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Function - Vessel Hemodynamics 



Learning  objec3ves

 What  is  arterial  s3ffness  -‐  pathophysiology

 Measurement  of  arterial  s3ffness

 Clinical  implica3ons  of  arterial  s3ffness

 Arterial  s3ffness  as  a  therapeu3c  target

 



Objec3ves

 What  is  arterial  s+ffness

 Arterial  s+ffness  and  cardiovascular  risk 

 Arterial  s+ffness  and  specific  condi+ons   



Arterial  s3ffness

 Caused  by  structural  changes,  including  fibrosis,  medial  
smooth  muscle  necrosis,  breaks  in  elas3n  fibers,  
calcifica3ons,  and  diffusion  of  macromolecules  into  the  
arterial  wall



 Reflects  global  arterial  endothelial  dysfunc3on  


Stefanadis  C,  et  al.  Circula+on  1995;91669-‐78
Palombo  C.  and  Kozakova  M.  Vascul  Pharmacol  2016;77:1-‐7



Arterial  s3ffness

 Caused  by  structural  changes,  including  fibrosis,  medial  
smooth  muscle  necrosis,  breaks  in  elas3n  fibers,  
calcifica3ons,  and  diffusion  of  macromolecules  into  the  
arterial  wall



 Reflects  global  arterial  endothelial  dysfunc3on  


Stefanadis  C,  et  al.  Circula+on  1995;91669-‐78
Palombo  C.  and  Kozakova  M.  Vascul  Pharmacol  2016;77:1-‐7



Arterial  s3ffness

 A  strong  rela3onship  between  arterial  s3ffness  and  the  
development  of  atherosclerosis  at  various  sites  in  the  
arterial  tree  has  been  noted



 Early  marker  of  atherosclerosis,  as  it  is  affected  to  a  
greater  extent  when  compared  with  IMT  in  pa3ents  with  
vascular  disease  



Migrino  RQ,  et  al.  Ultrasound  Med  Biol  2008;34:208-‐14
Maarek  B,  et  al.  Am.  J.  Cardiol  1987;59:414-‐7
Wada  T,  et  al.  Arterioscler  Thromb  1994;14:479-‐82
Claridge  MW,  et  al.  Atherosclerosis  2009;205:477-‐80



Palombo  C.  and  Kozakova  M.  Vascul  Pharmacol  2016;77:1-‐7  



Palombo  C.  and  Kozakova  M.  Vascul  Pharmacol  2016;77:1-‐7  

Biological  and  biomechanical  mechanisms  rela3ng  arterial  s3ffness  and  
atherosclerosis

  



Reduced  vascular  distensibility

Windkessel  phenomenon  in  leX  ventricular/aorta  ra+o

Good  vascular  distensibility AORTIC  BUFFERING
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1.  Reflected wave is 
produced & combines 
with the forward wave 

2.  Increased arterial stiffness 
causes the reflected wave 
to travel faster and arrive 
earlier 

3.  Leads to: 
§   SBP 
§   LV 

load 
§   DBP 

Systole Diastole 



Consequences

1. Central  systolic  pressure  and  central  pulse  pressure  increases
 
 2. Increased  ventricular  load
 
3.  Decreased  myocardial  perfusion  during  diastole
 



Model  showing  the  effects  of  impedance  matching  on  the  forward  (Pf),  backward  
(Pb),  and  transmi`ed  (Pt)  pressure  waves

Mitul  Vyas  et  al.  Am  J  Hypertens  2007;20:642-‐647



Palombo  C.  and  Kozakova  M.  Vascul  Pharmacol  2016;77:1-‐7 

Hemodynamic links between arterial stiffness and target organ damage 



Arterial Stiffness 

 Cumulative indicator of arterial health 

 Associated with CVD and events 
 
 Recommended by international guidelines 
 

 

Mancia G et al. 2007 Guidelines for the management of arterial hypertension. Eur Heart J 
2007;28:1462-536 

Laurent S et al. Eur Heart J 2006;27:2588-605 



Measurements of arterial stiffness 

 applanation tonometry  
 echotracking 
 Doppler 
 Ultrasound 
 
 The simplest and most reproducible non-invasive technique to 

date is the measurement of arterial waveforms obtained by 
applanation tonometry 



Applanation tonometry 

 

 central blood pressure 

 augmentation index (systemic)  

 carotid-radial pulse wave velocity (peripheral, muscular) 

 carotid-femoral pulse wave velocity (central, elastic) 

Mancia G et al. 2007 Guidelines for the management of arterial hypertension. Eur Heart J 2007;28:1462-536 
Laurent S et al. Eur Heart J 2006;27:2588-605 



Sphygmocor (transfer functions) 
Pulse pen Carotid tonometry 
Arteriograph 
Echo-tracking  
Complior  
Omron  
Mobilograph / Arcsolver 
A-PULSE CASPro®  

Measurements  of  arterial  s3ffness 

Applana3on  tonometry  
Echotracking
Doppler
Ultrasound



Pen-‐like  instrument  is  placed  over  the  pulse  

High-‐fidelity  arterial  waveform  is  captured

PWA
Pulse  Wave  Analysis

PWV
Pulse  Wave  Velocity  

APPLANATION  TONOMETRY

Measuring  Arterial  S3ffness 



Mills,  et  al.  Thorax  2008;63:306-‐11

PWA
provides  indicators  of  arterial  s3ffness

Augmenta3on  
pressure  (AP) AP

aPP
=Augmenta3on  

index
Aor3c  Pulse

pressure  (aPP)

Subendocardial  Viability  
Ra3o  (SEVR)

=
O2  supply

O2  demand
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Typical  Arterial  Waveforms
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Typical Arterial Waveforms 



PWV = distance (m)/transit time (s) 
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Typical Arterial Waveforms 



PWV = distance (m)/transit time (s) 



Pulse  Wave  Velocity  (PWV)

Ø  Speed  of  pulse  wave    

Ø  Higher  value  =  s3ffer  arteries

Ø  crPWV  (caro3d  radial)

•  Muscular  Arteries

Ø  cfPWV  (caro3d  femoral)

•  Elas3c  arteries

•  “Gold  standard”
 

distance  difference  (ΔD)

3me  difference  (Δt)

where ΔD= D2-D1 

Δt 



Chirinos  J,  et  al.  Cardiovasc  Transl  Res  2013;5:243-‐55

cfPWV,  the  “gold  standard”



Reference  values  for  PWV:  mean  values  according  
to  age  &  BP  categories  (11,092  subjects)

Reference  Values  for  Arterial  S+ffness'  Collabora+on.  Eur  Heart  J  2010;31:2338-‐50



PWV: ‘establishing normal and reference values’ 

Reference Values for Arterial Stiffness' Collaboration. Eur Heart J 2010;31:2338-50 



 
 

External  and  internal  factors  affec3ng  arterial  s3ffness

Patel  AK,  et  al.  Curr  Atheroscler  Rep  2016;18:83  



Arterial  S3ffness  and  CV  risk



Arterial Stiffness 

 Cumulative indicator of arterial health 

 Associated with CVD and events 
 
 Recommended by international guidelines 

 
 

Mancia G et al. 2007 Guidelines for the management of arterial hypertension. Eur Heart J 
2007;28:1462-536 
Laurent S et al. Eur Heart J 2006;27:2588-605 



Numerous  epidemiological  studies  have  
demonstrated  that  increased  arterial  s3ffness  is  

directly  and  independently  associated  with  increased  
risk  of  CV  complica3ons  and  events





Kroeker  EJ  and  Wood  EH.  Circ.  Res  1955;3:623-‐32
Remington  JW  and  Wood  EH.  J  Appl  Physiol  1956;9:433-‐42
Rowell  LB,  et  al.  Circula+on    1968;37:954-‐64
Kelly  RP,  et  al.  Eur  Heart  J  1990;11:138-‐44
Blacher  J,  et  al.  Hypertension    1999;33:1111-‐7
Laurent  S,  et  al.  Hypertension  2001;37:1236-‐41
Waddell  TK,  et  al.  Hypertension  2001;38:927-‐31
Cruickshank  K,  et  al.  Circula+on  2002;106:2085-‐90
Boutouyrie  P,  et  al.  Hypertension  2002;39:10-‐5
WilluSafar  ME,  et  al.  Hypertension  2002;39:735-‐8
O'Rourke  MF.  Minerva  Med  2003;  94:229-‐50
Morgan  T,  et  al.  Am  J  Hypertens  2004;17:118-‐23
m-‐Hansen  T,  et  al.  Circula+on  2006;113:664-‐70
Macace-‐Raso,F.U.  et  al.  Circula+on  2006;113:657-‐63
Mancia  G.  et  al.  Eur  Heart  J  2007;28:1462-‐536
Mitchell  GF,  et  al.  Circula+on  2010;121:505-‐11
 
 

 



