
S

A
a

T

B

T

d

s

l

p

c

i

i

t

D
t
c
(
t
t
l
(
c
a
c
n
a
b
g
v
c
s

F
P

M

J A C C : C A R D I O V A S C U L A R I M A G I N G V O L . 3 , N O . 8 , 2 0 1 0

© 2 0 1 0 B Y T H E A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N I S S N 1 9 3 6 - 8 7 8 X / $ 3 6 . 0 0

P U B L I S H E D B Y E L S E V I E R I N C . D O I : 1 0 . 1 0 1 6 / j . j c m g . 2 0 1 0 . 0 5 . 0 1 1
T A T E - O F - T H E - A R T P A P E R

ssessment of Subendocardial Structure
nd Function

ony Stanton, MBCHB, PHD,* Thomas H. Marwick, MBBS, PHD*†

risbane, Australia; and Cleveland, Ohio

he combination of high energy expenditure and the borderline adequacy of perfusion make the suben-

ocardium uniquely vulnerable to injury. Selective subendocardial involvement is usually a marker of

ubclinical disease. Technical advances in new noninvasive imaging modalities, especially in spatial reso-

ution, now permit qualitative and quantitative assessment of subendocardial structure, function, and

erfusion. Many newer techniques have the potential to provide superior prognostic information to

urrent standard assessment methods. This review describes the contemporary capabilities of multiple

maging modalities for assessment of the subendocardium, and seeks to guide the clinician regarding the

nformation and technical deficiencies of each modality. (J Am Coll Cardiol Img 2010;3:867–75) © 2010 by

he American College of Cardiology Foundation
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searc
ifferences in function, loading, coronary
perfusion, and pathology of the sub-
endocardium make this a unique com-

ponent of the myocardium. The impor-
ance of subendocardial function to overall
ardiac mechanics has long been recognized
1). At a cellular level, myocytes are bound
ogether in sheets, or laminae, typically 4 cells
hick, which allow the heart to contract in
ongitudinal, radial, and circumferential planes
2). These vectors are different in the subendo-
ardium and subepicardium, as the laminae are
lmost perpendicular to each other. Subendo-
ardial contraction is greatest in the longitudi-
al plane, with both electrical and mechanical
ctivation at this level propagating from apex to
ase. Conversely, subepicardial contraction
enerates circumferential shortening and left
entricular (LV) twist. The impairment of
ontraction in either layer is typically compen-
ated by augmentation of the other (3). This

rom the *University of Queensland, Brisbane, Australia; and the
roject grant (456139) from the National Health and Medical Re
anuscript received November 23, 2009; revised manuscript received
ompensatory mechanism allows preservation
f overall LV ejection fraction in the face of
bnormal diastolic function, but may be the
arbinger of future systolic dysfunction if dis-
ase evolves to transmural involvement.

The subendocardium is vulnerable to change
arly in the course of disease due to several
actors; it is the furthest layer from epicardial
oronary flow, it undergoes extreme fluctua-
ions in pressure and compression in both
ystole and diastole, and also appears prone to
arly structural microvascular architectural
hange such as fibrosis (4). Thus, the suben-
ocardium is often the earliest myocardial layer
ffected in many disease processes. Advances in
oninvasive imaging, and in particular im-
rovements in spatial and temporal resolution,
ave allowed the investigation of disease pro-
esses within the subendocardium, identifying
oth perfusion and functional abnormalities.
his has led to greater understanding of both

eveland Clinic, Cleveland, Ohio. Supported by a
h Council, Canberra, Australia.
April 28, 2010, accepted May 4, 2010.
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isease mechanisms and possible treatment strate-
ies. This understanding may allow us to better
nderstand the progression of disease from diastolic
ysfunction to overt systolic heart failure. In nonis-
hemic heart failure with normal ejection fraction
HFNEF), arterial stiffness and fibrosis cause sub-
ndocardial function to be reduced both at rest and
n exercise (5), resulting in diastolic dysfunction.
oronary ischemia also initially brings about dia-

tolic dysfunction due to impairment of subendo-
ardial perfusion prior to the development of overt
ystolic dysfunction (6).

