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Arterial stiffness

Is an independent risk factor which predicts
cardiovascular morbidity and mortality and all-cause
mortality better than conventional risk factors combined




Elevated pulse wave velocity as a marker of arterial stiffness and its
association with mortality in US adults

All-cause mortality CV mortality

Subgroups HR(95%CI) Subgroups HR{95%.C1)
Aga(yr) . P forinteraction=0.635 Agelyr) L] P forinteraction=0.635
=ES0(n=2443) I E— 1208 (1.164, 1.254) =B N=764) 1 = 1.188 (1.112, 1.270)
=2650(N=5585) I — 1.218 (1.197. 1.240) =60(N=1877) ] — 1.264 (1.226, 1.304)
Gender 1 P forinteraction=0.868 Cender | P forinteraction=0.8658
Mala(n=43T2) ] —— 1251 (1 228, 1.2T4) Male{n=1448) | — 1.262 (1.223, 1.303)
Female(n=365T) 1 —— 1.271 (1. 249, 1.293) Female{n=1193) | —_— 1.295 (1.257, 1.335)
Race ) P forinteraction=0.211 Race | P farinteraction=0.211
Mexican American(n=1174) | S — 1.296 (1.241, 1.353) Mexican American{n=372) | - 1.230 (1.137. 1.330)
Other Races(n=885) I —e— 1.320 (1.269, 1.372) Other Races({n=226) I —=— 1.370 (1.283, 1.461)
MNon-Hispanic White(n=457 1)l i 1.262 (1.240, 1.284) MNon-Hispanic White{n=1506)1 —_—— 1.278 (1.240, 1.317)
Non-Hispanic Black(n=1599) | e 1.229 (1.195, 1.264) MNon-Hispanic Black(in=537) | B 1.213 (1.157, 1.271)
Body mass index I P forinteraction=0.118 = Body mass index ] P forinteraction=0.118
=24 .9(N=2447) I — 1.083 (1.038, 1.129) 5 <24 YN=T55) 1 —_— 1.270 (1.222, 1.320)
2:4.9-20.9(n=2823) I —— 1AST (1.110, 1.206) E 24 .9-29 9(Nn=947) ] —_— 1.270 (1.223, 1.319)
=30.0(N=2759) | —a 1.066 (1.021, 1.114) =30.0(n=939) i ——— 1.278 (1.228, 1.330)
Education Lewvel 0 P forinteraction=0.224 3 Education Lewel 1 P forinteraction=0.224.
<kHigh School{(n=3075) i ——— 1.251 (1.229, 1.274) h <High School(n=1060) I ——— 1.268 (1.230, 1.307)
High School(n=1960) I i 1.246 (1.216, 1.277) i High School{n=609) i ——— 1.267 (1.214, 1.323)
College(n=1797) I —_ T 1.293 (1.2509, 1.328) 1 College(n=565) ] - 1.299 (1.241, 1.361)
College abowve(n=1197) I et 1.281 (1.237, 1.327) . College abowve(n=407) I - 1.279 (1.206, 1.358)
Marital status 1 P forinteraction=0.184 Marital status ] P forinteraction=0.184
Marmied/LWP{N=4205) I —a— 1.268 (1.245, 1.292) Married/LWP{n=1351) I —— 1.279 (1.239, 1.321)
WDSMN(n=3824) ' - 1.262 (1.241. 1.284) WD SM{n=1290) I — 1.284 (1.248, 1.322)
Smoking ] P forinteraction=0.032 Smoking | P forinteraction=0.032
Yes(n=4551) I —— 1.247 (1.226, 1.268) Yes(n=1404) ] e 1.237 (1.200, 1.275)
No(n=34T8) I iy 1.286 (1.262, 1.311) No(n=1237) ] — 1.317 (1.277, 1.358)
Alcohaol Use ] P forinteraction=0.414 Alcohol Use | P forinteraction=0_414
Yes(n=4911) I —— 1.247 (1. 226, 1.267T) Yes(n=15786) i ——— 1.237 (1.202, 1.273)
MNo(n=3118) I —— 1.287 (1.263, 1.312) No({n=1065) | —_— 1.322 (1.280, 1.364)
Diabetes ] P forinteraction<0.001 Diabetes i P forinteraction<0.001
Yes(n=1710) i T 1.208 (1.174, 1.243) Yes(n=626) I —_— 1.223 (1.168, 1.281)
MNol(n=6319) | ——-— 1.270 (1253, 1.288) MNo({n=2015) | —— 1.282 (1.251, 1.314)
Hypertension ] P forinteraction=0.012 Hypertension ] P forinteraction=0.012
Yes(n=4229) I — 1.251 (1.229, 1.2T3) Yes(n=1468) i - 1.276 (1.239, 1.315)
MNo(N=3800) , : —-—I 1.274 (1.251, 1.297) MNo(n=1173) ] 1.270 (1.230, 1.312)
T I T 1