Framingham  Heart  Study

 cfPWV  was  associated  with  increased  risk  for  a  first  major  CV  

event  with  a  HR  of  1.48  (1.16-‐1.91;  P=0.002)  per  1-‐SD  increase  in  

cfPWV,  aler  adjustment  for  all  tradi3onal  risk  factors

Mitchell  GF,  et  al.  The  Framingham  Heart  Study.  Circula+on  2010;121:505-‐11



Meta-‐analysis

 Linear  graded  associa3on  of  cfPWV  with  clinical  
events



 Pooled  RRs  of  
total  CV  events:  2.26  (1.89-‐2.70)

CV  mortality:  2.02  (1.68-‐2.42)
all-‐cause  mortality:  1.90  (1.61-‐2.24)  

for  high  versus  low  cfPWV

 

Vlachopoulos  C,  et  al.  J  Am  Coll  Cardiol  2010;55:1318-‐27



Predic3on  of  CV  Events  and  All-‐Cause  Mortality  With  
Arterial  S3ffness

 An  increase  in  cfPWV  by  1  m/s  corresponded  to  an  age-‐,  
sex-‐,  and  risk  factor–adjusted  risk  increase  of  15%  in  
total  CV  events,  CV  mortality,  and  all-‐cause  mortality  

Vlachopoulos  C,  et  al.  J  Am  Coll  Cardiol  2010;55:1318-‐27



Ben-‐Shlomo  Y,  et  al.  J  Am  Coll  Cardiol  2014;63:636-‐46
Vlachopoulos  C,  et  al.  J  Am  Coll  Cardiol  2014;64:647-‐9 16  studies,  n=17,635  

cfPWV is associated with combined CV events  

Risk  for  CVD  events  per  1  SD  log  cfPWV  




Applanation tonometry 

 Measurements of arterial stiffness highly correlate with other non-
invasive (high resolution ultrasound) and invasive (catheterization) 
methods, and can capture small changes in arterial waveforms 

 Validity has been confirmed with direct arterial measurements 
(excellent agreement; r=0.995, P<0.001) in a large number of men and 
women 

 Very high inter- and intra-operator reproducibility for PWV and PWA 
indices in both healthy and diseased populations, and by both 
experienced and inexperienced technicians (intra-class correlation 
coefficients: 0.92-0.98) 

 



Arterial  s3ffness

 

Independent  predictor  of
 Stroke

 progression  of  CKD

Associated  with  
 DM1,  DM2,  MetSyn,  Obesity


 OSA

Laurent S, et al. Stroke 2003;34:1203-6 
St Mattace-Raso FU, et al. Circulation 2006;113:657-63   

Stehouwer CD, et al. Diabetologia 2008;51:527-39 
Shin JY, et al. Cardiovasc Diabetol 2011;10:30 

Daskalopoulou  S,  et  al.  Hypertens  Res  2011;34:23-‐32

Taal MW, et al. Nephron Clin Pract 2007;107:c177-81  
Bellasi A, et al. Int J Nephrol;2011:734832. Epub 2011 May 23 



Smoking and Coffee 

 When smoking and caffeine intake are combined, 
they interact and exert a synergistic, unfavorable 
effect on aortic stiffness and wave reflections both 
acutely and chronically 

Daskalopoulou S, et al. Hypertens Res 2010;33:398-410 
Vlachopoulos C, et al. J Am Coll Cardiol 2004;44:1911-7 



ESH/ISH guidelines 



Townsend  RR,  et  al.  Hypertension  2015;66:698-‐722



Arterial  s3ffness  -‐  Hypertension  
cause/  effect?

 Hypertension  is  associated  with  increased  arterial  
s3ffness

 Elevated  BP  may  cause  vascular  damage  and

accelerated  conduit  arterial  s3ffening  by  both  func3onal  
and  structural  mechanisms  

Aatola  H,  et  al.  Hypertension  2010;55:806-‐811
Blacher  J,  Safar  ME.  Hypertension  2006:241–56
Nichols  WW,  O’Rourke  MF.  MacDonald’s  Blood  Flow  in  Arteries,  6th  ed.  London,  UK:  Arnold,  Hodder  Headline  Group;  2011 



Arterial  s3ffness  –  Hypertension  
  effect?

 Presence  of  hypertension  was  associated  with  steeper  progression  
of  cfPWV

 Childhood  or  life3me  burden  of  SBP  was  associated  with        adult  
baPWV

 Midlife  increased  BP  was  associated  with  cfPWV  20  years  later

Benetos  A,  et  al.  Circula+on  2002;105:1202-‐7
Li  S,  et  al  Hypertension  2004;43:541-‐6
McEniery  CM,  et  al.  Hypertension  2010;56:36-‐43
Aatola  H,  et  al.  Hypertension  2010;55:806-‐11



Arterial  s3ffness  –  Hypertension  
cause?

Few  studies  have  inves3gated  whether  measures  of  arterial  s3ffness  are
related  to  future  BP  or  incident  hypertension    

 Higher  proximal  aor3c  s3ffness  assessed  by  echocardiography  was  
associated  with  incident  hypertension

Dernellis  J,  et  al.  Hypertension  2005;45:426-‐31

 Higher  cfPWV  was  associated  with  an  increase  in  SBP  and  incident  
hypertension

Najjar  SS,  et  al.  J  Am  Coll  Cardiol  2008;51:1377-‐83

 ba  PWV  was  associated  with  BP  progression  and  incident  hypertension
Takase  H,  et  al.  Am  J  Hypertens  2011;24:667-‐73

 The  Atherosclerosis  Risk    in  Communi3es  cohort  reported  that  higher  
caro3d  artery  s3ffness  was  associated  with  incident  hypertension  

Liao  D,  et  al.  Hypertension  1999;34:201-‐6

 
 



Arterial  s3ffness  –  Hypertension  
cause?

Higher  arterial  s3ffness  
was  predic3ve  of  
incident  hypertension



  whereas  higher  ini3al  BP  
was  not  predic3ve  of  an  
increase  in  arterial  
s3ffness

Kaess  BM,  et  al.  JAMA  2012;308:875-‐81



Arterial  s3ffness  –  Hypertension  
cause?

 Results  support  the  no+on  that  arterial  s+ffness  is  a  
precursor  rather  than  the  result  of  hypertension



Editorial  
 “Open  up  addi3onal  therapeu3c  possibili3es”

 “a`rac3ve  tool  to  op3mize  individualized  therapeu3c  
strategies  and  reduce  CV  morbidity  and  mortality”

 “interven3onal  target  to  prevent  rather  than  treat  
hypertension  aler  it  already  has  developed”

Mukherjee  D.  Atherogenic  vascular  s+ffness  and  hypertension:  cause  or  effect?  JAMA  2012;308:919-‐20



Central  BP

 Central  BP,  when  compared  to  peripheral  BP,  offers  a  
more  accurate  es3ma3on  of  the  load  imposed  on  the  
aorta  and  the  lel  ventricle,  and  in  turn,  of  overall  vascular  
damage  and  prognosis  



 Even  in  the  elderly  central  BP  is  superior  to  brachial  BP  for  
the  prognosis  of  CV  events















Sharman  JE,  et  al.  BP  GUIDE  study.  Hypertension  2013;62:1138-‐45  
Vlachopoulos  C,  et  al.  Eur  Heart  J  2010;  31:1865-‐71
McEniery  CM,  et  al.  Hypertension  2008;  51:1476-‐82
Pini  R,  et  al.  the  ICARe  Dicomano  Study.  J  Am  Coll  Cardiol  2008;51:2432-‐9  
Protogerou  AD,  et  al.  J  Hypertens  2007;  25:265-‐72



First author, year Cohort Population  
(Sample Size) 

Device 

Safar, 2002 
  ESRD 

(n=180)
Tonometer 

Williams, 2007 
CAFE Hypertension 

(n=2068)
SphygmoCor 

Roman, 2007 
SHS General Population 

(n=2289)
SphygmoCor 

Pini, 2008 Dicomano General Population 
(n=330)

Tonometer 

Jankowski, 2008  --- Coronary Patients  
(n=971)

Catheter 

Wang, 2009  --- General Population 
(n=1257)

Tonometer 

Ilyas, 2009  --- CV & Renal Disease 
(n=279)

SphygmoCor 

Weber, 2010 --- Coronary Patients 
(n=419)

SphygmoCor 

Verbeke, 2011 CORD Dialysis Patients  
(n=947 )

SphygmoCor 

Wohlfahrt, 2012
post-

MONICA 
General Population 

(n=657)
SphygmoCor 

Huang, 2011   General Population 
(n=1014)

Tonometer 

Protogerou, 2011  PROTOGER Very Elderly  
(n=259)

Tonometer 

Chirinos, 2011  MESA General Population 
(n=5934)

Tonometer 

Longitudinal studies on central pressure that 
have shown increased risk prediction of 

central over brachial BP 

Roman, 2007 

Central  Pressure  and  Arterial  S3ffness  are  Associated  with  &  Predic3ve  of  
Increased  Risk  of  CV  Disease