This review will mainly focus on the contribution
f recent imaging advances to evaluation of the
ubendocardium. For most clinicians, echocardiog-
aphy remains the initial and most easily accessible

cardiac imaging modality. Although this
technique provides good spatial and excel-
lent temporal resolution, other techniques
offer higher contrast resolution. The opti-
mal method to investigate subendocardial
function will vary according to the ques-
tion posed (Table 1).

Tissue Characterization of the
Subendocardium

Integrated backscatter. Myocardial inte-
grated backscatter is a modality used to
assess the reflection of ultrasound waves
from cardiac tissue. It can be measured as
calibrated backscatter, whereby the reflec-
tion is normalized to adjacent high (e.g.,
pericardial) or low density (e.g., LV cavity)
myocardium. Subendocardial scar has in-
creased calibrated backscatter. Addition-
ally, integrated backscatter varies through-
out the cardiac cycle and is normally

ncreased in systole (cyclic variation integrated
ackscatter [CVIB]) due to changes in acoustic
roperties related to tissue compression and align-
ent of reflectors (Fig. 1). Transmural CVIB is

ecreased in ischemic myocardial segments (7).
Normal contraction is heterogeneous, with sub-

ndocardial contraction being markedly greater
han subepicardial contraction (1). By placing a
anual region of interest in either the subendocar-

ial or subepicardial half of the LV wall offline,
olonna et al. (8) localized the influence of stress-

nduced (atrial pacing) ischemia on subendocardial
nd subepicardial layers in 25 patients with known
oronary artery disease and 12 controls. During

e

hy

ssion
tress in myocardial segments supplied by nonste- c
osed coronary vessels, the investigators were able
o show a transmural gradient of CVIB from
ubendocardium to subepicardium. However, there
as blunting of the CVIB signal exclusively in the

ubendocardial region in segments supplied by ste-
osed vessels (�50% angiographically evaluated by
observers), elegantly illustrating the ability of this

echnique to reliably quantify differences in function
etween the subendocardial and subepicardial lay-
rs. Although this approach is technically challeng-
ng (including requiring the availability of raw data)
nd is limited to the anteroseptal and inferolateral
alls because of anisotropy, the measurement of
VIB is closely linked to strain.
omputed tomography. Multidetector computed
omography (MDCT) has undergone rapid ad-
ances in recent years, with improvements in spatial
nd temporal resolution. Although attention has
een on the delineation of coronary anatomy, recent
dvances have allowed direct imaging of the
ubendocardium.

Iodinated contrast agents (iomeperol and ga-
odiamide) used in MDCT (contrast enhanced
CE]-MDCT) have similar kinetics to gadolinium-
TPA as used in CE cardiac magnetic resonance

CMR). Gerber et al. (9) demonstrated that gated
6-slice CE-MDCT was able to distinguish be-
ween infarcted and normal myocardium with sim-
lar efficacy as CE-CMR in patients with acute and
hronic myocardial infarcts. Two patterns were
ypically seen, an early hypoenhancement pattern
as seen shortly after contrast administration (dem-
nstrating subendocardial microvascular obstruc-
ion), and late hyperenhancement (reflecting in-
reased distribution volume of contrast within the
yocardium with reduced flow). Other investiga-

ors have shown similar findings (10–12) in both
nimal and patient studies.

Although these data are encouraging, the radia-
ion required for MDCT remains a disadvantage
ompared with other imaging techniques. Table 2
ocuments the average effective radiation doses
ncurred as background and by various imaging

odalities (13). An imaging procedure imparting
0 mSV is estimated to increase the lifetime risk of
ying of a malignancy by 0.05% although factors
uch as patient age, race, and sex will also modify
isk considerably (14).