A 1 1.1 12 1.3 1.4 B 1 1.1 1.2 1.3 1.4

Hazards ratio Hazards ratio

Scientific Reports | 2025;15:23026
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- Aortic Pulse Wave Velocity Improves
Cardiovascular Event Prediction

ek S5 ’ Tailad L) An Individual Participant Meta-Analysis of Prospective Observational Data From 17,635 Subjects
Male 1153 ® 1.46 (1.29, 1.65)
Smoking Status
Non-smoker 762 & 1.46 (1.27, 1.67)
Ex-smoker 584 % 1.28 (1.12, 1.47)
Current smoker 430 & 1.38(1.19, 1.63)
Populaton After full adjustment, a 1m/s increase in aPWV
General 1399 » 1.42(1.24,1.62) o . . .
Clnical 386 R 149(1.26,176) was associated with a 7% increased risk of a
Diabetes cardiovascular events for a 60-year-old man.
Diabetic 326 4 1.60(1.34, 1.92)
Non-Diabetic 1421 E L. SE— 1.31(1.18, 1.45)
Age
<61 328 — 2.04(1.70,2.44)
61+ 1457 —_—— 1.43(1.28, 1.61)
Age Group
<51 years 117 > 1.89(1.44,247)
51-60 years 211 B » 1.77 (1.51,2.09)
61-70 years 476 * 1.36 (1.19, 1.55)
=70 years 981 —_— 1.23(1.12, 1.35)
® [ ] [ ] [ ]
iTpeibiies - cfPWV reclassified risk most predominant
Normotensive 795 —_— 1.28 (1.15, 1.42) o o o o
hperensie 943 . 140012 161 in younger age and intermediate risk.
Renal Function
Normal & Stage 1 159 & > 1.58 (1.10, 2.26)
ages 2-5 1076 t 148(1.26,1.75)
Normal & Stages 1-2 700 + 1.39(1.11,1.73)
Stages 3-5 384 & 148 (1.24,1.76)
| |
8 1 2

Hazard ratios loge(aPWV) J Am Coll Cardiol. 2014; 25;63(7):636-646.



What comprise arterial ageing? CKD as a prototype of accelerated vascular aging

Arterial stifness (elastine, colagene), enlargement
of puls pressure and puls wave velocity-
MECHANICAL DAMAGE

Glicozilation of proteins in arterys wall, less NO
production (endothelial disfunction)-
BIOCHEMICAL CHANGE

Local and perivascular INFLAMATION

Deposition of calcium products in arterial media-
ARTERIOSCLEROSIS

Rarrefication and disfunction of capillary net-

END ORGAN DAMAGE >



Low
elastin/

High
collagen

Calcifications Inflammation

Arterial
stiffness

Stiffness of
vascular Endothelial
smooth dysfunction
muscle cells

Baba, . J. Cardiovasc. Dev. Dis. 2023, 10, 127. https://doi.org/10.3390/jcdd10030127



Causative Factors

Compliant
Artery

Aging
Diabetes
Hypertension
Lifestyle
Genetics

l

_—

vascular smooth muscle cell
relaxation contribute and

shear stress and nitric oxide
bioactivity, and reductions in

stress, and inflammation.

Multiple mechanisms inducing

'include increased arterial wall

vasoconstrictor tone, oxidative

L

Destiffening Therapy

Lifestyle Modifications
Pharmacological therapy

Stiff
Artery

Physiological Mechanisms

Structural Changes
elastin, collagen

collagen cross-linking/AGEs

Functional Changes
vasoconstrictor tone
endothelial function

l Compliant
Artery

Tanaka&Safar. AJH 2005; 18:137-



The role of clinitian in 21st century is to assess and modify patients

I |

LVH by ECG

LVH by
echocardiogram

LVH by CMR

eGFR

Urinary albumin
excretion

Carotid IMT

PWV

Ankle-brachial
index

risk and to follow-up his change

Moderate

Moderate

Moderate

Moderate

Moderate
(> 6 months)

Moderate
(> 6 months)

Moderate

Moderate
(> 6 months)

No data

Moderate

Limited data

Moderate

ESH guidelines 2023



Easy to measure Difficult to measure CV risk

CV risk factors factors
 gender e chronic low grade inflamp; @\\
* blood pressure  oxidative stress (

