higher in hypertensives than controls (6.24 ± 1.22 vs. 5.56 ± 0.86 m/s, p < 0.05) (Figure 2, left, and Table 2), even after HR adjustments (p < 0.05). However, the pressure-normalized stiffness index γ0 did not differ significantly (3.48 ± 1.04 vs. 3.77 ± 1.27, p = 0.41), suggesting that increased cPWV in hypertensives was likely mainly related to BP differences between groups. In fact, the average estimated P-A relationships of the two groups (Figure 3) run almost parallel to each other and are largely superimposed, suggesting that the mechanical response of the carotid arteries in the two groups was similar.
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FIGURE 2. Local carotid pulse wave velocity (cPWV) in control and hypertensive people before and after pressure-normalization using Eq. 5. Bars indicate minimum and maximum.



TABLE 2. Comparison between mechanistic and statistical blood pressure adjustment of the local carotid pulse wave velocity (cPWV) using different normalizing pressures.
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FIGURE 3. Average estimated P-A relationships of the control and hypertensive groups. Average curves have been built by estimating γ0 for all the subjects included in the two groups. Then, the subject-specific estimated P-A relationship was built using Eq. 1 and assuming a circular luminal area (i.e., A = πD2/4, where D is the diameter). Finally, ensemble averaging was performed between all people in each group. Solid lines indicate the average relationship, and areas delimited by dotted lines indicate ± standard deviation (SD).




Pressure-Normalized Carotid PWV

Pc, estimated from cPWV and γ0 by numerically solving Eq. 3, was 87.5 ± 10.3 in hypertensives and 78.4 ± 10.3 in controls, corresponding approximately to DBP + 0.085 (SBP–DBP) for both groups (Figure 3). Notably, in both groups, Pnotch (Table 1) was, on average, (0.65 ± 0.10) PP above DBP. In a first BP-normalization, PT was set to the average Pc across groups: 83.1 mmHg. After the BP-normalization, the difference in cPWV between the two groups reduced by 68%: 5.80 ± 0.94 m/s in controls and 6.03 ± 1.05 m/s in hypertensives (p = 0.47) (Figure 2, right). In fact, except for a single hypertensive subject whose cPWV largely exceeded those of controls both before and after the pressure-normalization, all other hypertensives had normalized cPWV within the control range. Similar results were obtained when normalizing using ANCOVA with Pc as a confounder: 5.77 (5.33–6.20) vs. 6.03 (5.59–6.47) m/s (p = 0.41) (62% of the total cPWV difference).

Table 2 reports the comparison between the BP-normalization using Eq. 5 and ANCOVA and using Pc, SBP, MBP, and DBP as normalizing pressures. As expected, the corrections of cPWV were stronger when using higher values of normalizing pressure and, except when the normalizing pressure was set to DBP, showed good agreement between statistical and mechanistic methods. BP accounted for 90 (mechanistic) and 84% (statistical) with SBP as confounder, 75 and 69% with MBP, and 65 and 39% with DBP.




DISCUSSION

The BP-dependency of arterial stiffness limits the ability of PWV to define changes in the mechanical properties of the arterial wall in response to cardiovascular pathologies and wall remodeling and damage (Spronck, 2021). This fact assumes particular relevance when evaluating changes in arterial mechanics in response to hypertension since elevated BP drives the short-term increase in PWV and potentially the long-term damage to the wall microstructure that, in turn, could result in a chronic increase in PWV. The BP-dependency of PWV has been typically addressed via statistical methods (Desamericq et al., 2015; Valbusa et al., 2019). More recently, methods that rely on the exponential modeling of the wall behavior have allowed to mathematically predict subject-specific changes in PWV in response to acute changes in BP (Shirai et al., 2006; Spronck et al., 2017a). Using a similar approach, we aimed to characterize differences in CCA stiffness between healthy controls and hypertensive patients, providing subject-specific BP-normalization of cPWV. Furthermore, we aimed to compare the mechanistic BP-normalization with that obtained using statistical methods, as well as investigate the impact of the choice of the normalizing pressure on the obtained correction. Our results indicated that BP alone accounted for 68% of the cPWV difference between groups.

The association between hypertension and increased PWV has long been known (The Reference Values for Arterial Stiffness’ Collaboration, 2010). However, understanding the causal relationships between the two is less trivial; on the one hand, studies have shown that PWV is an independent predictor of the longitudinal increase in SBP (Najjar et al., 2008), so that increased PWV drives the development of hypertension. On the other hand, PWV intrinsically depends on the BP level at the time of the data acquisition, and the subject-specific PWV can vary considerably in response to BP changes (Spronck et al., 2015b). This two-way relationship between PWV and BP complicates investigating the consequences of increased BP on arterial mechanics. Methods for the BP-normalization of PWV aim to address this issue, providing stiffness metrics that refer to a predefined reference pressure level and are, hence, independent from the BP level at the time of the measurement (Spronck et al., 2017a; Giudici et al., 2021a).

In this study, we analyzed differences in CCA PWV between normotensive and Grade 1–2 hypertensive individuals. In agreement with previous studies (Maritz et al., 2016; Park et al., 2020), our results indicated that the cPWV was, in fact, higher in hypertensives than in controls at their relative working pressure: 12% difference with a 13 and 12% difference in SBP and DBP, respectively. Notably, while age and sex are key determinants of arterial stiffness (The Reference Values for Arterial Stiffness’ Collaboration, 2010), our studied groups were well-matched, so that these factors unlikely played a role in inter-group differences in cPWV. Our finding is in agreement with previous work (Laurent et al., 1994) where distensibility of the CCA at MBP was reduced by ∼33% in hypertensive people compared to healthy controls but with a ∼30% difference in SBP/DBP. Similar results have also been reported for regional carotid-femoral PWV (The Reference Values for Arterial Stiffness’ Collaboration, 2010). However, the pressure-normalization of cPWV proposed here indicated that more than two-thirds of this difference had to be imputed to BP differences between the two groups (Figure 2) and that, in absolute terms, the CCA of hypertensive patients was not intrinsically stiffer than that of healthy people. Notably, as suggested by the Moens-Kortweg equation (Moens, 1878; Li et al., 2021), PWV quantifies the structural stiffness of an artery as a whole (i.e., including both wall material stiffness and geometrical features). As hypertensives here had a higher IMT and IMT/Dd ratio than controls, residual differences in PWV after pressure-normalization may, at least in part, be attributable to these structural differences, rather than pure differences in wall material properties. This finding was further confirmed by the exponential modeling of the P-A relationships, with the average hypertensive curve running almost parallel to that of controls, independently of pressure. Our findings are in agreement with seminal works of Laurent et al. (1994) and Armentano et al. (1995), who showed that CCA distensibility-pressure relationships of controls and hypertensives are almost superimposed. These results suggest that wall stiffening in response to increased BP is mild at the CCA. It is worth considering, however, that patients in our study presented only mild-to-moderate hypertension with a relatively short time between the diagnosis of the condition and the time of the examination (< 1 year). Therefore, it is possible that longer exposure to severely increased BP might trigger intensive remodeling and, consequently, intrinsic stiffening (i.e., BP-independent) of the carotid wall.

Whether accounting for the BP-dependency of PWV with statistical or mechanistic methods, the choice of the normalizing pressure has an important quantitative impact on the size of the correction. While the most widely adopted choices in clinical studies are SBP or MBP (Desamericq et al., 2015; Valbusa et al., 2019), it has been previously argued that the BP-dependency of most metrics pertaining to PWV, especially those relying on the foot-to-foot detection technique, is likely governed by DBP (i.e., the pressure at the foot of the wave) rather than either SBP or MBP (Spronck et al., 2015b,2017a; Giudici et al., 2021a). In this study, cPWV was estimated via linear regression of the P-D2 relationship in late diastole, i.e., the diastolic decay after the dicrotic notch (Giudici et al., 2021c). Although this phase of the cardiac cycle spanned between DBP and ∼65% of the PP, our results indicated that, on average, Pc was determined for its 91.5% by DBP and only for its 8.5% by SBP (Figure 4). We obtained similar results when estimating cPWV via the lnDU-loop method, a linear regression between blood velocity (U) and the natural logarithm of the diameter distension (lnD) in early systole (Giudici et al., 2021d). These findings suggest that, as regional PWV, loop methods provide nearly diastolic measures of PWV and that DBP should be regarded as the main driver of their BP-dependency. Notably, however, in this study, DBP-adjustment provided the largest difference between statistical and mechanistic methods for the cPWV correction. This result warrants caution when performing statistical DBP-adjustment of all arterial stiffness metrics that are notably purely diastolic.
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FIGURE 4. Correlation between Pc, the pressure value linking cPWV to γ0, and DBP + 0.085 (SBP-DBP). SBP, systolic blood pressure; DBP, diastolic blood pressure.


As other local techniques (Rabben et al., 2004; Khir and Parker, 2005; Feng and Khir, 2010; Campos Arias et al., 2019), the D2P-loop method (Alastruey, 2011) is based on the coupling of two arterial waveforms to provide an estimate of the wave speed at a single location of the arterial tree (i.e., local wave speed). In contrast, regional PWVs, such as the carotid-femoral PWV (Laurent et al., 2006), provide insights into the average arterial stiffness along a given wave path, which inevitably includes arteries with different wall structures. This is particularly relevant when considering that elastic and muscular arteries have shown to be affected differently by aging and disease (Borlotti et al., 2012). Furthermore, local methods are not affected by known limitations of regional PWVs, such as the possible inaccuracies in the estimation of the true arterial pathway length (Huybrechts et al., 2011; Giudici et al., 2021a). Finally, local arterial properties can be useful to predict damage of target organs located in the vicinity of the measurement site; for example, carotid stiffening and function have been associated with cognitive decline (Chiesa et al., 2019). For the aforementioned reasons, results reported here on differences in arterial wall stiffness between normotensives and hypertensives concern the carotid artery and should not be generalized to other locations or regions of the arterial tree.



LIMITATIONS

In this study, we assumed the existence of an exponential P-A relationship for the CCA. While it is generally accepted that the P-A relationship of arteries closely resembles an exponential function in the physiological range of pressure (Gavish and Izzo, 2016), the subject-specific P-A relationships might not be exactly exponential, especially in young subjects at low pressures (Vande Geest et al., 2004). It is therefore possible that, for some subjects, the mechanistic method failed to accurately predict the relationship between BP and cPWV. It is, however, unlikely that this has significantly affected the cPWV-normalization since similar methods showed good ability in predicting changes in both local and regional PWV, given a BP change (Spronck et al., 2015b; Pucci et al., 2020).



CONCLUSION

We concluded that mild hypertension does not chronically affect the stiffness of the CCA wall, at least in the middle-aged subjects without target organ damage.

Assuming an exponential P-A relationship, we proposed a method that allows for determining arterial stiffness, as PWV, independently of BP. The proposed method is non-invasive and provides a subject-specific normalization of PWV which could be implemented in the clinical setting. The results warrant further investigations to establish the potential clinical utility of the method.
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APPENDIX

The tube law proposed (Eq. 1 in the main manuscript text) by Meinders and Hoeks (2004) relates changes in pressure (P) to those in the cross-sectional area (assumed circular: A = πD2/4):

[image: image]

where Pref is a reference pressure, Dref is the arterial diameter at Pref, and γ0 is an arterial stiffness index.

The Bramwell-Hill equation (Bramwell et al., 1923) indicates that pulse wave velocity (PWV) at a given pressure level Pc can be expressed as a function of the slope of the tangent to the P-D2 relationship at Pc.