The use of potentially nephrotoxic contrast
gents is also of concern. Given these reservations,
t may be reasonable to suggest that myocardial
B B R E V I A T I O N S

N D A C R O N YM S

DS � 2-dimensional speckl

MR � cardiac magnetic

esonance

T � computed tomography

TA � computed tomograp

ngiography

VIB � cyclic variation of

ackscatter

GE � late Gadolinium-DTPA

nhancement

V � left ventricular

CE � myocardial contrast

chocardiography

DCT � multidetector

omputed tomography

ET � positron emission

omography

PECT � single-photon emi
haracterization using MDCT should only be un-
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ertaken when noninvasive coronary imaging using
DCT is already planned.

MR. The high spatial resolution of CMR makes it
n ideal technique for subendocardial imaging.
dditionally, it requires neither radiation nor im-

ging “windows.” Faster techniques have also im-
roved the ability of the technique to satisfy clinical
emand.
Late gadolinium-DTPA enhancement (LGE) is

he main technique applied to visualize the suben-
ocardium with a spatial resolution that is unattain-
ble with standard methods (Fig. 2). Gadolinium
ccumulates in the interstitial space of areas of
bnormal myocardium due to its delayed washout
inetics. Uptake produces a bright signal because it
hortens the T1 time of tissues. This development
as led to the application of LGE in a variety of
onditions. There is a risk of nephrogenic systemic
brosis following gadolinium administration in
hose with renal impairment (typically classified as
reatinine clearance �30 mg/dl). Subendocardial
adolinium uptake was shown by Kim et al. (15) to
losely correlate with histopathological tissue dam-
ge after myocardial infarction (16). Further studies
ave shown tissue viability to be predicted by the
ransmurality of LGE after myocardial infarction.
ypically, the subendocardial distribution of LGE

n coronary artery disease allows differentiation
rom myocarditis, which more commonly causes a
id-wall LGE pattern (17). LGE has also allowed

he identification of subendocardial dysfunction in
ther conditions apart from coronary artery disease.
osch et al. (18) demonstrated that LGE in amy-

oidosis was predominately subendocardial and cor-
elated well with histopathological examination.

aceira et al. (19) have subsequently shown that
he intramyocardial T1 difference between the sub-
ndocardium and subepicardium was a powerful
redictor of prognosis in this patient group. Abnor-
al subendocardial LGE has also been shown in
hurg-Strauss syndrome, Loeffler’s endocarditis,

nd systemic sclerosis (20).
Myocardial strain and torsion can also be under-

aken using CMR tagging or analogous techniques
o evaluate 3 planes of cardiac motion. Ventricular
wist (torsion) is often affected early in subclinical
isease. As torsion is based on the mechanical
dvantage of epicardial fibers, this is an indirect
easure of function in the subendocardium relative

o the subepicardium. Subsequent abnormalities in
orsion have been identified in patients with hyper-
rophic cardiomyopathy (21) and aortic stenosis

22) using CMR tagging. Restoration of subendo-
ardial perfusion and contraction after cardiac sur-
ery has been shown to ameliorate this (23).

ssessment of Subendocardial Function

eformation analysis. Long-axis function, repre-
enting subendocardial function, has long been
stimated using mitral annular planar systolic ex-
ursion (MAPSE), although this displacement
easure ignores the time course of contraction,
hich is a vital aspect of function (24). Advances in

chocardiography have allowed both the rate of

Figure 1. Integrated Backscatter of the PW During Systole, Con
With Subendocardial Scar and Ischemia

The pericardium (yellow) is most reflective (i.e., least negative) and
ity (turquoise) is least reflective (most negative). The subendocardiu
(green) is slightly more reflective than the epicardium (red), but th
dium thickens, and fiber thickening causes increased reflectivity. LV

Table 1. Strengths and Weaknesses of Different Imaging Modal

Modality Repeatable Accessible
Regional
Function Repr

Echocardiography �� �� �

Nuclear � � �/�

MDCT � � �

CMR � �/� ��

�/� � fair; � � good; �� � excellent.
CMR � cardiac magnetic resonance; MDCT � multidetector computed tomog
sistent

the cav-
m
e epicar-
� left
ities

oducible
Patient
Friendly

� ��

� �

� �

�� �
ventricle; PW � posterior wall.
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eformation (strain rate) and the magnitude of
eformation (strain) to be quantified, either based
n longitudinal deformation (as this reflects the
unction of subendocardial fibers) or transmural
istributions of deformation. These measurements
ere originally undertaken using tissue Doppler

maging, which has the technical limitations of
ngle dependence, signal noise, and measure-
ent variability (25). The newer technique of