* lipids * Autonomic neg G\)\’b
e smoking « DNA damn @6
* diabetes ... . telon \\

\O™
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) G S, epigenetics

al programming......

death

il stiffness (cfPWV) is an lifetime || St = . f(RF1,RF2 ...FRoo)
integrator of risk factors =

Laurent S et al.. ATVB 1994, Hypertension 1994, Hypertension 2005, Hypertension 2012, Circ Res 2015



Arterial wall stiffening, PWV

Very high ]

Arterial wall damage

EVA - Early Vascular Ageing
SUPERNOVA-supernormal vascular ageing
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Normal aging

Overt CVD

Sub-clinical

TOD

Healthy

Childhood Early adulthood

Middle-age Advanced age Elderly (>80)

risk factors

-

Nilsson P et al. J Hypertens 2008
Nilsson P et al. Hypertension 2009
Nilsson P et al. J Hypertens 2013
Cunha P et al. Curr Hypertens Rev
2017

Laurent S et al. Hypertension 2019
Olsen et al, Lancet 2016



Arterial wall stiffening, PWV
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Arterial wall stiffening, PWV
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2017
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Olsen et al, Lancet 2016




Changes in aortic
stifness mostly due to
BP decrease

Calories
restriction

improvement of endothelial
function and vascular
smooth muscle cell

relaxation Isoflavanoid Diatery
estrogen like

. ‘ Weight loss
effect interventions 5

Salt

Changes in intrinsic wall properties are also restriction

possible (eg, protection against sodium-
induced extracellular matrix changes)

Hypertension. 2014,63:888—-893
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Association Between Increased Central and Peripheral Arterial 2 Stiffness
and Vitamin Intake in Healthy Adults: EVA FoIIow Up 3 Study

M*

At five-year follow-up, 480 participants complete three-day dietary intake
records Mean age was 55.96 * 14.15 years, and 51.1% were women

vitamins A, B1, B2, B3, B6, B9, B12 and C; vitamin D was determined through laboratory analysis

cf PWV and baPWV

No associations at baseline. After
adjustment for age, sex, lifestyle factors
and cardiovascular risk factors, no
significant associations were observed
between vitamin intake and baseline
measures of arterial stiffness

carotid-femoral PWV cardio-ankle PWV Nutrients 2026, 18, 745; DOI 10.3390/nu18050745;
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‘» Associations with five-year progression.

Vitamin D ~0.46 (-1.31 - 0.40)
Vitamin C =B28 .51 ==807)

Vlt.a mu?l ol Bt Gdba= 140 Greater increases in cfPWV
Vitamin B9 LU0 \were inversely associated with
Vitamin B6+ ' I —0.11 (-0.25 - 0.07) vitamin B9 (folate) intake (B =
Vitamin B34 | —— -0.07 (-0.22 - 0.09) -0.233; 95% Cl: -0.390 to
Vitamin B2+ ’ g : -0.01 (-0.28 - 0.26) ~0.075) and vitamin C intake (B
Vitamin B1 - ‘ . & -0.26 (-0.55- 0.03)  =-0.291; 95% Cl: -0.507 to

Vitamin A - = -0.12 (-0.55- 0.31)  -0.075).
1.5 1.0 0.5 0.0 0.5
(b)
Vitamin D | — ’ -0.33 (-1.04 - 0.38) Increases in baPWV were
Vitamin C- ‘ | -0.22 (-0.40 - -0.04) likewise inversely associated

Vitamin B12- -0.43 (-1.41 - 0.54) with vitamin B9 (B = -0.156;
Vitamin B9 =1.16 (—).29 = ~{1.03) 95% Cl: -0.287 to -0.025) and
Vitamin B6- " -0.04 (-0.19- 0.11)  VvitaminC
Vitamin B3- —e ' 0.02 (-0.11 - 0.15)

Vitamin B2- = o = ~0.03 (-0.26 - 0.19)

Vitamin B1- - o - ~0.03 (<0.27 - 0.21)

Vitamin A - = — = ~0.08 (-0.43 - 0.28)
15 1.0 0.5 0.0 0.5

Figure 3. Association between dietary vitamin intake and five-year changes in central arterial stiffness (a)
and peripheral arterial stiffness (b), adjusted for age, sex, lifestyle factors, and cardiovascular risk factors.



the higher the dietary intake of folate and vitamin C, the less the arteries stiffened over five years — in both

the central and the peripheral circulation — while vitamin D and vitamin A showed no such association

