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Imaging in Heart Failure

Establish the diagnosis
Assess etiology
Determine prognosis
Guide treatment



Imaging in Heart Failure

Structural abnormalities

Function (systolic, diastolic, myocardial etc)
Viability / ischaemia

Scarring / fibrosis / inflitration






Echo

“Ancient” technique
Versatility

Readily available

Safe

Lower cost

But relatively high variability



GUIDELINES AND STANDARDS

Recommendations for Cardiac Chamber
Quantification by Echocardiography in Adults:
An Update from the American Society
of Echocardiography and the European Association
of Cardiovascular Imaging
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The rapid technological developments of the past decade and the changes in echocardiographic practice
brought about by these developments have resulted in the need for updated recommendations to the previ-
ously published guidelines for cardiac chamber quantification, which was the goal of the joint writing group
assembled by the American Society of Echocardiography and the European Association of Cardiovascular
Imaging. This document provides updated normal values for all four cardiac chambers, including three-
dimensional echocardiography and myocardial deformation, when possible, on the basis of considerably
larger numbers of normal subjects, compiled from multiple databases. In addition, this document attempts
to eliminate several minor discrepancies that existed between previously published guidelines. (J Am Soc
Echocardiogr 2015;28:1-39.)
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Parameter and method

M-mode vs 2D

Technique

Advantages Limitations

Internal linear
dimensions.
Linear internal
measurements of the LV
should be acquired in the
parasternal long-axis
view carefully obtained
perpendicular to the LV
long axis, and measured
at the level of the mitral
valve leaflet tips.
Electronic calipers
should be positioned on
the interface between
myocardial wall and
cavity and the interface
between wall and
pericardium (orange
arrows).

M-mode tracing

e Reproducible e Beam orientation
e High temporal frequently off axis
resolution e Single dimension, i.e.,
e Wealth of published representative only in
data normally shaped
ventricles

e Lower frame rates
o Facilitates orientation than M-mode
perpendicular to the e Single dimension, i.e.,
ventricular long axis representative only in
normally shaped
ventricles




LV wall thickness and geometry

Table 6 Normal ranges for LV mass indices

Women

Linear method

LV mass (g) 67-162 88-224

LV mass/BSA (g/m°) 43-95 49-115

Relative wall thickness (cm) 0.22-0.42 0.24-0.42

Septal thickness (cm) 0.6-0.9 0.6-1.0

Posterior wall thickness (cm) 0.6-0.9 0.6-1.0
2D method

LV mass (g) 66-150
LV mass/BSA (g/m?) 44-88

Bold italic values: recommended and best validated.

Concentric
Hypertrophy

Concentric
Remodeling

Eccentric
Hypertrophy

Relative Wall Thickness

o

<95(9) >95(9)
<115(d) > 115 (d)
Left Ventricular Mass Index (gm/m2)

Figure 6 Comparison of RWT. Patients with normal LV mass
can have either concentric remodeling (normal LV mass with
increased RWT = 0.42) or normal geometry (RWT = 0.42) and
normal LV mass. Patients with increased LV mass can have
either concentric (RWT = 0.42) or eccentric (RWT = 0.42) hyper-
trophy. These LV mass measurements are based on linear mea-
surements.




LV EF (ejection fraction)

* Most commonly (and firstly) asked question
by both physicians and patients

* A “number” that provides a general
impression how “good” or “bad” one’s heart
is — “easy to understand”

* Important for cardiologists to determine
timing of intervention (e.g. CRT-P/D, valvular
surgery in severe lesions)



Volume and EF assessment

Volumes.

Volume measurements
are usually based on
tracings of the blood-
tissue interface in the
apical four- and two-
chamber views. At the
mitral valve level, the
contour is closed by
connecting the two
opposite sections of the
mitral ring with a straight
line. LV length is defined
as the distance between
the middle of this line
and the most distant
point of the LV contour.