Boutouyrie, 2002 Broussais Hypertensives              
(n=820) Complior

Cruickshank,  2002   Diabetes                         
(n=163) Doppler

Sutton-Tyrrell, 2005 Health ABC General Population       
(n=2453) Doppler

Shokawa, 2005
Hawaii-Los 

Angeles-
Hiroshima

General population   
(n=491) MCG400 

Willum Hansen, 2006   General population      
(n=2592)

Piezoelectric 
pressure 

transducers

Zoungas, 2007   CKD patients               
(n=204) Tonometer

Terai, 2008 NOAH 
Hypertensives             

(n=604)
PWV-200 
Fukuda

Wang, 2009    General population     
(n=1273) Doppler

Mitchell, 2010 Framingham
General population    

(n=2232) Tonometer

Ilyas , 2009   CV & Renal Disease  
(n=240) SphygomoCor

Maldonado, 2011  EDIVA
General population    

(n=2200) Complior

Verbeke, 2011 
Belgian 

Transplant 
Cohort

Renal transplants    
(n=499) SphygomoCor

Verbeke, 2011  CORD
Dialysis patients         

(n=941) SphygomoCor

CaPS37, unpublished Caerphilly General population     
(n=714) SphygomoCor

BLSA38, unpublished   General population    
(n=334) Doppler

Pannier, unpublished   ESRD                         
(n=1875) Complior

Longitudinal studies on cfPWV 



Using  Central  Aor3c  Blood  Pressure  to  Guide  Hypertension  
Management

53 

Between-‐group change in daily defined dose (DDD) of 
antihypertensive medications.  

Sharman  J  E  et  al.  Hypertension  2013;62:1138-‐45

BP  GUIDE  Study
§  Hypertension  management  

guided  by  CBP  resulted  in  
significantly  less  medica3on  
needed  to  maintain  brachial  
BP  control

§  16%  of  CBP  guided  pa3ents  
had  complete  cessa3on  of  
medica3on  vs.  only  2%  of  
usual  care

§  There  were  no  adverse  effects  
on  LVM,  aor3c  s3ffness,  or  
quality  of  life  in  CBP  guided  
treatment



Cardiovascular  Risk:    
Assessment  and  Predic3on

Studies  linking  LVM  and  LVH  with  central  SBP  over  and  above  brachial  SBP

Roman  et  al.,  Hypertension  2014;63:1148-‐53



Evidence for the Added Value of  
Central Blood Pressure 

In the Strong Heart Study (2,405 individuals): 
•  When central pulse pressure equals or exceeds 50mmHg, the risk of 

cardiovascular disease increases by nearly 70%; in individuals <60 
years, the increase was 150%. 

•  50mmHg represented a threshold above which the risk of a 
cardiovascular event increases dramatically.  

•  Brachial pressure did not demonstrate the same threshold for risk.  
Booysen et al. (1,169 individuals) reported that: 
•  Normal vs. high normal brachial blood pressure did not distinguish 

those with or without end-organ damage.   
•  When the same group was divided according to normal vs. high 

normal central systolic pressure, the groups with and without such 
damage could be identified.  

Saladini et al., (354 young and middle age individuals with untreated 
Stage 1 hypertension) reported that:   
•  Those with low central systolic pressure (<125mmHg) were at 

significantly less risk of requiring antihypertensive medication than 
those with high central systolic pressure. 

 
 



ESH/ISH guidelines 
 



Conduit  Artery  Func3on  Evalua3on  (CAFE)  trial  

 Substudy  of  the  Anglo-‐Scandinavian  Cardiac  Outcomes  Trial  
(ASCOT)  

(n=2199,  f/u  4  yrs)  

 Atenolol  &  thiazide  vs.  amlodipine  &  perindopril  



 Similar  effects  on  brachial  SBP  and  PP


 Greater  reduc3ons  in  central  SBP  and  PP  with  amlodipine  &  
perindopril  

Williams  B,  et  al.  Circula+on.  2006;  113:1213-‐25



Conduit  Artery  Func3on  Evalua3on  (CAFE)  trial  

Williams  B,  et  al.  Circula+on  2006;113:1213-‐25



Central PWV 
ACE inhibitors ↓ 
Angiotensin receptor 
blockers ↓ 
Calcium channel 
blockers ↓ 
Thiazide diuretics ↓ (±) 

VD β-blockers ↓ (# or ↑) 

NON VD β-blockers (↓) # or ↑ 
Boutouyrie  et  al.  Drugs  2011
Protogerou  AD,  rt  al.  Curr  Pharm  Des  2009;15:272-‐89

Effect of different medications 



  Percentage  of  Pa3ents  With  Effec3ve  Blood  Pressure  Control  Aler  12  Months  of  Treatment

Role  of  arterial  s3ffness  on  BP  response  to  chronic  an3hypertensive  treatment

Protogerou  A,  et  al.  J  Am  Coll  Cardiol  2009;53:445-‐51

Baseline  PWV  is  a  significant  predictor  of  BP  response  to  an3hypertensive  treatment,  
independent  from  age,  the  need  for  increasing  drug  dosage,  and  the  presence  of  CV  risk  
factors
Achievement  of  SBP  control  appears  to  be  influenced  by  aor3c  s3ffness  and  by  ACE  inhibi3on



Aortic stiffness predicts SBP response after 12 months of treatment 

Protogerou  A,  et  al.  J  Am  Coll  Cardiol  2009;53:445-‐51

ROC analysis evaluating the ability of PWV at baseline to predict the adequate 
control of SBP (<140 mm Hg) after 12 months of treatment (AUC 0.67, p<0.001, 95% CI: 
0.62-0.73) 



8
Ong  KT,  et  al.  J  Hypertens  2011;29:1034-‐42  –  Meta-‐analyses  

Effects of antihypertensive-drug class on changes in PWV – short term

In short-term trials, after adjustment to changes in MBP, changes in HR, sex, risk 
factors, and adjusted PWV, PWV decreased significantly by -0.92 m/s with ACEI 
compared to 0.003 m/s in the placebo group (P=0.003) 



9Ong  KT,  et  al.  J  Hypertens  2011;29:1034-‐42  –  Meta-‐analyses  

Effects of antihypertensive-drug class on changes in PWV – long term

In long-term trials, after adjustment to changes in MBP, changes in HR, adjusted 
PWV, sex, and risk factors, PWV decreased significantly with the four classes of 
antihypertensive drugs (ACEI, CCB, β-blockers, and diuretics) by -1.8, -1.1, -1.2, 
and -1.4 m/s, respectively, compared to a reduction of -0.5 m/s in the placebo group 
(P=0.002, P=0.04, P=0.04, and P=0.01 vs. placebo)  



Pharmacological treatment 

 ACEi (peri-, capto-, quina-, rami-, fosinopril) 
 ARBs (valsa-, losa-, telmisartan) 
 CCBs 
 Aldosterone antagonists 
 certain β-blockers  

can modify the arterial structure independently of the 
effect on BP 

Winer N, et al. Curr Hypertens Rep 2001;3:297-304 
Mahmud A, et al. Expert Rev Cardiovasc Ther 2003;1:65-78 
Duprez DA. Cardiovasc Drugs Ther 2010;24:305-10 



Summary  

 Not  all  an3hypertensive  agents  reduce  s3ffness

 The  strongest  evidence  is  for  ACEi,  ARBs,  and  CCBs,  which  have  

been  shown  to  reduce  PWV  and  arterial  wave  reflec3on

 Evidence  for  β-‐blockers  is  less  clear-‐cut,  although  some  studies  

show  a  reduc3on  in  PWV

 Diure3cs  have  limited  effect  on  arterial  s3ffness

 Combina3ons  maybe  be`er  than  monotherapy

 Sta3ns  may  improve  s3ffness
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SMOKELESS 
The Effects of Smoking on Vessel Hemodynamics at 

Rest and Following Acute Physical Stress  
 



cfPWV at rest and after exercise 
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&

& &

&P<0.05 vs. resting value in non-smokers, adjusted for age, sex, BMI, and MAP 
*P<0.05 vs. resting value of the parameter, adjusted for resting MAP and exercise time 

* 

cfPWV  is  significantly  higher  in  smokers  under  all  3  condi3ons


Greater  recovery  of  cfPWV  in  non-‐smokers  post-‐exercise



 
 

REVEAL  (pRedic+vE  Value  of  artEriAl  s+ffness  in    
the  development  of  pre-‐ecLampsia)   

 

Overarching objective is to fill important 
knowledge gaps with respect to the ability of 
arterial stiffness to predict the development of 
pre-eclampsia and recovery post-partum in 
high-risk nulliparous pregnant women with a 
singleton pregnancy 



Characterise the trends in arterial stiffness throughout 
pregnancy and up to 6 weeks post partum in women 
with high-risk pregnancies who do and do not develop a 
composite outcome of gestational hypertension and PrE 

Objective #1 



Wave reflection 

Adjusted for maternal age, BMI, family history of PET; * p-value < 0.05   ** p-value < 0.01   *** p-value < 0.001 

