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Abstract

This narrative review summarizes a decade of experience examining the cross-sectional and 

longitudinal relationships of arterial stiffness, as assessed by carotid-femoral pulse wave velocity, 

with outcomes in patients with chronic kidney disease enrolled in the Chronic Renal Insufficiency 

Cohort. Our goal here is to review the importance of the pulse wave contour and the pulse wave 

velocity and to present data on the reproducibility of pulse wave velocity measurements, 

determinants of pulse wave velocity, and the relationship velocity measurements have with 

longitudinal kidney and cardiovascular outcomes. Measures of arterial stiffness have contributed 

substantially to our understanding of mechanisms of cardiovascular disease, kidney disease 

progression and all-cause mortality. Given the independent relationship of arterial stiffness to a 

variety of outcomes it is our hope that future developments in behavioral, nutritional, and 

pharmacologic approaches to vascular destiffening will provide interventions that benefit patients 

with chronic kidney diseases.
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Introduction

One of the most remarkable feats accomplished by the human circulation is the conversion 

of the pulsatile cannonades from the left ventricle in the smooth and continuous flow of 
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blood at the tissue level. Achieving this feat occurs through a balance of transitioning both 

pressure and flow waves from pulsatile phenomenon into a steady procession of nutrients 

and oxygen at the level of the microcirculation1.

This marvelous journey starts in the proximal aorta and is characterized initially by an 

amplification of the systolic pressure wave as these wave moves more distally, followed by a 

successive dampening as arterial caliber rapidly diminishes until a steady pressure is 

achieved in the microcirculation. These pressure phenomena are mirrored by parallel 

changes in flow, whose character is also transformed from pulsatile to continuous by the 

unique adaptations of the vessels which constitute the arterial tree2,3. The result of these 

transformation is a stable, constant delivery of blood to each organ in the body.

The challenges of physical activity, gravity, and upright position, along with individual organ 

function (such as waste excretion, or neural activity control) create unique needs. In 

particular, the stable constant delivery blood occurs in basal conditions (like sleeping), as 

well us under a variety of physical alterations that mix increased tissue needs (like skeletal 

muscle nutrient needs when running) with issues like position—the brain, for example, is 

“uphill” of the rest of the body, yet requires vigilant blood flow no matter the physical 

activity level or body position. Moreover, the kidneys, whose weight is in the range of 1% of 

the body mass, receive more than 20% of the cardiac output. The ability of the circulation to 

maintain flow to the brain and the kidneys under a wide variety of physiologic 

circumstances comes at a price, namely a low vascular resistance4. This low resistance 

represents both a blessing and curse, particularly in chronic kidney diseases, as longitudinal 

studies have shown and as I review below.

What follows is a narrative review of the relationship between arterial stiffness as measured 

by carotid femoral pulse wave velocity and a variety of outcomes experienced by people 

with chronic kidney diseases. This narrative review began as an invited lecture (the Massry 

Lecture) at the 2017 National Kidney Foundation (NKF) Spring Clinical Meeting in Orlando 

FL. Dr. Massry is Professor (Emeritus) of Medicine, and Professor (Emeritus) of Biophysics 

at Keck School of Medicine at the University of Southern California in Los Angeles. He 

chaired the Nephrology Division at Keck from 1974 to 2000, serving as NKF President from 

1992–1994 and contributed over 600 papers, 100 book chapters, and 30 books (as editor) 

during his career.

Background

Overview

Before blood pressure measurements became commonplace in clinical medical office 

encounters in the 20th century, a variety of ingenious devices were constructed to capture the 

arterial pulse profile as reviewed by O’Rourke5. Building on millennia of experience derived 

from palpation of the arterial pulse at the radial artery, or at the carotid artery, clinicians 

were aware of a panoply of pulse profiles that had prognostic significance, giving rise to a 

cornucopia of Latin phrases such as pulsus parvus, pulsus tardus, and pulsus bisferiens. 

Incorporating the Greek root word for pulse (σφυγμός – sphygmos), these machines were 

known as sphygmographs and became increasingly popular to use in patient evaluation until 
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the advent of the sphygomanometer. They were somewhat cumbersome, had no means for 

calibration, and frequently the output was an etching into a waxed paper strip or cylinder 

(see5a), which made storage in a patient chart quite challenging.

