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exercise ?
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Hypothesis #1Hypothesis #1Hypothesis #1

Arterial stiffness 
assessed during exercise 
would be more predictive 
for exercise capacity than 

that at rest

Arterial stiffness Arterial stiffness 
assessed during exercise assessed during exercise 
would be more predictive would be more predictive 
for exercise capacity than for exercise capacity than 

that at restthat at rest



Study subjectsStudy subjectsStudy subjects

123 consecutive subjects
(43 males, age; 58 ± 11, HTN 69.1 %)
Diastolic stress echocardiography

Radial artery tonometry
Simultaneously

( From Nov. 2007  to  Sep. 2008 )( From Nov. 2007  to  Sep. 2008 )



Exclusion criteria
Valvular heart disease

Peripheral vascular disease

History of significant CAD or inducible ischemia 

Atrial fibrillation or significant arrhythmia

Severe hypertension (> 180/ 110 mmHg)

Renal insufficiency (Cr > 1.4 mg/dL)

Study subjectsStudy subjectsStudy subjects



Methods -1Methods Methods --11

Diastolic stress echo

SymptomSymptom--limited multistage exercise test limited multistage exercise test 

with a variable load  bicycle ergometer with a variable load  bicycle ergometer 

(Medical Positioning Inc, Kansas City, Mo, USA)(Medical Positioning Inc, Kansas City, Mo, USA)

Incremental workload of 25 W every 3 minutesIncremental workload of 25 W every 3 minutes

Peripheral SBP, DBP, HR : at each stage Peripheral SBP, DBP, HR : at each stage 



Methods -2Methods Methods --22
●● Assessment of central blood pressure and Assessment of central blood pressure and 
arterial transfer functionarterial transfer function

Radial artery Radial artery tonometrytonometry
((SphygmoCorSphygmoCor®®, , AtCorAtCor Medical)Medical)

1. At rest 1. At rest 

2. Immediately (< 1 min) 2. Immediately (< 1 min) 
after peak exerciseafter peak exercise

(Supine position)(Supine position)

** Pulse wave velocity at rest** Pulse wave velocity at rest



Methods -3Methods Methods --33

Augmentation index

= (Δ P/PP) x 100

•• Central Systolic BPCentral Systolic BP

•• Central Diastolic BPCentral Diastolic BP

•• Central PP (pulse pressure)Central PP (pulse pressure)

•• Augmentation indexAugmentation index



Demographic characteristicsDemographic characteristicsDemographic characteristics

25.5 25.5 ±± 3.03.0Body mass index, kg/mBody mass index, kg/m22

560.6 560.6 ±± 188.7188.7Exercise duration, secExercise duration, sec

52 (42.3)52 (42.3)Dyslipidemia, n (%)Dyslipidemia, n (%)
35 (28.5)35 (28.5)Smoking, n (%)Smoking, n (%)
13 (10.6)13 (10.6)DM, n (%)DM, n (%)
85 (69.1)85 (69.1)HTN, n (%)HTN, n (%)
43 (35.0)43 (35.0)Male gender, n (%)Male gender, n (%)
58 58 ±± 1111Age, yearsAge, years

n = 123n = 123

Shim CY et al. Shim CY et al. EurEur Heart Failure meeting 2009Heart Failure meeting 2009



Simple correlationSimple correlationSimple correlation
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r = r = -- 0.525 p <0.0010.525 p <0.001

Shim CY et al. Shim CY et al. EurEur Heart Failure meeting 2009Heart Failure meeting 2009



Peak-base AIx
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Multiple regression analysisMultiple regression analysisMultiple regression analysis

0.7890.789--0.2680.268--0.0230.023Resting Resting AIxAIx

0.1690.1691.3871.3870.1060.106PWVPWV

0.0340.0342.1492.1490.1490.149LV mass indexLV mass index

< 0.001< 0.0017.5127.5120.6130.613Male genderMale gender

< 0.001< 0.001--5.2155.215--0.3990.399AgeAge

PP--valuevaluettββ

Resting Resting AIxAIx vs.  Exercise durationvs.  Exercise duration



Multiple regression analysisMultiple regression analysisMultiple regression analysis

0.2010.2011.2901.2900.1230.123Resting Resting AIxAIx

0.0060.006--2.8342.834--0.2640.264AIxAIx after peak Exafter peak Ex

0.2700.2701.1111.1110.0820.082PWVPWV

0.0110.0112.6042.6040.1750.175LV mass indexLV mass index

< 0.001< 0.0017.2957.2950.5780.578Male genderMale gender

< 0.001< 0.001--4.3974.397--0.3370.337AgeAge

PP--valuevaluettββ

AIxAIx after peak Ex vs.  Exercise durationafter peak Ex vs.  Exercise duration



Multiple regression analysisMultiple regression analysisMultiple regression analysis

0.3180.318--1.0061.006--0.0840.084Resting Resting AIxAIx

0.0060.006--2.8342.834--0.1980.198ΔΔ AIxAIx (peak Ex(peak Ex--Resting)Resting)