[image: image]

where ρ=1,060 kg/m3 is the blood density.

Given Eq. A1, the derivative term in Eq. A2 can be rewritten as follows:

[image: image]

where Dc is the diameter value corresponding to the pressure level Pc [i.e., Pc = P(Dc)]. Inverting Eq. A1 to express diameter as a function of pressure leads to the following relationship:

[image: image]

so that Dc becomes as follows:

[image: image]

Substituting Eq. A5 in Eq. A3 yields as follows:

[image: image]

Replacing the derivative in Eq. A1 with Eq. A6 and rearranging using Eq. A5 then leads to Eq. A7 (corresponding to Eq. 3 in the main manuscript text):

[image: image]





[image: image]


OPS/images/fphys-12-783457/fphys-12-783457-t002.jpg
Controls Hypertensives
Mechanistic Statistical Mechanistic Statistical
Uncorrected 5.56 £ 0.86 6.24 +£1.22
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Pc 580+0.95 5.77(5.33-6.20) 6.04+1.07 6.03(5.54-6.46)
DBP 5.80+0.94 5.69(5.21-6.17) 6.03+1.05 6.11(5.59-6.47)

DBR diastolic blood pressure; MBP, mean blood pressure; Pg, numerically
determined local carotid PWV relevant pressure level; SBR, systolic blood pressure.
Uncorrected and mechanistically corrected cPWV data are presented as mean +
standard deviation (SD). Statistically corrected cPWV data are presented as mean

(95% confidence interval).
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The p-values are the results of the independent Student’s t-test.

Dy, diastolic diameter; Ds, systolic diameter; DBR, diastolic blood pressure; HR,
heart rate; IMT, intima-media thickness;, MBF mean blood pressure; Pnotch,
pressure at the dicrotic notch;, PR pulse pressure; SBR carotid systolic blood
pressure; SBPy, brachial systolic blood pressure. Data are presented as mean +
standard deviation (SD).
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All (n =3619) Reference Intervals (n = 1688)

Variable mMv SD Min p25th p50th p75th Max mv sSb Min p25th p50th p75th Max

Brachial Artery Oscillometry/Plethysmography (MOG device)

baSBP [mmHg] 116.66 14.20 81.00 107.00 114.55 125.00 199.27 111.85 11.68 81.00 103.75 110.50 120.07 167.67
baDBP [mmHg] 68.31 11.25  36.00 60.40 66.87 74.75 131.43 64.76 8.89 38.67 58.40 63.71 70.25 106.00
aoSBP [mmHg]  104.89  16.99  71.00 92.00 103.78 11563 185.09 99.13 1493  71.00 86.73 97.50 108.53  168.50
aoDBP [mmHg] 69.63 11.25  38.00 61.83 68.47 76.00 133.14 66.08 8.93 39.33 59.50 65.00 71.61 109.00

HR [o.p.m] 75.68 1547  33.40 64.00 73.47 85.67 135.25 78.60 16.29  41.00 66.75 76.75 88.83 135.25
AP [mmHg] 7.22 5.38 1.00 3.76 5.39 8.63 37.60 5.93 3.77 1.00 3.62 5.00 7.00 32.00
Alx [%] 19.33 10.49 —7.00 11.57 16.74 24.39 60.82 17.55 8.41 —7.00 11.24 16.17 22.36 60.00
Alx@75 [%)] 19.67 11.95 -7.33 10.42 19.00 28.33 65.00 19.57 12.31  -7.00 10.00 19.15 28.42 65.00
Pf [mmHg] 23.37 7.54 10.30 18.13 21.94 26.80 65.55 22.27 7.68 10.30 17.06 20.60 2525 65.55
Pb [mmHg] 13.91 517 4.20 10.13 13.10 16.58 38.15 12.79 5.10 4.20 9.15 11.65 16.23 38.15
RM 0.59 0.1 0.18 0.53 0.6 0.66 0.81 0.57 0.09 0.18 0.52 0.58 0.63 0.8
Rix 0.37 0.04 0.15 0.35 0.37 0.4 0.45 0.36 0.04 0.15 0.34 0.37 0.39 0.44
Radial Artery Applanation Tonometry (SCOR device)

baSBP [mmHg] 120 16.48 77 109 120 130 235 114.24 13.55 78 105 114 124 160
baDBP [mmHg] 69 10.86 37 61 69 76 130 65.17 9.29 42 59 64 71 95
ao0SBP [mmHg] 105 16.3 64 94 105 115 208 98.57 13.35 64 88 99 108 140
aoDBP [mmHg] 70 10.96 17 62 70 7 131 66.47 9.27 43 60 65 73 97
HR [b.p.m] 72 14.05 35 63 71 82 151 75.56 16.32 38 65 74 85 151
AP [mmHg] 4.93 6.76 -21 1 4 9 50 2.2 4.87 —21 —1 2 5 26
Alx [%] 13.2 156.3 —36 2 13 25 54 Ll 13.57 —36 -2 7 17 46
Alx@75 [%)] 12.08 14.56 —-37 1 13 23 49 7.78 14.27 —-37 -3 8 18 49
Pf [mmHg] 29.13 9.13 7 23 28 34 89 28.57 9.66 7 21 27 34 71
Pb [mmHg] 16.47 5.75 3 12 14 18 78 13.45 4.31 3 1 13 16 78
RM 0.55 0.17 0.17 0.42 0.52 0.65 2.05 0.49 0.15 0.17 0.4 0.47 0.56 2.05
Rix 0.35 0.07 0.14 0.3 0.34 0.4 0.67 0.33 0.06 0.14 0.28 0.32 0.36 0.67
Carotid Artery Applanation Tonometry (SCOR device)

baSBP [mmHg] 120.94 17.55 78 109 120 131 239 114.35 16.29 78 104 114 124 217
baDBP [mmHg] 68.84 10.98 38 60 68 76 127 64.47 9.31 38 58 63 70 100
aoSBP [mmHg] 112.6 18.17 69 100 111 124 216 105.48 16 69 94 105 116 216
aoDBP [mmHg] 68.84 10.98 38 60 68 76 127 64.47 9.31 38 58 63 70 100
HR [b.p.m] 71.75 14.15 32 61 70 80 145 7511 15.44 40 64 74 84 145
AP [mmHg] —1 11.69  —64 -8 5 7 49 —5.38 96 —64 —-10 -5 0 25
Alx [%)] —2.51 22.95 —63 —-21 -5 17 56 —11.82 19.02 —55 —-25 —-14 0 44
Alx@75 [%)] —4.02 20.91 —60 —-20 -5 12 53 —11.81 18.04 —56 —24 —-12 —1 43
Pf [mmHg] 39.78 13.26 8 31 37 47 114 40.06 13.83 8 30 38 47 114
Pb [mmHg] 18.75 6.89 5 14 18 23 53 16.03 5.42 5 12 15 19 39
RM 0.5 0.18 0.11 0.36 0.47 0.63 1 0.43 0.15 0.11 0.33 0.41 0.5 0.97
RIx 0.32 0.08 0.1 0.27 0.32 0.38 0.5 0.29 0.07 0.1 0.25 0.29 0.33 0.49

MV, mean value; Min. and Max., minimal and maximal value; p25th, p50th (median) and p75th, 25, 50 and 75 percentiles; BMI, body mass index; HR, heart rate; baSBR,
baDBR, brachial systolic and diastolic pressure; aoSBR, aoDBP, aortic systolic and diastolic pressure; CVD, cardiovascular disease; AR Augmentation Pressure; Alx,
Augmentation Index. Alx@75, Alx adjusted by HR equal 75 beats/minute (b.p.m.); Pf, forward pressure; Pb, backward pressure; RM and Rlx, reflection magnitude and
index, respectively.
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Method A MOG_Brachial MOG_Brachial SCOR_Radial MOG_Brachial MOG_Brachial SCOR_Radial
Method B SCOR_Radial SCOR_Carotid SCOR_Carotid SCOR_Radial SCOR_Carotid SCOR_Carotid
Augmentation Pressure (AP; mmHg) AIx@75 (%)

Concordance Correlation Coefficient

CCC 0.4246 0.2139 0.5521 0.3316 0.1163 0.4771
95% C.I. CCC 0.38t0 0.46 0.18t0 0.24 0.583 t0 0.57 0.29t0 0.37 0.091t00.13 0.45 t0 0.49
Pearson p (precision) 0.5198 0.4587 0.7675 0.4218 0.3184 0.709
Bias correction factor (accuracy) 0.8169 0.4662 0.7193 0.7862 0.3653 0.6729
Bland-Altman

Mean Error (Method A-B) 3.8533 10.5921 5.9383 8.8828 26.7975 15.9068
Mean Error, 95% C.I. 3.583t04.17 9.99t0 11.18 5.60 to 6.26 8.07 10 9.68 25.63 to 27.96 156.28 to 16.53
P (Ho: Mean Error = 0) <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14
Lower limit, Mean Error —7.3202 —9.352 —9.4158 —18.8699 —12.0174 —13.0218
Upper limit, Mean Error 15.0267 30.5362 21.2924 36.6355 65.6124 44.8354
Regression Equation y = 4.42-0.10x y =12.55-0.90x y=7.15-0.61x y = 13.82-0.34x y =31.07-0.82x y =17.68-0.42x
Intercept, p value <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14
Slope, p value 0.0014 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14

Forward pressure (Pf; mmHg) Backward pressure (Pb; mmHg)

Concordance Correlation Coefficient

CCC 0.2859 0.08184 0.367 0.4306 0.3032 0.6187
95% C.I. CCC 0.24t0 0.32 0.05t00.10 0.34 t0 0.39 0.38 t0 0.47 0.2510 0.35 0.59 t0 0.64
Pearson p (precision) 0.3501 0.2197 0.572 0.4329 0.3688 0.7155
Bias correction factor (accuracy) 0.8166 0.3725 0.6417 0.9947 0.8222 0.8647
Bland-Altman

Mean Error (Method A-B) —5.3221 —17.7235 —10.5389 —-0.113 —3.5821 —2.9946
Mean Error, 95% C.I. —5.88t0 —4.76 —18.62 to —16.81 —11.03 to —10.04 —0.411t00.18 —4.01to -3.14 —-3.21to -2.77
P (Ho: Mean Error = 0) <1.0E-14 <1.0E-14 <1.0E-14 0.4614 <1.0E-14 <1.0E-14
Lower limit, Mean Error —24.5978 —45.6596 —31.9075 —10.4926 —17.0728 —12.4717
Upper limit, Mean Error 13.9536 10.2126 10.8296 10.2665 9.9087 6.4826
Regression Equation y = 3.52-0.33x y = 12.00-0.90x y = 6.64-0.49x y=—2.11+0.14x y =2.66-0.38x y = 2.21-0.30x
Intercept, p value 0.0011 <1.0E-14 <1.0E-14 0.0001 0.000291 7.39E-11
Slope, p value <1.0E-14 <1.0E-14 <1.0E-14 0.000124 <1.0E-14 <1.0E-14

Reflection Magnitude (RM; Pb/Pf) Reflection Index {Rlx; [Pb/(Pf + Pb)]}

Concordance Correlation Coefficient

CCC 0.307 0.2321 0.6592 0.2759 0.2016 0.6286
95% C.I. CCC 0.26t0 0.34 0.191t00.26 0.63 t0 0.68 0.23 t0 0.31 0.17 10 0.23 0.60 to 0.65
Pearson p (precision) 0.413 0.4322 0.7014 0.3872 0.4164 0.6852
Bias correction factor (accuracy) 0.7432 0.5637 0.9397 0.7125 0.484 0.9175
Bland-Altman