Measurement of blood pressure proved to be easier, required less sophisticated equipment, 

and was reasonably comfortable to record through a simple notation of onset and 

disappearance of Korotkoff sounds6,7. This, coupled with the early recognition by actuaries 

of the prognostic significance of blood pressure (BP) as a predictor of death8,9, relegated 

sphygmographs into the realm of historical medical curiosities.

In the mid-1920s research was conducted on a different aspect of pulsology, which dealt 

with the velocity of pulse wave propagation in the circulation. Building on a wealth of 

physical sciences data dealing with fluids, flow, and viscosity, a series of human studies 

validated the ability to measure pulse wave velocity in humans10,11. These required invasive 

catheterization and remained suitable only for research until it became possible in the latter 

part of the 20th century to estimate arterial stiffness using non-invasive approaches12,13.

With the incorporation of measurements of arterial stiffness into a number of ongoing cohort 

studies two things have become clear. The first is that the velocity of pulse wave travel is a 

substantial component in the genesis of the systolic blood pressure14. The magnitude of the 

systolic blood pressure is dependent on the interaction of forward and backward traveling 

pressure waves, whose interaction varies depending on the location within the circulation 

where the measurement is obtained and the velocity of wave travel at that spot5,15. The pulse 

wave velocity typically increases as the pulse wave travels in the proximal aorta (3–4 m/s), 

descending aorta (5–6 m/s), ilial-femoral segment (7–8 m/s), and peripherally to the foot or 

the hand (9–10 m/s). The wall to lumen ratio and the amount of collagen relative to elastin 

are major contributors to this heterogeneity of pulse wave velocity (PWV) in the human 

circulation. Increasing wall to lumen ratios and increasing collagen to elastin ratios favor 

increased stiffness16.

Secondly, arterial stiffness, specifically aortic stiffness, independently predicts death (from 

all causes, and from cardiovascular causes in particular) and cardiovascular outcomes in 

healthy elderly people, diabetic patients, hypertensive patients, general adult populations like 

those sampled by the Framingham Study, and patients with end stage renal disease17–22. 

Thus measures of arterial stiffness appear to improve risk prediction, and countries such as 

Japan reimburse for yearly measurements of arterial stiffness in the office setting.

The history of the arterial stiffness field has been nicely summarized in several places1,23,24. 

The story of arterial stiffness measurements in participants enrolled in the Chronic Renal 

Insufficiency Cohort (CRIC) built further on the foundations outlined above. The CRIC 

Study was initiated in 2001 by the National Institute for Diabetes Digestive and Kidney 

Disorders (NIDDK), and enrolled a national sample of patients with chronic kidney disease 

(CKD) examining traditional and nontraditional risk factors for CKD progression25, and 

associated cardiovascular diseases26. When the first measurements of carotid-femoral PWV 

were undertaken in 2003 in CRIC participants there was virtually no longitudinal data on the 

role of arterial stiffness in non-dialysis CKD patients. In the sections that follow, a brief 
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reviews of pulse wave analysis and PWV are presented, followed by findings from the CRIC 

Study that associate arterial stiffness with outcomes in people with CKD.

The pulse waveform and why it differs depending on where you measure it

Figure 1 shows pulse waveforms from a CRIC participant obtained non-invasively at a 

clinical site. The upper portion consists of a radial pulse waveform obtained by using a 

Millar tonometer (AtcorMedical Sydney, AUSTR) in the supine position. The differences in 

pulse waveform morphology at the radial, proximal aorta, carotid, and femoral sites in this 

participant are evident. As the pressure wave enters the proximal aorta from the left 

ventricle, a number of forces shape its waveform as it travels throughout the circulation on a 

heartbeat by heartbeat basis. The major modulators are the heart rate, the inotropic state of 

the left ventricle, the velocity at which the pressure wave travels, changes in the transmission 

characteristics of vessels (which branch, bend, and change in their relative elastin to collagen 

concentration as well as their wall to lumen ratio), and the systemic vascular resistance. 

