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Cardiomyopathies are practically classified as either ischemic or nonischemic based 
on the presence or absence of coronary artery disease. Although conventional two-
dimensional echocardiography can assess left ventricular ejection fraction, wall motion, 
and diastolic function, it does not fully capture myocardial mechanics or tissue charac-
terization, and does not accurately identify patients with nonischemic cardiomyopathy 
(NICMP) at risk for sudden cardiac death. This article discusses advanced imaging modal-
ities for assessment of NICMP, namely, three-dimensional echocardiography, strain 
imaging, cardiac magnetic resonance, cardiac computed tomography, and sympathetic 
innervation imaging.
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A practical method of classifying cardiomyopa-
thies on imaging has been to separate them 
into ischemic and nonischemic categories 

based on the presence or absence of obstructive 
coronary artery disease on angiography or on wall 
motion abnormalities on two-dimensional echo-
cardiography. Echocardiography can quantify the 
severity of left ventricular (LV) systolic and diastolic 
dysfunction; in most cases, however, it does not iden-
tify the etiology of nonischemic cardiomyopathy 

(NICMP), as tissue characterization is not possible 
with routine echocardiography. 

Although LV ejection fraction (LVEF) is univer-
sally used as an indicator of systolic dysfunction of 
the left and right ventricles, it is too simplistic to cap-
ture the entire gamut of myocardial abnormalities 
that accompany myocardial dysfunction. Moreover, 
it correlates most closely with radial performance of 
the myocardium while ignoring the contribution of 
longitudinal contraction and deformation. Systolic 

Vol. 16 No. 1 • 2015 • Reviews in Cardiovascular Medicine • 51

4170004_RICM0748.indd   51 20/03/15   5:07 PM



pyramidal shape does not con-
form to any geometric assump-
tions. Thus, 3D echocardiography 
is particularly valuable to assess 
the right ventricular (RV) cham-
ber shape, volumes, and RVEF 
in patients with NICMP, espe-
cially in those with predominant 
involvement of the right ventricle, 
such as those with arrhythmo-
genic RV dysplasia (ARVD).6 

Patients with dilated cardiomy-
opathy (DCM) frequently develop 
functional mitral regurgitation 
(FMR) due to annular dilatation, 
mitral valve tenting, and tether-
ing of the mitral leaflets. The 3D 
echocardiography technique has 
identified changes in annular shape 

3D color Doppler ultrasonography 
is also being researched.

At present, 3D echocardiog-
raphy serves to complement the 
traditional 2D echocardiographic 
examination. Application of 
newer endocardial border detec-
tion techniques permits accurate 
assessment of LV volume, mass, 
and EF with 3D echocardiography 
(Figure 1), which is particularly 

useful in the appropriate selec-
tion of patients for implantable 
cardioverter defibrillator (ICD) 
placement and cardiac resyn-
chronization therapy (CRT).5 
Assessment of the right ventricle 
is severely limited by 2D echo-
cardiography, as its asymmetric 

mechanics, however, occur in the 
circumferential, radial, and longi-
tudinal directions, and more than 
one modality is needed to capture 
myocardial motion in all direc-
tions. Moreover, reduced LVEF is a 
nonspecific indicator of fatal ven-
tricular arrhythmias and may not 
be the best indicator of the need for 
defibrillator placement when used 
alone.1 

This article discusses vari-
ous advanced imaging modalities 
to assess myocardial function in 
NICMP, including newer echocar-
diographic modalities, cardiac mag-
netic resonance imaging (CMR), and 
sympathetic innervation imaging.

Three-dimensional 
Echocardiography 
Recent development of transesoph-
ageal and transthoracic multiplane 
ultrasound probes has enabled the 
acquisition of rotational images at 
defined interval angles around a 
fixed axis, leading to the develop-
ment of three-dimensional (3D) 
echocardiography.2 Images are col-
lected over a 180° rotation at set inter-
vals. Sequential images are gated to 
both electrocardiography (ECG) 
and respiration to avoid reconstruc-
tion artifacts. Approximately four 
to six serial images are sufficient for 
volume reconstructions of the left 
ventricle, whereas more images are 
needed to visualize rapidly moving 
structures, such as mitral and aortic 
valves. Once the two-dimensional 
(2D) images have been obtained, 
they are processed offline with cus-
tomized or commercially available 
software.3

To circumvent the issues associ-
ated with offline processing, real-
time 3D echocardiography was 
developed. This technique uses 
matrix array transducers with more 
than 3000 imaging elements in a 
transducer.4 The ability to extract 
hemodynamic information from 

Figure 1. Measuring left ventricular ejection fraction using three-dimensional echocardiography. The three-
dimensional full volume image is cropped and rotated along multiple planes to isolate the left ventricle. 
Automated border detection algorithm is applied and a cast of the endocardium is created. The cast is auto-
matically divided into wall segments. Regional and segmental volume changes are tracked over the cardiac 
cycle for regional wall motion and dyssynchrony analyses.

Recent development of transesophageal and transthoracic multi-
plane ultrasound probes has enabled the acquisition of rotational 
images at defined interval angles around a fixed axis, leading to the 
development of three-dimensional echocardiography.
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is the twist normalized to distance 
(Figure 2). 

Tissue Doppler (TD)-derived 
strain and strain rate were the first 
methods used to quantify myo-
cardial deformation (Figure 3),  
but angle dependence and noise 
interference make this method 
less desirable. Speckle-tracking 
echocardiography (STE) is an 
angle-independent method for 
strain analysis. Speckles are small, 
temporally stable myocardial fea-
tures formed due to construc-
tive and destructive interference 
of ultrasound backscattered from 
structures smaller than the ultra-
sound wavelength. Using these 
speckle patterns (speckle track-
ing) to identify specific points in 

occurring with FMR, thus contrib-
uting to our understanding of the 
pathophysiology of FMR.7,8 Using 
3D echocardiography, the mitral 
annulus size and mitral valve tent-
ing volume can be assessed. Using 
3D color Doppler, accurate quan-
tification of FMR can be done by 
calculating effective regurgitant 
orifice area and regurgitant vol-
ume, which correlate well with 
CMR-derived parameters.9

Patients with heart failure also 
develop pulmonary hypertension 
and functional tricuspid regur-
gitation, which is associated with 
increased morbidity and mortal-
ity. Real-time 3D echocardiog-
raphy of the tricuspid valve has 
provided insight into the mecha-
nism of tricuspid regurgitation. 
The normal tricuspid annulus has 
a bimodal shape with distinct high 
and low points. With functional 
tricuspid regurgitation, the annu-
lus becomes larger, more planar, 
and circular.10 

Another application of 3D 
echocardiography is in dyssyn-
chrony evaluation. Real-time 
3D echocardiography allows for 
a comparison of synchrony 
between segments of the left 
ventricle in the same cardiac 
cycle. Kapetanakis and col-
leagues11 calculated a systolic 
dyssynchrony index from the 
dispersion of time to minimum 
regional volume for all 16 LV 
segments and found this to pre-
dict reverse remodeling after 
CRT. However, lower spatial and 
temporal resolution is a limiting 
factor. 