0.2700.2701.1111.1110.0820.082PWVPWV

0.0110.0112.6042.6040.1750.175LV mass indexLV mass index

< 0.001< 0.0017.2957.2950.5780.578Male genderMale gender

< 0.001< 0.001--4.3974.397--0.3370.337AgeAge

PP--valuevaluettββ

ΔΔ AIxAIx (Peak Ex(Peak Ex-- Resting)Resting) vs.  Exercise durationvs.  Exercise duration



ImplicationsImplicationsImplications
Unlike AIx and PWV measured 

at rest, AIx immediately after 
peak exercise and change of AIx
from rest to exercise were 
independent predictors of 
exercise capacity

Unlike Unlike AIxAIx and PWV measured and PWV measured 
at rest, at rest, AIxAIx immediately after immediately after 
peak exercise and change of peak exercise and change of AIxAIx
from rest to exercise were from rest to exercise were 
independent predictors of independent predictors of 
exercise capacityexercise capacity



LimitationsLimitationsLimitations

1. At rest 1. At rest 

2. Immediately (< 1 min) 2. Immediately (< 1 min) 
after peak exerciseafter peak exercise

Not technically Not technically 
feasible during feasible during 
exerciseexercise





Two different TR signalsTwo different TR signalsTwo different TR signals



Simplified Bernoulli 
Equation

Simplified Bernoulli Simplified Bernoulli 
EquationEquation

∆∆ P = 4VP = 4V22

CP971277CP971277--77



Two different TR signalsTwo different TR signalsTwo different TR signals

Elevated RAP or decreased Elevated RAP or decreased 
RA complianceRA compliance



LVOT PW DopplerLVOT PW Doppler



Two different LVOT signalsTwo different LVOT signals

NonNon--compliant or compliant or 
stiff aortastiff aorta



20 year-old man20 year20 year--old manold man

RestRest 25W25W 50W50W 75W75W



SBP/ DBP 103/ 75 mmHg  SBP/ DBP 103/ 75 mmHg  
PP 28 mmHgPP 28 mmHg
HR = 58 HR = 58 bpmbpm
Aortic Aortic AIxAIx 18 %18 %
Aortic Aortic AIxAIx (HR 75) 10 %(HR 75) 10 %

At RestAt Rest

Peak Exercise (100 W)Peak Exercise (100 W)

SBP/ DBP 115/ 71 mmHg  SBP/ DBP 115/ 71 mmHg  
PP 44 mmHgPP 44 mmHg
HR = 94 HR = 94 bpmbpm
Aortic Aortic AIxAIx --1 %1 %
Aortic Aortic AIxAIx (HR 75) 8 %(HR 75) 8 %

M/ 20M/ 20



74 year-old man74 year74 year--old manold man

RestRest 25 W25 W 50 W50 W



SBP/ DBP 130/ 77 mmHg  SBP/ DBP 130/ 77 mmHg  
PP 53 mmHgPP 53 mmHg
HR = 51 HR = 51 bpmbpm
Aortic Aortic AIxAIx 45 %45 %
Aortic Aortic AIxAIx (HR 75) 33 %(HR 75) 33 %

At RestAt Rest

Peak Exercise (50 W)Peak Exercise (50 W)

SBP/ DBP 200/ 127 mmHg  SBP/ DBP 200/ 127 mmHg  
PP 73 mmHgPP 73 mmHg
HR = 57 HR = 57 bpmbpm
Aortic Aortic AIxAIx 37 %37 %
Aortic Aortic AIxAIx (HR 75) 28 %(HR 75) 28 %

M/ 74M/ 74



Hypothesis #2Hypothesis #2Hypothesis #2
LVOT flow deceleration 

would be correlated 
with central PP and 

parameters of arterial 
stiffness 

LVOT flow deceleration LVOT flow deceleration 
would be correlated would be correlated 
with central PP and with central PP and 

parameters of arterial parameters of arterial 
stiffness stiffness 



MethodsMethodsMethods

175 subjects (65 males, 57 ± 11 Yo, HTN 65.7 %) 

2D and Doppler echo

Radial artery tonometry

•• SubjectsSubjects



Valvular heart disease

Peripheral vascular disease

Symptomatic cerebrovascular disease

History of significant CAD or inducible ischemia 

Significant systemic disease

Atrial fibrillation or significant arrhythmia

Severe hypertension (> 180/ 110 mmHg)

Renal insufficiency (Cr > 1.4 mg/dL)

Exclusion criteriaExclusion criteriaExclusion criteria



The Parameters of LVOT DopplerThe Parameters of LVOT DopplerThe Parameters of LVOT Doppler

Shim CY et al. ASE 2008Shim CY et al. ASE 2008



Methods -2Methods Methods --22
●● Assessment of central blood pressure and Assessment of central blood pressure and 
arterial transfer functionarterial transfer function

Radial artery Radial artery tonometrytonometry
((SphygmoCorSphygmoCor®®, , AtCorAtCor Medical)Medical)

Simultaneously Simultaneously 

with 2D and Doppler echowith 2D and Doppler echo

(Supine position)(Supine position)



