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USRDS 2018 Annual Data Report

Cardiovascular diseases prevalence among CKD and no CKD

Nat Rev Nephrol. 2019 Jul;15(7):390-391



JACC Cardiovasc Imaging. 2021 Mar;14(3):669-682
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Aging Med (Milton). 2020 Oct 1;3(3):146-150;  Int J Mol Sci. 2019 Jul 26;20(15):3664

Vascular aging



method

Guide for 

pharmacological 

therapy

Sensitivity 

for 

changes

Time to 

change
Prognostic value of changes

Carotid ultrasonography ++ Low Slow No

Ankle-brachial index ++ Low No data Moderate

Arterial 

stiffness

Carotid-femoral 

pulse wave velocity
+++ High Moderate Moderate

Brachial-ankle 

pulse wave velocity
++ High Moderate No data

Central hemodynamics/Wave reflections +++ High Fast
Good guide for therapy, with the exception of patients 

with heart failure and a low ejection fraction

Endothelial 

function

Flow mediated dilatation +++ Very high Fast Moderate

Endothelial peripheral arterial 
tonometry

+ Very high Fast No data

Circulating 

biomarkers

High sensitivity C- reactive 

protein
+++ Moderate Fast No data

Atherosclerosis 2015; 241: 507-532.

Vascular Biomarkers for Vascular Aging



Artery distensibility and pressure waveform
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arteries
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arteries



Aortic stiffness: integrator of cumulative damages to the arterial wall



E: arterial biomaterials elastic properties血管壁的彈性
h: wall thickness壁厚

r : radius血管半徑
ρ: tissue density血液密度
假設動脈壁是各向同性的並且隨著脈壓經歷等容變化

Distance

time
= (m/sec)

Pulse wave velocity(PWV): Moens–Korteweg equation



Increased Arterial Stiffness contributes to CVD development

Atheroscler Thromb. 2020 Jul 1;27(7):621-636.



Carotid-femoral pulse wave velocity (cfPWV) across the adult lifespan

cfPWV increases 

moderately before 50 y of age 

(0.52±0.04 m/s per decade) 

and markedly thereafter 

(2.05±0.03 m/s per decade).

Hypertension. 2021 Mar 3;77(3):768-780.



2010:Prediction of CV Events and All-Cause Mortality With Arterial Stiffness

J Am Coll Cardiol 55, 1318–1327 (2010).

Total CV events CV mortality All cause mortality



J Clin Med. 2020 Jul 2;9(7):2080

CV mortality

All cause mortality



Arterial Stiffness and Long-Term Risk of Health Outcomes: The Framingham Heart Study

Hypertension. 2022 May;79(5):1045-1056
7283 participants; median follow up 15 yr

All cause mortality



Analyses of cfPWV at 17.7 and 24.5 Years of Age

Hypertension 77, 768–780 (2021).

Arterial Stiffness effect on Adolescence ?



Different methods of PWV measurement

J Clin Med. 2020 Jul 2;9(7):2080



Different methods of PWV measurement

• Arterial stiffness measured noninvasively by PWV have been recognized as independent 

predictors for cardiovascular morbidity and mortality.

• PWV is the most validated index to quantify arterial stiffness.



• The formula for baPWV calculation based on data from Asians, which may differ from data in Western 
populations. 

• Brachial-ankle PWV has also demonstrated a predictive value for CV events and is recommended in the 
2019 Japanese Society of Hypertension guidelines for the management of hypertension

Hypertension 2015 66, 698–722; Hypertens Res. 2019 Sep;42(9):1235-1481

Brachial-ankle PWV



Results—
115 ESRF patients (aged 52±16 years)

monitored for 51±38 months.

PWV were measured ultrasonographically.

BP was controlled

59 deaths

40 cardiovascular and 19 noncardiovascular events.

The risk ratio for the absence of PWV decrease was

2.59 (95% CI 1.51 to 4.43) for all-cause mortality and

2.35 (95% CI 1.23 to 4.41) for cardiovascular mortality.

