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LV Remodeling after AMILV Remodeling after AMI

1 WK 1 Month 3 Months

EDV 94 ml  ESV 58 ml

LVDd 3.05 cm  

EDV 108 ml  ESV 63 ml

LVDd 5.8 cm

EDV 116 ml  ESV 76ml

LVDd 6.0 cm

EF 38% EF 40% EF 36%



Process of RemodelingProcess of Remodeling

Acute infarction
(hours)

Infarct expansion
(hours to days)

Global remodeling
(days to months)(hours) (hours to days) (days to months)



LVEFLVEF

• Influenced by preload, afterload, dyssynchrony 
d iliand contractility.

• Measurement frequently inaccurate (often eye-q y ( y
balled).
Wh d it?• Why do we use it?
- easy to measurey
- seems logical

l i (b l ll h ESV)- relates to prognosis (but less well than ESV)



LVEF does not correlate with functional 
capacity in heart failure.

Baker B. AM J CARDIOL. 1984;54:596 



Normality plots for continuous data

Distribution Cumulative 
frequency

Expected N = 6 026p
normal 

value

N = 6,026

LVEFLVEDD

Observed value
Berger AK et al, JACC 1999; 34: 1831



SHF

DHF



Heart failure: the classical view.

- Symptoms of heart failure with reduced 
LVEFLVEF
=systolic heart failure 

- Symptoms of heart failure with a normal 
LVEF
=diastolic heart failure i.e. problem is in 
diastole.

“Wh t i ? Th t hi h ll R b th“Whats in a name? That which we call a Rose by any other
name would smell as sweet.”  William Shakespeare



Population studiesp
Hogg et al JACC 2004;43:317-27





Prevalence of heart failure in subjects in the general population with left ventricular 
systolic and diastolic dysfunction (Olmsted County Study, Minnesota)

Hogg, K. et al. J Am Coll Cardiol 2004;43:317-327

Copyright ©2004 American College of Cardiology Foundation. Restrictions may apply.



Changing Demography of Heart FailureChanging Demography of Heart Failure

Owan TE et al. NEJM 2006



SHF VS DHF
Presenting Symptoms and Signs of Heart Failure

Bhatia R et al. N Engl J Med 2006;355:260-269



Kaplan-Meier Survival Curves for Patients with Heart Failure and Preserved or Reduced Ejection 
Fraction

Owan T et al. N Engl J Med 2006;355:251-259



So what are the differences betweenSo what are the differences between 
SHF vs DHF

• Symptoms similar
• Mortality similar
• Both have evidence of diastolic dysfunction• Both have evidence of diastolic dysfunction
• Both have abnormalities of systolic function

Pl tt Pi k i H t i 1960Platt versus Pickering on Hypertension 1960s
-unimodal vs bimodal.



Is ventricular systolic function 
really normal in HFNEF?really normal in HFNEF? 

Assessment by TDIy
• Yip GWK, Wang M, Ho PY, Sanderson JE. Eur J 

Echocardiogr 2000;2:S60

Sm

IVRTm
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Long axis function in 150 patients with 
HFNEF/DHFHFNEF/DHF

(Sanderson JE, Wang M, Wang T et al Heart 2008)
Age-
matched 

DHF P value

Normals
Sm (cm/s) 5.6 ± 1.0 4.5 ± 1.2 <0.0005( )

Em (cm/s) 5.7 ± 1.5 3.7 ± 1.6 <0.0005( )

E/Em 12 ± 3 20± 9 <0.0005E/Em
(E/E’)

12 ± 3 20± 9 0.0005

LVEF (%) 62 ± 8 53 ± 13 <0 0005LVEF (%) 62 ± 8 53 ± 13 <0.0005



So long axis systolic function is not normal in 
patients with HF and “preserved” LV systolic 

functions.
Confirmation:

• Petrie MC et al. “Diastolic heart failure” or heart failure caused by 
b l l f i l li d f i H 2002 8 29 31subtle left ventricular systolic dysfunction. Heart 2002;87:29-31.