Vitamin B9. Linked to homocysteine metabolism; elevated homocysteine has been associated with endothelial dysfunction,
vascular inflammation and increased arterial stiffness. Importantly, the authors note that although B-PROOF
supplementation reduced homocysteine levels, it did not significantly improve PWV — indicating a more complex
relationship

Vitamin C. Discussed as vascular-protective through reduced oxidative stress, improved endothelial function and preserved nitric oxide
bioavailability, and by regenerating oxidised vitamin E; trials and meta-analyses report modest but significant reductions in arterial stiffness,
particularly in people with higher oxidative stress or cardiovascular risk factors

Vitamin D. In contrast to observational studies reporting inverse
associations between circulating 25-hydroxyvitamin D and cfPWYV, and a
meta-analysis in which correction of deficiency with at least 2000
IU/day of vitamin D3 for more than four months produced only
modest, non-significant PWV reductions (standardised mean difference
=-0.10; 95% Cl: -0.24 to0 0.04; p = 0.17; n = 806 across ten studies), this
study found no association

Dietary sources cited include citrus fruit (oranges =50-70 mg per medium fruit),
kiwifruit (=70-90 mg per unit), strawberries (=60 mg per 150 g) and bell peppers (=80-
120 mg per 100 g) for vitamin C, and spinach (=140 pg per 100 g), lentils (=180 pg per

cooked cup), chickpeas (=280 pg per cooked cup), whole grains and fortified cereals for
folate

Nutrients 2026, 18, 745; DOI 10.3390/nu18050745;



sodium intake: low sodium <6 g, medium
6-10g, and high >10 g sodium daily intake
on arterial stiffness.

high sodium intake (>10 g/day) > 1 arterial
stiffness (baPWV >1400 cm/s)

high sodium in normotensive subjects

T

| sodium intake

| blood pressure + | arterial stiffness
(independently of antihypertensive effects)

low-salt diet

was proved (meta-analysis) > a reduction of
89.3 mmol/day in sodium intake in different
populations is associated with a 2.84% reduction
in PWV

two weeks of dietary sodium
restriction in older adults

| arterial stiffness (rapid improvement of large
elastic artery compliance
and Alx) > | systolic hypertension

Salt restriction for 6 weeks is untreated in
patients with mildly raised blood pressure

Jcarotid-femoral PWV
| blood pressure
lurinary albumin and |albumin/creatinine ratio

diet with an additional 20 or 40 mmol
K(+)/d from fruit and vegetables in a
group with early-stage hypertension

no change in arterial stiffness
and endothelial function

potassium chloride and potassium
bicarbonate supplementation

tbrachial artery flow-mediated dilatation
Jcarotid-femoral PWV

low dietary potassium intake in healthy
young adults

1 wave reflection and arterial stiffness
T potassium excretion > | aortic
Alx + | carotid-femoral PWV

low sodium-to-potassium intake ratio

} aortic Alx + | PWV

Stanek.. The Influence of Dietary Interventions on Arterial Stiffness in Overweight and
Obese Subjects. Nutrients 2023, 15, 1440.



Pressure-independent contribution of sodium to large artery structure and
function 1n hypertension

%ﬁ Increased wall thickness P, ol Completely

ngh salt d|et Increased collagen content g g {ndependent of
| i % T T i e intraarterial BP

I-.__I-E!f_:"--.._ -.l-_.l__=_" .

ngh salt dlet *‘ e Changes in

="=+-:-' _=_J- Sy R collagen and
= elastin content

Endothelial
_disfunction

Sodium induced changes of arterial vessels may affect
cardiovascular lesions and hypertension risk independently of
blood pressure and atherosclerosis.

. Safar ME, Thuilliez C, Richard V, Benetos A. Cardiovasc Res. 2000
s May,46(2) 269-76. 00



Aortic stiffness preceedes blood pressure rise, as early on in
life in salt sensitive individuals.

a =

/ 1123

r a4

SODIUM Arterial stiffness

i fay A
_ GROTA 000
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Sodium induced arterial
stiffness

— S

\ Increased hypertension
with age

—

Salt sensitive
hypertension

—

| Aging associated salt
sensitivity

Aging- associated arterial
stiffness

3

-

e ——

Herrera. PLoS ONE; 2014. 9(9): e107888.



After certain age no dietery
interventions can destiff stiff
aorta.

Whole life activity and whole
food diet will result in less
stiff arteries.

Low salt diet is the least
expensive, essential and
effective nutritional _
Intervention for destiffening. &

High salt diet and arterial
preceding hypertension

evolution in most
individuals.
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