Biplane disk summation

e Corrects for shape
distortions

e Less geometrical
assumptions
compared with linear
dimensions

e Apex frequently
foreshortened

e Endocardial dropout

e Blind to shape distor-
tions not visualized in
the apical two- and
four-chamber planes




Volume and EF assessment

Endocardial border enhancement

=
=

=

3D data sets

e Helpful in patients with

suboptimal acoustic
window

Provides volumes that
are closer to those
measured with cardiac
magnetic resonance

No geometrical
assumption
Unaffected by
foreshortening
More accurate and
reproducible
compared to other
imaging modalities

e Same limitations as

the above non-
contrast 2D
techniques

e Acoustic shadowing in

LV basal segments
with excess contrast

e Lower temporal

resolution

e Less published data

on normal values

e Image quality

dependent




LVEF vs Cardiac Output

* CO=HRxSV
* EF (%) =SV / LV end diastolic volume

e Assuming that no significant mitral
regurgitation

* CO=HR x (EF (%) x LV end diastolic volume)
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Accuracy of real time three-dimensional
echocardiography (RT3DE) measurements of left
ventricular (LV) volume
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Example of LV volume time curves obtained in one patient
from RT3DE and MR. images. Results of linear regression
(bottom, left) and Bland-Altman (bottom, right) analyses of
the point-by-point measurements of LV volume obtained in
16 patients.
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Diastolic function:
Mitral inflow pattern

Mild Diastolic Moderate Diastolic Severe Diastolic
MNormal Diastolic Dysfunction Dysfunction Dysfunction
Function (impaired relaxation) (pseudonormal) (restrictive)
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Relaxation g i i

Left Ventricular

e MNormal Normal to + ‘i i

Atrial Pressure MNormal Mormal to ¢ I +44

E = early filling
A = atrial contraction Aurigemma GP. NEJM. 2004;351:1097-105.
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Diagnosis of LV diastolic dysfunction in
patients with normal LV EF

In patients with normal LV EF

1-Average E/e’ > 14

2-Septal e’ velocity <7 cm/s or
Lateral e’ velocity <10 cm/s
3-TR velocity > 2.8 m/s

4-LA volume index >34ml/m?

50% >50%
<50% positive positive
positive

\ | Diastoli Diastolic
ormal Diastolic Indeterminate Dysfunction
function

J Am Soc Echocardiogr 2016;29:277-314




Estimation of LV filling pressure/diastolic
function grading in patient with depressed LVEF
or myocardial disease

T

E/A< 0.8 + E <50 cms EA> 0.8 <2

3 criteria to be evaluated™*
|

1-Average Efe’ > 14
2-TR velocity > 2.8 m/s
3-LA Vol. index>34ml/m?2

20f30r30f3
Negative

2of3or3of3
Positive

When only 2 criteria are available

1 positive and

1 negative 2 poaitive

2 negative

LAP and Diastolic Grade Il Diastolic Grade Il Diastolic
Dysfunction Dysfunction Dysfunction

Grade | Diastolic
Dysfunction

I
If Symptomatic

‘ Normal LAP ‘ ~Cannot determi T LAP 1 LAP

|
Consider CAD, or
proceed to diastolic
stress test

(* : LAP indeterminate if only 1 of 3 parameters available. Pulmonary vein S/D ratio <1 applicable to conclude elevated LAP in
patients with depressed LV EF)

J Am Soc Echocardiogr 2016;29:277-314



RV Geometry

* The shape of the right ventricle is complex

* In contrast to the ellipsoidal shape of the left
ventricle, the right ventricle is triangular when
viewed longitudinally and is crescent shaped
when viewed transversally.