Mean Error (Method A-B) 0.08005 0.148 0.06211 0.03757 0.06985 0.02883
Mean Error, 95% C.I. 0.071 to 0.088 0.13t00.15 0.055 to 0.068 0.034 to 0.041 0.065 to 0.074 0.026to 0.031
P (Ho: Mean Error = 0) <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14
Lower limit, Mean Error —0.2138 —0.1578 —0.2067 —0.08566 —0.06858 —0.08882
Upper limit, Mean Error 0.3739 0.4539 0.331 0.1608 0.2083 0.1465
Regression Equation (y=) 0.472-0.701 x 0.566-0.785x 0.105-0.0811x 0.287-0.707 x 0.376-0.899x 0.095-0.198x
Intercept, p value <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14 <1.0E-14
Slope, p value <1.0E-14 <1.0E-14 0.0000321 <1.0E-14 <1.0E-14 <1.0E-14

CCC, Concordance correlation coefficient; SCOR, SphygmoCor device; MOG, Mobil-O-Graph device; Bland-Altman test: (y: Method A-Method B; x: Mean of both
Methods). Alx@75, Augmentation Index adjusted by HR equal 75 beats/minute.
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Brachial Oscillometry (MOG)

Radial Artery Tonometry (SCOR)

Carotid Artery Tonometry (SCOR)

Age[y] 50th 75th 90th 95th 97.5th 99th 50th 75th 90th 95th 97.5th 99th 50th 75th 90th 95th 97.5th 99th
Augmentation Pressure (AP; mmHg)

3 4.51 5.83 7.42 8.62 985 1156 593 696 7.89 845 8.93 9.50 0.18 1.86 3.35 4.23 5.00 5.88
5 4.41 590 7.78 9283 1077 1294 279 440 586 6.75 7.62 8.42 —4.73 -1.72 0.94 2.51 3.86 5.41

10 455 636 876 1071 1284 1597 029 254 460 584 6.93 8.21 -8.72 —-416 -019 214 413 6.42

15 482 692 978 1217 1483 18.82 0.01 2565 487 6.28 7.51 8.95 -9.05 -3.85 0.66 3.30 5.56 8.14
20 514 752 10.83 13.65 1683 2168 046 3.16 5683 7.13 8.44 9.98 -8.14 —2.65 2.1 4.89 7.26 9.98
25 549 815 11.92 1518 1888 2462 125 404 660 8.15 9.51 11.11 —6.68 -1.08 3.78 6.61 9.04 11.82
30 587 881 13.06 16.76 21.02 2769 222 507 768 926 10.65 12.28 —4.95 0.66 5.53 838 10.81 13.60
35 6.27 9.51 1424 1841 2325 3090 329 618 881 0.42 11.82 13.46 -3.10 2.46 7.30 10.13 12,55 15.32
40 6.69 10.24 1548 20.15 2559 3428 443 7.33 998 1.59 12.99 14.64 -1.19 4.29 9.06 11.85 1424 16.98
45 713 11.01 16.78 2197 2807 37.86 561 8.51 1.16 12.76 14.16 15.81 0.74 6.11 10.79 1354 1589 18.58
50 759 1181 1815 2389 3068 4166 6.82 9.71 2.34 13.94 15383 16.97 2.66 7.91 1249 1518 17.48 20.13
55 8.08 1266 19.59 2592 3344 4569 8.04 0.91 3.62 1511 16.49 18.11 4.57 9.69 1416 16.78 19.03 21.62
60 859 1355 21.11 28.05 36.36 49.97 9.27 2.11 470 16.27 17.64 19.24 6.45 11.43 1578 18.35 20.54 23.06
65 9.13 1448 22.71 30.32 39.46 5453 1050 13.31 5.87 17.42 18.78 20.36 8.31 1314 17.37 19.87 22.00 24.46
70 9.69 1546 24.40 32.71 42.75 59.38 1.74 14.51 7.04 1857 19.90 21.46 10.13 14.82 1893 21.35 2343 25.82
75 10.28 1650 26.18 3524 46.24 6456 1297 15.71 820 19.70 21.01 22.55 11.92 16.46 2045 22.80 2482 27.14
80 10.90 17568 28.07 37.92 4994 70.07 14.21 6.90 19.34 20.82 22.11 23.62 13.67 18.07 2193 2421 2617 2842
84 11.42 1849 29.65 40.18 53.07 7474 1519 17.85 20.26 21.71 2298 24.47 15.05 19.33 23.09 2532 27.23 29.43
Augmentation Index (Alx; %)

3 27.09 3361 3996 44.01 4766 52.07 2290 29.39 3533 3895 42.11 45.82 -8.86 -2.81 2.88 6.41 9583 18.25
5 20.53 2582 30.99 3427 37.24 40.82 2.03 19.07 2556 29.52 32.99 37.07 -16.256 -824 —-0.58 4.32 8.67  13.89
10 1621 19.783 2416 26.99 2955 3265 295 0.49 17.48 21.76 25583 29.97 -20.98 -11.00 -1.17 512 10.81 17.68
15 14.02 1860 23.11 26.00 2861 31.79 1.21 894 16.11 20.52 24.39 28.96 —-20.49 -9.60 1.21 814 1442 22.03
20 1413 19.02 23.87 26.98 29.81 3325 1.91 9.73 1699 2145 2537 29.99 -18.32 -6.85 4.51 11.80 1840 26.39
25 1485 2019 2550 2892 3203 3582 3.75 1.62 1891 283.38 27.32 31.96 —-15.33 —-3.49 8.21 15.70 22.47 30.66
30 1693 21.78 27.63 31.42 3486 39.07 6.22 410 21.39 2586 29.79 34.43 —-11.87 0.23 12.12 19.70 26.55 34.82
35 17.23 2367 30.12 3430 3811 4277 9.07 6.94 2422 2867 3258 37.19 -8.10 415 16.13 23.75 30.61 38.89
40 18.71 2577 32.86 37.47 4168 46.83 1217 20.02 27.26 31.68 3557 40.14 —4.09 8.23 20.21 27.81 34.63 42.86
45 20.32 28.03 3581 40.87 4550 ©51.16 1545 2325 3044 3483 3867 43.20 0.09 12.41 2433 31.86 38.62 46.74
50 22.03 30.43 3893 4446 4953 5574 1885 2660 33.72 38.06 41.87 46.34 4.41 16.67 2848 3591 4256 50.55
55 28.83 3295 4219 4822 53.75 6052 2234 30.01 37.06 41.35 45.11 49.53 8.85 21.00 32.63 39.94 46.47 54.28
60 2570 3557 4559 5213 5813 6548 2589 3349 4045 4468 48.40 52.75 13.38 25.37 36.80 43.95 50.33 57.96
65 27.65 3828 4910 56.16 6265 70.62 2949 37.00 43.86 48.04 51.70 55.99 18.00 20.78 4096 47.94 b54.16 61.57
70 20.66 41.08 52.71 60.32 67.32 7590 33.13 4053 47.30 51.42 5502 59.24 22.70 3423 4513 5191 5795 65.13
75 31.72 4395 5643 6460 7211 81.33 36.79 4408 50.75 5480 58.34 62.49 27.45 38.70 4929 5587 61.70 68.64
80 33.83 46.89 60.23 6897 77.01 86.89 4046 4765 5420 58.18 61.66 65.74 32.27 43.20 5845 59.80 6543 72.11
84 35.56 4929 63.34 7255 81.02 9143 4341 5050 56.97 60.89 64.31 68.33 36.16 46.81 56.77 62.93 68.39 74.85
Augmentation Index adjusted by heart rate 75 beats/minute (AIx@75; %)

3 48.03 55.03 6152 6550 69.00 73.14 3565 4199 4768 51.11 54.08 57.54 6.08 11.03 1654 1827 20.67 23.47
5 32.39 39.21 4558 4952 53.00 57.12 2036 27.48 33.88 37.73 41.08 44.97 -7.39 0.03 6.88 11.08 14.77 19.12
10 7.82 2439 30.66 3457 3805 4219 570 13.61 20.73 25.02 2874 33.08 —-18.53 -8.74 0.49 620 11256 17.24
15 2.87 1941 2571 29.67 3321 3745 130 948 16.87 2131 2517 29.67 —-20.73 —-9.95 0.25 6.60 12.23 18.91
20 0.99 17.61 24.04 2810 31.73 36.08 048 877 1625 20.76 24.67 29.23 —-20.00 -8.69 2.04 8.71 1463 21.67
25 0.52 17.30 2391 28.09 3183 36.32 137 969 1719 2171 25683 30.20 -17.90 -6.27 474 11569 1766 24.88
30 0.83 17.82 2464 2895 3281 37.45 322 1151 1899 23.49 27.40 31.96 —-156.03 -8.22 7.94 1487 21.01 28.30
35 164 1887 2591 30.36 34.35 39.14 565 13.88 21.31 2578 29.66 34.18 —-11.67 0.22 1143 18.37 2452 31.82
40 2,79 2028 27.56 32.16 36.28 4121 844 16.60 23.96 2838 3222 36.70 —7.99 3.92 1510 22.02 28.13 35.38
45 419 2195 29.48 3422 3847 4356 1148 1955 26.82 31.19 34.99 39.41 —4.07 7.78 18.88 2574 31.79 38.96
50 5,79 23.82 31.60 36.49 40.87 46.12 1469 2265 29.83 34.14 37.89 42.26 0.02 11.77 22756 2951 3547 4253
55 7.65 2586 33.88 38.92 43.43 48.83 1801 2587 3294 37.19 40.88 4518 4.24 1685 26.66 33.30 39.16 46.09
60 9.44 28,02 36.29 41.48 46.12 51.67 2141 2915 36.11 40.30 43.93 48.17 8.57 19.99 3060 37.11 4285 49.62
65 21.44 3029 38.81 4414 4891 5460 2486 3247 39.33 4345 47.02 51.19 12.97 2417 3456 40.92 46.52 53.13
70 23.53 3266 41.41 46.89 51.78 5762 2835 3583 4257 46.62 50.13 54.23 17.43 28.39 3852 4473 50.18 56.61
75 2570 35.10 44.09 49.71 5473 60.71 31.85 3921 4583 4981 5326 57.28 21.94 32.63 4250 4852 53.82 60.06
80 2794 3760 46.83 5259 57.73 63.86 3537 4259 49.09 53.00 56.39 60.33 26.49 36.89 46.47 52.31 57.44 63.48
84 290.78 39.65 49.06 5494 60.17 66.41 3818 4530 51.70 5555 58.89 62.78 30.15 40.30 4964 5533 60.32 66.19
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All (n = 3619) Reference Intervals (n = 1688)