Myocardial Deformation
Strain describes myocardial defor-
mation—the fractional change in 
length of a myocardial segment 
(unitless, usually expressed as a 
percentage)—whereas strain rate 
is the rate of change in strain (1/s). 

Displacement reflects the distance 
that a certain feature, such as a 
speckle or cardiac structure, has 
moved between two consecutive 
frames, whereas velocity reflects 
displacement per unit of time—
how fast the location of a feature 
changes (cm/s). Displacement and 
velocity are vectors and have a 
direction.12 

In the LV myocardium, the 
myofiber geometry changes from 
a right-handed helix in the suben-
docardium to a left-handed helix 
in the subepicardium.13 The over-
all direction of rotation is counter-
clockwise at the apex and clockwise 
at the base. LV twist is defined as 
the difference between apical and 
basal rotation, whereas LV torsion 

Figure 2. Components of myocardial deformation.  Straight arrows show the direction of strain measure-
ment. Curved arrows indicate the direction of motion. Cd, circumferential diastolic strain; Cs, circumferential 
systolic strain; Ld, longitudinal diastolic strain; Ls, longitudinal systolic strain; LV, left ventricular; Rd, radial 
diastolic strain; Rs, radial systolic strain. 
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the myocardium, strain can be 
recorded. STE can analyze longitu-
dinal and radial deformation of all 
LV segments from apical views, and 
radial strain and circumferential 
strain (CS) of all LV segments from 
the short-axis views (Figure 4).14 

Velocity-Vector Imaging 
Velocity-vector imaging (VVI) is 
an advanced echocardiographic 
method derived from STE. With 
a pattern-matching algorithm, 
VVI can accurately track speck-
les frame by frame, and, through 
reconstruction of the deforma-
tion and motion, the motion of 
f low and tissue can be analyzed. 
The advantage of VVI is that it 
is self-updating. Special reference 
settings are applied, including 
valvular annulus, chamber bor-
ders, and tissue motion, as well as 
the relatively static reference point 
provided by the software. All 
these features provide precision 
to the tracking process. VVI is 
faster than conventional STE, and 
obtaining each patient’s param-
eters takes approximately 5 min-
utes, which is faster than a routine 
STE study. The segmental EF con-
tribution of each segment may be 

obtained with VVI.15 Time to peak 
velocity, time to peak strain, and 
strain rate can be calculated.16 
Using VVI, patients with DCM 
were found to have reduced LV 
peak twist and torsion, with a sig-
nificant correlation between EF 
and LV twist.17 

3D STE
An advance in strain imaging is 
the use of 3D STE. With 2D STE, 
speckles may not stay in the imag-
ing plane at all times, whereas 3D 
STE can track motion of speck-
les irrespective of their direction, 
as long as they remain within the 
selected scan volume. 3D STE is 
applied to full-volume 3D echocar-
diographic images.

Applications of Strain 
Imaging
Longitudinal LV mechanics is 
affected predominantly by the 
subendocardial region, and is 
most vulnerable to myocardial 
disease. In the initial stages of 

cardiomyopathy, midmyocardial 
and epicardial functions are unaf-
fected; therefore, CS is normal. 
With acute transmural insult or 
disease progression, midmyocar-
dial and epicardial dysfunction 
occurs with concurrent reduction 
in LV circumferential mechanics. 
Strain patterns in healthy individu-
als and in disease states are sum-
marized in Table 1.

Brown and colleagues18 explored 
whether global longitudinal strain 
(GLS) could be an alternative to 
the measurement of LVEF, using 
MRI-derived EF (MRI-EF) as the 
reference standard in 62  patients. 
They also compared GLS with 
3D echocardiography-derived 
EF (3D-EF). The correlation of 
GLS with MRI-EF (r  0.69; 
P  .0001) was comparable to 
that between 3D-EF and MRI  
(r  0.80; P  .0001). In those 
with  6 abnormal segments, the 
correlation of GLS with MRI-EF 
improved significantly (r  
0.77; P  .0001) and was simi-

lar to 3D-EF (r  0.76; P  .0001). 
Stanton and colleagues19 studied 
the prognostic value of GLS beyond 
conventional parameters in 546 
patients. GLS provided incremen-
tal value in subgroups with EF  
35% and those with and without 
wall motion abnormalities. A GLS 
 12% was found to be equiva-
lent to an EF  35% for the predic-
tion of prognosis. 

In the Penn Heart Failure Study,  
the prognostic utility of strain and 
strain rate were evaluated in 416 
patients with chronic systolic heart 
failure (76% with NICMP). Reduced 
strain and strain rate correlated 
strongly with higher New York 
Heart Association (NYHA) class, 
greater N-terminal prohormone 

Figure 3. Parameters of myocardial deformation derived from one region of interest (yellow dot) using tissue 
Doppler imaging. (A) Velocity. (B) Displacement. (C) Strain. (D) Strain rate.
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Using VVI, patients with DCM were found to have reduced LV peak 
twist and torsion, with a significant correlation between EF and  
LV twist.
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identify high-risk patients and aid in 
the selection of heart failure patients 
for advanced therapies. 