-dimensional speckle (2DS) tracking employs
rame-by-frame tracking of individual speckles
hroughout the cardiac cycle, and is able to quantify
ontraction in each of the longitudinal, radial, and
ircumferential planes. As the subendocardium is
ften affected first in disease processes, the early

CMR Showing Extensive LGE in the Septum in a 49-Year-Old
nting With an Acute Anterior Myocardial Infarction

rea in the anteroseptal region (thin arrows) signifies microvascu-
tion. The thick arrows indicate the late gadolinium enhancement

Table 2. Radiation Dosage From Imaging Modalities

Imaging Modality Effective Does (mSv)

1-year background radiation 2.4

Chest X-ray 0.1

CT

Calcium score 2

Prospectively triggered CTCA 3

SPECT
201Tl 17
99cTm 10

PET 13

Invasive coronary angiography 7

Adapted from Einstein et al. (13) and Gerber et al. (14).
CT � computed tomography; CTCA � computed tomography coronary

angiography; PET � positron emission tomography; SPECT � single-photon
emission computed tomography; Tl � thallium; Tm � technetium.
m
� cardiac magnetic resonance; RV � right ventricle.
etection of impairment of subendocardial function
sing these sensitive techniques may allow earlier
herapeutic intervention.

ISSUE DOPPLER IMAGING. Longitudinal strain
nd strain rate are able to accurately detect differ-
nces in function between 3 myocardial layers at
est and in a range of different hemodynamic
oading conditions (26). Of particular note, strain
ate was highly significantly correlated with invasive
easurements of LV function (dP/dt).
In addition to the influence of the presence and

xtent of ischemia on strain rate (27), this technique
s also able to reflect interstitial changes in the
ubendocardium such as those that occur in LV
ypertrophy. The detrimental effects of LV hyper-
rophy and ischemia on subendocardial function are
dditive. The clinical importance of these changes
n subendocardial function was underscored re-
ently in a study of 223 individuals with normal LV
unction over 5 years of follow-up. Strain rate was
he most powerful independent predictor of all-
ause mortality in this group and provided incre-
ental information to other standard clinical and

chocardiographic variables (28).
In patients after aortic valve replacement, longi-

udinal deformation measures correlate with CE-
MR evidence of subendocardial LV fibrosis, and
redict functional improvement better than ejection
raction or aortic valve area (29). Similarly, radial
train analysis of healthy controls and patients with
ypertension and aortic stenosis, show that the

atter group—particularly in those with the classical
lectrocardiographic “strain” pattern—show inver-
ion of the normal sequence of myocardial relax-
tion with subendocardial preceding subepicardial
elaxation (30).

DS TRACKING. 2DS tracking is an automated,
uantitative technique that allows measurement
f myocardial function in all 3 planes of cardiac
otion. Frame-by-frame tracking of grayscale

mages (typically at a frame rate 50 to 70 fps)
llows measurement of deformation based on
xcursion between individual speckles throughout
he cardiac cycle. 2DS is more feasible than tissue
elocity imaging– derived strain indexes (25), and
as been validated against sonomicrometry and
MR tagging (25,31). As with tissue velocity

maging strain, 2DS can provide further insight
nto subclinical disease; abnormal longitudinal
egional speckle strain in hypertensive patients is
hought to detect subclinical LV function abnor-
Figure 2.
Man Prese

The dark a
lar obstruc
alities that are not identified by ejection frac-
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ion alone (32). Patterns of impairment of cir-
umferential or longitudinal deformation may
eflect transmural and subendocardial involve-
ent, respectively (Fig. 3). These patterns have

een used in the distinction of restrictive cardio-
yopathy from constrictive pericarditis (33), as
ell as the identification of subendocardial scar