Variable Mv SD Min p25th p50th p75th Max Mv SD Min p25th p50th p75th Max
Age [years] 33.87 24.20 2.80 11.50 23.65 56.40 89.00 20.12 16.93 2.80 6.29 17.60 21.80 84.20
Body weight [Kg.] 61.13 2528 12.30 45.60 63.20 78.10 150.60 47.91 22.83 12.30 22.60 52.80 65.20 105.00
Body height [m] 1.55 0.23 0.90 1.46 1.62 1.71 1.97 1.47 0.26 0.90 117 1.568 1.69 1.94
BMI [Kg./m?] 24.06 6.02 11.53 19.70 23.63 27.84 71.34 20.36 4.22 11.53 16.59 20.00 23.56 29.95
z-BMI [SD] 0.94 1.45 —4.63 —0.05 0.74 1.77 8.03 0.34 0.92 —4.63 -0.27 0.41 1.00 1.98
TC [mg/dl] 200.26 4427 9430 170.00 196.00 227.00 379.00 194.87 2585 99.00 179.00 198.00 214.00 238.00
HDL [mg/dl] 51.18 15.09  17.00 41.00 49.00 60.00 122.00 57.73 12.03  41.00 49.00 55.00 64.00 100.00
LDL [mg/di] 123.39 39.83  28.00 95.00 119.00 146.00 323.00 117.96 2551 31.00 101.00 120.60 134.00 180.00
Triglycerides [mg/dl] 133.21  85.94  24.00 80.00 111.00 158.00 783.00 93.30 38.85 24.00 65.00 86.00 113.00 272.00
Glicaemia [mg/dl] 94.35 18.68  40.00 85.00 92.00 100.00  307.00 88.23 9.48 40.00 83.00 88.00 93.00 121.00
baSBP [mmHg] 119.02 16.81 64.25 107.00 118.44 128.76  235.00 112.02 13.35 80.00 101.35 111.63 121.25 171.00
baDBP [mmHg] 68.84 10.36  41.25 60.78 67.73 75.80 129.18 64.79 8.36 46.70 58.92 63.29 70.00 97.44
TC > 240 mg/dl [%)] 7.2 0

HDL < 40 mg/dl [%)] 8.9 0

Glicamia > 126 mg/dl [%] 0.9 0

Current Smoke [%)] 1.4 0

Hypertension [%] 26.4 0

Diabetes [%)] 5.7 0

History of CVD [%] 8.8 0

Obesity [%] 21.9 0

Familiar CVD [%] 135 7.6

Antihypertensive drugs 21.7

Antihyperlipidemic agent [%] 13.6 0

Antidiabetic agents [%)] 41 0

Atherosclerotic plaques (%) 22.2 6.6

MV, mean value; Min. and Max., minimal and maximal value. p25th, p50th (median), and p75th: 25, 50 and 75 percentiles; BMI, body mass index; baSBPF, baDBF,
brachial artery systolic and diastolic blood pressure; CVD, cardiovascular disease; TC, total cholesterol; HDL, HDL Cholesterol; LDL, LDL Cholesterol;, Familiar CVD,
Familiar history of premature CVD [%].
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Accuracy Average(%)  Std(%)  Average(%)  Std(%)
Carotid-carotid hp1 80 175 82 1.64
Carotid-carotid hp2 ES 163 ES 158
Femoral-carotid hp1 87 131 86 1.43
Femoral-carotid hp2 81 1.96 85 1.7

Restults are shown per handpiece of the measuring device. Average classification accuracy
and its SD are given.
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Quality score Qis

Score 1
Score 2
Score 3

Score 4

Score 5

Quality

Bad
Poor
Bordeline

Good

Excellent

Description

Acquisition with no evidence of repeatable features that may be linked to the detection of a puise

Very noisy acquisition not suitable for analysis, but with identifable pulses within the noisy trace

Acquisition affected by noise but presenting clear repeatable patterns. Advanced signal processing algorithms could
remove the noise and allow to detect the foot of the puse wave with reasonable affordabilty

Acquisition with sharp and pronounced peaks at the foot (and dicrotic notch), with relatively low noise levels between
successive pulse peaks

Acquisition with very sharp and pronounced peaks at the foot (and dicrotic notch), with low noise levels in between the
peaks. Signals of textbook quality





OPS/images/fphys-12-775052/fphys-12-775052-t002.jpg
Carotid recordings

Score 1
Score 2
Score 3
Score 4
Score 5

Template of 200 ms

TM score 0(%)

97
86
58
29
8

T™ score 1(%)

3
14
42
Il
92

Template of 400 ms

TM score 0(%)

97
86
55
30
19

TM score 1(%)

3

14
45
70
81

Signals classified in this table were measured at the carotid and the templates used were the carotid population templates.

Template of 600 ms

TM score 0(%)

97
82
44
15
6

T™ score 1(%)

3
18
56
85
94
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Femoral recordings

Score 1
Score 2
Score 3
Score 4
Score 5§

Template of 300 ms

TM score 0(%)

9

91
68
33
8

TM score 1(%)

4
9

32
67
92

Template of 400 ms

TM score 0(%)

96
89
64
28
6

TM score 1(%)

4
11

36
72
94

Signals classified in this table were measured at the femoral and the templates used were the femoral population templates.

Template of 500 ms

TM score 0(%)

96
o1
65
27
7

TM score 1(%)

4
9

35
73
93
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Overall Control CKD
eGFR > eGFR <
45ml/min/1.73m?2 45 ml/min/1.73 m2
Parameters n=93 n=>55 n=238
Male 62 (67) 35 (64) 27 (71)
Age (y) 61.0 [42.8-74.1] 57.1[39.0-68.0] 72.0 [60.1-79.0)
Weight (kg) 775 +15.0 76.2 £16.2 79.3+13.0
Body mass 271 +£4.3 26.3 +4.5 28.3 + 3.8*
index (kg/m?)
Hypertension 60 (65) 26 (47) 34 (90)*
Diabetes 15 (16) 5(9) 10 (26)
CVD 12(13) 3(6) 9 (24)
eGFR 43.0[21.3-80.0] 80.0 [64.5-96.0] 22.0 [10.0-35.3]
(m/min/1.73 m?)
Medication
ACEiI/ARB 46 (50) 25 (46) 21 (55)
CCB 34 (37) 13 (24) 21 (65
B-blockers 20 (21) 10 (18) 10 (26)
ASA 22 (24) 13 (24) 9 (24)
Statins 38 (41) 14 (26) 24 (63)
Lipid profile
Total cholesterol 4.61 £1.00 4.43 £ 0.86 4.79 £ 1.09
(mmol/L)
HDL (mmol/L) 1.37 £0.39 1.40 +£0.32 1.34 £0.45
LDL (mmol/L) 2.30 +£0.80 229 +0.84 2.30+0.76
TG (mmol/L) 202 +1.16 1.62 + 0.69 2444 1.38%

Results are means + SD, n (%) or median (25th-75th percentiles). The p-value
<0.05 is statistically significant.

ACEIi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blockers;
ASA, acetylsalicylic acid; CCB, calcium-channel blockers; CVD, cardiovascular
disease; eGFR, estimated glomerular filtration rate from CKD-EPI equations; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides.

*A p-value of <0.05 than control group.
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p-value p-value

Baseline NTG
n=93 n=93

Peripheral pressure parameters
SBP (mm Hg) 123.8+18.8 119.2+17.2 <0.001
DBP (mm Hg) 78182 71.9+10.0 0.028
PP (mm Hg) 50.7 £16.1 47.3+13.0 <0.001
MBP (mm Hg) 29224+ 11.5 89.4+12.2 <0.001
Heart rate (bpm) 65.3+11.1 66.2+10.6 0.025
Central pressure parameters (n = 56)
SBP (mm Hg) 115.3+20.8 108.3+16.6 <0.001
DBP (mm Hg) 74.8+8.8 73.5+9.0 0.065
PP (mm Hg) 41.7+184 34.8+14.2 <0.001
AP@75 (mm Hg) 88+74 3.6+56 <0.001
Aix@75 (%) 19.7 £13.7 7.4+1438 <0.001
P1 (mmHg) 29.24+9.1 281+7.6 0.160
T1 (ms) 105.0+9.5 109.9+13.9 0.009
TR (ms) 139.8+12.1 146.1 £ 14.9 <0.001
T2 (ms) 228.0+24.7 211.24:27.7 <0.001
End-systolic pressure  104.1 £16.7 95.8:415.3 <0.001
(mm Hg)
Ejection duration (ms)  279.7 £ 59.2 267.5+67.0 <0.001
Diastolic duration (ms) 634.7 + 133.9 644.1 £137.0 0.228
Period (ms) 965.1 + 156.3 968.2 £155.9 0.696
SEVR (%) 156.6 +29.0 163.4+31.3 0.004
PP ampilification 1.33 +£0.20 1.47+£0.22 <0.001
Pulse wave velocities
cf-PWV (m/s) 12,12 £ 8.86 1214 £3.55 0.928
cr-PWV (m/s) 9.51 £1.81 8.65+1.57 <0.001
cp-PWV (m/s) 9.97 +£1.67 9.02+1.24 <0.001
fp-PWV (m/s) 9.71+£1.89 8.14+1.62 <0.001
Aortic-brachial PWV 1.30+0.39 1.42+0.46 0.001
ratio
Aortic-femoral PWV 1.38+£0.47 1.66 +0.53 0.001

ratio

Results are means + SD. The p-values were obtained with paired-samples t-test
and MBP-adjusted PWVs were obtained with generalized estimating equations.

The p-value < 0.05 is statistically significant.

Aix@75, heart rate-adjusted augmentation index; AP@75, heart rate-adjusted
augmented pressure; cp-PWV, carotid-dorsalis pedis pulse wave velocity; cr-PWV,
carotid-radial pulse wave velocity; DBF, diastolic blood pressure; fo-PWV, femoral-
dorsalis pedis pulse wave velocity; MBR, mean blood pressure; NTG, nitroglycerin;
P1, first peak of pressure height; PR, pulse pressure; PP amplification, pulse
pressure amplification; SBF, systolic blood pressure; SEVR, subendocardial viabil-
ity ratio; T1, time of peak 1; T2, time of peak 2; TR, time to reflection of the

reflected pressure wave.

(adjusted
for DBP)

0.236
<0.001
<0.001

0.032

0.001

0.005
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A AB-PWV ratio A AF-PWV ratio

r p-value r p-value
A TR 0.203 0.140 0.289 0.042
A AP@ 75 —0.288 0.032 —0.467 <0.001

Correlation and p-values were obtained using Spearman rank bivariate correlation.
The p-value <0.05 is statistically significant.

AB-PWV, aortic-brachial pulse wave velocity; AF-PWV, aortic-femoral pulse wave
velocity; TR, time to the reflection of the reflected pressure wave.
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Biomarker Tissue Clinical context No. of subjects/type of Main findings References
the study/length of
follow-up
MMP-1 Serum Atherosclerosis 260/cross-sectional study/— Serum levels associated with plaque Lehrke et al., 2009
burden
MMP-2 Plasma Type 1 diabetes 337/cohort/12.3 Association with CVD Peeters et al., 2017
MMP-8 Serum CAD, MI 7928/cohort/13 Predictor of mortality Kormi et al., 2017
MMP-9 Plasma CVD 1127/cohort/4.1 Predictor of cardiovascular mortality Blakenberg et al., 2003
Serum MI, Stroke 1082/cohort/18.1 Relevant marker of CV mortality Hansson et al., 2011
Serum CvD 922/Framingham/9.9 Association with mortality Velagaleti et al., 2010
MMP-10 Serum PAD 187/cohort/2 Increased levels associated with Martinez-Aguilar et al.,
mortality 2015
MMP-12 Plasma Atherosclerosis, 1500/proximity extension Plague development Goncalves et al., 2015
CAD, T2DM assay technology/—
TIMP-1 Plasma CvD 389/prospective/2 Predictive of all-cause death, Ml and Cavusoglu et al., 2006

cardiac mortality

CAD, coronary artery disease; CVD, cardiovascular disease; PAD, peripheral artery disease; Ml, myocardial infarction; T2DM, type 2 diabetes mellitus; —, no data.
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Process

Endothelial function and angiogenesis
Vascular smooth muscle cell differentiation

Communication between vascular smooth muscle
and endothelial cell to stabilize plaques

Apoptosis
Cardiac myocyte differentiation

Repression of cardiac hypertrophy

Type of microRNAs

miR-1, miR-133
miR-133, miR-145
miR-145

miR-1, miR-133, miR-499
miR-1, miR-133, miR-145,
miR-208, miR-499
miR-133
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N

Age (years)

Men (%)

Women (%)

BMI (kg/m?)