* Its complex shape is difficult to model
geometrically as opposed to the left ventricle,
which explains the difficulty to assess right
ventricular volumes and function by
echocardiography



Tricuspid Annular Plane Systolic
Excursion (TAPSE)

v

Normal RV function RV dysfunction

» M-mode cursor passed through the tricuspid lateral annulus
in a four-chamber view and measuring the amount of
longitudinal displacement of the annulus at peak-systole

» Abnormal < 16 mm


http://www.wikiecho.org/w/images/e/ea/Rv-systolic-3.JPG

Systolic Excursion velocity (S’)

» Utilize Tissue Doppler Imaging of tricuspid
annulus movement during systole

 Abnormal < 10 cm/sec


http://www.wikiecho.org/w/images/e/ec/Rv-systolic-6.JPG

RV Myocardial Performance Index

RV MFI Abnormal Values
Abnomal
=0_40

Also known as RIMP or Tei index_ It is an index that incorporates both systolic and

diastolic time intervals in expressing global systolic and diastolic ventricular function. The

RV MFI has prognostic value among pulmonary hypertension patients at a single point in

time and changes in this index correlate with change in clinical status. It also been used in

studying patients with RV infarction, hypertrophic cardiomyopathy, and congenital heart IVCT «IVRT  TCOT - RVET

RV MPI
disease, eic. RVET RVET

Tru:ui-,p-d -':flc'.v‘( 1COT

NCT WVHT
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Fractional Area Change

RV FAC % = (RV EDA- RV ESA) / RV EDA x100

* Resemble “Simpons method” for LVEF
 Abnormal: < 35% change in area


http://www.wikiecho.org/w/images/d/d7/Rv-systolic-2.JPG

Table 9 Recommendations for the echocardiographic assessment of RV function

Echocardiographi

RV global function
Pulsed Doppler RIMP
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Tissue Doppler RIMP

FAL = [EDA-ESAVEDA = (1071090237 = 41

Rosommaondod mothods

RIMP (Tei index) by pulsed
Doppler:
RIMP = (TCO — ETVET

RIMP by tissue Doppler:
RIMP = (IVRT + IWCTVET =
(TGO — ETVET

RV FAC in RV-focused

apical four-chamber view:

RV FAG (%) = 100 » (EDA
ESAVEDA

Fractional R\ volume
change by 3D TTE:

RV EF (%) = 100 = (EDV
ESVVEDV

Advantagos

» Prognostic value
» Less affected by heart rate

» Less affected by heart rate
» Single-beat recording with
no need for R-R interval

matching

Established prognostic
value

Reflects both longitudinal
and radial components of
RV contraction
Correlates with RV EF by
CMR

Includes RV outflow tract

contribution to overall func-

tion
» Comelates with RV EF by
CMR

Limitations

+ Reguires matching for R-R

intervals when measure-
ments are performed on
separate recordings

» Unreliable when RA pres-

sure is elevated

« Unreliable when RA pres-

sure is elevated

» Neglects the contribution of

RV outflow tract to overall
systolic function

» Only fair inter-observer

reproducibility

Dependent on adeguate
image quality

Load dependency

Requires offline analysis and
experence

Prognostic value not estab-
lished




Table 9 (Continued)

Echocardiographic imaging

Recommended methods

Advantages

Limitations

RV longitudinal systolic function

TAPSE = B0 mm
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Color tissue Doppler S wave

o Tricuspid annular longitudi-

nal excursion by M-mode
{mm), measured between
end-diastole and peak sys-
tole

Proper alignment of M-
mode cursor with the direc-
tion of RV longitudinal
excursion should be
achieved from the apical
approach.

Peak systolic velocity of
tricuspid annulus by pulsed-
wave OTl{cmy/sec), obtained
from the apical approach, in
the view that achieves par-
allel alignment of Doppler
beam with BV free wall lon-
gitudinal excursion

Peak systolic velocity of
tricuspid annulus by color
DTl (cmy'sec)

» Established prognostic .
value .
Validated against radionu-
clide EF

Easy to perform .
Reproducible »
Validated against radionu-
clide EF

Established prognostic

value

Sampling is performed after =
Image acquisition *
Allows multisite sampling on
the same beat

Angle dependency
Partially representative of
RV global function®

Angle dependent

Mot fully representative of
RV global function, particu-
larty after thoracotomy,
pulmonary thromboendar-
terectomy or heart
transplantation

Angle dependent

Mot fully representative of
RV global function, particu-
larty after thoracotomy,
pulmonary thrombendarter-
ectomy or heart
transplantation

Lower absolute values and
reference ranges than
pulsed OTl 5 wave




Pitfalls

 However, all the above method only provide
indirect clues to estimate RV systolic function

* RV ejection fraction is difficult to be estimated
from 2D Echo due to its complex geometry

* 3D Echo may provide new insight on
volumetric assessment of RV



Classification

ACC/AHA heart
failure stage

NYHA symptom
classification

Stage A HF — can we detect
subclinical abnormalities?