STE is particularly useful for 
identification of systolic dysfunc-
tion in patients with normal EF as 
measured by conventional echo-
cardiography. In a study of patients 
with hypertensive heart disease 
and heart failure with preserved 
LVEF (HFpEF), those with hyper-
tensive heart disease had lower lon-
gitudinal strain (LS), but increased 
CS, whereas patients with HFpEF 
had markedly reduced LS and CS 
values.21 Patients with hypertro-
phic cardiomyopathy (HCM) have 
reduced LS and increased CS; 
the former correlates with symp-
toms.22 Left atrial LS was studied 
as a marker of increased LV pres-
sure, and found to be reduced in 
patients with HCM.23 Patients with 
cardiac amyloidosis have decreased 
LS at the base with relative apical 
sparing, which helps distinguish 
this condition from other causes 
of LV hypertrophy.24 Reduced LS 
has been demonstrated to predict 
reduced survival in patients with 
light-chain amyloidosis.25 

Decreased LS can be used to assess 
cardiotoxicity of chemotherapeutic 
drugs such as anthracyclines (doxo-
rubicin, epirubicin) and trastu-
zumab before a drop in LVEF is 
seen.26 In a recent systematic review, 
13 peer-reviewed publications that 
assessed echocardiography-based 
myocardial deformation parame-
ters in a total of 384 patients treated  
with anthracycline-inclusive che-
motherapeutic regimens were stud-
ied. Most of these were single-center 

cohort studies involving patients 
with breast and hematologic malig-
nancies. Earlier studies used TD 
imaging–based strain, whereas 

strain rate to EF, led to a signifi-
cantly improved prediction at 1 year 

(area under the curve [AUC] 0.697 
vs 0.633; P  .032) and 5 years (AUC 
0.700 vs 0.638; P  .001).20 This study 
suggests that strain could be used to 

brain natriuretic peptide levels, 
and increased chamber size. Strain 
in all three dimensions (longitu-
dinal, circumferential, and radial) 
and strain rate in two dimensions 
(longitudinal and circumferential) 
were independently associated with 
an increased risk of adverse cardio-
vascular outcomes in multivariable 
models adjusted for clinical vari-
ables. Addition of strain, but not 

STE is particularly useful for identification of systolic dysfunction  
in patients with normal EF as measured by conventional  
echocardiography.

Figure 4. Speckle-tracking echocardiography-derived longitudinal strain in a patient with cardiomyopathy 
with a left ventricular ejection fraction of 40%. (A, top left) Peak longitudinal strain in aapical four-chamber 
view. (A, top right) Wave form display. (A, bottom left) Quantitative parametric overlay. (A, bottom right) 
Color M-mode display. (B) Bull’s eye presentation of strain. 

(A)

(B)
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LVEF < 35%, the degree of impair-
ment in RV  strain was associ-
ated with increasing NYHA class, 
greater LV end-diastolic volumes, 
reduced LVEF, worse LV diastolic 
dysfunction, and worse RV sys-
tolic and diastolic dysfunction. 
RV  strain    14.8% predicted 
adverse events after adjustment for 
age, LVEF, and indices of elevated 
left and right atrial pressures.33 
RV LS assessed by STE in patients 
with end-stage cardiomyopathy has 
been used to predict the risk of RV 
failure following implantation of 
an LV assist device (LVAD).34 In a 
study of 117 patients undergoing 
LVAD implantation, RV free-wall 
peak strain assessed using VVI was 
significantly lower in patients who 
developed RV failure after implan-
tation versus those who did not 
(9.0% vs 12.2%; P  .01).35 

Strain imaging has been used in 
the assessment of significant LV 
dyssynchrony to predict response 
to CRT in patients with NICMP. 
Septal-lateral LV dyssynchrony can 
be assessed by calculating delay 

receiving trastuzumab, GLS was 
again found to be the best predictor 
of future decline in LVEF.30,31 These 
studies suggest that strain imaging 
can be useful for early detection of 
chemotherapy-induced cardiotox-
icity so that treatment with reverse 
remodeling agents can be initi-
ated. According to an expert con-
sensus for multimodality imaging 
evaluation of adult patients dur-
ing and after cancer therapy, pub-
lished by the American Society of 
Echocardiography (ASE), either a 
drop in GLS of  15% from base-
line after starting anthracycline/ 
trastuzumab therapy without a 
drop in LVEF or a GLS value at any 
time below the lower limit of nor-
mal should be considered evidence 
of subclinical LV dysfunction. The 
ASE also recommends using the 
same vendor-specific ultrasound 
machine for strain measurements 
for longitudinal follow-up of cancer  
patients.32 

RV LS has also been analyzed 
in patients with cardiomyopathy. 
In a study of 171 patients with 

more recent contemporary stud-
ies predominantly used 2D STE. 
Despite variability in data regarding 
patient demographics, cancer type, 
strain techniques, and follow-up, a 
uniform finding was that changes in 
myocardial deformation occurred 
earlier than changes in LVEF  and 
at anthracycline doses lower than 
what were historically thought to 
be cardiotoxic. A 10% to 15% early 
reduction in GLS by STE dur-
ing therapy appeared to be useful to 
predict cardiotoxicity.27 Reductions 
in strain rate have been detected 
with cumulative doses of anthracy-
cline (epirubicin) as low as 200 mg/
m2, and these changes correspond to 
increases in levels of reactive oxygen 
species, the purported mechanism 
of anthracycline-induced cardio-
toxicity.28 In a study of anthracy-
cline-treated survivors of childhood 
cancer, 3D STE revealed impaired 
strain values in treated patients 
compared with control subjects, and 
the extent of derangement corre-
lated with cumulative anthracycline 
dose.29 In studies involving patients 

Parameter Healthy
Dilated 
Cardiomyopathy

Hypertrophic 
Cardiomyopathy

Heart Failure With 
Preserved Ejection 
Fraction

Circumferential 
strain (%) 

 15 to 20 Decreased magnitude Decreased magnitude 
(mainly in the septum 
and fibrotic tissue) 

Decreased magnitude

Longitudinal 
strain (%)

 15 to 20 Decreased magnitude Decreased magnitude Decreased magnitude

Radial strain 
(%)

 30 to 40 Decreased

Rotation base 
(degrees)

 4 to 7 (clockwise) —

Rotation apex 
(degrees)

5 to 10
(counterclockwise)

— Increased

Twist (degrees) ~ 15 Shortened and reduced 
~ 50%

Increased Initially increased, 
further normalization

Adapted from Castillo E et al.61

TABLe 1

Strain Pattern in Healthy Subjects and in Those With Pathologic Conditions
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of cardiac function and morphol-
ogy by reconstructing ECG-gated 
images. It provides accurate assess-
ment of LV and RV mass and volume, 
EF, and global and regional segmen-
tal wall motion. Morphologic char-
acteristics associated with specific 
cardiomyopathies, such as fatty 
infiltration and RV aneurysms in 
ARVD, and septal and apical hyper-
trophy with or without LV outflow 
tract obstruction in HCM, can 
be easily detected with cine CMR 
(Figure 5). CMR is considered the 
gold standard for assessment of RV 
volumes and EF. 