Weight (kg)

Height (cm)

Systolic blood pressure (mmHg)
Diastoiic blood pressure (mmHg)
Pulse pressure (mmHg)

Heart rate (oeats/min)

History of cardiovascular disease (%)

499
60+8
52
48
26+ 4
78£15
17249
127 £ 14
CEXS
52+ 10
629
15.4

Values are presented as mean % SD or percentage as appropriate.
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Carotid diameter

Carotid IMT

Carotid distension

Carotid distensibility coefficient

Carotid YEM

Diameter (mm)
Intra-subject

Between subject

Composite (1rep = 3)

IMT (mm)
Intra-subject

Between subject

Composite (trep = 3)

Distension (m)
Intra-subject

Between subject

Composite (1ep = 3)

DC (1/MPa)
Intra-subject

Between subject

Composite (rep = 3)

YEM (MPa)
Intra-subject

Between subject

Composite (1rep = 3)

SD (mm)
oV (%)
SD (mm)
ov (%)
SD (mm)
ov (%)

SD (mm)
oV (%)
SD (mm)
oV (%)
SD (pm)
oV (%)

SD (um)
oV (%)
SD (um)
oV (%)
SD (um)
CV (%)

SD (1/MPa)
oV (%)
SD (1/MPa)
oV (%)
SD (1/MPa)
oV (%)

SD (MPa)
oV (%)
SD (MPa)
oV (%)
SD (MPa)
v %)

Single M-line

7.79+£091
0.19(0.18-0.20)
25(2.4-26)
0.90 (0.87-0.92)
115 (11.2-11.8)
0.90 (0.88-0.93)
11.6 (11.3-11.9)
086 +0.20
0.10 (0.10-11)
11.9(11.6-12.3)
0.18(0.17-0.19)
21.2(20.1-22.0)
0.19 (0.18-0.20)
22.3(218-235)
380+ 132
39 (37-40)
10,0 (9.6-10.3)
129 (125-132)
33.2(32.3-34.0)
131 (127-134)
33.7(33.0-34.7)
153£65
1.67 (1.61-1.72)
10.9 (10.5-11.2)
5.32 (5.15-5.47)
34.8(33.8-35.6)
5.41(5.24-5.55)
35.4(34.7-36.5)
0704033
0.19(0.18-0.20)
265 (24.7-27.9)
0.32(0.30-0.33)
44.4 (41.8-46.3)
0.34(0.32-0.36)
46.9 (45.6-50.1)

Multiple M-line

7.80+090
0.17(0.16-0.18)
22(2.1-2.9)
0.89(0.86-0.91)
1.4 (11.4-11.7)
0.89(0.87-0.92)
11.5(11.2-11.8)
0.85+0.18
0.07 (0.08-0.07)
79(7.682)
0.17 0.17-0.18)
20.4(19.4-212)
0.18(0.17-0.19)
209(20.2-219)
385+ 128
36 (35-37)
9.4(0.0-9.7)
126 (122-129)
32.7 (31.8-33.5)
127 (123-131)
33.1(32.4-34.1)
152:£53
1.56 (1.49-1.60)
10.2 (2.9-10.6)
5.17 (5.00-5.31)
34.2(33.2-35.0)
5.24(5.07-5.38)
34.7(34.0-35.8)
071030
0.15(0.13-0.16)
205 (18.7-218)
0.29(0.28-0.30)
41.0(39.5-42.2)
0.30 0.20-0.32)
42.6 (41.9-44.7)

p-value

0.34
<0.001

0.07
<0.001

<0.001
<0.001

<0.001
<0.001

0.90
<0.001

Values are expressedas mean  SD. p-value based on paired sample t-test. Reproducibilty statistics are presented that includes the 25-75% Cl (obtained using bootstrapping) between
parentheses. SD, standard deviation; CV, coefficient of variation; IMT, intima-media thickness; YEM, young’s elastic modulus; DG, distensibility coefficient.
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Distensibilty coefficient (1/MPa) <60y (44%)
260y (56%)

difference
Young's elastic modulus (MPa) <60y (44%)
260 (56%)

difference

p-value shown is for the difference between single and multiple M-line approaches.

Single M-

17.00
14.00
-3.00
0.638
0.758
+0.120

Multiple M-line

16.82
13.85
—2.97
0.641
0.756
+0.115
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Baseline NTG p-value A NTG-baseline p-value (adjusted for

n=57 n=57 DBP)
Brachial artery
Diameter (mm) 4,62 + 0.80 518+ 0.77 <0.001 0.57 (0.50 to 0.64) <0.001
IMT (mm) 0.385 + 0.076 0.346 + 0.072* - —0.037 (—0.42 to —0.33) -
W/L ratio 0.17 +£0.03 0.14 +0.03 <0.001 —0.03 (—0.03 to —0.02) <0.001
LCSA (mm?) 17.2£5.9 21.6+6.2 <0.001 4.33(3.80 to 4.86) <0.001
WCSA (mm?) 6.13 +1.92 - - - -
Distension (mm) 0.145 + 0.064 0.128 + 0.047 0.010 —0.017 (—0.029 to —0.004) 0.012
Compliance (m?- kPa~" x 10~7) 1.6140.72 1.7240.92 0.197 0.11 (—0.06 to 0.29) 0.254
Distensibility (kPa~" x 10~3) 9.97 4+ 4.67 8.26 4 3.56 <0.001 —1.72 (—=2.69 to —0.75) 0.006
Einc (kPa x 10°) 1.43 + 0.65 1.97 + 0.86 <0.001 0.55 (0.37 t0 0.72) <0.001

Results are means + SD or (95% CI). The p-values and mean changes in parameters with 95% CI were obtained using the paired-samples t-test, and MBP-adjusted p
values were obtained using generalized estimating equations. The p-value <0.05 is statistically significant.
Einc, incremental elastic modulus; WCSA, mean wall cross-sectional area; IMT, intima media thickness; LCSA, luminal cross-sectional area; W/L ratio, wall-to-lumen ratio.
*Post-NTG IMT was not measured but calculated based on the conservation of wall cross-sectional area.
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Parameters Slope (95% Confidence p-value R?

interval)
Final model 0.421
Constant —0.115(—2.315 10 2.085) 0.917
Baseline cr-PWV (m/s) —0.426 (—0.614to —0.237)  <0.001

Baseline brachial diameter (mm) 0.708 (0.371 to 1.046) <0.001

The final model of a forward conditional regression analysis where excluded
variables (e.g., age, CKD, diabetes, and cardiovascular status) are not shown. The
p-value <0.05 is statistically significant.
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1.9 19.11 2329 28.05 31.49 3491 3950 1541 18.03 20.67 2239 2398 2595 18.80 22.75 26.88 29.65 3224 3549
Reflection Magnitude (RM)

1.0 055 059 062 064 065 067 052 058 064 069 072 Lo 0.38 0.44 0.49 053 0.56 0.60
11 055 060 063 066 068 070 051 058 065 070 074 0.80 0.38 0.45 052 056 0.60 0.65
1.2 055 060 065 ©0BrY 070 072 0OBO 0BT 0B 071 0.76 0.83 0.38 0.46 0.54 059 064 0.70
1.8 056 061 066 069 0.71 074 049 057 066 072 078 0.85 0.38 0.47 0.56 062 068 0.75
1.4 056 062 067 070 072 075 048 057 066 073 079 0.87 0.39 0.48 0.58 065 071 079
1.5 058 064 068 0.71 073 076 047 056 067 074 081 0.90 0.40 0.50 0.60 0.67 074 0.82
1.6 059 065 069 072 074 077 047 056 067 075 082 0.92 0.41 0.51 0.62 069 076 0.85
1.7 060 066 070 073 075 077 046 056 067 075 083 0.94 0.42 0.53 0.64 071 078 087
1.8 062 067 071 074 075 078 046 056 068 076 0.85 0.95 0.44 0.55 0.66 0.73 0.80 0.89
1.9 064 068 072 074 076 078 045 056 068 077 086 0.97 0.45 0.56 0.68 075 0.82 091
Reflection Index (RIx)

1.0 036 037 038 039 040 040 034 037 039 041 0.42 0.44 0.28 0.30 0.338 085 D38 088
1.1 035 037 039 040 040 041 034 037 039 041 0.43 0.44 0.27 0.31 0.34 0.36 0.38 0.40
1.2 035 038 039 040 041 042 033 036 039 041 0.43 0.45 0.27 0.31 035 0.37 039 041
1.2 036 038 040 0.41 042 042 033 036 040 042 043 0.46 0.28 0.32 0.36 0.38 0.40 043
1.4 036 038 040 0.41 042 043 032 036 040 042 044 0.46 0.28 0.82 0.37 0.39 042 044
1.8 037 039 041 042 042 043 032 036 040 042 044 0.47 0.28 0.33 0.37 0.40 0.43 0.45
1.6 037 039 041 042 043 044 032 036 040 043 045 0.47 0.29 0.34 0.38 0.41 043 0.46
1.7 038 040 041 042 043 044 032 036 040 043 045 0.48 0.30 0.34 0.39 0.42 0.44 047
1.8 038 040 042 042 043 044 032 036 040 043 046 0.49 0.30 0.85 0.40 0.42 0.45 048
1.9 039 041 042 043 043 044 031 036 041 043 046 0.49 0.31 0.36 0.40 0.43 0.45 048

BH, body height in meters.
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Brachial Oscillometry (MOG) Radial Artery Tonometry (SCOR) Carotid Artery Tonometry (SCOR)

BH[m] 50th 75th 90th 95th 97.5th 99th 50th 75th 90th 95th 97.5th  99th 50th 75th 90th  95th 97.5th 99th

Augmentation Pressure (AP; mmHg)

1.0 442 628 878 1085 13.12 1651 2.31 3.65 486 559 6.22 6.97 -589 -308 -050 099 227 3.75
1.1 442 6.02 806 967 1139 1387 228 395 546 637 717 8.10 -573 —-229 074 252 405 581

1.2 449 599 788 934 1089 1307 225 424 606 7.16 8.12 9.24 -558 —-155 197 404 581 7.86
1.3 460 6.16 810 9.62 11.21 1348 2.21 454 667 795 9.08 10.39 -542 -082 319 554 756 987
1.4 476 6.48 869 1043 1229 1497 218 484 727 875 10.04 11.55 -527 -0.10 440 7.03 928 1187
1.5 497 698 966 1184 1422 17756 215 514 7.88 955 11.01 12.71 —5.11 0.63 560 851 1099 13.84
1.6 522 766 11.08 1401 1730 2237 212 545 850 10.35 11.98 13.88 —4.96 1.35 6.79 9.97 12.69 15.79
1.7 551 855 13.10 1722 22.08 29.92 209 575 9.11 1116 1295 15.06 —4.81 2.06 798 1143 1437 17.73
1.8 585 9.69 1594 2199 2954 4254 205 6.05 973 1197 13.94 16.25 —4.65 2.78 9.15 12.87 16.03 19.64
1.9 6.23 1115 19.93 29.17 4152 6458 202 635 10.35 12.78 14.92 17.44 —4.50 3.49 10.32 1430 17.68 21.53
Augmentation Index (Alx; %)