*
*

*
*

* **
*
* 

*
* 

* * *
** * * 



Central and peripheral arterial stiffness 

Adjusted for maternal age, BMI, family history of PET; * p-value < 0.05   ** p<0.01   *** p<0.001 

*
*

** * * ** ** * ** * *
*
* 



Central:peripheral  s3ffness  ra3o

Adjusted for maternal age, BMI, family history of PET; * p-value < 0.05   ** p-value < 0.01   *** p-value < 0.001 

* *
* 

* ***
* 



Determine the performance of arterial stiffness for the 
prediction of a composite outcome of gestational 
hypertension and PrE 

 

Compare the predictive value of arterial stiffness to 
angiogenic biomarkers and uterine artery Doppler and 
their combination for PrE 

Objective #2 



Pre-eclampsia models 

Predictors included Model Sensitivity 
(FPR = 10%) LR (+) LR (-) AUC 

Clinical characteristics 
Race: African-Canadian + 
family history of PET + SBP 

(1st trimester) 
69.2 6.9 0.3 0.86 (0.72 ‒ 1) 

Uterine artery Doppler Bilateral notching 15.1 1.5 0.9 0.53 (0.45 ‒ 0.60) 

Angiogenic markers sFlt1:PlGF (2nd trimester) 30.8 3.1 0.8 0.60 (0.41 ‒ 0.79) 

Clinical characteristics + 
uterine artery Doppler + 
angiogenic markers 

Race: African-Canadian + 
family history of PET + SBP 

(1st trimester) 
69.2 6.9 0.3 0.86 (0.72 ‒ 1) 

Arterial stiffness indices cfPWV  (1st trimester) + 
T1R (1st trimester) + ED 30.8 3.1 0.8 0.80 (0.69 ‒ 0.92) 

All predictors 
Race: African-Canadian 
+ family history of PET + 
cfPWV (1st trimester) 

79.8 8.0 0.2 0.94 (0.86 – 1) 



p-valueClinical = 0.516 

p-valueUAD < 0.001 

p-valueAngiogenic = 0.04 
 

Comparison of AS 
AUC-ROC with 
other predictors 
 
 
 

Pre-eclampsia models 
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Summary  –  Arterial  s3ffness 

 Cumula3ve  indicator  of  arterial  health  –  3ssue  biomarker
 Inter-‐rela3onship  between  arterial  s3ffness  and  
atherosclerosis  –  early  marker

 Arterial  s3ffness  is  strongly  associated  with  future  CVD  and  
events

 Important  to  study  surrogate  /early  markers  of  
atherosclerosis

 Certain  treatment  can  improve  arterial  s3ffness,  
independent  of  BP  reduc3on

 Arterial  s3ffness  measurement  could  represent  a  promising  
screening/monitoring  tool  in  clinical  prac3ce  for  risk  
stra3fica3on



My  team…



 
 

•  Colleagues  &  Collaborators  

•   Team  &  Students

•   Par3cipants  
  



Special  Thanks



‘When you can measure what you are speaking 
about and can express it in numbers, you know 
something about it; but when you cannot 
measure it, when you cannot express it in 
numbers, your knowledge is of a meagre and 
unsatisfactory kind’ 
 

Lord Kelvin, 1891 
 
 

 

Thank you! 
stella.daskalopoulou@mcgill.ca 







 Systematic review of the literature 
  Pubmed, Embase, Cochrane: 39 relevant studies 

 Acute smoking causes an acute ↑ arterial stiffness 

 Passive smoking ↑ arterial stiffness acutely and chronically 

 Majority of studies identified chronic smoking as a risk factor for ↑ arterial stiffness 

 Effect of smoking cessation could not be determined and remains to be established 

Doonan,  Daskalopoulou,  et  al.  Hypertens  Res  2010;33:398-‐410



Vascular  Reserve

 
The  ability  of  the  blood  vessels  to  respond  to  
increased  demands  (maximal  physical  stress)

 
Arterial  Stress  Test


Ø  Novel  concept,  designed  in  the  lab  to  quan3fy  the  vascular  reserve


Ø  Arterial  s3ffness  is  measured  before  and  aler  physical  stress

Ø  Somewhat  analogous  to  cardiac  stress  test



Arterial  Stress  Test    
Analogous  to  cardiac  stress  test

Baseline 
Assessment 
(pre-exercise) 
 
• Peripheral BP 
• Central BP 
• AIx 
• cfPWV 
• crPWV 
 

Exercise Test 
 
Incremental 
treadmill 
exercise test to 
exhaustion 
(Bruce protocol)  
 

2 minutes post-
exercise 
 
• Peripheral BP 
• cfPWV 
    
 

5, 10, 15 & 20 
minutes post-
exercise 
 
• Peripheral BP 
• Central BP 
• AIx 
• cfPWV 
• crPWV  
 



SMOKELESS  (quan+fica+on  of  the  effect  of    
SMOKing  on  artEriaL  s+ffnESS)

Objec+ves:

1.  the  effect  of  smoking,  both  acute  and  chronic,  on  arterial  
s3ffness  at  rest  and  the  ability  of  the  vascular  system  to  
respond  to  physical  stress,  such  as  acute  exercise  (vascular  
reserve)  

2.  the  extent  to  which  smoking  cessa3on  improves  arterial  
s3ffness  at  rest  and  vascular  reserve

3.  the  extent  to  which  smoking-‐related  changes  in  arterial  
s3ffness  at  rest  and  the  vascular  reserve  correlate  with  changes  
in  plasma  endothelin-‐1  levels



 
Smokers 

 

Nicotine gum 
12h abstinence 

Smoking 
 

Arterial stress test 
+ 

Blood samples 

 
Non-Smokers 

 

Arterial stress test 
+ 

Blood samples 
 

Former 
Smokers 

 
 

Arterial stress test 
+ 

Blood samples 
 

Cross-‐sec3onal  Component



 
 

 
Smokers 

 

 
12h abstinence 

 

Arterial stress test 
+ 

Blood samples 
 

 
Non-Smokers 

 

Arterial stress test 
+ 

Blood samples 
 

 
Former Smokers 

 
 

Arterial stress test 
+ 

Blood samples 
 

0 12 18 24 6
MONTHS X X X X

Longitudinal  Component



Res3ng  Test

HR, heart rate; AIx75, augmentation index adjusted to heart rate of 75 beats per minute; SEVR, subendocardial viability 
ratio;    cfPWV, carotid-femoral pulse wave velocity  
All values are mean +/- standard deviation 
* P<0.05 vs. non-smokers after adjustment for age, sex, BMI, MAP. 

Table 2 - Resting Hemodynamic Parameters 
Non- Smokers vs. Chronic Smoking, vs. Acute Smoking, vs. Nicotine 
Intake 

Non-
Smokers 

Smokers 
(Abstinence)  

Smokers 
(Nicotine) 

Smokers 
(Smoking) 

HR (bpm) 59.4 +/- 8.4 61.0 +/- 6.2 65.9 +/- 7.6 * 74.2 +/- 10.1 
* 

AIx75 (%) -7.15 +/- 
11.84  1.16 +/- 9.03 * 1.59 +/- 

10.16 * 
1.98 +/- 8.78 

* 

SEVR (%) 179.6 +/- 36.1 174.3 +/- 21.3 156.9 +/- 
24.5 * 

135.5 +/- 
25.9 * 

cfPWV (m/
s) 5.95 +/- 0.65 6.60 +/- 1.00 * 6.62 +/- 0.98 

*  
6.93 +/- 0.96 

* 



PWV:  ‘establishing  normal  and  reference  values’

Reference  Values  for  Arterial  S+ffness'  Collabora+on.  Eur  Heart  J  2010;31:2338-‐50



Res3ng  Test

Table 2 - Resting Hemodynamic Parameters 
Non- Smokers vs. Chronic Smoking, vs. Acute Smoking, vs. Nicotine 
Intake 

Non-
Smokers 

Smokers 
(Abstinence)  

Smokers 
(Nicotine) 

Smokers 
(Smoking) 

HR (bpm) 59.4 +/- 8.4 61.0 +/- 6.2 65.9 +/- 7.6 * 74.2 +/- 10.1 
* 

AIx75 (%) -7.15 +/- 
11.84  1.16 +/- 9.03 * 1.59 +/- 

10.16 * 
1.98 +/- 8.78 

* 

SEVR (%) 179.6 +/- 36.1 174.3 +/- 21.3 156.9 +/- 
24.5 * 

135.5 +/- 
25.9 * 

cfPWV (m/
s) 5.95 +/- 0.65 6.60 +/- 1.00 * 6.62 +/- 0.98 

*  
6.93 +/- 0.96 

* 
Ø  Chronic  smoking  (abs3nence  day  vs.  non-‐smokers)  causes:
                                    ↑  AIx75
                                    ↑  cfPWV
 



Res3ng  Test

Table 2 - Resting Hemodynamic Parameters 
Non- Smokers vs. Chronic Smoking, vs. Acute Smoking, vs. Nicotine 
Intake 