• Nikitin NP et al. Color tissue Doppler-derived long-axis left 
ventricular function in heart failure with preserived global systolic 
function Am J Cardiol 2002;90:1174 7function. Am J Cardiol 2002;90:1174-7

• Yu CM et al. Progression of systolic abnormalities in patients with 
“isolated” diastolic heart failure and diastolic dysfunction. Circulation 
2002;105:1195-2012002;105:1195 201.

• Bruch C et al. Doppler tissue analysis of mitral annular velocities: 
evidence for systolic abnormalities in patients with diastolic heart 
failure. J Am Soc Echocardiogr 2003;16:1031-6.g ;

• Vinereanu D et al. “Pure” diastolic dysfunction is associated with 
long-axis systolic function. Implications for the diagnosis and 
classification of heart failure. Eur J Heart Fail 2005; epub May 24.



Conclusion:
“Thus subtle abnormalities of systolic function are presentThus subtle abnormalities of systolic function are present 
in patients with heart failure and a normal left ventricular 
ejection fraction, and there appears to be a continuum ofejection fraction, and there appears to be a continuum of 
systolic function between those with truly normal, mildly 
impaired (labelled diastolic heart failure), and obviously p ( ) y
abnormal left ventricular systolic function. Isolated 
diastolic dysfunction is uncommon.”

Yip G, Wang M, Zhang Y, Fung JWH, Ho P Sanderson JE Left ventricular long axis function in 
diastolic heart failure is reduced in both diastole and systole: time for a redefinition? Heart y
2002;87:121-125

i.e. Systolic function is not normal despite “normal” LVEFy f p



Systolic Abnormalities in Diastolic 
D f ti d Di t li H t F ilDysfunction and Diastolic Heart Failure
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Systolic Abnormalities in Diastolic 
Dysfunction and Diastolic Heart FailureDysfunction and Diastolic Heart Failure

Normal DD DHF SHF

Yu CM et al, Circ 2002

Em : Normal > DD > DHF = SHF
Sm : Normal > DD > DHF > SHF



LV long-axis systolic and diastolic velocities : 
No evidence for “pure” diastolic dysfunctionNo evidence for “pure” diastolic dysfunction
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“So that the coming together depends on the going g g p g g
apart;the systole depends on the diastole; the flow 

depends on the ebb.” DH Lawrence
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Yip G, Zhang Y, Tan P, Wang M, Ho P, Brodin L-A, Sanderson JE 
Clinical Science 2002;102:515-22
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Why is the ejection fraction normal?
The effect of LVHThe effect of LVH

McIver and Townsend Heart 2008



WHY IS THE LVEF NORMAL IN HFNEF?

Apply:pp y
Internal volume = external volume – LV wall volume

to the definition of ejection fraction:

Ejection fraction = End-diastolic internal volume - End-systolic internal volume
End-diastolic internal volume

which gives:

Ej ti f ti E d di t li t l l E d t li t l lEjection fraction = End-diastolic external volume - End-systolic external volume
End-diastolic external volume – LV wall volume

Thus if the external cardiac volumes remain constant, then any increase in LV wall 
volume must necessarily raise ejection fractionvolume must necessarily raise ejection fraction.

From : Manistry CH & Francis DPFrom : Manistry CH & Francis DP 
Ejection fraction- a measure of desperation? Heart 2008



Sanderson JE Review: heart failure with a normal ejection fraction
Heart 2007;93:155-158



SHF vs HFNEF the importance of 
remodeling.



Bhatia R et al. N Engl J Med 2006;355:260-269



HEART FAILURE – PHENOTYPE RELATES 
TO DEGREE  OF REMODELING AND AETIOLOGY

Sanderson JE Review: heart failure with a normal ejection fraction
Heart 2007;93:155-158



Importance of longitudinal 
ventricular function.

Carlsson, M. et al. Am J Physiol Heart Circ Physiol 2007;293: H636-H644



SEQUENTIAL CONTRACTION OF THE DESCENDENT AND ASCENDENT
SEGMENTS PRODUCE “SYSTOLIC VENTRICULAR FILLING”
Torrent-Guasp et al Eur J Cardiovasc Surgery 2004;25:376-386



Atrioventricular plane displacement is the major 
contributor to left ventricular pumping in healthy 

adults, athletes, and patients with dilated 
cardiomyopathy.