CMR is valuable in the identifi-
cation of LV noncompaction car-
diomyopathy. This is a rare form 
of NICMP, which is believed to be 
caused by an arrest of the normal 
process of compaction of a spongy 
meshwork of fibers in the ventricle 
from the epicardium to endocar-
dium and from the base to the apex 
between 5 and 8 weeks of embryonic 
development.42 Multiple prominent 
trabeculations and intertrabecu-
lar recesses are seen on imaging. A 

requiring CRT. Echocardiographic 
parameters of dyssynchrony in this 
study had low sensitivity and reli-
ability for predicting response to 
CRT. However, this study included 
only M-mode and TD imaging for 
dyssynchrony analysis, and there 
was wide interobserver variability 
in M-mode and TD imaging mea-
surements.41 Thus, this cannot be 
regarded as a definitive study, and 
further randomized trials using 

STE and 3D echocardiography-
derived strain are needed to define 
the utility of echocardiographic 
dyssynchrony evaluation in select-
ing patients for CRT. 

CMR
In recent years, CMR has emerged 
as a useful imaging modality for 
patients with cardiomyopathies. 
Cine CMR is used in the assessment 

in TD-derived LS values between 
septal and lateral walls.36 Radial 
strain calculated from TD velocity 
data from the anteroseptum and 
posterior wall in the mid LV short-
axis view has been used to identify 
radial dyssynchrony.37 STE applied 
to midventricular short-axis images 
determines radial strain from mul-
tiple points averaged to six standard 
segments.38 VVI has also been used 
with dyssynchrony defined by the 

greatest opposing wall peak longi-
tudinal systolic velocity delay.39 

The role of dyssynchrony evalu-
ation has come into question since 
the publication of the Predictors 
of Response to CRT (PROSPECT) 
study,40 which was an observational 
study of CRT response (defined  
by an improved clinical score and 
 15% reduction in LV end-systolic 
volume at 6 mo) in 426 patients 

Figure 5. Cardiac magnetic resonance imaging in arrhythmogenic right ventricular dysplasia. Double inversion recovery sequences without and with fat suppression; 
fatty infiltration of right ventricular wall. 

Strain imaging has been used in the assessment of significant LV 
dyssynchrony to predict response to CRT in patients with NICMP. 
Septal-lateral LV dyssynchrony can be assessed by calculating delay 
in TD-derived LS values between septal and lateral walls.
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territory indicates prior myocardial 
infarction. In NICMP, there may 
be no LGE or it may be present in a 
noncoronary distribution. Various 
patterns of LGE in NICMP are 
shown in Figure 6, and CMR find-
ings in common causes of NICMP 
are summarized in Table 2. Delayed 
enhancement in a subepicardial 
distribution is unusual, but highly 
suggestive of myocarditis. 

In a study of 472 patients with 
idiopathic DCM referred for CMR 
imaging, midwall hyperenhance-
ment was seen in 142 patients. 
After adjustment for LVEF and 
other conventional prognostic fac-
tors, both the presence and the 
extent of midwall fibrosis were 
independently and incrementally 
associated with all-cause mortal-
ity, cardiovascular mortality, car-
diac transplantation, and sudden 
cardiac death (SCD).44 In another 
study of patients with DCM, mid-
wall hyperenhancement was an 
independent predictor of mor-
bidity and mortality in patients 
undergoing CRT.45 More recently, 
in a pooled analysis of 9 stud-
ies comprising 1488 patients and 
a mean follow-up of 30 months, 
38% had LGE. These patients had 
increased overall mortality, heart 
failure hospitalization, and SCD/
aborted SCD compared with those 
without LGE.46 In another study of 
228 patients with NICMP without 
heart failure, those with LGE had 
a greater risk of developing heart 
failure and aborted SCD.47 The 
presence and extent of LGE was 
also shown to be associated with 
increased levels of transcardiac tro-
ponin T in patients with NICMP 
with heart failure, indicating that 
ongoing cardiac damage correlates 
with degree of myocardial fibro-
sis.48 In patients with cardiac sar-
coidosis, LGE was associated with 
increased risk of both atrial and 
ventricular arrhythmias.49 These 
studies suggest that evidence of 

cell membranes. Moreover, normal 
myocardium has densely packed 
myocytes and very little extracel-
lular space for gadolinium chelates 
to accumulate. Hyperenhancement 
seen in acute myocardial infarction 
is due to rupture of myocyte cell 
membranes and increased entry of 
gadolinium into cells, whereas that 

in fibrosis is due to expansion of the 
interstitial space from collagenous 
scar formation.

First-pass imaging is performed 
5 minutes after administration 
of gadolinium chelates, whereas 
delayed imaging is performed 
within 20 minutes after injection. 
Late gadolinium enhancement 
(LGE) on DE-CMR in a coronary 

ratio of 2:3 between noncompacted 
and compacted myocardium at 
end-diastole with CMR is consid-
ered diagnostic.43 

Although cine CMR is useful for 
functional assessment, delayed-
enhancement CMR (DE-CMR) 
helps in tissue characterization, 
particularly in assessment of myo-
cardial fibrosis. In fact, the unique 

ability of DE-CMR to provide a 
noninvasive histologic assessment, 
thus assisting in identification of 
specific etiologies of cardiomyopa-
thy without the need for endomyo-
cardial biopsy, represents its most 
attractive clinical potential. 

Gadolinium chelates used for 
DE-CMR are extracellular contrast 
agents that cannot cross myocyte 

Figure 6. Patterns of hyperenhancement on delayed-enhancement cardiac magnetic resonance imaging in 
common nonischemic cardiomyopathies.