Methods -3Methods Methods --33

Augmentation index

= (Δ P/PP) x 100

•• Central Systolic BPCentral Systolic BP

•• Central Diastolic BPCentral Diastolic BP

•• Central PP (pulse pressure)Central PP (pulse pressure)

•• Augmentation pressure (Augmentation pressure (ΔP)

•• Augmentation indexAugmentation index



Demographic characteristicsDemographic characteristicsDemographic characteristics

25.2 ± 3.1Body mass index, kg/m2

66 ± 10Weight, Kg

162 ± 9Height, cm

48 (27.4)Smoking, n (%)

73 (41.7)Dyslipidemia, n (%)

13 (7.4)Diabetes mellitus, n (%)

115 (65.7)HTN, n (%)

65 (37.1)Male gender, n (%)

57 ± 12Age, years

N= 175N= 175



LVOT Doppler patternLVOT Doppler patternLVOT Doppler pattern



LVOT deceleration time and PP  LVOT deceleration time and PP  LVOT deceleration time and PP  

Peripheral PP (mmHg) Central PP (mmHg)



0.034-0.16LVOT diameter

<0.0010.33LA volume index

0.9110.01LV mass index

0.0180.19LVEF

<0.001-0.35Height

<0.0010.29Female gender

<0.0010.37Age

p-value*r
Deceleration time

Simple correlation Simple correlation Simple correlation 



0.0010.25AIx@75
<0.0010.42AIx
<0.001-0.37PP amplification
<0.0010.49AP
<0.0010.45PP
0.047-0.15DBP
0.0040.22SBP

Central
<0.001-0.52Heart rate
0.0010.26PP
0.076-0.14DBP
0.1600.11SBP

Peripheral 
Deceleration time



<0.0014.350.29Central PP
<0.001-6.18-0.39Heart rate
0.240-1.18-0.07Peripheral DBP
0.3270.980.07LVOT diameter
0.2671.110.07LA volume index
0.1891.320.08LVEF
0.369-0.90-0.11Height
0.5640.580.06Female gender
0.1441.470.11Age

LVOT deceleration time (R2 = 0.456)
p-value*Tβ

Multiple regression analysisMultiple regression analysisMultiple regression analysis



ImplicationsImplicationsImplications
DT of the LVOT flow  velocity is 

a surrogate Doppler echocardiographic 

parameter for central PP 

Prolonged LVOT DT would be a useful 

parameter to detect reduced compliance of a 

central artery

DT of the LVOT flow  velocity is DT of the LVOT flow  velocity is 

a surrogate Doppler echocardiographic a surrogate Doppler echocardiographic 

parameter for central PP parameter for central PP 

Prolonged LVOT DT would be a useful Prolonged LVOT DT would be a useful 

parameter to detect reduced compliance of a parameter to detect reduced compliance of a 

central arterycentral artery



LimitationsLimitationsLimitations

1. At rest 1. At rest 

2. Immediately (< 1 min) 2. Immediately (< 1 min) 
after peak exerciseafter peak exercise

Not technically Not technically 
feasible during feasible during 
exerciseexercise



160 subjects (64 males, 57 ± 11 Yo)

Diastolic stress echocardiogram

with supine bicycle ergometry

Radial artery tonometry

Deceleration time of the left ventricular 
outflow tract flow velocity reflects central 

arterial stiffness during exercise

Deceleration time of the left ventricular Deceleration time of the left ventricular 
outflow tract flow velocity reflects central outflow tract flow velocity reflects central 

arterial stiffness arterial stiffness during exerciseduring exercise
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Augmentation index at peak execise (%)
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ImplicationsImplicationsImplications

DT of the LVOT flow velocity is a 
surrogate Doppler echocardiographic 
parameter reflecting central arterial 
stiffness not only at rest but also 
during exercise 
With a Doppler assessment of LVOT 

flow, central arterial stiffness and its 
dynamic changes with exercise can be 
assessed

DT of the LVOT flow velocity is a DT of the LVOT flow velocity is a 
surrogate Doppler echocardiographic surrogate Doppler echocardiographic 
parameter reflecting central arterial parameter reflecting central arterial 
stiffness stiffness not only at rest but also not only at rest but also 
during exercise during exercise 
With a Doppler assessment of LVOT With a Doppler assessment of LVOT 

flow, flow, central arterial stiffness and its central arterial stiffness and its 
dynamic changes with exercisedynamic changes with exercise can be can be 
assessedassessed



ConclusionConclusionConclusion

•Assessment of arterial 
stiffness during exercise is 
important

•LVOT Doppler pattern may 
provide dynamic arterial 
stiffness during exercise

•• Assessment of arterial Assessment of arterial 
stiffness during exercise is stiffness during exercise is 
importantimportant

•• LVOT Doppler pattern may LVOT Doppler pattern may 
provide dynamic arterial provide dynamic arterial 
stiffness during exercisestiffness during exercise



YonseiYonsei Cardiovascular HospitalCardiovascular Hospital

YonseiYonsei University College of MedicineUniversity College of Medicine