• C-MRI study SV AVPD SV

Carlsson et al. Am J Physiol Heart Circ Physiol Nov 10 2006 [ePub ahead of print]

• C-MRI study SV
mls

AVPD
mm

SV
AVPD%

athletes 140±4 17±1 57±2

DCM 72±7 7±1 67±4

controls 116±6 16±0 60±2controls 116±6 16±0 60±2



Mitral Annular Velocity
M d d Ti D l
Mitral Annular Velocity

M d d Ti D lM-mode and Tissue DopplerM-mode and Tissue Doppler

CP1064815-9



Normal Long Axis (M mode)Normal Long Axis (M-mode)

Onset of 
Shortening 

Onset of 
Lengthening

H i MY H t
S

E

A

Diastasis

Henein MY. Heart 
1997;77:338-345

A



Long Axis in heart failure mortalityLong Axis in heart failure-mortality

(Willenheimer et al Heart 1997;78:230-236)EF (%)= (AVPD (mm) x 5.5) - 5





Figure 1 Survival curves are displayed for each quartile of left ventricular long-axis systolic 
amplitude. There was an overall difference between the curves as assessed by the log-rank test 
(p8.7 mm. Q3 vs Q4, hazard ratio (HR) = 0.72 (95% confidence interval 0.41 to 1.29), p = 0.27. Q2 

Q4 HR 0 6 (0 0 99) 0 049 Q1 Q4 HR 0 2 (0 60 0 86)vs Q4, HR = 0.76 (0.57 to 0.99), p = 0.049. Q1 vs Q4, HR = 0.72 (0.60 to 0.86), p

Svealv, B G. et al. Heart 2008;94:284-289



The RV: TAPSE and survivalThe RV: TAPSE and survival

Forfia PR et al Am J Resp Crit Carae Med 2006;174:1034



Tissue Doppler ImagingTissue Doppler Imaging
the alternative to LVEF

• Sm
Sm

• Em
• Am.

Sm

Em Am



TDI in global functionTDI in global functionTDI in global functionTDI in global function

55 pts. Aged 56 55 pts. Aged 56 ±± 15 yrs15 yrs
(1 calcified annulus excluded)(1 calcified annulus excluded)(1 calcified annulus excluded)(1 calcified annulus excluded)

EF EF ≈≈ 8.2 (Mean Sm) + 3% & 8.2 (Mean Sm) + 3% & 
correlated well with EF from correlated well with EF from 
RNARNA

Sm 5.4 cm/s predicts EF>50% Sm 5.4 cm/s predicts EF>50% 
(6 sites) sens 88%, spec 97%(6 sites) sens 88%, spec 97%

Gulati VK. AJC 1996;77:979-984



TDI and SRI can detect systolic 
dysfunction when LVEF is normal

• DHF/HFNEF• DHF/HFNEF 
• Hypertrophic cardiomyopathy 
• HT with LVH 
• Diabetes
• Valvular Heart Disease -MR and AS
• Amyloid
• Freidrich’s ataxia
• Tetralogy of Fallot• Tetralogy of Fallot



Conclusion:

“Thus subtle abnormalities of systolic function are 
present in patients with heart failure and a normalpresent in patients with heart failure and a normal 
left ventricular ejection fraction, and there appears 
to be a continuum of systolic function betweento be a continuum of systolic function between 
those with truly normal, mildly impaired (labelled 
diastolic heart failure), and obviously abnormal left ), y
ventricular systolic function. Isolated diastolic 
dysfunction is uncommon.”