A. Mid-wall Hyperenhancement

B. Epicardial Hyperenhancement

C. Global Endocardial Hyperenhancement

Amyloidosis, post-cardiac transplant

Sarcoidosis, myocarditis

• Sarcoidosis
• Myocarditis

• Hypertrophic
   cardiomyopathy
• RV pressure overload

• Idiopathic dilated
   cardiomyopathy
• Myocarditis

… the unique ability of DE-CMR to provide a noninvasive histologic 
assessment, thus assisting in identification of specific etiologies of 
cardiomyopathy without the need for endomyocardial biopsy, rep-
resents its most attractive clinical potential.
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of extracellular volume has also 
been developed for detection and 
quantification of diffuse myocar-
dial fibrosis. Myocardial extra-
cellular volume is measured as 
the percent of tissue comprised of 
extracellular space and has been 
shown to correlate with collagen 
volume fraction.53 

reliably, but not diffuse fibrosis. 
T1-mapping techniques allow 
assessment of diffuse fibrosis by 
direct quantification of myocar-
dial T1 time.50,51 In the setting of 
an increase in collagen fibers (and 
thus extracellular space), T1 time 
decreases after contrast admin-
istration.52 Direct measurement 

fibrosis is a poor prognostic marker 
in patients with NICMP and may 
assist in selection of patients at high 
risk of SCD for ICD implantation. 

DE-CMR detects fibrosis on the 
basis of the difference in signal 
intensity between an enhanced 
area and the normal myocardium. 
Thus, it detects localized fibrosis 

Type Cine CMR LGE Pattern

Idiopathic dilated 
cardiomyopathy

Systolic dysfunction of left ventricle ± right 
ventricle 
LV dilatation
Thrombus
Valvular lesions

Absent or midwall fibrosis
Epicardial fibrosis
Noncoronary distribution

Myocarditis Systolic dysfunction of LV
T2-weighted imaging for myocardial edema 
shows extent of acute inflammation
Steady-state free precession technique for  
imaging edema

Subepicardial (with active myocarditis) or 
midwall fibrosis, rarely subendocardial, 
lateral wall involvement frequent
Eosinophilic myocarditis: subendocardial 
LGE may be seen 

Hypertrophic 
cardiomyopathy

Abnormal LV hypertrophy (asymmetrical septal, 
apical, localized, or concentric)
Systolic anterior motion of the anterior mitral 
leaflet, mitral regurgitation
Dynamic outflow tract obstruction, apical aneu-
rysms,  myocardial clefts, and papillary muscle 
abnormalities

Patchy, multifocal, predominantly mid-wall
More common in hypertrophied areas and 
the interventricular septum
RV insertion sites of the septum 

Amyloidosis Homogenously thickened myocardium, 
Thickened interatrial septum and valve leaflets
Pleural and pericardial effusions

Widespread subendocardial hyperen-
hancement often including the interatrial 
septum and right ventricle 

Sarcoidosis Localized areas of wall thinning 
Regional wall motion abnormalities with high 
signal intensity on T2-weighted images 

Patchy, midwall, subepicardial, or even 
subendocardial 
Predilection to involve the basal and  
midseptal segments 
RV free wall may be involved 

Iron overload Findings of dilated cardiomyopathy with reduced 
myocardial T2 values

Unknown

ARVD Focal thinning
Segmental aneurysms
Regional and global RV dilation
Depressed function

RV and/or LV LGE indicates  
intramyocardial fibrofatty replacement

LV noncompaction Extensive trabeculations
Intratrabecular recesses, 
Absence of well-formed papillary muscles

Various patterns

ARVD, arrhythmogenic right ventricular dysplasia; CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement; LV, left ventricular; RV, right ventricular.

TABLe 2

Cardiac Magnetic Resonance Features of Various Nonischemic Cardiomyopathies
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CMR is valuable in the diagnosis 
of cardiac sarcoidosis (Figure  7).  
It can detect both the active 
inflammatory phase as well as 
the chronic phase of fibrosis and 
scarring of cardiac sarcoidosis. 
The inflammatory phase is char-
acterized by focal wall thickening 
due to infiltration or edema, com-
bined with wall motion abnor-
malities seen on T1-weighted (cine) 
images, increased signal intensity 
on T2-weighted images, and early 
gadolinium enhancement.54 Wall 
thinning and LGE representing 
scarring and fibrosis are more 
common in the chronic phase.55 
The basal septum, basal and lat-
eral segments of the LV, and the 
papillary muscles are frequently 
involved. Widespread LGE may 
correlate with absence of LV func-
tional improvement and a high 
incidence of adverse outcomes in 
patients with cardiac sarcoidosis 
after steroid therapy.56 In a study 
of patients with systemic sarcoid-
osis, the presence of LGE was the 
best independent predictor of 
potentially lethal events, as well as 
aborted SCD, or appropriate defi-
brillator discharges.57 Thus, the 
presence of LGE in patients with 
cardiac sarcoidosis may help risk 
stratify them for ICD placement.

LGE CMR has proved to be useful 
in diagnosis of cardiac amyloidosis 
(Figure 8). An early CMR study 
in cardiac amyloidosis described 
altered gadolinium kinetics and a 
global subendocardial pattern of 
LGE.58 Subsequently, studies using 
CMR to distinguish between pat-
terns of cardiac amyloidosis in 
light chain (AL) amyloidosis and 
hereditary transthyretin-associated 
(ATTR) amyloidosis have been 
published. In one study comparing 
both types of cardiac amyloido-
sis, cardiac ATTR amyloidosis was 
associated with significantly higher 
LV mass index, higher LV volumes, 
and lower LVEF compared with 

Figure 7. Cardiac magnetic resonance imaging of sarcoidosis showing patchy foci of subepicardial delayed 
hyperenhancement (red arrows) and basal septal midmyocardial hyperenhancement (yellow arrows).

Figure 8. Cardiac magnetic resonance imaging in amyloidosis showing left ventricular hypertrophy and 
patchy, confluent nonterritorial areas of delayed hyperenhancement throughout the left ventricle in suben-
docardial, midmyocardial, and subepicardial distribution (red arrows).
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with monitoring and program-
ming by a device nurse. There were 
no significant adverse events and 
only trivial changes seen in pacing 
parameters. The ability to perform 
MRI in patients with devices would 
expand the population of those 
with NICMP who can be studied 
using CMR. 