1.0 20.29 25.18 29.92 3292 3563 3889 12.66 19.00 24.83 2837 3148 3513 -1865 -1064 -290 198 6.36 11.62
1.1 19.16 23.95 28.62 31.58 34.25 37.47 10.69 17.96 24.65 2874 3234 3656 —17.70 -8.71 0,08 657 1065 165656
12 18.21 23.04 27.75 30.74 3345 36.71 9.18 17.19 24.60 29.13 33.11 3781 —-16.75 —-6.74 3.04 926 14.87 21.63
13 1741 2236 2721 30.30 33.10 3649 804 1665 24.63 2952 33.83 3890 -—1578 —-474 6,11 13.04 1929 26.85
1.4 16.73 21.87 26.94 30.18 33.12 36.69 7.23 16.31 2475 29.93 34.49 3987 —1481 -2.71 9.25 16.90 23.83 32.21
1.5 16.15 2155 26.89 30.33 3345 37.25 6.69 16.14 2494 30.34 35.10 4072 —-13.83 -0.64 1245 20.86 28.48 37.71
1.6 15.66 21.35 27.04 30.70 34.04 3812 6.38 16.12 2519 30.76 3568 4148 —12.83 1.46 15.72 2490 33.23 43.35
1.7 15.24 2127 27.34 3127 3486 39.25 6.29 1623 2549 31.19 36.21 4214  -11.83 3.59 19.05 29.083 38.10 49.13
1.8 1487 2128 2777 32.00 3588 40.63 6.37 1645 2584 31.62 36.72 4274 —10.82 576 2245 3324 43.08 55.05
1.9 1456 2138 2834 B32.89 37.08 4222 6.61 16.77 2623 32.06 37.19 43.26 -9.80 795 2590 3754 4816 61.10
Augmentation Index adjusted by heart rate 75 beats/minute (Alx@75; %)

1.0 32.40 36.84 40.93 43.44 4564 4824 1841 2351 28.09 30.84 3323 36.01 -8.09 -210 341 6.77 972 13.19
1.1 29.06 34.82 40.19 43.50 46.42 4987 16.88 23.73 2991 33.61 36.84 4059 -10.17 -—-1.88 583 1056 14.73 19.66
1.2 25.81 32.43 38.67 42,53 4595 50.02 1513 23.30 30.66 3509 3893 4341 -11.70 -159 7.87 13.71 1887 2498
1.3 22.66 29.79 36.55 40.76 44.50 4895 13.21 22.30 30.49 3542 39.70 4469 1278 -—127 958 1630 2225 29.31
1.4 19.63 26.97 33.98 38.36 42.26 46.92 11.12 20.78 2950 34.74 39.30 4461 —1348 -0.90 11.01 1841 2497 3276
186 16.73 24.04 31.07 3548 39.41 4411 888 1881 27.77 33.16 37.85 4330 -—-13.86 -049 1220 20.09 27.10 3543
1.6 13.94 21.06 2791 3223 36.09 40.71 6.52 1644 2538 30.76 3544 4090 —-1397 -0.06 13.16 21.40 2871 37.41
1.7 11.29 18.04 2458 2871 3241 36.84 404 1369 2239 27.63 32.19 3749 1382 040 13.94 2237 29.87 38.78
1.8 877 15.04 21.15 25.01 2848 32.63 1.46 1061 1886 23.83 28.15 33.19 —1346 0.88 1454 23.06 30.61 39.60
1.9 6.39 12.09 17.67 2120 2438 2819 —121 723 1484 19.42 23.41 28.05 —-12.91 1.39 1499 23.46 30.98 39.93
Forward pressure (Pf; mmHg)

1.0 1529 17.09 19.04 20.39 21.69 2340 17.03 19.76 2255 24.40 26.13 28.28 27.84 3296 3829 41.85 4518 49.36
1.1 16.39 1857 20.98 22.69 24.36 26.58 19.42 23.02 26.78 29.32 31.70 34.70 30.51 36.87 43.60 48.15 52.45 57.89
1.2 17.57 20.16 23.07 25.16 27.25 30.07 21.71 26.12 30.80 33.98 36.99 40.82 32.94  40.37 4833 53.77 58.94 6552
1.3 18.85 21.86 2532 27.85 30.41 33.92 23.87 28.99 3448 3823 41.80 46.36 35.10 4343 5242 5860 64.49 72.03
1.4 20.22 23.70 27.75 30.77 33.86 38.16 25.87 3158 37.73 4195 4598 51.12 37.00 46.03 55.81 62.56 69.01 77.28
16 21.72 2568 30.39 33.95 37.64 4285 27.70 33.87 4050 45.06 49.41 54.97 38.64 48.16 5850 65.63 72.46 81.22
1.6 23.34 27.85 3328 37.44 41.80 48.04 29.36 35.81 42.75 4750 52.04 57.83 40.04  49.85 60.49 67.83 74.85 83.85
1.7 25.12 30.21 36.43 4126 46.38 53.80 30.83 37.42 4446 49.28 53.86 59.70 4120 51.10 61.81 69.19 76.23 85.24
1.8 27.07 32.80 39.89 4547 5144 6022 3212 38.68 4565 50.39 5489 60.59 4213 5195 6251 69.76 76.66 85.47
1.9 29.23 3565 43.71 50.12 57.06 67.38 33.22 39.61 46.34 50.88 5517 60.59 42.85 5242 62.64 69.62 76.24 84.66
Backward pressure (Pb; mmHg)

1.0 837 954 1077 1161 1240 1340 9.02 1035 11.69 1255 13.34 14.31 10.25 1229 1442 1583 17.16 18.81
1.1 8.82 1029 11.89 1299 14.06 1544 995 1157 13.20 1426 1523 16.44 11.29 13.61 16.03 17.64 19.16 21.06
1.2 9.41 1119 13.15 1453 1588 17.66 10.82 1269 1459 1583 16.97 18.39 12.30 1489 1758 19.39 21.09 23.21
1.3 10.16 12.24 1457 16.24 17.88 20.07 11.64 13.73 1585 1724 1853 20.13 13.30 16.13  19.09 21.07 22.94 25.28
1.4 11.08 13.46 16.18 18.14 20.08 22.69 12.40 1467 16.98 1850 19.91 21.65 14.27 17,33 205638 2268 2470 27.24
1.5 1217 1489 1799 2025 2250 2553 13.11 1552 1797 1959 21.09 22.94 1522 18.49 2192 2422 26.38 29.10
1.6 13.48 16.54 20.05 2261 2517 28.61 13.76 16.27 1884 2052 22.08 24.01 16.15 19.61 2325 2569 27.98 30.86
1.7 15.04 18.46 22.38 2524 28.10 31.96 14.36 16.94 1957 2129 22.89 24.86 17.06 20.70 2452 27.08 29.48 32.51

1.8 16.90 20.69 25.03 28.19 31.34 3558 1491 1753 20.18 2192 23.52 25.50 17.94 21.75 2573 2840 30.90 34.05
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Forward pressure (Pf; mmHg)

3 12.39 1366 1490 1569 16.42 17.31 1294 1540 17.98 19.73 21.37 23.44 17.45 21.43 2577 28.78 31.68 35.41
5 1498 16.90 18.82 20.08 21.23 2266 1840 22.05 2592 2854 31.02 34.16 22.91 28.00 3353 37.35 41.01 4573
10 22.33 26.47 30.84 33.80 36.59 40.13 26.39 31.87 37.71 4169 4547 50.27 39.72 48.62 5829 64.98 71.41 79.68
15 2460 29.55 34.83 3844 4187 46.24 30.14 36.51 43.32 4797 52.38 58.01 43.00 52.98 63.89 71.48 7879 88.23
20 2494 30.02 35.44 39.15 42.68 47.18 31.73 3849 4572 5066 55.36 61.35 42.92 53.14 6436 7220 79.76 89.55
25 2459 2952 3477 3836 41.78 46.13 32.10 38.96 46.30 51.32 56.09 62.18 41.65 51.71 6278 70.52 78.01 87.71
30 24,04 28.74 33.73 37.13 40.36 44.46 31.74 38.53 4579 50.76 55.48 61.51 40.07 49.78 60.46 67.94 7517 84.65
35 23,50 2797 32.69 3589 3893 42.78 3094 37.55 4463 49.46 54.06 59.93 38.54 47.80 58.00 65.12 72.01 80.93
40 23.08 27.33 31.81 34.84 3770 41.32 2989 36.26 43.07 47.73 52.16 57.80 37.19 4599 5564 62.38 68.88 77.29
45 22.79 26.88 31.16 34.04 36.76 40.19 2868 34.78 4129 4574 49.98 55.37 36.07 4441 5351 59.85 6594 73.81
50 22.67 26.62 30.75 3352 36.13 39.42 2740 33.20 39.40 43.63 47.65 52.78 35.20 43.09 5165 57.58 63.27 70.60
55 22.70 26.56 30.59 3328 3581 39.00 26.09 31.59 37.46 41.47 4528 50.13 34.58 42.02 50.06 5559 60.89 67.68
60 22.89 26.71 30.67 33.33 3581 3893 2478 2998 3553 39.31 4291 47.49 34.19 4121 4873 53.88 ©58.79 65.06
65 2325 27.06 31.01 3365 36.11 39.21 2349 2840 3363 37.20 40.58 44.90 34.01 40.63 4765 52.44 56.97 62.74
70 23.77 2762 3159 3424 36.73 39.84 2224 2686 31.79 3514 38.33 42.38 34.05 40.27 4681 5123 5540 60.68
75 2446 28.38 3243 3513 37.65 40.81 21.03 2538 3001 33.17 36.16 39.96 34.29 40.12 4619 50.25 54.07 58.87
80 2533 29.36 33,53 36.30 38.90 42.14 19.87 23.96 2831 31.27 34.08 37.65 34.74 40.17 4576 49.48 52.96 57.30
84 26.15 30.31 34.61 37.47 40.14 43.48 1899 22.88 27.01 29.83 32.49 35.88 35.23 40.35 4557 49.01 5221 56.20
Backward pressure (Pb; mmHg)

3 6.67 7.46 824 875 9.22 980 6.97 803 912 984 10.52 11.36 8.17 9.91 11.78 13.06 1429 15.87
5 799 920 1044 1126 1203 1299 825 956 0.92 11.82 12.66 13.72 9.47 11.42 1352 1495 16.32 18.07
10 12.05 1475 17.70 1974 2169 2422 1196 14.08 1620 17.65 19.02 20.74 13.53 16.256 19.16 21.14 28.02 25.43
15 13.76 17.08 20.73 2329 2576 2897 13.02 15.31 7.71 19.32 20.84 22.76 15.01 18.08 21.37 23.62 2576 28.49
20 1447 1794 2177 2444 27.02 30.37 1353 1591 840 20.08 21.66 23.65 15.89 1920 2275 2519 27.51 30.49
25 1474 1817 2191 2452 27.02 3027 1384 16.26 1880 20.51 22.11 2413 16.50 19.99 2374 26.32 2878 31.93
30 1484 1813 2169 2416 26.52 2956 14.09 16.54 19.10 20.82 22.44 24.48 17.00 20.62 2452 27.20 29.77 33.05
35 14.88 18.00 21.36 2366 2587 2868 1436 16.83 1941 2115 22.78 24.83 17.45 2117 2519 27.96 30.60 33.99
40 1491 17.88 21.08 23.18 25283 27.84 1467 1717 1978 2153 23.17 25.23 17.88 21.70 25,81 28.64 31.35 34.81
45 1499 17.80 20.77 2279 2469 2711 1504 17568 20.22 21.99 23.65 25.74 18.34 2223 2642 29.29 32.05 3557
50 1611 17.80 20.61 2250 2429 2654 1548 18.07 20.76 2255 24.24 26.36 18.82 22.77 27.02 29.94 3272 36.29
55 16830 17.88 20.55 2235 24083 26.14 16.00 18.65 21.39 23.23 24.95 27.11 19.34 23.35 27.64 30.59 33.40 36.99
60 1656 18.04 20.61 22.33 2393 2593 16.61 19.33 2215 2403 25.79 28.00 19.90 23.96 2829 31.26 34.08 37.69
65 1689 18.31 20.79 2244 2398 2590 17.31 20.12 23.02 2496 26.77 29.04 20.52 2462 2898 31.96 34.79 38.40
70 16.30 1867 21.10 2270 2419 26.04 1812 21.02 24.03 26.03 27.90 30.25 21.19 2532 2971 32.69 3552 39.12
75 16.79 1914 2152 2310 2455 26.36 19.03 22.06 25.18 27.26 29.20 31.63 21.93 26.08 30.48 33.46 36.28 39.86
80 17.36 19.71 22.08 2364 2508 26.86 20.06 2322 2648 2865 30.67 33.20 22.73 26.90 31.30 34.27 37.07 40.62
84 17.89 2025 2263 2418 2562 2740 2098 2426 27.64 29.89 31.98 34.61 23.42 2760 31.99 3495 37.74 41.26
Reflection Magnitude (RM)