Yip G, Wang M, Zhang Y, Fung JWH, Ho P Sanderson JE Left ventricular long axis 
function in diastolic heart failure is reduced in both diastole and systole: time for afunction in diastolic heart failure is reduced in both diastole and systole: time for a 
redefinition? Heart 2002;87:121-125



Echo in Hypertension with LVH
Wang et al J Hypertension 2005;23:183 191Wang et al J Hypertension 2005;23:183-191



Diabetes

Systolic velocity at rest 

Controls
Diabetics

y y
cm/s

9
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7
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p < 0.05
p < 0.01
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4
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1

Long Axis Short Axis Long Axis Short Axis
Fang ZY et al,

Clinical Science 2004; 106: 53
Vinereanu D et al,

Clinical Science 2003; 105: 591



TDI predicts the development of HCM in TDI predicts the development of HCM in 
subjects with subclinical diseasesubjects with subclinical diseasesubjects with subclinical disease. subjects with subclinical disease. 

M+ i t tiM+ is mutation 
Positive group

Nagueh et al Circulation 2003;108:395Nagueh et al Circulation 2003;108:395--398.398.



J Am Coll Cardiol 2003:41:1590-7



NB: PW Doppler versus ColourNB: PW Doppler versus Colour 
(offline) TDI( )

Chen et al  Int J Cardiol 2004;97:289

Also lateral versus septal wall?



Normal

Sm=6.6cm/s, Em=9.26cm/s



SHF

Sm=2.2cm/s, Em=2.5cm/s





Peak early diastolic and systolic mitral Peak early diastolic and systolic mitral 
annulus velocity by TDI adds independent andannulus velocity by TDI adds independent andannulus velocity by TDI adds independent and annulus velocity by TDI adds independent and 

incremental  prognostic value. incremental  prognostic value. 
W M Yi G W A t l JACC 2003 41 820W M Yi G W A t l JACC 2003 41 820 66Wang M, Yip G, Wang A et al. JACC 2003;41:820Wang M, Yip G, Wang A et al. JACC 2003;41:820--66
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Incremental value of DT <160 s and tissue 
Doppler imaging variables in predicting 

cardiac death

110
p = 0.025

p = 0.008

1002 TDI better 

90

χ than 
LVEF

0

Clinical data

Clinical data + DT < 0.16

C 0 16 (S )Clinical data + DT < 0.16 + TDI variables (Sm, Em, Am)

Wang M, Yip G, Wang A et al. JACC 2003;41:820Wang M, Yip G, Wang A et al. JACC 2003;41:820--66



Sm>2.8cm/s

Sm<2 8 cm/sSm 2.8 cm/s



Performance of echocardiographic tests for

1.00

suspected heart failure  (BNP > 88 pg/ml)
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Incremental Predictive Value of Em & E/Em 
in Heart Failure -

Wang M, et al, JACC 2005;45:272-7.
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Echocardiographic Tissue Doppler Imaging Is a g p pp g g
Powerful Independent Prognosticator of Overall 

Mortality in the General Population y
Results From the Fourth Copenhagen City Heart Study (2002-2007)

Rasmus Mogelvang

Survival

Normal
Rasmus Mogelvang
The Copenhagen City Heart Study
& Department of Cardiology,
G t ft U i it H it lGentofte University Hospital
Denmark

Abnormal

Time
Presented at ACC 2008



MethodsMethods
1,100 persons from the 

Copenhagen City Heart Study

Conventional Echocardiography
Copenhagen

g p y
& 

Tissue Doppler Imagingpp g g

http://www.lib.utexas.edu/maps

Mean Follow-up: 5.1 years 

5



Kaplan-Meier Survival Plotsp
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Kaplan-Meier Survival PlotsMultivariate Analysisp
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Kaplan Meier Survival Plot for e’Kaplan-Meier Survival Plot for e
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Conclusions
Tissue Doppler imaging is a powerful prognosticator, even in the 
presence of a normal conventional echocardiographic examination1 p g p

2 Low values of s’ and a’ were significant predictors of death

C bi i th i f ti f t li d di t li f

Tissue Doppler imaging is a powerful prognosticator -1 Low values of s’ and a’ were significant predictors2

3 Combining the information of systolic and diastolic performance 
strengthens the prognostic value of tissue Doppler imaging