Cardiac Computed 
Tomography 
As CMR requires long acquisition 
times and excludes most patients 
with intracardiac devices, options 
for imaging with similar ability for 
tissue characterization are needed. 
Cardiac computed tomography 
(CCT) achieves excellent tissue 
characterization, with high spa-
tial resolution in short acquisition 
times, and is now the gold stan-
dard for noninvasive angiography 
(Figure 9). When used in patients 
with cardiomyopathy, it can rule 
out ischemia as a cause, given its 
high negative predictive value.70 
With advances in technology in 
multidetector row CCT imaging, 
it is possible to accurately measure 
biventricular size and function, 
in addition to obtaining coronary 
imaging. Retrospective ECG gat-
ing allows for multiphase refor-
matting of the axial images in any 
plane covering the cardiac cycle 
from end-systole to end-diastole. 
Multiple studies comparing CCT 

with CMR have found good cor-
relation between the two modali-
ties for all measures of LV size and 
global function, including LV vol-
ume and LV mass.71-74 In one study 
in which RV function was assessed, 
RVEF showed moderate agree-
ment and RV volumes correlated 

have relatively preserved net LV 
twist, although the apex-to-base 
progression of LV twist sequence 
is altered.64 Rotation at the mid-LV 
level becomes clockwise, similar to 
the direction of rotation of the LV 
base (opposite of normal). There is 
regional heterogeneity of LV twist, 
reducing the gradient of LV rota-
tion for the basal aspect of the LV, 
while exaggerating it toward the 
LV apex.65 Alcohol septal ablation 
transiently decreases LV twist, but 
twist returns to higher than base-
line values afterward.66 

As most cardiomyopathies 
initially lead to subendocardial 
dysfunction, LV twist is usually 
unaffected early in the course of the 
disease. As the disease progresses 
and there is subepicardial involve-
ment, LV twist decreases.67 Net ven-
tricular twist is negative in advanced 
DCM because of complete reversal 
of the LV apex rotation. Amyloid 
cardiomyopathy shows a relatively 
preserved magnitude of net LV twist 
angle, but the onset of untwisting is 
delayed after aortic valve closure in 
a healthy subject. 

Diastolic indices can also be 
obtained by myocardial tagging, 
and may be useful in assessment 
of diastolic dysfunction in patients 
with HFpEF. Tissue tagging has 
helped identify heterogeneity in 
strain pattern in healthy indi-
viduals. Tagging of the right heart 
remains difficult due to the thin 
wall of the RV.68 

The presence of pacemakers and 
ICDs has been considered a con-
traindication to MRI. In a study 
conducted by Nazarian and col-
leagues,69 555 MRI examinations 
were performed in 438 patients 
with devices (55% with permanent 
pacemaker and 45% with ICD) 

cardiac AL amyloidosis. Pleural 
and pericardial effusions were more 
common in cardiac AL amyloido-
sis. In cardiac ATTR amyloidosis, 
LGE was more extensive, with a 
higher prevalence of transmural 
LV LGE as well as of RV LGE.59 In 
patients with ATTR amyloidosis, 
preclinical cardiac amyloidosis has 
been detected even with isolated 
neurologic involvement and nor-
mal LV wall thickening. In a study 
of 53 patients with ATTR, diffuse 
LGE was seen only in those with 
clinical manifestations of cardiac 
amyloidosis, whereas those with 
subclinical cardiac amyloidosis had 
mostly focal LGE.60 These studies 
indicate that noninvasive diagno-
sis of type of cardiac amyloidosis is 
possible, which is clinically relevant 
given the efficacy of chemotherapy 
for AL amyloidosis. 

Deformation analysis can be 
carried out using two MRI tech-
niques. MR myocardial tagging 
superimposes black lines or grids 
on the myocardium. The deforma-
tion of tracked tags in all direc-
tions throughout the cardiac cycle 
allows  quantification of several 
objective (ie, operator-indepen-
dent) components of motion and 
is comparable with STE.61 Tissue 
phase mapping directly encodes 
the velocity of myocardial motion 
into the MRI signal and offers high 
spatial resolution of the functional 
information (1-3 mm).62 Being 
dependent on breath-held measure-
ments, both these methods have 
limited temporal resolution.

Aside from strain assessment in 
all three directions, LV rotation 
and torsion assessment is also pos-
sible with these techniques. In a 
study of LV torsion by myocardial 
tagging, impaired systolic torsion 
was seen in DCM with reversal of 
apical rotation at mid-systole. The 
amplitude of peak torsion was 
correlated with LVEF (r  0.74; 
P   .001).63 Patients with HCM 

Multiple studies comparing CCT with CMR have found good cor-
relation between the two modalities for all measures of LV size and 
global function, including LV volume and LV mass.
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found to concentrate in the hearts 
of patients with ATTR amyloidosis, 
but not as much in those with AL 
amyloidosis. 99mTc-PYP and 99mTc-
DPD may bind TTR amyloid fibrils 
more intensely than AL fibrils as a 
result of higher calcium-containing 
compounds in ATTR hearts, and 
thus may be useful in distinguish-
ing AL from ATTR cardiac amy-
loidosis, a distinction that impacts 
treatment. In a study of patients 
with ATTR cardiac amyloidosis 
who underwent 99mTc-diphospho-
nate imaging and CMR with LGE, 
although both modalities were 
similar in identifying myocardial 
amyloid deposition, the amyloid 
burden could be underestimated by 
visual analysis of CMR with LGE, 
thus suggesting that nuclear scin-
tigraphy may actually be a superior 
technique for diagnosing ATTR 
amyloidosis.80 

Imaging of Sympathetic 
Innervation of the Heart
Cardiac sympathetic nerves are 
preferentially stimulated in severe 
heart failure, with norepinephrine 
release from the failing heart at rest 
in untreated patients increased up 
to 50-fold, similar to the level of 
release in healthy hearts during near 
maximal exercise.81 Myocardium of 
patients with chronic LV dysfunc-
tion shows significant reduction of 
presynaptic norepinephrine uptake 
and postsynaptic β-adrenoceptor 
density. Assessment of the degree of 
sympathetic activation of the heart 
can, therefore, be an indicator of 
the severity of the disease process. 
Efforts directed toward assess-
ing sympathetic innervation of the 
heart led to development of radio-
tracers for single-photon emission 
computed tomography (SPECT) 
and positron emission tomography 
(PET) imaging. Imaging of sym-
pathetic innervation is centered on 
the synaptic junction of the neuron, 

strain, CS, and LS, with fewer 
nondiagnostic LV segments and 
a shorter time for analysis.77 This 
technique may be a valuable alter-
native for assessment of myocardial 
deformation in patients with poor 
echogenic windows and contrain-
dications for MRI. 