Non-
Smokers 

Smokers 
(Abstinence)  

Smokers 
(Nicotine) 

Smokers 
(Smoking) 

HR (bpm) 59.4 +/- 8.4 61.0 +/- 6.2 65.9 +/- 7.6 * 74.2 +/- 10.1 
* 

AIx75 (%) -7.15 +/- 
11.84  1.16 +/- 9.03 * 1.59 +/- 

10.16 * 
1.98 +/- 8.78 

* 

SEVR (%) 179.6 +/- 36.1 174.3 +/- 21.3 156.9 +/- 
24.5 * 

135.5 +/- 
25.9 * 

cfPWV (m/
s) 5.95 +/- 0.65 6.60 +/- 1.00 * 6.62 +/- 0.98 

*  
6.93 +/- 0.96 

* 

Ø  Immediately  aler  a)  smoking  a  cigare`e,  and  b)  chewing  nico3ne  gum  smokers  
(vs.  abs3nence  day)  addi3onally  demonstrate:  

                                    ↑  Res3ng  HR
                                      Further  ↑  in  AIx75  and  cfPWV      
                                    ↓  SEVR
 



Table 2 - Resting Hemodynamic Parameters 
Non- Smokers vs. Chronic Smoking, vs. Acute Smoking, vs. Nicotine 
Intake 

Non-
Smokers 

Smokers 
(Abstinence)  

Smokers 
(Nicotine) 

Smokers 
(Smoking) 

HR (bpm) 59.4 +/- 8.4 61.0 +/- 6.2 65.9 +/- 7.6 * 74.2 +/- 10.1 
* 

AIx75 (%) -7.15 +/- 
11.84  1.16 +/- 9.03 * 1.59 +/- 

10.16 * 
1.98 +/- 8.78 

* 

SEVR (%) 179.6 +/- 36.1 174.3 +/- 21.3 156.9 +/- 
24.5 * 

135.5 +/- 
25.9 * 

cfPWV (m/
s) 5.95 +/- 0.65 6.60 +/- 1.00 * 6.62 +/- 0.98 

*  
6.93 +/- 0.96 

* 

Ø  The  ↑  in  arterial  s3ffness  and  ↓  in  SEVR  aler  chewing  nico3ne  
gum  was   intermediate  between   the  acute   response   to   cigare`e  
smoking  and  the  12hr-‐abs3nence  period



Res3ng  Test



Exercise  Test

Ø  Maximum  HR  and  exercise  3me  were  higher  in  non-‐smokers  
compared  to  smokers  under  all  condi3ons

Table 3 - Exercise Parameters 

Non-
Smokers 

Smokers 
(Abstinence)  

Smokers 
(Nicotine) 

Smokers 
(Smoking) 

Max HR 
(bpm) 

191.2 +/- 
10.15 

182.1 +/- 
14.11* 

183.8 +/- 
13.44* 

182.2 +/- 
13.41* 

Max 
Exercise 
time (mins) 

15.9 +/- 2.6 15.4 +/- 2.4 15.5 +/- 2.4 15.1 +/- 2.6 

*  P<0.05  vs.  non-‐smokers  aler  adjustment  for  age,  sex,  BMI,  res3ng  MAP



cfPWV
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&P<0.05  vs.  res3ng  value  in  non-‐smokers,  adjusted  for  age,  sex,  BMI,  and  MAP
*P<0.05  vs.  res3ng  value  of  the  parameter,  adjusted  for  res3ng  MAP  and  exercise  3me

* 
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cf
PW

V  
(m

/s
)

cfPWV  at  Rest  and  Aler  Exercise
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& &

&P<0.05 vs. resting value in non-smokers, adjusted for age, sex, BMI, and MAP 
*P<0.05 vs. resting value of the parameter, adjusted for resting MAP and exercise time 

* 

cfPWV  is  significantly  higher  in  smokers  under  all  3  condi3ons


Greater  recovery  of  cfPWV  in  non-‐smokers  post-‐exercise

cfPWV



 Healthy  light  smokers  and  non-‐smokers  

 Smokers  under  3  condi3ons:
  Abs3nence  day  (chronic)
  Smoking  day  (acute)
  Nico3ne

 Arterial  s3ffness  measurements  before  and  aler  exercise  test  to  
exhaus3on

Doonan,  Daskalopoulou,  et  al.  PLoS  One  2011;6:e26151



 

 

 Using  the  arterial  stress  test    able  to  elicit  evidence  of  
vascular  impairment  in  young  healthy  light  smokers  at  an  early  
stage

 Even  light  smoking  in  young  healthy  individuals  appears  to  
affect  the  ability  of  the  vasculature  to  respond  to  increased  
demands



Clinical Implications 

Ø The arterial stress test could facilitate better stratification of 
individual risk  

Ø Smoking not a binary risk factor (presence/absence) and vascular 
damage not estimated indirectly (e.g. pack/years), but measured 
directly, by quantifying the vascular reserve through the arterial 
stress test 

Ø This project act as models to study the effect of other risk factors, 
e.g. hypertension, diabetes, dyslipidemia, on arterial stiffness and 
the vascular reserve 

 



Circula3ng  miRNAs
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Understanding  the  Mechanisms



THEME 1: 
CV Risk Factors and Arterial Stiffness 

THEME 3: 
Cardiovascular Events 

THEME 2: 
Established Atherosclerotic Disease 

• Smoking 

• High-risk 
pregnancy 

• Calcium 
•  Hypertension 

SMOKELESS  
CYCLIC 
REVEAL  

ASSESS 
Obstructive Sleep 
Apnea  
MeasureBP 
Echocardiography 

Risk 
Factors 

Studies 

THEME 4:  
Treatment 

Lifestyle Interventions 
SMARTER  

Pharmacological Management 
Statin 
β-Blocker 
Angiotensin converting enzyme inhibitor, 

Angiotensin II receptor blocker 
• Blood pressure 
variability BRAVE 

Stroke 

Acute Myocardial Infarction  

Mortality   

Ultrasound and 
Image Analysis 

Software validation 
Identification of 
plaque instability on 
ultrasound 

Pathways of Plaque 
Instability 

Cholesterol Efflux 
Adiponectin 
CD28+ T-cells 

Research Program –  
Conceptual Framework 



 
PRE-‐ECLAMPSIA



Smith, et al. J Obstet Gynaecol Can 2012;34:830-5 

10-year risk: OR 13.08 (95% CI 3.38-85.5)  

30-year risk: OR 8.43 (95% CI 3.48-23.23) 

Lifetime risk: OR 3.25 (95% CI 1.76-6.11) 
 

The association of preeclampsia with the future development of CVD makes 
pregnancy an early window of opportunity for the preservation of health and 
prevention of CVD 



Hausvater,  Daskalopoulou,  et  al.  J  Hypertens  2011;30:17-‐33

Arterial  s3ffness  is  ↑  in  pre-‐eclamp3c  women  at  the  3me  of  diagnosis

M/a:    Pre-‐eclampsia  significantly  associated  with    1.04  m/s    ↑  in  
cfPWV  &  15.1%    ↑  in  AIx



 
 

REVEAL  (pRedic+vE  Value  of  artEriAl  s+ffness  in    
the  development  of  pre-‐ecLampsia)   

 

Overarching objective is to fill important 
knowledge gaps with respect to the ability of 
arterial stiffness to predict the development of 
pre-eclampsia and recovery post-partum in 
high-risk nulliparous pregnant women with a 
singleton pregnancy 



REVEAL

Objec+ve  1:  
temporal  changes  in  arterial  s3ffness  during  pregnancy  and  up  to  12  weeks  
postpartum  of  those  who  develop  versus  those  who  do  not  develop  pre-‐
eclampsia


Objec+ve  2:  

a)  the  predic3ve  value  of  arterial  s3ffness  (according  to  level  and  3ming)  for  
pre-‐eclampsia  as  compared  with  the  predic3ve  value  for  pre-‐eclampsia  of  
specific  angiogenic  factors  or/and  uterine  artery  Doppler  (UAD),  and  



b)  the  addi3ve  value  of  arterial  s3ffness  to  angiogenic  factors  or/and  UAD  in  
predic3ng  pre-‐eclampsia  



Term 

Weeks 

1st trimester 2nd  trimester 3rd  trimester Post-partum 

0 10 12 6 12 

REVEAL timeline 

§    Introduced to study 
§    Consent form 
§    Questionnaire 
§    Anthropometric measurements 

14 18 22 26 30 34 38 40 

§    Follow-up questionnaire    
§    Blood pressure measurements 
§    Arterial stiffness measurements (≈ 20 min) 

•    Questionnaire    
•   Measurement of angiogenic factors  & miRNA (20 mL) 

§    Cord Blood (20 mL) 

•    Uterine artery Doppler 



REVEAL



Robb,  et  al.  Hypertension  2009,  53:952-‐8



CYCLIC (The effect of oral Contraceptive pills and the natural menstrual 
cYCLe on arterial stiffness and hemodynamICs) 