Tissue Doppler imaging is a powerful prognosticator  
even in the presence of a normal conventional 
echocardiographic examination

1 Low values of s’ and a’ were significant predictors 
of death in the general population

2

Combining the information of systolic and diastolic 
performance strengthens the prognostic value of

Survival

TDI Normal
3 performance strengthens the prognostic value of 

tissue Doppler imaging
3

TDI Abnormal

Time



Diastolic Exercise Stress Testing Diastolic Exercise Stress Testing 
Normal ValuesNormal Values

B li E iB li E iBaseline Exercise
E (cm/s) 73 ± 19 90 ± 25

Baseline Exercise
E (cm/s) 73 ± 19 90 ± 25E (cm/s) 73 ± 19 90 ± 25

A (cm/s) 69 ± 17 87 ± 22

E (cm/s) 73 ± 19 90 ± 25

A (cm/s) 69 ± 17 87 ± 22A (cm/s) 69 ± 17 87 ± 22

DT (ms) 192 ± 40 176 ± 42

A (cm/s) 69 ± 17 87 ± 22

DT (ms) 192 ± 40 176 ± 42DT (ms) 192 ± 40 176 ± 42

E' (cm/s) 12 ± 4 15 ± 5

DT (ms) 192 ± 40 176 ± 42

E' (cm/s) 12 ± 4 15 ± 5( )

E/E' 6.7 ± 2.2 6.6 ± 2.5

( )

E/E' 6.7 ± 2.2 6.6 ± 2.5

Ha J et al:   AJC Jan 2003Ha J et al:   AJC Jan 2003



Figure 1 Left panel: change of E' from rest to exercise. Note that an increase in E' with exercise 
was less pronounced in patients with diabetes. Right panel: the change of E' with exercise was 

i ifi tl ll i ti t ith di b t d ith th t lsignificantly smaller in patients with diabetes compared with the control.

Ha J -W et al Heart 2007;93:1571-1576Ha, J. W. et al. Heart 2007;93:1571 1576



Figure 2 Left panel: change of S' from rest to exercise. Note that an increase in S' with exercise 
was blunted in patients with diabetes. Right panel: the increment of S' with exercise was 

significantly smaller in patients with diabetes compared with controlsignificantly smaller in patients with diabetes compared with control.

Ha, J.-W. et al. Heart 2007;93:1571-1576



Longitudinal Functional Reserve Index (LFR Index)
in HFNEF

Patient, ♀ 77 years
in HFNEF

Control, ♀ 72 years
t R
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Diastolic (Systolic ) LFR Index = ΔEm (or Sm) * (1-1/Em (or Sm) at rest) *
*(Ha et al., Heart 2007)



Longitudinal Functional Reserve Index (LFR Index)

Echo Results Patients (n=39) Controls (n=21)

Em at Rest (cm/s) 7.9±4.2 7.9±2.1( )

Em at Exercise (cm/s) 9.9±2.3
p=0.000

12.5±2.6 
p 0.000

Sm at Rest (cm/s) 7.9±1.6 8.0±1.5

Sm t E er ise ( m/s) 8 9±1 9 10 6±2 2Sm at Exercise (cm/s) 8.9±1.9
p=0.003

10.6±2.2

Diastolic LFR Index 
(cm/s)

2.0±1.5
p=0.001

3.9±2.4

Systolic LFR Index (cm/s) 0.9±1.5
p=0.001

2.3±1.5





Incremental value of an E/E’  ratio >15 
in predicting all-cause mortality post 

myocardial infarctionmyocardial infarction.

Hillis GS et al. J Am Coll Cardiol 2004;43:360-7



TDI provides incremental prognostic value in TDI provides incremental prognostic value in 
hypertension with LVHhypertension with LVHype e s o w Vype e s o w V

Wang et al J Hypertension Wang et al J Hypertension 2005;23:1832005;23:183--191191
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TDI LimitationsTDI Limitations

Angle dependenceAngle dependence

Velocities measured from relatively fixed apex aVelocities measured from relatively fixed apex, a 
normal segment affected by tethering from adjacent 
segments (scar or ischaemic)g ( )

Translational movement reduced by tissue auto-y
tracking algorithm in future

Gradual decrease in velocity gradient from base to 
apex



“Strain”: Deformation
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A: SRI in a normal subject.