Several recent reviews provide in-depth physiology on how these forces shape the pressure 

wave in the human circulation. For our purposes it is enough to know that the pulse pressure 

changes as the pressure wave travels forward. In Figure 1 the pulse pressure is 22 mmHg at 

the level of the proximal aorta and 32 mmHg at the brachial artery level; the brachial value is 

used to calibrate the radial artery waveform by the software. The main characteristics 

incorporated into pulse wave analysis (PWA) are the proximal aortic pulse pressure, the 

magnitude of pulse pressure change determined by dividing the brachial pulse pressure by 

the aortic pulse pressure, and the augmentation index (see Figure 1 legend) that serves as a 

marker of the magnitude of the pressure wave reflected back into the proximal aorta. In 

health, there is a remarkable increase in the pulse pressure as the pressure wave travels 

peripherally in the circulation. In disease the proximal aortic pressures become more closely 

matched with the peripheral pulse pressure. Significant heterogeneity exists between people, 

and it is necessary to actually measure the shape of the radial (or brachial) pressure wave to 

get the best approximation of the central pressure profiles. A recent position paper from the 

American Society of Hypertension provides guidance on how to obtain and interpret pulse 

waveforms27.

The pulse wave velocity measurement

To perform a PWV measurement the participant should be supine for at least 10 minutes 

with a blood pressure entered into the software to calibrate the waveforms, and three 

electrocardiogram (ECG) electrodes attached to generate a rhythm strip. The distance from 

the sternal notch to the carotid pulse is measured in millimeters. The distance from the 

sternal notch to the umbilicus and then to the femoral pulse is also measured in millimeters. 

The sternal notch-to-carotid distance is subtracted from the sternal notch-to-femoral distance 

to calculate the length of the pressure wave path. Once the data are entered into the computer 

the operator captures 10 seconds of carotid waveform with a Millar tonometer and moves to 

the groin to capture 10 seconds of femoral waveform with the tonometer. Using the R wave 

onset from the ECG tracing as a tether point, the time elapsed to the onset of the carotid 

waveform (in milliseconds) is calculated and the velocity is a simply division of distance by 

time. Even though the measurements are in millimeters and milliseconds, PWV is expressed 
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in meters per second (see lower half of Figure 1). The American Heart Association (AHA) 

has published a set of recommendations to standardize PWV measurements28.

Observations regarding arterial stiffness in the CRIC participants

Caveat lector

The reader should keep in mind that PWV represents both target organ damage in the aorta, 

and also a mediator of damage to other target organs like the brain, heart, and kidney. Like 

the kidney in hypertension, it is both villain and victim29. A more thorough discussion can 

be found in the AHA Science Statement28.

An early goal in the CRIC Study was to demonstrate the reproducibility of the PWV 

measurement and this was undertaken in 31 CRIC participants30. The mean differences in 

PWV between two operators, who made independent measurements on the same CRIC 

participant were 0.05 ± 1.13 m/s. In that study there was 1 observation that fell outside of 2 

standard deviations of the differences in the PWV between the operators, thus, the 

reproducibility of PWV in CRIC was deemed acceptable.

Validation of known associations with PWV and novel observations in CRIC

In the cross-sectional analysis of our data we confirmed the known relationships of 

increasing age and blood pressure with PWV31. We also noted that PWV in diabetic 

participants were consistently higher, in every decade, compared to decade-matched non-

diabetic participants. We made two other novel observations in our cohort. The first was a 

clear relationship of increasing arterial stiffness with declining kidney function, whether or 

not diabetes was present. Secondly, we noted a small but definite association of serum 

glucose concentrations with PWV in our cohort, independent of diabetic status.

One of the consequences of increased arterial stiffness is a return of the pressure wave to the 

heart while the aortic valve is still open. This places an extra “load” of pressure on the left 

ventricle before it finishes contracting for an individual heartbeat, at a time when there is 

virtually no blood flow in the myocardium. During the same visit when PWV was measured, 

CRIC participants also underwent pulse wave analysis to evaluate the pressure wave profile 

at the level of the proximal aorta. A growing body of literature suggests that central pulse 

pressures ≥ 50 mmHg are associated with more cardiovascular disease (CVD)32. In our 

participants we observed that diabetic participants with CKD had central pulse pressures that 

were shifted to the right compared with non-diabetic participants. When we divided our 

participants by NKF stage of kidney disease we observed that the portion of participants 

with elevated central pulse pressures increased with each worsening stage of CKD33. In 

participants with stage 2 disease 19% had a central pulse pressure > 50 mmHg compared 

with 44% of those with CKD stage 4.