3 054 059 063 0.66 0.68 070 065 073 080 0.85 0.89 0.95 0.42 0.49 0.56 0.61 0.65 0.70
5 054 059 064 0.66 0.68 070 053 059 067 0.71 0.76 0.81 0.38 0.45 0.562 0.56 0.60 0.66
10 0.56  0.61 0.65 0.67 0.69 0.72 044 050 057 062 0.67 0.72 0.35 0.42 0.50 0.54 0.59 0.64
15 0.8 0.62 0.67  0.69 0.71 0.783  0.42 049 056 061 0.66 0.72 0.36 0.43 0.51 0.56 0.61 0.66
20 059 064 068 0.70 0.72 0.74  0.42 050 058 0.68 0.68 0.74 0.37 0.45 0.53 0.59 0.63 0.70
25 0.61 0.65 069 0.72 0.73 0.76 0.44 0.2 0.60 0.66 0.71 0.78 0.39 0.48 0.56 0.62 0.67 0.73
30 0.62 0.67 0.71 0.73 0.75 0.77 046 054 063 0.69 0.75 0.83 0.42 0.51 0.59 0.65 0.71 0.78
35 063 068 072 0.74 0.76 0.78 049 057 067 074 0.80 0.88 0.44 0.54 0.63 0.69 0.75 0.82
40 064 069 073 0.75 0.77 0.79  0.51 0.61 0.71 0.78 0.85 0.94 0.47 0.57 0.67 0.73 0.79 0.86
45 066 070 074 0.76 0.78 080 055 065 076 084 0.91 .01 0.50 0.60 0.70 0.77 0.83 0.91

50 0.67 0.71 0756 0.77 0.79 0.81 0.58 069 0.81 0.90 0.98 .08 0.53 0.64 0.74 0.81 0.88 0.96
55 0.68 0.72 0.76 0.78 0.80 0.82 0.62 0.74 087 096 1.05 16 0.56 0.67 0.78 0.86 0.93 1.01

60 069 073 077 0.79 0.80 082 067 079 093 1.03 1.12 24 0.59 0.71 0.83 0.90 0.97 1.06
65 069 074 077 0.79 0.81 0.83 0.71 0.85 1.00 1.10 1.20 .34 0.62 0.75 0.87 0.95 1.02 1.1

70 0.70 074 078 0.80 0.82 0.84 076 0091 1.07 1.18 1.29 .43 0.66 0.78 0.91 0.99 1.07 1.16
75 0.71 076 079 081 0.83 0.85 0.82 0.98 1.15 1.27 1.39 .54 0.69 0.82 0.95 1.04 112 1.22
80 0.72 0.76 0.80 0.82 0.83 0.85 0.87 1.05 1.23 1.36 1.49 .65 0.78 0.86 1.00 1.09 117 1.27
84 0.783 077 080 0.82 0.84 0.86 0.92 1.1 1.80 1.44 1.58 .75 0.76 0.90 1.04 1.13 1.21 1.32
Reflection Index (RIx)

3 0.35 0.37 0.39 0.40 0.40 0.41 0.39 042  0.44 0.46 0.47 0.49 0.30 0.33 0.36 0.38 0.39 0.41
5 0.35 0.37 0.39 0.40 0.41 0.41 0.34 0.37  0.40 0.42 0.43 0.45 0.27 0.31 0.34 0.36 0.38 0.40
10 0.36 0.38  0.39 0.40 0.41 0.42  0.30 0.34 0.36 0.38 0.40 0.42 0.26 0.30 0.33 0.35 0.37 0.39
15 0.37 0.38  0.40 0.41 0.42 0.42  0.30 0.33 0.36 0.38 0.40 0.42 0.26 0.30 0.34 0.36 0.38 0.40
20 0.37 0.39 0.40 0.41 0.42 0.43  0.30 0.33 037 0.39 0.40 0.43 0.27 0.31 0.35 0.37 0.39 0.41
25 0.38 0.40 041 0.42 0.42 043  0.31 0.34 037 0.40 0.42 0.44 0.28 0.32 0.36 0.38 0.40 0.42
30 0.38 0.40 041 0.42 0.43 0.44  0.32 0.35 0.39 0.41 0.43 0.45 0.29 0.34 0.37 0.40 0.42 0.44
35 0.39 0.40 0.42 0.43 0.43 0.44  0.33 0.36  0.40 0.42 0.44 0.47 0.31 0.35 0.39 0.41 0.43 0.45
40 0.39 0.41 0.42 0.43 0.44 0.44  0.34 0.38  0.42 0.44 0.46 0.49 0.32 0.36 0.40 0.42 0.44 0.47
45 0.40 0.41 0.42 0.43 0.44 045 0.35 0.39 043 0.46 0.48 0.50 0.33 0.37 0.41 0.44 0.46 0.48
50 0.40 0.42 0.43 0.44 0.44 045  0.37 0.41 0.45 0.47 0.50 0.52 0.34 0.39 0.43 0.45 0.47 0.50
55 0.40 0.42 0.43 0.44 0.44 045 0.38 0.43 047 0.49 0.51 0.54 0.36 0.40 0.44 0.46 0.49 0.51
60 0.41 0.42 0.43 0.44 0.45 0.45  0.40 0.44  0.48 0.51 0.53 0.56 0.37 0.41 0.45 0.48 0.50 0.52
65 0.41 0.42  0.44 0.44 0.45 046  0.42 0.46  0.50 0.53 0.55 0.58 0.38 0.43 0.47 0.49 0.51 0.54
70 0.41 0.43 0.4 0.45 0.45 0.46  0.43 0.48 052 0.55 0.57 0.60 0.40 0.44 0.48 0.50 0.53 0.55
75 0.42 0.43  0.44 0.45 0.45 0.46  0.45 0.50 054 0.57 0.59 0.62 0.41 0.45 0.49 0.52 0.54 0.56
80 0.42 0.43  0.44 0.45 0.46 0.46  0.47 0.51 0.56 0.59 0.61 0.64 0.42 0.47 0.51 0.53 0.55 0.58
84 0.42 0.43  0.45 0.45 0.46 0.46  0.48 0.53 058 0.60 0.63 0.66 0.43 0.48 0.52 0.54 0.56 0.59

SCOR, SphygmoCor device; MOG, Mobil-O-Graph device; Percentiles, 50th, 75th, 90th, 95th, 97.5th, and 99th; y, years old.
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Mean pressure (mmHg) Peterson’s modulus (Ep, mmHg)

20 PP 40 PP 60 PP 80 PP 100 PP

80 (280 + 9 @59 £ 8) (248 £ 7)* @41 £ 7 234 £ 7)
100 (328 & 11)** (298 + 10) (288 £ 12) @77 £ 1) (270 + 10
120 (437 + 23 (388 + 22) @71 £ 22 (353 & 20)** (338 + 18)**
140 (625 + 45)* (545 + 42) (516 £ 41)** (484 £ 36)** (454 + 31y
160 (894 + 79 (798 + 71) (748 + 65)** (695 + 60)** (645 + 50)*
180 (1250 + 112)* (1158 + 111) (1089 + 105)* (958 + 96)"* (890 =+ 84)*
200 (1705 + 158)* (1502 + 140) (1424 + 136)* (1339 + 130)™* (1277 £ 141)™

Data is expressed as (Mean + SEM), n = 7. Repeated measures two-way ANOVA with Sidak post hoc test for multiple comparisons (comparisons are made with 40 PP
as reference). “p < 0.05; *p < 0.01; **p < 0.001. PR, pulse pressure (mmHg).
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Mean pressure Peterson’s modulus (Ep, mmHg)

(mmHg)
20 PP 40 PP 60 PP 80 PP 100 PP
Basal 50K AEp Basal 50K AEp Basal 50K AEp Basal 50K AEp Basal 50K AEp

80 (280 + 9) (436 £ 17 (156 £ 17) (259 £ 8) (362 £ 12 (103t 13)# (248=+7) (319 £8) (71+£8) (241 £7) (29 7) (50 £ 6) (234 +£7) 272+ 7) 38+ 4)
100 (328 £11) (48317 (165+18) (298 £10) (395 + 12) 96 £ 15)# (288 £12) (348 £9) (60 + 10) (277 £ 11) (321 £9) (44 +£8) (270 £ 10) (801 +9) B2+ 6)
120 (437 £23) (660 £ 22 (1283+22) (388 +22) (464 £ 16) (76 £19) 371 £22) (408 + 14) 37 £13) (353 + 20) (375 £ 14) (22 + 10) (338 + 18) (353 + 13) (157
140 (625 + 45) (695 + 29) (71 £ 29) (645 + 42) (575 £27) (80 £ 22) (516 £ 41) (506 + 25) (-10+18) (484 £ 36) (464 £23) (-20+15) (454 + 31) (434+21) (=21 £11)
160 (894 £ 79) (863 + 43) (=82+41) (798 £71) (731 £43) (—67 £31) (748 £ 65) (654 + 41) (—94 £26) (695 +60) (602 +38)* (-93+23) (645+50) (562 +£35)* (—83+17)
180 (1250 £ 112) (1079 £ 67)*** (—171 £ 49) (1168 £ 111) (938 £ 62)** (—221 £ 54) (1089 £ 105) (854 + 63)™** (—235+44) (958 +96) (762 £61)** (—196+38) (890 £84) (717 £57)* (—174 £ 31)
200 (1705 + 158) (1360 + 98)*** (—345 + 62) (1502 £ 140) (1206 + 90)*** (—349 £ 63) (1424 £ 136) (1056 + 85)** (—368 + 58) (1339 + 130) (990 £ 84)*** (—350 £52) (1277 £ 141) (880 £ 73)* (-312 £ 72)

Comparisons are made between the Ep at "50K” and “Basal” (conditions) at the same pulse pressure. Data is expressed as (Mean + SEM), n = 7. “p < 0.05; *p < 0.01; **p < 0.001; **p < 0.0001, #P < 0.05
(“#” = Compared to the AEp at 20PP), Repeated measures two-way ANOVA with Sidak post hoc test for multiple comparisons. PP, pulse pressure (mmHg), AEp, Ep sok—EP Basal-
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Mean pressure Peterson’s modulus (Ep, mmHg)