Stage A Stage B

At risk (e.g., Structural heart
patients receiving disease
cardiotoxins) but (hypertrophy, low
without structural  EF, valve disease)
heart disease or but without signs or
symptoms symptoms

Grade |

No limitation of activity

Severity

Stage C Stage D
Structural heart disease with prior or Refractory HF
current symptoms requiring
specialized
interventions
Grade ll Grade il Grade IV

Mild limitation of
activity

Marked limitation Confined to bed or
of activity chair

Khouri, et al. Circulation 2012



Example: Oncology treatment side
effects on CV system

Athero-inflammation ‘ - Pulmonary
Skeletal muscle Vascular




Long term incidence of CV disease in

treated patients

Anthracyclines Radiation Therapy

Congestive heart failure Myocardial infarction
b No candiac radiation
os I (500 cGy cardiac radiation
weee 500 to 1500 cGy candiac rzdiation
=== 1500 to 3500 cGy candiac adiation
3500 ¢Gy cardiac radiation

Congestive heart failure

Cumulative incidence (%)

g100 _
- = No anthracycline
i === (250 mg/m’ anthracycline 3
. 7.5 ’ : Pt s
'i wess 2250 mg/m® anthracycline e W
% 5.0 Pericardial disease Valvular disease
E ! '.5
3 2.5 s
a. E 9
o 1
2
E -
0 S B
2
3
E 6
3
-

0 0

Mulrooney, et al. BMJ 2009 Time since diagnosis (years) Time since diagnosis (years)




Diagnostic testing

Disease

Progression

Early detection

Emerging Biomarkers

Rinchamical markare

e e

Targeted nuclear cardiology
Functional capacity testing

Strain echo (tissue Doppler/speckle tracking)

- A

Traditional Imaaina
- Echocardiography
. Nuclear cardiology

Surveillance

Diagnosis

Guide treatment

Baseline
CV health
&

Risk factors

Cancer

Diagnosis

¢ -

Cytotoxic

v

Therapy
("CV insult")

Cardiac toxicity

(ILVEF)
(ACC/AHA
Stage B)

'
'
'
'
|
1
'
'

v

Q== —-—

10-15% reduction in GLS (compared with

baseline) — predictive of cardiotoxicity

Khouri, et al. Circulation 2012

CV disease

&

Premature
death

Heart failure

(ACC/AHA
Stage C & D)




Limitation of traditional 2D Echo

* LVEF

— only tells you the “change of cavity” as end result

— no information regarding the myocardial fiber
contractile function

 Wall motion assessment

— effect of “tethering” by adjacent normal segment

— Appeared akinetic on 2D with 25% - 100%
thickness myocardial injury / infarct



Myocardial Deformation

RADIAL and
CIRCUMFERENTIA

(clockwise) ' . = LONGITUDINAL @
| 8 X e | ; @l ROTATIONAL
4 e ¢ 1L (@)

Left-handed helix Apical rotation

(counterclockwise)

Subepicardium : helically left-handed direction
Mid layer: run circumferentially
Subendocardium: helically right-handed direction
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Strain and Strain Rate

Elastic Deformation Properties
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Myocardial infaction