  Early Follicular Phase Late Follicular Phase Luteal Phase 

OCP- OCP+ P OCP- OCP+ P OCP- OCP+ P 

CfPWV (m/sec)  5.3±0.6 5.6±0.6 NS 5.3±0.6 5.5±0.7 NS 5.4±0.6 5.6±0.7 NS 

CrPWV  (m/sec) 7.2±1.1 7.7±0.9 NS 7.4±1.2 7.7±1.0 NS 7.1±0.8 7.8±1.0 NS 

AIx  (%) -2.8±9.7 -0.9±11.1 NS -2.5±8.9 -1.7±10.2 NS -3.9±8.2 -3.0±10.3 NS 

AIx75 (%) -7.0±8.9 -6.0±12.5 NS -7.6±10.2 -5.5±10.8 NS -8.4±7.7 -8.4±10.2 NS 

Heart rate (bpm) 63.0±7.0 62.7±9.5 NS 61.9±7.9 65.7±10.0 NS 63.8±7.6 64.1±10.1 NS 

aorSBP (mmHg)  88.7±4.4 91.2±7.3 NS 89.1±5.4 92.0±8.2 0.03 88.3±5.1 91.3±6.0 0.02 

aorDBP (mmHg) 66.9±5.1 68.8±6.7 NS 68.6±5.8 68.4±7.8 NS 67.6±4.6 68.3±5.5 NS 
aorPP (mmHg) 21.8±3.7 22.3±4.6 NS 20.5±3.2 23.6±4.6 0.008 20.7±3.0 23.0±4.7 0.043 

perMAP (mmHg) 77.1±4.5 79.3±7.0 NS 78.0±5.8 79.5±8.0 NS 77.1±4.6 79.1±5.3 NS 

perSBP (mmHg) 103.6±5.8 105.6±8.8 NS 102.9±6.3 106.8±9.6 0.02 102.8±6.5 106.8±7.8 0.01 

perDBP (mmHg) 66.3±5.2 68.7±6.0 NS 68.0±5.9 67.5±7.6 NS 66.9±4.5 67.8±5.7 NS 

perPP (mmHg) 37.3±7.0 36.9±7.4 NS 34.9±5.5 39.3±7.3 0.011 35.9±5.2 39.0±7.0 NS 

PPampl 1.71±0.15 1.66±0.16 NS 1.70±0.9 1.67±0.10 NS 1.73±0.09 1.70±0.10 NS 

Yu,  Daskalopoulou,  et  al.  J  Hypertens  2014  Jan;32:100-‐7
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SMARTER  (Step  Monitoring  to  improve  ARTERial  health)

 Among  sedentary  overweight/obese  adults  with  diabetes  and/or  
hypertension  do  physician-‐delivered  step  count  prescrip3ons  
integrated  into  usual  care  reduce  arterial  s3ffness  more  than  
usual  care  alone,  over  a  one-‐year  period?  

Dasgupta  K,  Rosenberg  E,  Daskalopoulou  SS;  SMARTER  collaborators.  Cardiovasc  Diabetol  2014;13:7



Dasgupta  K,  Rosenberg  E,  Daskalopoulou  SS;  SMARTER  collaborators.  Cardiovasc  Diabetol  2014;13:7



Dasgupta  K,  Rosenberg  E,  Daskalopoulou  SS;  SMARTER  collaborators.  Cardiovasc  Diabetol  2014;13:7
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MeasureBP  (MEthods  of  ASsessing  blood  pressUre:  
iden+fying  thReshold  and  target  valuEs)  





Aim

 To  synthesize  the  available  evidence  to  define  the  
comparability  between  the  standardized  manual  
OBPM  and:
 Automated  OBPM

 ABPM
 HBPM

 Through  two  components
 Knowledge  crea3on

 Knowledge  -‐to-‐ac3on  



My  team…



 
 

•  Colleagues  &  Collaborators  

•   Team  &  Students

•   Par3cipants  
  



Special  Thanks



Special  Thanks



‘When you can measure what you are speaking 
about and can express it in numbers, you know 
something about it; but when you cannot 
measure it, when you cannot express it in 
numbers, your knowledge is of a meagre and 
unsatisfactory kind’ 
 

Lord Kelvin, 1891 
 
 

 

Thank you! 
stella.daskalopoulou@mcgill.ca 



Arterial stiffness 

 Stiffening of the aortic wall and improper matching between 
aortic diameter and flow are associated with unfavorable 
alterations in pulsatile hemodynamics, including an increase in 
forward arterial pressure wave amplitude, which increases 
pulse pressure 

 Stiffening of the aortic wall also is associated with elevated 
PWV and premature wave reflection. The resulting increase in 
pulsatile hemodynamic load increases cardiac afterload, 
reduces diastolic coronary flow, and damages microcirculation, 
particularly in high-flow organs, such as the kidneys and brain 



JAMA. 2012;308(9):875-881. doi:10.1001/2012.jama.10503

Figure Legend:



Stroke and arterial stiffness 

 Rotterdam Study: arterial stiffness is an independent 
predictor of stroke in a population-based study of 
apparently healthy subjects 
 
Adjusted HR for stroke in subjects in the 2nd and 3rd 
tertiles of the aortic PWV compared with the reference 
group were 1.22 and 2.28  
 
 Mattace-Raso FU, et al. Circulation 2006;113:657-63 
 
 
Aortic stiffness is an independent predictor of fatal stroke 
in essential hypertension 
 
 Laurent S, et al. Stroke 2003;34:1203-6 



Renal disease and arterial stiffness 

  
 

 Among patients with CKD stages 4 and 5, PWV and AIx 
were independent predictors for progression to ESRD 

 
 Arterial stiffness was an independent risk predictor of 
adverse CV outcomes in peritoneal dialysis patients after 
2 years f/u 

 
 Arterial stiffness in CKD: the usefulness of a marker of 
vascular damage 

 

Taal MW, et al. Nephron Clin Pract 2007;107:c177-81 
Sipahioglu MH, et al. Perit Dial Int 2011 Mar 31. [Epub ahead of print]  
Bellasi A, et al. Int J Nephrol;2011:734832. Epub 2011 May 23 



Renal disease and arterial stiffness 

 95 recipients of kidney grafts f/u 107 ± 41 m (pairs 

recipients-donors) 

 

 Donor cfPWV was a strong and independent 
predictor of the composite recipient outcome (MI, 
stroke, CV death, doubling of serum creatinine or 
development of ESRD) 

Aoun Bahous S, et al. Nephrol Dial Transplant 2011 Oct 6. [Epub ahead of print]  



DM 1 & 2 / MetS and arterial stiffness 

Stehouwer CD, et al. Diabetologia 2008;51(4):527-39 



Mean values of brachial-ankle PWV according to FPG quartile in non-diabetic 
healthy subjects 
 
*P<0.05 vs. Q1 and Q2, § P<0.05 vs. Q1, Q2, and Q3, ¶ P<0.05 vs. Q1  
Model 1; adjusted for age, sex  
Model 2; adjusted for age, sex, SBP, DBP, BMI, resting HR, hs-CRP, HDL-c, and non HDL-c 

Shin JY, et al. Cardiovasc Diabetol 2011;10:30 



MetS and childhood and arterial stiffness 

 MetS in childhood was associated with a higher aortic PWV 
after 21-year f/u when compared with those without MetS 
in childhood (P < 0.007) 

 
 An increasing number of the MetS components in 

childhood were associated with increased PWV in 
adulthood (P for trend = 0.005) 

 
 Subjects who recovered from the MetS during the 21-year 

follow-up period had lower PWV than those with 
persistent MetS (P < 0.001)  

Koivistoinen T, et al. Ann Med 2011;43(4):312-9 



Obesity and childhood and arterial stiffness 

 CCC 2010: Dr. Harris from B.C. Children's Hospital 

 Obese kids (13 y.o.) significantly higher arterial stiffness 
than normal weight counterparts 



OSA and arterial stiffness 

Doonan RJ, et al. Hypertens Res 2011;34(1):23-32 



Arterial stiffness and bone demineralization: the 
Baltimore longitudinal study of aging 

 

 Arterial stiffness is inversely related to cortical 
bone area in women, independent of age and 
other shared risk factors 

Giallauria F, et al. Am J Hypertens 2011;24(9):970-5 



Treatment & Arterial Stiffness 
 



Wine - Chocolate 

 Review – controversial  
 Red wine, arterial stiffness and central 

hemodynamics  
 Acutely, decreases AIx and central BP due to 

 central vasodilatatory effect 

 Higher chocolate intake was an independent 
determinant of low arterial stiffness and wave 
reflection and lower central PP 

Karatzi K, et al. Curr Pharm Des 2009;15:321-8 
Vlachopoulos CV, et al. Am J Cardiol 2007;99:1473-5 



 Aerobic Exercise 
 Interval better than continuous 
 Low-intensity resistant exercise 