B: SRI in a transmural MI (basal IVS). 

SRe

SRa
SRe

A B

SRa

SRs SRsSRs

Zhang Y,Chan AKY, Yu CM, Yip GWK, Fung JWH, Lam WMM, So NM, Wang M, Wu EB, 
Wong JT Sanderson JE Strain Rate Imaging Differentiates Transmural From Non-transmuralWong JT, Sanderson JE. Strain Rate Imaging Differentiates Transmural From Non-transmural 
Myocardial Infarction: A Validation Study Using Delayed-enhancement Magnetic Resonance Imaging.
J Am Coll Cardiol 2005;46:864-71



ceMRI and Strain Imaging in Nontransmural Infarction

Becker, M. et al. J Am Coll Cardiol 2008;51:1473-1481



Global Strain Rate Profile

Lester, S. J. et al. J Am Coll Cardiol 2008;51:679-689



JACC 2006;47:1175-1181



Clinical applicationsClinical applicationsClinical applicationsClinical applications

Marwick T JACC 2006;47:1313-1332



ConclusionsConclusionsConclusionsConclusions

For Heart Failure patients the common usage of For Heart Failure patients the common usage of 
LVEF as  a measure of LV function has been a LVEF as  a measure of LV function has been a 
disaster.disaster.
50% have been excluded from clinical trials50% have been excluded from clinical trials50% have been excluded from clinical trials.50% have been excluded from clinical trials.
Misleading Echo reports: “LVEF is normal Misleading Echo reports: “LVEF is normal –– patient patient 
does not have heart failure”.does not have heart failure”.
TDI/SRI more accurate reproducible and betterTDI/SRI more accurate reproducible and betterTDI/SRI more accurate, reproducible and better TDI/SRI more accurate, reproducible and better 
prognostic indicator.prognostic indicator.



New classification of Heart failureNew classification of Heart failureNew classification of Heart failureNew classification of Heart failure

Symptoms and signs of HF +raised BNPSymptoms and signs of HF +raised BNP
Is there LV remodelling (small vs big heart)?Is there LV remodelling (small vs big heart)?Is there LV remodelling (small vs big heart)?Is there LV remodelling (small vs big heart)?
What is the mechanism underlying dysfunction?What is the mechanism underlying dysfunction?
--SSystolic, diastolic, regional, dyssynchrony, valvular ystolic, diastolic, regional, dyssynchrony, valvular 
etcetce ce c
What is the aetiology?What is the aetiology?





Comparison of TDI and M-Mode 
M t f LV F tiMeasurement of LV Function

♣♣ 23 Controls & 17 23 Controls & 17 
patients with LVHpatients with LVHpatients with LVHpatients with LVH

♣♣ Good correlation Good correlation 
between TDI & Mbetween TDI & Mbetween TDI & Mbetween TDI & M--
Mode velocities Mode velocities 
(r=0.95, p<0.001)(r=0.95, p<0.001)(r 0.95, p<0.001)(r 0.95, p<0.001)

♣♣ TDI had higher TDI had higher 
reproducibility thenreproducibility thenreproducibility then reproducibility then 
MM--modemode

Garcia MJ, AHJ 1996;132:648-56



Comparison of TDI and M-Mode Assessment 
f i A iof Mitral Annulus Displacement

♣♣ 23 Controls & 17 23 Controls & 17 
patients with LVHpatients with LVH

r = 0.98
1 01 0 14patients with LVHpatients with LVH

♣♣ Apical TDI Vs MApical TDI Vs M--
y = 1.01x - 0.14

ModeMode
♣♣ VelocityVelocity--time time yy

integral of TDI integral of TDI 
correlated closelycorrelated closelycorrelated closely correlated closely 
with mitral annulus with mitral annulus 
displacementdisplacementdisplacement.displacement.

Rodriguez et al, AHJ 1996;131:982-7