PWV and proteinuria in CRIC

Early in the CRIC study we noted a positive correlation between level of 24h protein 

excretion and arterial stiffness. In a sample of 2144 diabetic CRIC participants with 

proteinuria data around the time of PWV measurement we observed that PWV 
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independently associated with 24h urine protein excretion; this association was not seen in 

the non-diabetic participants34. In CRIC we have noted that the magnitude of the 24h urine 

protein excretion is the most significant predictor of future kidney function loss, thus, the 

additional predictive contribution of PWV in models already incorporating systolic blood 

pressure in diabetic CKD participants in CRIC further highlights the potential role of stiff 

vessels in CKD progression.

PWV and Mineral & Bone Disorder in CRIC

A growing body of evidence points to an increased CVD occurrence in patients with 

vascular calcification. A number of peptides reflect increased bone turnover and among 

these is osteoprotegerin, a protein in the tumor necrosis factor family that interferes with 

osteoclast function that appears to be important in the prediction of cardiovascular (CV) 

risk35. An ancillary study using CRIC PWV data initiated by the Hopkins site evaluated the 

relationship between osteoprotegerin and PWV in a subset of 226 CRIC participants who 

had measurements of both36. Increasing tertiles of osteoprotegerin levels were positively 

related to increasing PWV, even after multiple adjustments for demographics and other bone 

mineral density considerations. The mean PWV for the group was 9.3 m/s, and those in the 

highest osteoprotogerin tertile had a 30% higher PWV compared with those in the lowest 

tertile.

PWV and CKD progression in CRIC

The original mission of the CRIC study was to gather together a cohort of CKD patients 

from across the US large enough, and diverse enough, to evaluate factors important in 

further loss of kidney function, and to simultaneously identify mechanisms of CVD 

incidence and/or progression in CKD. When CRIC began, diabetes, hypertension, black race 

and proteinuria were the commonly recognized risk factors for CKD progression. The PWV 

ancillary study in CRIC hypothesized that arterial stiffness, independently of blood pressure, 

also contributed to further kidney function loss.

In CRIC we evaluate kidney function progression in two ways: either the development of 

end-stage renal disease (ESRD), or the time to halving of the initial estimated glomerular 

filtration rate (eGFR). We performed PWV measurements on 2795 CRIC participants and 

followed them for about 5 years to determine the relationship between PWV and CKD 

progression37. Using tertiles of PWV, where the lowest tertile was characterized by PWV < 

7.7 m/s, and the highest tertile by values of 10.3 m/s, we observed a 37% increase in the 

hazard ratio for ESRD in the highest compared with the lowest tertile of PWV after 

adjustment for demographics, mean arterial blood pressure, diabetes, 24h urine protein 

excretion, and baseline eGFR. The hazard for all-cause death was 72% higher in the highest 

tertile compared with the lowest. Figure 2 depicts an unadjusted Kaplan-Meier plot of the 

outcomes of the outcomes of ESRD, halving of eGFR or ESRD, and death by PWV tertiles. 

The mechanism for these associations is likely related to the penetration of the energy within 

the pulse wave deeply into a low-resistance tissue like the kidney where the excess energy 

may be transmitted into pressure-sensitive tissue like the glomerulus, resulting in damage 

and loss of function4.
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PWV and Heart Failure in CRIC

The most common non-fatal CV outcome in the CRIC study is hospitalized heart failure 

(HF). Enrollment criteria for CRIC excluded people with prior NYHA class III and IV heart 

failure25. We hypothesized that arterial stiffness would be a contributing factor to new-onset 

hospitalized HF in CRIC. We determined the effect of increasing arterial stiffness by 

evaluating 2602 participants in CRIC who were followed up for 3.5 years after their first 

PWV measurement, and we also determined the relationship of central pulse pressure on the 

HF outcome38. During that period 154 participants were hospitalized for their first 

occurrence of HF.