 High- & medium–intensity resistant exercise 
 Eccentric  
 

Exercise and arterial stiffness  



Conduit Artery Function Evaluation (CAFE) trial  

 Substudy of the Anglo-Scandinavian Cardiac Outcomes Trial 
(ASCOT)  
 (n=2199, f/u 4 yrs)  

 Atenolol & thiazide vs. amlodipine & perindopril  
 
 Similar effects on brachial SBP and PP 
 
 Greater reductions in central SBP and PP with amlodipine & 

perindopril  

Williams B, et al. Circulation 2006; 113:1213-25 



Williams B, et al. Circulation 2006; 113:1213-25 

Conduit Artery Function Evaluation (CAFE) trial  



Pharmacological treatment 

 ACEi (peri-, capto-, quina-, rami-, fosinopril) 
 ARBs (valsa-, losa-, telmisartan) 
 CCBs 
 Aldosterone antagonists 
 certain β-blockers  

can modify the arterial structure independently of the 
effect on BP 

Winer N, et al. Curr Hypertens Rep 2001;3:297-304 
Mahmud A, et al. Expert Rev Cardiovasc Ther 2003;1:65-78 
Duprez DA. Cardiovasc Drugs Ther 2010;24:305-10 



REASON (perindopril & indapamide vs. atenolol) 

cfPWV measured in hypertensive subjects before 
initiation of antihypertensive drug treatment was 

 associated with the degree of treatment-induced BP 
reduction 

 an independent predictor of effective BP control after 12 
months of treatment 

Protogerou A, et al. J Am Coll Cardiol 2009;53:445–51 



REASON  

ROC analysis evaluating the ability of cfPWV at baseline to predict the 
adequate control of SBP (140 mm Hg) after 12 months of drug 
treatment (area under curve 0.67, p  0.001, 95% CI 0.62-0.73) 

Protogerou A, et al. J Am Coll Cardiol 2009;53:445-51 



Summary  

 Not all antihypertensive agents reduce stiffness 

 The strongest evidence is for ACEi, ARBs, and CCBs, which 
have been shown to reduce PWV and arterial wave reflection 

 Evidence for β-blockers is less clear-cut, although some 
studies show a reduction in PWV 

 Diuretics have limited effect on arterial stiffness 

 Combinations maybe better than monotherapy 

 Statins may improve stiffness 



Arterial Stiffness: Cause or Effect of 
Hypertension 

Arterial Stiffness: Cause and Effect of Hypertension 
 



‘When you can measure what you are speaking 
about and can express it in numbers, you know 
something about it; but when you cannot 
measure it, when you cannot express it in 
numbers, your knowledge is of a meagre and 
unsatisfactory kind’ 
 

Lord Kelvin, 1891 
 
 

 

Thank you! 
stella.daskalopoulou@mcgill.ca 



Complior study  

 First interventional trial using PWV as the end point  

 1703 hypertensive patients (50±12 y.o.) 

At baseline: SBP, 158±15 mm Hg; DBP, 98±7 mm Hg; cfPWV, 11.6±2.4 m/s 

 6 m treatment perindopril, adding indapamide if BP >140/90 mm Hg  

At 2 and 6 months: significant decreases (P<0.001) in 

 BP (SBP, –23.7±16.8 mm Hg; DBP, –14.6±10 mm Hg) 

 cfPWV (–1.1±1.4 m/s)  

Asmar R, et al.; on behalf of the Scientific, Quality Control, Coordination and Investigation Committees 
of the Complior Study. J Hypertens 2001;19:813-8 



ACEi 

 Perindopril accutely and chronically improved aortic compliance, 
mainly by increasing distensibilty  

 Also evidence with captopril, quinapril, ramipril, fosinopril 

Benetos A, et al. J Hypertens 1990;8: 819-26 
Kool MJ, et al. J Hypertens 1995:13:839–48 



ACEi vs. diuretics 

 ACEi perindopril vs. HCTZ + amiloride for 6 m in pts with 
mild-to-moderate hypertension 

 
 For the same  brachial BP reduction 
 HCTZ + amiloride decreased brachial artery stiffness only 
but had no effect on carotid and femoral distensiblity 
 perindopril decreased stiffness in all 3 arteries 

Kool MJ, et al. J Hypertens 1995:13:839–48 



Impact of aortic stiffness attenuation on survival of patients in 
ESRD 

Guerin AP, et al. Circulation. 2001;103:987-92 

•   150 ESRD patients (52±16 y.o.) – f/u 51±38 m  
•  BP was controlled by adjustment of "dry weight" and, when necessary, 

with ACEi, CCBs, and/or ß-blockers, or in combination 
•    59 deaths  
 
Results 
Absence of PWV decrease in response to BP decrease was an 
independent predictor  
adjusted risk ratio 2.59, 95% CI 1.51-4.43 for all-cause mortality 
2.35, 95% CI 1.23-4.41 for CV mortality 
 
Survival was positively associated with ACEi use  
adjusted risk ratio 0.19, 95% CI 0.14-0.43 for all-cause mortality  
0.18, 95% CI 0.06-0.55 for CV mortality 



Impact of aortic stiffness attenuation on survival of patients in 
ESRD 

Guerin AP, et al. Circulation. 2001;103:987-92 



REASON study 

  The ACE inhibitor perindopril, combined with low-dose indapamide, was compared for 1 
year of treatment with the β-blocker atenolol 

  For a similar DBP reduction, perindopril/indapamide decreased SBP significantly more 
than atenolol, especially central than brachial SBP 

 
  After 1 year, the difference between brachial and central SBP was maintained by 

perindopril/indapamide (8.28 ± 1.53 mm Hg) and significantly attenuated by atenolol 
(0.29 ± 1.61 mm Hg) 

  The two drugs lowered PWV equally, but only perindopril/indapamide reduced central 
PP and AIx 

  Perindopril/indapamide decreased cardiac hypertrophy more than atenolol 
 
  Similar findings were observed when atenolol was compared to the ARB irbesartan 

London GM, et al.; on behalf of the REASON Project. J Am Coll Cardiol 2004;43:92-9 
de Luca N, et al. J Hypertens 2004;22:1623-30 
Schneider MP, et al. J Renin Angiotensin Aldosterone Syst 2008;9:49-56 



Substudy of ASCOT 

 Brachial BP did not differ significantly between groups 

 Carotid SBP was significantly lower (P<0.001) in 
amlodipine / perindopril (127±12 mm Hg vs. 133 ±15 mm 
Hg  

 This difference is probably due to a lesser magnitude of 
wave reflection 

Manisty CH, et al. Hypertension 2009;54:724-30 



Changes in central hemodynamic parameters and PWV from 
baseline to week 12  

Kim JH, et al. Diabetes Metab J 2011;35(3):236-42 

Type 2 DM and HTN – Treatment with valsartan for 12 weeks  

Also evidence for losartan and telmisartan  



CCB vs. Diuretic 

 207 pts with HTN treated with olmesartan for 12 w followed by additional use 
of either CCB (azelnidipine) or diuretic (HCTZ) for 24 w 

 Similar reduction in brachial SBP (2.6 mm Hg, 95% CI, –2.2 to 7.5]; P=0.29) 

 The reduction in central SBP in the olmesartan/azelnidipine group was 
significantly greater than that in the olmesartan/diuretic group (difference 
between groups 5.2 mm Hg, 95% CI, 0.3 to 10.2; P=0.039) 

 Aortic PWV showed significantly greater reduction with the olmesartan/
azelnidipine than with olmesartan/HCTZ (0.8 m/s, 95% CI, 0.5 to 1.1; P<0.001) 

Matsui Y, et al. Hypertension 2009;54:716-23 



CCB vs. Diuretic 

 The combination of olmesartan / azelnidipine had a more beneficial effect on 
central SBP and aortic stiffness than the combination of olmesartan / 
hydrochlorothiazide, despite the lack of a significant difference in brachial 
SBP reduction between the two treatments 

 
  

Matsui Y, et al. Hypertension 2009;54:716-23 



Statins 

Some preliminary data suggest that statins may 
also lower arterial stiffness 
 
RCT, CKD stage 2–4  
atorvastatin 10 mg (n=19) vs. placebo (n=18) for 3 yrs  
 
Aortic PWV significantly increased in the placebo 
group, but not in the atorvastatin group 

Fassett RG, et al. J Atheroscler Thromb 2010;17(3):235-41  



 
 
 
 
 

Changes in arterial distensibility after acute resistance vs. 
aerobic exercise 

 After aerobic exercise central PWV ↓ 8% and remained at 
this level through 60 min  

 After resistance exercise central PWV ↑ 9.8% at 40 and 60 
min post-exercise 

Scott C, et al. J Strength Cond Res 2010;24:2846-52 



Effects of Continuous Positive Airway Pressure (CPAP) treatment for 
OSA in arterial stiffness: A meta-analysis 

 

  13 studies (n=531 patients)  
  5 different meta-analyses were performed assessing:  
  a) all indices of arterial stiffness, b) AIx, c) all PWV, d) brachial-ankle PWV, and e) 

cf PWV 

Results 
  a) A significant improvement of all indices of arterial stiffness was observed (SMD= 

-0.71; 95% CI: -1.12 to -0.30) 
  b) AIx  (WMD= -3.88; 95% CI: -6.57 to -1.19)  
  c) all PWV (WMD=-0.87; 95% CI: -0.98 to -0.77)  
  d) brachial-ankle PWV (WMD= -0.86; 95% CI: -0.97 to -0.75) 
  e) cfPWV (WMD= -1.21; 95% CI:-1.92 to -0.50)  

Significant improvements in all different indices of arterial stiffness after 
CPAP treatment in patients with OSA 

Vlahantoni I, et al. Sleep Medicine Reviews 2011  





Conclusion 

  It is now possible to obtain a selective reduction of brachial and mostly central SBP and PP 
through changes in aortic stiffness and wave reflections.  