Conclusions—
In ESRF patients, the insensitivity of PWV to decreased BP is

an independent predictor of mortality …



• Arterial stiffness independently predicts death (all causes mortality and CV causes mortality) 
and CV outcomes in healthy elderly people, diabetic patients, hypertensive patients, general 
adult populations, and patients with end-stage renal disease [ESRD]

• [CKD]CRIC
• ✓ Arterial stiffness predicts death and CKD progression to ESRD.
• ✓ Arterial stiffness worsens as kidney function declines irrespective of cause of CKD.
• ✓ Arterial stiffness is linked to proteinuria in diabetic patients with CKD.
• ✓ Arterial stiffness is linked to bone & mineral disorders.
• ✓ Arterial stiffness predicts new-onset HF in CKD.
• ✓ Arterial stiffness is worse in CKD patients with masked hypertension.

• [KTx] Large-artery stiffness of chronic kidney disease is partially reversed within 12 months of KT 
and appears unrelated to renal function.

• [early CKD] Higher indices of arterial stiffness are associated with steeper decline in kidney 
function in general population.

Clin J Am Soc Nephrol. 2015 Dec 7;10(12):2190-7
J Am Heart Assoc. 2017 Sep 9;6(9):e006078.
Am J Kidney Dis. 2019, 73(2): 240-247.

We already known…



Main mechanisms for the structural and functional changes of the arteries in CKD

Front Med (Lausanne) 2021, 8, 765924.



J Am Soc Nephrol 2019, 30, 918–928

Endothelia 
Function

Baroreflex

Vascular
Calcification 

promotor

Arterial stiffening



Drug(s)
Effect on Arterial Wall 

Properties
Best Level of 

Evidence

Level of Evidence
in CKD or KTx

Antihypertensive drugs
ACEi ↓ AS +++ ++
ARBs ↓ AS +++ ++
b-blockers Doubtful
Calcium channel blockers ↓ AS +++ +
Diuretics (spironolactone) ↓ AS + +

Endothelin-1 antagonists ↓ AS, ↑ EF + +
Immunosuppressive drugs

Anti-TNF ↓ AS +++
Cyclosporine ↑ AS ++ ++
Mycophenolate mofetil ↓ AS + +
Corticosteroids ↑ AS +

Statins ↑ EF +
Noncalcium-containing phosphate binders ↓ AS + +
Parathyroid hormone Doubtful
Vitamin D analogs

Vitamin D2 None +++ ++
Vitamin D3 None +++ ++
Paricalcitol ↑ EF +++ ++

Evidence on the drugs used in nephrology on arterial wall properties

J Am Soc Nephrol 2019, 30, 918–928



Result:

• Six trials, 452 enrolled participants

• Overall, SGLT-2 inhibitor treatment compared to control resulted in a nonsignificant decrease in PWV. 

• Exclusion of a trial utilizing cardiac magnetic resonance imaging for the assessment of PWV demonstrated 

that SGLT-2 inhibitors induce a significant reduction in PWV by 0.21 m/s. 

• When we restricted our analysis to RCTs enrolling subjects with T2DM, we observed that SGLT-2 inhibitor 

compared to control resulted in a significant decrease in PWV by 0.17 m/s.

Vasc Med. 2022 Jun 27:1358863X221101653.



Front Med (Lausanne). 2022 Jul 6;9:904299

Exercise training on PWV in CKD (include dialysis) ?

18 RCTs with 817 patients
three to four times per week
exercise duration varied from 10 to 65 min



Blood Pressure and Arterial Stiffness in 

Association With Aircraft Noise Exposure: 
Long-Term Observation and Potential Effect 

of COVID-19 Lockdown

Hypertension. 2022 Feb;79(2):325-334.





Focus Objective Challenge

Risk stratification
Defining disease end points most closely 
related to PWV as a measure of 
arteriosclerosis rather than atherosclerosis

Heterogeneity of disease end points

Measurement technology Improving ease of measurement Maintain reproducibility and accuracy

Guiding antihypertensive Tx A PWV threshold for initiating treatment
Defining threshold; requires RCT to 
demonstrate benefit

Selection of antihypertensive Tx Defining specific effects of antihypertensive drugs on PWV

Titration of antihypertensive Tx Requires RCT to demonstrate benefit

Arterial stiffness specific therapies
Definitive evidence of specific BP-
independent effects of established and novel 
drugs for AS

Long-term RCT required

Kidney specific ?

Clinical Usefulness of Arterial Stiffness

Circ Res. 2021 Apr 2;128(7):864-886



ambulatory arterial stiffness



Thomas Sydenham

“ A man is as old as his arteries.”



Stress
A measure of the intensity of an applied force that depends on its magnitude, direction, and area over which it 
distributes. The common unit of measurement is the Pascal =1 N/m2.