Newer Applications of 
Nuclear Scintigraphy
Nuclear scintigraphy is not a 
new imaging modality, but has 
recently found applicability in 
imaging cardiac amyloidosis, par-
ticularly ATTR amyloidosis, typi-
cally a difficult entity to diagnose. 
Radioisotopes used for skeletal 
imaging, such as 99mTc-3,3-diphos-
pho-1,2-propanodicarboxylic acid 
(99mTc-DPD)78 and 99mTc-pyrophos-
phate (99mTc-PYP),79 have been 

well between the two modalities,62 
though a major limitation was 
delineating RV contours due to 
inadequate contrast opacification. 

With respect to specific causes of 
NICMP, asymmetric septal hyper-
trophy and systolic anterior motion 
of the mitral valve can be easily 
identified in patients with HCM.75 
In ARVD, RV dilatation with scal-
loping of the free wall, fat deposi-
tion in conspicuous trabeculae and 
the moderator band, and thinning 
of the RV wall have been described 
on CCT.76 Moreover, extracardiac 
findings can aid in the diagnosis of 
systemic illnesses causing cardio-
myopathy, such as hilar lymphade-
nopathy in sarcoidosis. 

Quantitative analysis of LV strain 
using CCT was found to correlate 
well with echocardiography with 
regard to global and regional radial 

Figure 9. Cardiac computed tomography for evaluation of cardiomyopathy in a 57-year-old man with obe-
sity prior to evaluation for an implantable cardioverter defibrillator. Images showed end-diastolic and end-
systolic short-axis images of the left ventricle, and three-dimensional reconstruction of the coronary arteries. 
Gated images revealed normal biventricular size, concentric left ventricular hypertrophy, a left ventricu-
lar ejection fraction of 51%, and no valvular abnormalities. Coronary computed tomography angiography 
showed no coronary artery disease.
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and available radiotracers image 
presynaptic anatomy and function. 
Figure 10 shows adrenergic neu-
rotransmitter synthesis, receptors, 
and norepinephrine transport in the 
cardiac presynaptic nerve terminal, 
along with radiopharmaceuticals 
available for the study of sympa-
thetic innervation. The commonly 
used radiotracers are 123I- metaiodo-
benzylguanidine (123I-mIBG) for 
planar and SPECT imaging,82 and 
11C-hydroxyephedrine for PET 
imaging.83

Imaging protocol with SPECT 
involves images obtained 15 to 30 
minutes (early) and 3 to 4 hours 
(delayed) after intravenous injection 
of 123I-mIBG. Myocardial uptake 
and distribution is visually assessed. 
The uptake of mIBG is semiquan-
tified by calculating a heart-to-
mediastinum ratio (H/M) after 
drawing regions of interest over the 
heart and mediastinum. The mIBG 
wash-out rate (WR) from the myo-
cardium can be derived as ([early 
H/M-late H/M]/early H/M)  100 
(Figure 11). Reduced mIBG uptake 
in heart failure leads to reduced late 
H/M and increased WR (a measure 
of retention of norepinephrine by 
sympathetic neurons).84 

A meta-analysis of 18 studies 
including 1755 patients indicated 
that heart failure patients with 
reduced late H/M or increased 
123I-mIBG WR have a worse prog-
nosis compared with those with 
normal 123I-mIBG uptake and WR 
parameters.85 Subsequently the 
AdreView Myocardial Imaging for 
Risk Evaluation in Heart Failure 
(ADMIRE-HF) study,86 which 
included 961 patients with NYHA 

class II/III heart failure and LVEF 
  35% who underwent imaging 
with 123I-mIBG, revealed a lower 

cardiac event rate and higher 2-year 
survival rate in patients with H/M 

 1.6. These patients had a signifi-
cantly lower rate of heart failure pro-
gression and arrhythmic events. The 

incidence of cardiac death in patients 
with H/M  1.6 was   1% per 
year, whereas it was 10-fold higher 
(9.6%) in those with H/M  1.6.86 
Sympathetic innervation imaging 
also has a role in identifying patients 
with heart failure most likely to ben-
efit from CRT. A prospective study 
of 45 heart failure patients undergo-
ing CRT found higher baseline H/M 

Figure 10. Diagram of adrenergic neurotransmitter synthesis, receptors, and norepinephrine transport in the 
cardiac presynaptic nerve terminal, along with radiopharmaceuticals available for the study of sympathetic 
innervation. DHPG, dihydroxyphenylglycol; MIBG, metaiodobenzylguanidine; MAO, monoamine oxidase; 
NE, norepinephrine; VMAT, vesicular monoamine transporter. 
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Figure 11. Quantification of cardiac 123I- metaiodobenzylguanidine activity. Regions of interest are drawn over 
the heart and mediastinum in an anterior view of the thorax from which the heart-to-mediastinum (H/M) 
ratio and myocardial washout rate (WR) can be calculated.
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… commonly used radiotracers are 123I- metaiodobenzylguanidine 
for planar and SPECT imaging, and 11C-hydroxyephedrine for PET 
imaging.
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18F-FDG to assess for inf lamma-
tion and rubidium-82 to evalu-
ate for perfusion defects, those 
with focal perfusion defects and 
cardiac FDG uptake had a higher 
risk of ventricular tachycardia 
and death.99 In a longitudinal 
cohort of 23 patients with cardiac 
sarcoidosis, a reduction in the 
intensity and extent of myocar-
dial inf lammation on FDG PET 
was associated with improvement 
in LVEF, thus suggesting that 
serial PET scans could be used 
to monitor efficacy of immuno-
suppressive therapy in cardiac 
sarcoidosis.100