Using the lowest tertile of PWV (< 7.8 m/s) as referent, we observed a hazard ratio of 1.95 

[95% CI, 0.92–4.13] for the middle tertile (7.8–10.3 m/s) and 3.01 [95% CI, 1.45–6.26] for 

the highest tertile (>10.3 m/s) in fully adjusted models (which included diabetes mellitus, 

proteinuria, the presence of chronic obstructive pulmonary disease, mean arterial pressure, 

heart rate, high-density lipoprotein-cholesterol, low-density lipoprotein-cholesterol, body 

mass index, triglycerides, history of myocardial infarction/revascularization, current 

smoking, hemoglobin, human recombinant erythropoietin use, angiotensin-converting 

enzyme inhibitor use, β-blocker use, calcium channel blocker use, history of hypertension, 

fasting glucose, and serum albumin). In that same fully adjusted model, using the lowest 

tertile of central pulse pressure (<35.4 mmHg) we observed a hazard ratio of 1.24 [95% CI, 

0.58–2.65] for the middle tertile (35.4–50.8 mmHg) and 2.45 [95% CI, 1.14–5.27] for the 

highest tertile (>50.8 mmHg) of central pulse pressure. Figure 3 shows the event rate per 100 

years of follow up stratified by PWV tertiles.

PWV and Masked Hypertension in CRIC

Masked hypertension describes a scenario in which blood pressure appears controlled in the 

office setting, yet exceeds thresholds considered normal on 24h ambulatory blood pressure 

monitoring (ABPM)39. This area of study is still somewhat nascent, and there is little 

guidance for how to manage patients with elevated outside office setting blood pressures. 

That said, there is clear evidence that masked hypertension confers almost as much risk as 

confirmed uncontrolled hypertension, where office and ABPM agree that blood pressure is 

above threshold levels of control40.

Using data on 1492 CRIC participants who underwent ABPM, we sought to determine what 

the prevalence of masked hypertension was in the CRIC population, and its relationship to 

arterial stiffness and left ventricular mass41. We used the definition of an office blood 

pressure <140/90 mmHg, measured carefully in triplicate by trained research coordinators 

using AHA standards at the CRIC visit where the ABPM was applied as controlled, and 

values > 130/80 mmHg on 24h ABPM as elevated. About half the CRIC population, 735 of 

1492 participants, were controlled in the clinic setting, and by ABPM. We observed that 415 

of 1492 participants, 28%, fit the criteria for masked hypertension (office <140/90 mmHg, 

24h > 130/80 mmHg). Compared with the group controlled in the clinic and by 24h ABPM, 

the masked hypertension group had lower eGFR, more proteinuria, higher left ventricular 

mass, and a PWV that was ~1 m/s higher.
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Changes in PWV over time in CRIC

Cohorts which have included serial PWV measurements, which are often repeated at 2 year 

intervals, show that for every decade of life the PWV increases by about 1 m/s42,43. In 

normotensive individuals it is a little less, and in hypertensive people a little more, and the 

overall shape of the changes in PWV with aging are somewhat convex-upward in graphic 

representations, indicating that the changes with aging accelerate with each decade of 

survival. In recent years, besides blood pressure itself, levels of circulating factors which are 

associated with inflammation have been implicated both cross-sectionally with arterial 

stiffness, and with the rate at which arteries stiffen further over time44,45. It has been 

suggested that the healing phase of inflammation deposits collagen, which is relatively 

inelastic and therefor requires more pressure to distend an artery when the collagen 

deposition site is in the vessel wall, leads to a higher PWV. In the CRIC study we evaluated 

the relationship between a panel of cytokines and proteins associated with inflammation 

cross-sectionally with PWV, and with the changes in PWV over 3 visits occurring during 4 

years of follow up (measurements taken at time 0, 2, and 4 years)46.

We observed in 2933 CRIC participants with at least two PWV measurements, that in the 

adjusted cross-sectional analyses, fibrinogen and IL-10 were independently associated with 

PWV. In the longitudinal analysis, only serum albumin concentration was predictive of 

changes in PWV over time.

Summary

After more than a decade of studying arterial stiffness in a non-dialysis cohort of CKD 

patients several take home points are evident, as listed in Box 1. An emerging finding in 

both the CRIC Study, as well as other recent meta-analyses17,18, is that arterial stiffness 

measurements add predictive value to the office or clinic BP. Treatment of hypertension does 

not necessarily improve arterial stiffness. The vast majority of CRIC participants are on 

antihypertensive medications, and with reasonably good BP control47,48, yet the spectrum of 

arterial stiffness shows that about one-third of our cohort have PWV at or above 10 m/s, 

which is internationally considered to be the top limit of normal49. As depicted in Figure 4, 

from an early analysis of CRIC data, the relationship of systolic pressure at the time of 

CRIC enrollment was not as reflective of previous CVD as was the first PWV measurement. 