 To achieve this, long-term drug treatment should consistently involve chronic angiotensin 
blockade.  

 A combination of diuretics or CCB, but not of β-blocking agents, can simultaneously reduce 
MAP to a large extent.  

 Nevertheless, β-blockers remain important in cases of associated coronary ischemic disease.  
 All these assumptions taken together correspond to three main objectives:  
  (i) angiotensin II blockade, mainly by ACE inhibition, provides comparable decreases in 

brachial SBP and PP, but consistent differences exist in central SBP and PP reductions and 
organ-protection effects;  

  (ii) combined antihypertensive treatment is more beneficial on MAP than monotherapy 
alone; and  

  (iii) ischemic heart disease should be treated independently. 
 
 Because therapeutic trials have shown extensively that CV risk reduction is primarily related 

to SBP and PP reduction, further therapeutic trials using the destiffening strategy are 
important to consider for the reduction of CV morbidity and mortality. 



161 

 Conventional pressure measurement, which gives only 
the maximum (systolic) and minimum (diastolic) values 
of the peripheral pressure pulse, misses a large amount of 
information about the heart, arteries, and their interaction 
(consider ECG analogy) 

Pulse Wave Analysis, cont. 



Treatment 



In the upper part on the left, a schematic representation of the BP curve and 
its two components, forward and reflected waves. While on the right, the 
totality of the BP curve is represented. In the lower part, 
the BP curve is represented using 2 different shapes, dependent on age (see 
text). The augmentation index (AIx) is the ratio between: (i) the difference 
between peak SBP and the shoulder of the ascending part of the BP curve; and 
(ii) pulse pressure. AIx measured in % (or AI in mm Hg) represents the 
supplementary increase in SBP due to wave reflections. This hemodynamic 
profile is observed in the elderly, not in young people. MAP corresponds to the 
pressure needed if the cardiac work was constant 
Laurent S, et al. Eur Heart J 2006;27:2588-605 



Schematic representation of: (i) the morphological differences of the pulse wave 
between the aorta and the brachial artery in young healthy subjects (upper panel 
[A]); and (ii) the effect of heart rate (upper panel [A] vs. lower panel [B]) on 
systolic blood pressure augmentation and pulse wave amplification, for the same 
reflected pressure wave and similar pulse height of the forward ejected pressure 
wave 



Doonan RJ, et al. PLoS One 2011 



Cuff BP vs. Central BP   - Case #1 

TWO PATIENTS …Radial shows red & black have identical cuff BP (140/80) 

■  BUT... Aortic shows critical Systolic BP (Sp) difference between patients:
 => Brachial cuff BP is NOT adequate for Systolic BP management.  

■  WHY Different Aortic Sp?…the patients have  different Arterial Stiffness  

AorticRadial

Clinical Problems 



Cuff BP vs. Central BP   - Case #2 

Clinical Problems 

SAME PATIENT    - before / after   drug intervention (GTN for angina) 

■  No change in Cuff Sp  …BUT…. Big change Aortic Sp   
         => managing CV drug therapies needs the aortic BP profile data  

■  Hypertension,  Diabetes,  Renal,  Heart Failure    
 =>  ALL require CV drug therapies 
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Circular nature of the relationship between large artery stiffness, 
physical work capacity and cardiac risk 





Doonan RJ, et al. PLoS One 2011 



Conclusion 

  It is now possible to obtain a selective reduction of brachial and mostly central SBP and PP 
through changes in aortic stiffness and wave reflections.  

 To achieve this, long-term drug treatment should consistently involve chronic angiotensin 
blockade.  

 A combination of diuretics or CCB, but not of β-blocking agents, can simultaneously reduce 
MAP to a large extent.  

 Nevertheless, β-blockers remain important in cases of associated coronary ischemic disease.  
 All these assumptions taken together correspond to three main objectives:  
  (i) angiotensin II blockade, mainly by ACE inhibition, provides comparable decreases in 

brachial SBP and PP, but consistent differences exist in central SBP and PP reductions and 
organ-protection effects;  

  (ii) combined antihypertensive treatment is more beneficial on MAP than monotherapy 
alone; and  

  (iii) ischemic heart disease should be treated independently. 
 
 Because therapeutic trials have shown extensively that CV risk reduction is primarily related 

to SBP and PP reduction, further therapeutic trials using the destiffening strategy are 
important to consider for the reduction of CV morbidity and mortality. 
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 Conventional pressure measurement, which gives only 
the maximum (systolic) and minimum (diastolic) values 
of the peripheral pressure pulse, misses a large amount of 
information about the heart, arteries, and their interaction 
(consider ECG analogy) 

Pulse Wave Analysis, cont. 



Treatment 



In the upper part on the left, a schematic representation of the BP curve and 
its two components, forward and reflected waves. While on the right, the 
totality of the BP curve is represented. In the lower part, 
the BP curve is represented using 2 different shapes, dependent on age (see 
text). The augmentation index (AIx) is the ratio between: (i) the difference 
between peak SBP and the shoulder of the ascending part of the BP curve; and 
(ii) pulse pressure. AIx measured in % (or AI in mm Hg) represents the 
supplementary increase in SBP due to wave reflections. This hemodynamic 
profile is observed in the elderly, not in young people. MAP corresponds to the 
pressure needed if the cardiac work was constant 
Laurent S, et al. Eur Heart J 2006;27:2588-605 



Schematic representation of: (i) the morphological differences of the pulse wave 
between the aorta and the brachial artery in young healthy subjects (upper panel 
[A]); and (ii) the effect of heart rate (upper panel [A] vs. lower panel [B]) on 
systolic blood pressure augmentation and pulse wave amplification, for the same 
reflected pressure wave and similar pulse height of the forward ejected pressure 
wave 



REASON study 

  The ACE inhibitor perindopril, combined with low-dose indapamide, was compared for 1 
year of treatment with the β-blocker atenolol 

  For a similar DBP reduction, perindopril/indapamide decreased SBP significantly more 
than atenolol, especially central than brachial SBP 

 
  After 1 year, the difference between brachial and central SBP was maintained by 

perindopril/indapamide (8.28 ± 1.53 mm Hg) and significantly attenuated by atenolol 
(0.29 ± 1.61 mm Hg) 

  The two drugs lowered PWV equally, but only perindopril/indapamide reduced central 
PP and AIx 

  Perindopril/indapamide decreased cardiac hypertrophy more than atenolol 
 
  Similar findings were observed when atenolol was compared to the ARB irbesartan 

London GM, et al.; on behalf of the REASON Project. J Am Coll Cardiol 2004;43:92-9 
de Luca N, et al. J Hypertens 2004;22:1623-30 
Schneider MP, et al. J Renin Angiotensin Aldosterone Syst 2008;9:49-56 



Central BP but not brachial BP predicts CV events in an 
unselected geriatric population 

 Central BP, compared to brachial BP, was 
significantly associated with CV events 

 
 Even in the elderly, who are characterized by low 

PP amplification, central BP is superior to brachial 
BP for the prognosis of CV events 

 
 
 

Pini R, et al. the ICARe Dicomano Study. J Am Coll Cardiol 2008;51:2432-9  



Arterial stiffness and hypertension 

 higher aortic stiffness, FWA, and augmentation index 
were associated with higher risk of incident hypertension;  

 however, initial blood pressure was not independently 
associated with risk of progressive aortic stiffening 

 higher arterial 
 stiffness was predictive of incident 
 hypertension, whereas higher initial 
 blood pressure was not predictive of an 
 increase in arterial stiffness 

Kaess BM, et al. JAMA 2012;308:875-81 

Kaess BM, et al. JAMA 2012;308:875-81 



 Elevated BP may cause vascular damage and accelerated 
conduit artery stiffening 

 Aortic or vascular stiffening increases pressure pulsatility 
and thereby may increase SBP 

Aatola H, et al. Hypertension 2010;55:806-811 



 Arterial stiffness and function may therefore be important 
potential targets for interventions aimed at preventing 
incident hypertension 



Detrimental effect of smoking on arterial stiffness 

Doonan RJ, et al. Hypertens Res 2010;33(5):398-410 