Conclusions
Newer imaging modalities can 
 supplement traditional 2D echo-
cardiographic examination and 
provide important information 
regarding etiology, cardiac 
mechanics, and prognosis in 
patients with NICMP. Additional 
imaging can help identify patients 
most likely to benefit from antiar-
rhythmic therapies such as ICD 
implantation and CRT, and risk 
stratify those for advanced heart 
failure therapies such as LVAD 
placement and cardiac transplanta-
tion. The role of fibrosis assessment 
and its implication for therapy is 
still being developed. Although 
some of these modalities (such as 
CMR) are increasingly being uti-
lized, others, such as strain and 
sympathetic innervation imaging, 
are still not being used  effectively. 
With increasing standardization of 
these moda-lities and their incor-
poration into guidelines, we are 
likely to see an increase in their use 
in the evaluation of patients with 
NICMP.  
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in the pathogenesis of heart failure 
and contractile dysfunction.91 In 
animal models of heart failure, the 
progression from cardiac hypertro-
phy to ventricular dysfunction is 
associated with downregulation of 
genes for fatty acid metabolism and 
a shift in metabolism to glucose as 
the primary fuel.92 This has also 
been shown in patients with idio-
pathic DCM.93 

In a study of 44 patients with 
advanced NICMP, matched per-
fusion and metabolism defects 
were seen on PET imaging in 91% 

of cases, with QRS duration on 
the surface ECG being positively  
correlated with the extent of the 
defect.94 In a study using fluoro-
deoxyglucose (FDG) PET, wors-
ening RV systolic function was 
associated with increased RV glu-
cose uptake and increased ratio of 
uptake in the RV versus the LV.95 

One of the more clinically rel-
evant applications of PET imag-
ing is in distinguishing cardiac 
sarcoidosis from other causes of 
NICMP using 18F-labeled FDG 
(18F-FDG). There is increased 
uptake in macrophage-dense 
regions, where the macrophages 
show a high metabolic rate, mak-
ing them highly reliant on exter-
nal glucose as a source of fuel.96 In 
a meta-analysis of seven studies, 
pooled estimates for 18F-FDG PET 
yielded 89% sensitivity and 78% 
specificity for diagnosis of car-
diac sarcoid.97 Increased uptake 
of FDG has been noted in cardiac 
sarcoid patients with ventricular 
tachycardia and advanced atrio-
ventricular block.98 In a study 
of 118 consecutive patients with 
known or suspected sarcoidosis 
who were referred for PET using 

ratio and lower WR with 123I-mIBG 
imaging, with further improvement 
in these parameters following CRT 
in responders only.87 A study of 50 
patients undergoing CRT found 
the highest response rate (defined 
by decrease in LV end-systolic vol-
ume) in patients with evidence of 
LV dyssynchrony on echocardiogra-
phy and H/M ratio ≥ 1.6.88 In con-
clusion, available evidence points 
toward a role for sympathetic inner-
vations imaging in patients with 
NICMP to predict risk of SCD prior 
to implantation of ICD and CRT 

devices. Sympathetic innervation in 
patients with LVAD using 123I-mIBG 
has been evaluated in several small 
studies. In heart failure patients who 
had an LVAD implanted, there was 
a statistically significant improve-
ment in early and delayed H/M ratio 
over 3 months of treatment with the 
LVAD,89 suggesting that recovery of 
myocardial sympathetic innerva-
tion may be an important factor in 
functional recovery of the myocar-
dium during LVAD support, and 
imaging with 123I-mIBG might be 
used to evaluate the reverse remod-
eling occurring with long-term 
mechanical unloading of the heart.

Positron Emission 
Tomography 
PET utilizes radionuclide tracer 
techniques that produce images of 
in vivo radionuclides. PET allows 
noninvasive evaluation of myo-
cardial blood flow, function, and 
metabolism, using physiologic 
substrates prepared with positron-
emitting radionuclides (carbon, 
oxygen, nitrogen, and fluorine).90 
Alterations in myocardial substrate 
metabolism have been implicated 

… available evidence points toward a role for sympathetic innerva-
tions imaging in patients with NICMP to predict risk of SCD prior to 
implantation of ICD and CRT devices.
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MAin PoinTs

• Echocardiography can quantify the severity of left ventricular (LV) systolic and diastolic dysfunction. However, 
in many instances, it does not identify the etiology of nonischemic cardiomyopathy (NICMP), as tissue 
characterization is not possible with routine echocardiography.

• Recent development of transesophageal and transthoracic multiplane ultrasound probes has enabled the 
acquisition of rotational images at defined interval angles around a fixed axis, leading to the development 
of three-dimensional (3D) echocardiography. Application of newer endocardial border detection techniques 
permits accurate assessment of LV volume, mass, and ejection fraction (EF) with 3D echocardiography, which is 
particularly useful in the appropriate selection of patients for implantable cardioverter defibrillator placement 
and cardiac resynchronization therapy.

• Tissue Doppler-derived strain and strain rate were the first methods used to quantify myocardial 
deformation, but angle dependence and noise interference make this method less desirable. Speckle-tracking 
echocardiography (STE) is an angle-independent method for strain analysis. Velocity-vector imaging (VVI) is an 
advanced echocardiographic method derived from STE. VVI is faster than conventional STE, and obtaining each 
patient’s parameters takes approximately 5 minutes, which is faster than a routine STE study.

• Cardiac magnetic resonance (CMR) has emerged as a useful imaging modality for patients with 
cardiomyopathies. Cine CMR is used in the assessment of cardiac function and morphology by reconstructing 
electrocardiography-gated images. It provides accurate assessment of LV and right ventricular mass and volume, 
EF, and global and regional segmental wall motion. CMR is valuable in the identification of LV noncompaction 
cardiomyopathy, a rare form of NICMP. However, as CMR requires long acquisition times and excludes most 
patients with intracardiac devices, options for imaging with similar ability for tissue characterization are 
needed. Cardiac computed tomography achieves excellent tissue characterization, with high spatial resolution 
in short acquisition times, and is now the gold standard for noninvasive angiography.

• Assessment of the degree of sympathetic activation of the heart can be an indicator of the severity of the 
disease process. Efforts directed toward assessing sympathetic innervation of the heart led to development 
of radiotracers for single-photon emission computed tomography and positron emission tomography 
imaging. Imaging of sympathetic innervation is centered on the synaptic junction of the neuron, and available 
radiotracers image presynaptic anatomy and function.
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