(mmHg)
20 PP 40 PP 60 PP 80 PP 100 PP
Basal DEANO AEp Basal DEANO AEp Basal DEANO AEp Basal DEANO AEp Basal DEANO AEp
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Sidak post hoc test for multiple comparisons. PP, pulse pressure (mmHg), AEp = Eppeano—EP Basal-
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First author Year Blinding Patients No of patients Treatment Arterial site Device Algorithm* Measurements Follow-up Jadad
ACEls vs. diuretics
Dart A. M. 2007 Open HT 479 ACEI vs. diuretic Carotid Millar - cBP 4y 3
Jiang X. J. 2007 Double HT 101 Enalapril vs. indapamide Radial SphygmoCor (P2—P1)/PP cBP and Al 8w 3
ackenzie I. S. 2009 Double HT 28 Perindopril vs. bendrofluazide Radial SphygmoCor (P2—P1)/PP cBP, AP, and Al 10w 3
ACEls vs. g -blockers
Chen C. H. 1995 Double HT 79 Fosinopril vs. atenolol Carotid Millar (P2—P1)/PP Al 8w 2
ackenzie I. S. 2009 Double HT 32 Perindopril vs. atenolol Radial SphygmoCor (P2—P1)/PP cBP, AP, and Al 10w 3
Koumaras C. 2014 Unknown HT 37 Quinapril vs. atenolol Radial SphygmoCor (P2—P1)/PP cBP and Al 10w 2
Koumaras C. 2014 Unknown HT 37 Quinapril vs. nebivolol Radial SphygmoCor (P2—P1)/PP cBP and Al 10w 2
ACEls vs. a -blockers
Jekell A. 2017 Double HT 61 Doxazosin vs. ramipril Radial SphygmoCor (P2—P1)/PP cBP and Al 12w 7
Angiotensin-receptor blockers (ARBs) vs. diuretics
Klingbeil A. U. 2002 Double HT 40 Valsartan vs. HCTZ Radial SphygmoCor P2/P1 cBP, AP, and Al 6w 4
ARBs vs. § -blockers
Ariff B. 2006 Double HT 88 Candesartan vs. atenolol Carotid Millar - cBP 52 w 3
Schneider M. P. 2008 Double HT 156 Irbesartan vs. atenolol Radial SphygmoCor (P2—P1)/PP cBP, AP, and Al 18 m 3
Boutouyrie P. 2010 Open HT 393 Valsartan vs. atenolol Radial SphygmoCor (P2—P1)/PP cBP and A 24 w 5
Radchenko G. D. 2013 Open HT 59 Losartan vs. bisoprolol Radial SphygmoCor (P2—P1)/PP cBP and A 6m 2
Choi M. H. 2018 Double Ischemic stroke 70 Valsartan vs. atenolol Radial Omron (P2—P1)/PP cBP and A 12w 4
Choi M. H. 2018 Double Ischemic stroke 70 Fimasartan vs. atenolol Radial Omron (P2—P1)/PP cBP and Al 12w 4
Kim E. J. 2014 Open HT 182 Losartan vs. carvedilol Radial Hanbyul Meditech (P2—P1)/PP cBP and Al 24 w 5
Vitale C. 2012 Double HT 65 Irbesartan vs. nebivolol Radial SphygmoCor (P2—P1)/PP cBP and A 8w 5
Renin inhibitors vs. diuretics
Kubota Y. 2013 Open HT 30 Aliskiren vs. HCTZ Radial Omron P2/P1 cBP and A 12w 2
iyoshi T. 2017 Open HT 97 Aliskiren vs. trichlormethiazide Radial Omron P2/P1 cBP and Al 24 w 5
Renin inhibitors vs. B -blockers
Koumaras C. 2014 Unknown HT 35 Aliskiren vs. atenolol Radial SphygmoCor (P2—P1)/PP cBP and A 10w 2
Koumaras C. 2014 Unknown HT 35 Aliskiren vs. nebivolol Radial SphygmoCor (P2—P1)/PP cBP and A 10w 2
CCBs vs. diuretics
ackenzie I. S. 2009 Double HT 27 Lercanidipine vs. bendrofluazide  Radial SphygmoCor (P2—P1)/PP cBP, AP, and Al 10w 4
atsui Y. 2009 Open HT 207 Azelnidipine vs. HCTZ Radial SphygmoCor (P2—P1)/PP cBP, AP, and Al 24 w 3
Doi M. 2010 Open HT 37 Azelnidipine vs. trichlormethiazide Radial Omron P2/P1 cBP and Al 6m 3
Ghiadoni L. 2017 Open Metabolic syndrome 76 Lercanidipine vs. HCTZ Radial SphygmoCor (P2—P1)/PP@HR75 ¢BP, AP, and Al 24 w 3
CCBs vs. § -blockers
Mackenzie I. S. 2009 Double HT 31 Lercanidipine vs. atenolol Radial SphygmoCor (P2—P1)/PP cBP, AP, and Al 10w 3
Webster L. M. 2017 Open HT in pregnancy 112 Nifedipine vs. labetalol Brachial Arteriograph (P2—P1)/PP cBP and Al 130d 2

Studiies are listed in the order of the year of publication per category. *Augmentation index was calculated either by the ratio of the second peak (P2) to the first peak (P1) of the central blood pressure wave or by
augmentation pressure (P2—P1) divided by PF, expressed in percent. @HR75 indicated that the augmentation index was adjusted by heart rate at 75 bpm. d, days; w, weeks; m, months; y, years; HT, hypertension;
HCTZ, hydrochlorothiazide; cBF, central blood pressure; AR, augmentation pressure; Al, augmentation index.





OPS/images/fphys-12-789690/cross.jpg
3,

i





OPS/images/fphys-12-789690/fphys-12-789690-g001.jpg
Matrix
Metalloproteinases

Growth
Differentiation
Factor-15

Cytokines
(Interleukin-6)

Inflammation
Atherosclerosis
Reactive oxygen
Oxidative species

High-sensitivity "
stress

C-Reactive Protein
Genetics
Epigenetics
Telomere
shortening

DNA
methylation

MicroRNAs

Created in BioRender.com bio






OPS/images/fphys-12-789690/fphys-12-789690-i001.jpg





OPS/images/fphys-12-762586/fphys-12-762586-g003.jpg
Augmentation index
Study

ACEI

Jiang XJ (2007)

Mackenzie IS (2009)

Chen CH (1995)

Mackenzie IS (2009)

Koumaras C (2014)

Koumaras C (2014)

Jekell A (2017)

Subtotal (I-squared = 14.3%, p = 0.321)

ARB

Klingbeil AU (2002)
Schneider MP (2008)
Boutouyrie P (2010)
Radchenko GD (2013)
Chol MH (2018)

Chol MH (2018)

Kim EJ (2014)

Vitale C (2012)
Subtotal (I-squared = 76.4%, p = 0.000)

Aliskiren

Kubota Y (2013)

Miyoshi T (2017)

Koumaras C (2014)

Koumaras C (2014)

Subtotal (I-squared = 0.0%, p = 0.824)
cCB

Matsui Y (2009)

Dol M (2010)

Ghiadoni L (2017)

Mackenzie IS (2009)

Mackenzie IS (2009)

Webster LM (2017)

Subtotal (I-squared =73.0%, p =0.002)

Overall (I-squared =67.5%, p =0.000)

WMD (95%CI)

-4.40 (-7.82,-0.98)
-4.00 (-13.80, 5.80)
-4.70 (-9.18,-0.22)
-14.00 (-22.76, -5.24)
-5.40 (-12.46, 1.66)
-7.40 (-15.24, 0.44)
-0.30 (-6.21,5.61)
-4.89 (-7.28, -2.50)

-18.50 (-25.20, -11.80)
-3.00 (-6.45, 0.45)
-6.50 (-8.47,-4.53)
-2.70 (-9.44,4.04)
-14.30 (-20.97, -7.63)
-15.70 (-22.76, -8.64)
-8.50 (-12.84, -4.16)
9.30 (-14.45,-4.15)
-9.20 (-12.54, -5.86)

-4.90 (-14.28, 4.48)
-1.40 (-7.20, 4.40)
0.90 (-6.52,8.32)
-1.10(-9.26, 7.06)
-1.31(-4.98, 2.36)

-0.80 (-3.27,1.67)
-1.70 (-7.98, 4.58)
-4.10 (-8.10,-0.10)
-5.00 (-13.30, 3.30)
-15.00 (-22.04, -7.96)
-8.00 (-12.97,-3.03)
-5.27 (-9.14,-1.40)

-6.11(-7.94,-4.29)

Weight (%)

557
231
488
267
340
3.04
4.01
2587

358
554
6.40
3.56
359
340
497
446
3551

245
4.07
323
290
12.65

6.14
380
519
285
N
457
2596

I
-30

I
-15

Favors RAS inhibitors and CCBs

l
15

Favors Diuretics, B-blockers, and a-blockers





OPS/images/fphys-12-762586/fphys-12-762586-g004.jpg
Augmentation pressure

Study WMD (95%CIl) Weight (%)
Mackenzie IS (2009) ~ -1.00 (-6.52, 4.52) 8.24
Mackenzie IS (2009) — -9.00 (-14.51, -3.49) 8.26
Klingbeil AU (2002) —— -3.00 (-7.01, 1.01) 12.09
Schneider MP (2008) R — -2.00 (-4.52, 0.52) 17.64
Matsui Y (2009) —_— -1.30(-3.77,1.17) 17.83
Ghiadoni L (2017) —_— -2.20 (-4.27,-0.13) 19.53
Mackenzie IS (2009) ~- -3.00 (-8.55, 2.55) 8.19
Mackenzie IS (2009) —~- -11.00 (-16.53, -5.47) 8.21
Overall (I-squared = 55.7%, p = 0.027) <> -3.35 (-5.28, -1.42) 100.00

| | |
20 -10 0 10

Favors RAS inhibitors and CCBs Favors Diuretics, B-blockers, and a-blockers





OPS/images/fphys-12-762586/fphys-12-762586-g005.jpg
Pulse pressure amplification

Study

Mackenzie IS (2009)

Mackenzie IS (2009)

WMD (95%Cl)

-0.03 (-0.17,0.11)
0.18 (0.06, 0.30)

D 1.00 (-0.88, 2.88)

Schneider MP (2008) €
Boutouyrie P (2010)

Ghiadoni L (2017)

Mackenzie IS (2009)

Mackenzie IS (2009)

Overall (I-squared = 54.3%, p = 0.041)

*
*

h
| l

ya

0.10 (-0.26, 0.46)

0.03(-0.13,0.19)

0.04 (-0.10, 0.18)

0.25(0.13,0.37)

0.11(0.05,0.17)

Weight (%)

17.95
23.15
0.10

2.68

14.35
18.20
23.57

100.00

Favors RAS inhibitors and CCBs

Favors Diuretics, B-blockers, and a-blockers





OPS/images/fphys-12-762586/fphys-12-762586-g006.jpg
se(WMD)

Funnel plot with pseudo 95% confidence limits

vl IS
/ \
o \
/ \
/ \
7 \
/ \
/ ° \
/
/ \
/ AN
/ \
/ iy
/ © b
/ o <
/ . * \
/ . : . T
/ Py \
/ L ° \
/ \
o
/
/ 4 b
/
P &b
&
1 T ] | |
-15 -10 -5 0





OPS/images/fphys-12-762586/fphys-12-762586-g002.jpg
A

Central SBP
Study WMD (95%Cl) Weight (%)
ACEI
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