SEPT

|Peak Systolic Strain| Peak Systolic Strain
Al

ANT_SEPT

. Normal

LAD infarct

LCx infarct

. Non-ischaemic CMP

OO0 w>

Peak Systolic Strain |Peak Systolic Strain|

ANT_SEPT ANT_SEPT




Peak Systolic Strain

NT_SEPT

02/10/2008-08:02:01 ; 02/09/2008-12:46:01

GLPS_LAX 368 msec GLPS_LAX AVC_AUTO 340 msec
GLPS_A4C 60.0bpm GLPS_A4C HR_ApLAX 57.4 bpm
GLPS_A2C GLPS_A2C
GLPS_Avg GLPS_Avg

Peak Systolic Strain

IT_SEPT

07/11/2008-15:55:02 ; 17/03/2009-09:53:57

GLPS_LAX -12.7 % | AVC_MEAS 366 msec | GLPS_LAX 379 msec
GLPS_A4C 55.2 bpm | GLPS_A4C & 55.4 bpm
GLPS_A2C GLPS_A2C
GLPS_Avg GLPS_Avg




Amyloid heart disease

Peak Systolic Strain

-------



Ischaemic CMP

* Perfusion abnormalities
 Viability
e Guide decision on revascularization



Exercise vs pharmacological stress Echo

Advantages Disadvantages

Treadmill Widely available Post stress images
High workload Mild ischemia may
revert

Upright bicycle | Imaging during exercise | Technically difficult

Supine bicycle Imaging during exercise |Low workload
Dopplers readily
available

Dobutamine Continuous imaging Side effects

Dipyridamole Continuous imaging Side effects




Stress Echo Interpretation

Interpretatio |[Rest / |Low dose Peak & post
n Baseline | stress stress

Normal Normal  Normal Hyper
dynamic

Ischemic Normal Normal/severe Decreased
iIschemia — new
RWMA

Scar No change No change
Hibernating Improved Worsens

Stunned Improved Improved




Stress Echo — other parameters

O

nange in diastolic function

O

nange in RSVP

(@

nange in LV chamber size

Change in haemodynamics in valvular disease

— “mild MS” at rest with exertional symptoms
— “LFLG severe AS”



Cardiac MRI

e Structure and function assessment
* Stress perfusion for ischameia
e Late Gandolinium Enhancement (LGE)

— Differentating ischaemic vs non-ischaemic cause

— Ischaemic — almost always involvement
subendocardium or even transmural,
corresponding to coronary artery territory



LGE — transmural extent of infarct

Cine Image Contrast-Enhanced Image Left Anterior Descending
Coronary Artery Left Circumflex Artery Right Coronary Artery
- -

Kim, Raymond J., et al. "The use of contrast-enhanced magnetic resonance imaging to identify
reversible myocardial dysfunction." New England Journal of Medicine 343.20 (2000): 1445-1453.



LGE — transmural extent of infarct

Segments with
All Dysfunctional Severe Hypokinesia, Segments with
Segments Akinesia, or Dyskinesia Akinesia or Dyskinesia

Can be used to predict whether or
not regions of myocardial
dysfunction will improve after
revascularization.
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Transmural Extent of Hyperenhancement (%)

Kim, Raymond J., et al. "The use of contrast-enhanced magnetic resonance imaging to identify
reversible myocardial dysfunction." New England Journal of Medicine 343.20 (2000): 1445-1453.



LGE

* Predict response to CRT — transmural necrosis
at inferolateral wall may do worse

* Predict arrhythima risk base on extent of
scarring



Tissue characterization

Native T1 — non-contrast

Extracellular volume (ECV)

T2: acute inflammation, edema, infarct
T2*



Area; 2.996 cm? e ). B
¥ Mean: 917,508 4SDev; 40.6@]&6?39-
y Min: 801,000 ‘Max: 1107.000% SO