The degree of co-morbidity in patients with CKD, particular affecting the CV system, argues 

that there may be room for further improvement in CKD-related outcomes through 

interventions that de-stiffen the aorta. Discovering and testing agents that destiffen the aorta 

is a gap in our current knowledge. An additional gap is in the area of aortic calcium 

deposition. Calcified aortae are stiffer, but there is little we can do about decalcification, and 

we have no evidence to say that decalcification will actually be beneficial. One of the most 

important consequences of CKD, and ESRD, is the alarming incidence of sudden cardiac 

death50–52. Although not formally analyzed in the CRIC Study (yet), it may be that arterial 

stiffness is a predictor of sudden cardiac death, possibly because of either the long-term 

consequences of arterial stiffness predispose to left ventricular hypertrophy jeopardizing the 

endocardium to arrhythmia since it is vulnerable to the effects of increased afterload53 or the 

effects of arterial stiffness on baroreceptor dysfunction54. Future endeavors in the CRIC 
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Study plan to focus more intensely on these aspects of CKD epidemiology. For now, PWV 

measures are still mainly used in research until clinical recommendations of what to do 

based on their measurement are formulated.
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Box 1:

Take home messages regarding arterial stiffness in the CRIC Study

✓ Arterial stiffness is worse in diabetic compared with non-diabetic patients31

✓ Arterial stiffness worsens as kidney function declines irrespective of cause of 

CKD31

✓ Arterial stiffness is linked to proteinuria in diabetic patients with CKD34

✓ Arterial stiffness is associated with higher central pulse pressures in CKD33

✓ Arterial stiffness is linked to bone & mineral disorders36

✓ Arterial stiffness predicts death and CKD progression to ESRD37

✓ Arterial stiffness predicts new onset HF in CKD38

✓ Arterial stiffness is worse in CKD patients with masked hypertension41

CKD, chronic kidney disease, ESRD, end stage renal disease; HF, heart failure.

Townsend Page 12

Am J Kidney Dis. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Pulse waveforms from a CRIC participant. In the left upper panel is a radial waveform. The 

software uses an internal algorithm to estimate the proximal aortic profile (upper right) using 

this radial waveform. The pulse pressure rose from 22 mmHg at the proximal aorta to 32 

mmHg from the brachial blood pressure entered by the operator to calibrate the radial 

waveform (amplification is 32/22 = 1.45). In the proximal aortic profile, the effect of the 

returning pressure wave generates a 3 mmHg augmentation shown in the blue box area 

within the upper right waveform. Since the proximal aortic pulse pressure is 22 mmHg, the 3 

mmHg represents an augmentation index of 3/22 or 16%. In the lower part of figure 1, on 

the left is a sample of the carotid waveform showing an elapsed time of 53 milliseconds 

from the tip of the QRS complex to the onset, or ‘foot’, of the carotid pressure wave 

upstroke. Similarly, in the right lower panel, the elapsed femoral time was 152 milliseconds. 

The notch-carotid and notch-femoral capture site distances are shown (in millimeters), and 

the pulse wave velocity was calculated as the distance (notch-carotid subtracted from notch-

femoral = 559 mm) divided by the elapsed time (99 millisecond) to generate the 5.6 meters/

second as shown.
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Figure 2: 
Kaplan-Meier survival curves depicting the relationship between tertiles of PWV and the 

CRIC outcomes of ESRD and all-cause Death. Data from Townsend et al37.
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Figure 3: 
Event rates per 100 person years for the outcome of hospitalized heart failure in the CRIC 

study by PWV Tertiles. Data from Chirinos et al38.

Townsend Page 15

Am J Kidney Dis. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Percentage of CRIC participants (Y Axis) who indicated the presence of ANY prior 

cardiovascular disease (heart failure, heart attack, stroke, peripheral arterial disease) broken 

down on the left panel by tertiles of PWV and broken down on the right panel by tertiles of 

systolic blood pressure in the CRIC study.
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