Intramural stress
Arises from applied loads such as the blood pressure within and the axial force acting on a blood vessel. Important 
both mechanobiologically and structurally.

Wall shear stress
Arises from the frictional interaction between the flowing viscous blood and the luminal surface of the blood 
vessel. Important mechanobiologically.

Strain
A measure of normalized changes in lengths or changes in angles within a material when acted upon by an applied 
load. Dimensionless by definition.

Stiffness
A measure of resistance to applied loads. The unit of measurement depends on the precise definition but can 
include N/m2 (material) and N/m (structural) among others.

Material stiffness

An intrinsic property of a material that depends both on its composition and the internal organization of and 
interactions between the different constituents. This stiffness appears to be highly mechano-regulated by arterial 
cells for it defines their local mechano-environment. It is calculated as a change in stress with respect to a change 
in a conjugate strain.

Structural stiffness
A property of a structure depending both on its intrinsic material stiffness and its geometry. For example, a thin-
walled materially stiff vessel can have the same structural stiffness as a thick-walled materially compliant vessel. 
This stiffness is a critical determinant of hemodynamics.

Strength
A measure of the maximum applied load or stress that can be sustained before failure, as, for example, via 
dissection or rupture. Fundamentally, material failure occurs when stress exceeds strength.

Compliance
The inverse of stiffness, either material or structural. One clinical measure of compliance is the inverse of 
distensibility.

Biomechanical Metrics for and Related to Stiffness



β represents arterial distensibility
Ps: systolic blood pressure, Pd: diastolic blood pressure, D: diameter of the artery, ΔD: change in diameter.



Vascular calcification of chronic kidney disease: A brief review



Variables, unit of increase Crude Multivariate-adjusted
OR CI p OR CI p

Aortic PWV, 1 SD
24-Hour 

(i.e., 241 cm/s for male, 242 cm/s for female)
3.24 2.12–5.03 <0.001 2.75b 0.43–16.95 0.28

Daytime 
(i.e., 241 cm/s for male, 243 cm/s for female)

3.14 2.06–5.09 <0.001 1.90c 0.30–11.46 0.49

Nighttime 
(i.e., 246 cm/s for male, 242 cm/s for female)

3.50 2.26–5.81 <0.001 4.80d 1.02–24.20 <0.05

Brachial-ankle PWV, 1 SD 
(i.e., 442 cm/s for male, 438 cm/s for female)

2.37 1.67–3.48 <0.001 1.42b 0.85–2.42 0.18

Odds ratio of brachial-ankle PWV for presence of high or very-high CKD stage

Variable, unit of increase Odds ratio 95% CI P value
Nighttime aortic SBP, 1 SD (i.e., 14 mm Hg for male, 
15 mm Hg for female)

1.50 1.02 to 2.27 <0.05

Nighttime aortic PWV, 1 SD (i.e., 246 cm/s for male, 
242 cm/s for female)

4.79 1.01 to 24.88 <0.05

Variables associated with presence of high or very-high CKD stage

Risk stratification of CKD categories Ptrend

Total Low Moderate High or very-high
N 184 65 58 61 N/A

eGFR, ml/min/1.73 m2 61.4 ± 27.4 82.7 ± 16.7§ 67.0 ± 18.2† 33.4 ± 19.1†§ <0.001

ACR, mg/g, median (IQR)a
21.5 (7.5, 

101.6)
7.5 (4.2, 13.7)§ 27.6 (8.6, 59.8)† 513.7 (72.7, 1,904.4)†§ <0.001

24-Hour aortic SBP, mm Hg 116 ± 13 116 ± 13 115 ± 12 118 ± 13 0.38

24-Hour aortic PP, mm Hg 36 ± 8 34 ± 7 35 ± 8 39 ± 8†‡ <0.01

24-Hour aortic PWV, cm/s 982 ± 241 855 ± 243§ 976 ± 229† 1,123 ± 163†§ <0.001

24-Hour AIx@75, % 25.6 ± 8.4 24.0 ± 8.8 25.2 ± 7.4 27.7 ± 8.7* <0.05

Brachial-ankle PWV, cm/s 1,811 ± 439 1,612 ± 412‡ 1,794 ± 412* 2,040 ± 385†§ <0.001

Am J Hypertens. 2021 May 22;34(5):484-493
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