Length: 11,730 1cm S8 & Nyt >

\ ‘ 5 . : '\ I/

,,,,,

Arca: 4,092 e
N Mean:829.783 SDev; 59 034“& NPAiE33!
‘v.«-nsooo Max: 115800088

Length: 14,760 cm "% [

Native T1 mapping

Parametric mapping

A more recent development in
myocardial tissue characterisation

Diffuse myocardial fibrosis - T~ T1
values
Non-specific

— any pathology resulting in
edema/fibrosis/other depositional
disease

Values applicable to local setup only



T2 mapping

e Similar principle to T1 mapping

T2 relaxation time altered by
water content

 Detect myocardial edema in
different diseases

et oo e et <30 Ko 708 e “Area-at-risk” myocardium

Min: 60,659 Max 60H -

g 9.4: da%@ 863



Acute Chest Pain Syndromes

Presence of MVO
No

EGE imaging

Presence of sub-endocardial Presence of mid-myocardial :
ischaemic type non-ischaemic type 5 LGE imaging
hyper-enhancement hyper-enhancement
Yes No
]
More diffuse rise

High native T1 valuesin
in T1-values

2_!

g

& infarct and peri-infarct zone

Yes Yes Yes
|

¥ 4
Subtle diffuse rise Higher ECV inthe

ECVin infarct >40%
and in ECV apical segments”
Large peri-infarct zone with
raised ECV >33% Yes

Apical rise in T1- ) :
valims’ Native T1-mapping

y

Yes
Takotsubo

Chronic Acute
myocardial Myocarditis Cardiomyopathy

infarction

y

Acute
myocardial
infarction

Fig. 3 Acute chest pain syndromes algorithm using multi-parametric tissue characterisation. ECV denotes extra-cellular

volume, LGE Late Gadolinium Enhancement, and MVVO microvascular obstruction. .
*This holds true for classical type 1 Takotsubo Cardiomyopathy

Haaf et al. Journal of Cardiovascular Magnetic Resonance (2016) 18:89




Myocarditis

Takotsubo

Regional

stunning

MI (PFO+)

HCM

DCM

LV
function
(Cine)

T2W
(STIR)

T1-mapping
(ShMOLLI)

|" 4000 ms

LGE



T1 mapping and ECV in clinical practice

>1200msec

Acute myocarditis

me Chronm

HCM  Syst. Sclerosis
DCM
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<900msec

i 100%
) | L 100%

Extra cellular volume (ECV)

Haaf et al. Journal of Cardiovascular Magnetic Resonance (2016) 18:89



Nuclear imaging for ischaemia

Thallium-201 or technietium-99m
Exercise or pharmacological stress
Evaluate ischaemia, infarction and viability

Prior studies suggest excellent negative
predictive values but poor positive predictive
values

Ischaemic CMP shows more extensive, diffuse
and severe perfusion defects than NICM, but a
noteworthy degree of overlap exists



Injection of radiotracer

Normal Perfusion defect

EEHEE

Mormal Fixed defect Partially

Rest or redist Late redist*

Normal 9mTc or 20T
Reversible BImTe or 201T)
Mixed 99mTC or 2017
Partially reversible 9mTc or 201T]
Fixed RmTe or 2017

Late reversible 20T} only

Reverse

201
redistribution** Tlonly

O O
O 0
O U
O U
O U
v U
O v

Source: Valentin Fuster, Robert A. Harrington,

Jagat Narula, Zubin ). Eapen: Hurst's The Heart,
Fourteenth Edition: www.accessmedicine.com
Copyright © McGraw-Hill Education. All rights reserved.
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Table 1: Main Indications and Applications for Each One of the Available Imaging Modalities in the Assessment of Heart
Failure Patients

3DE Strain Cardiovascular Magnetic Nuclear Computed
Resonance Tomography

LV diastolic function
RV function
lschaemia

.I'l'lli d tl | | | {I!r'l

Cardiomyopathies 3

provides

Cardiac Failure Review, 2016;2(1):27-34



Imaging in Heart Failure

* Echo continues to be the method of choice for its
availability, cost and usefulness, it provides most
of the information required for the management
and follow up of HF patients and it has been
enhanced with the development of 3DE and
strain.

* Cardiac MRI and nuclear imaging are alternative
for ischaemia or viability assessment

e Cardiac MRI is excellent in tissue characterization
to differentiate different types of
cardiomyopathies