34,35). Indeed, any disease process preferentially
ffecting the subendocardium results in impair-
ent of longitudinal function with preservation

f circumferential function and torsion. The re-
erse pattern is seen in subepicardial disease.
inally, global longitudinal strain, a marker of
ubendocardial function, was shown to be incre-
ental to standard baseline demographics and

uperior to ejection fraction and wall motion
coring index for the prediction of all-cause
ortality in 546 consecutive patients attending

chocardiographic assessment of LV function
36). A global longitudinal speckle tracking strain

Figure 3. Measurement of Circumferential Strain in a Patient W

Strains in this territory (corresponding to the green and purple line

Figure 4. CMR Stress Perfusion

Stress perfusion image on the left shows inducible subendocardial

Coronary angiography revealed a tight circumflex coronary artery steno
alue of �12% is not only analogous to an LV
jection fraction �35%, but also has similar
redictive power.

ssessment of Subendocardial Perfusion

MR. CMR perfusion is usually carried out using
denosine stress. The usual sequence is imaging of
he first pass of gadolinium through the myocar-
ium during stress, followed by resting perfusion
mages and then late enhancement (37). The high
patial resolution of the technique allows the rela-
ive alterations in myocardial blood flow in the
ubendocardium and subepicardium, although the
econvolution of the input function for abso-

ute flow measurement is more difficult. This tech-
ique may be particularly useful in disease states
here there are microvascular perfusion abnormal-

ties at the subendocardial level, such as syndrome X
nd hypertensive heart disease (38–40) (Fig. 4).

ontransmural Inferoposterior Infarction

re reduced to about 50% of those in remote regions.

ct (arrows) that is not matched in the resting image on the right.
ith N
defe

sis. Abbreviations as in Figure 2.
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In hypertrophic cardiomyopathy (41), reduction
f the vasodilator response, microvascular dysfunc-
ion, and subsequent ischemia are particularly prev-
lent in the subendocardium and are linked to the
egree of hypertrophy. Abnormalities of the endo-
ardium/epicardial perfusion ratio can be used to
etect transplant arteriopathy in heart transplant
ecipients (42).

Signal noise and artifact remain problems with
urrent perfusion CMR techniques. Contraindica-
ions relating to implanted metallic objects (espe-
ially pacemakers) mean that this technique is
nlikely to have the versatility of the alternatives.
T. Recent developments in CT technology have
lso allowed the investigation of subendocardial
erfusion. Subendocardial systolic hypoperfusion,
ut normal subendocardial diastolic perfusion with
4-slice CE-MDCT corresponds to ischemic seg-
ents as identified myocardial perfusion scintigra-

hy. However, the greater systolic perfusion in
he basal segments reduces the sensitivity of the
est to recognize ischemia of the right coronary
rtery compared to the left anterior descending
oronary artery territory (78% vs. 93%) (43). The
ombination of CT angiography (CTA) with

Figure 5. CMR, SPECT, and 2DE in a Middle-Aged Man After Acu

CMR shows extensive late gadolinium enhancement in the left ante
ing from subendocardial in the mid-septum to transmural in the ap
(appears restricted to the apex), and the transmural extent cannot
marked by pecked lines). 2DE � 2-dimensional echocardiography;

Table 3. Spatial Resolution of Imaging Modalities

Imaging Modality Spatial Resolution (mm)

2D echocardiography 0.8

SPECT 3.8

PET 2.4

64-slice MDCT 0.4 � 0.4 � 0.4 (voxel size)

CMR (3-T) 0.7 � 0.7 � 0.7 (voxel size)

2D � 2-dimensional; other abbreviations as in Tables 1 and 2.
viations as in Figures 1 and 2.
erfusion using dual-source CT provides compa-
able diagnostic accuracy to single-photon emis-
ion computed tomography (SPECT) (44).
owever, whereas the radiation dose of both

echniques was comparable (Table 2), the use of
TA plus CT perfusion required a larger bolus of

odated contrast than standard CTA.
yocardial perfusion scintigraphy. The lower spatial

esolution of positron emission tomography
PET) and SPECT has restricted their use for
he assessment of subendocardial perfusion to
atients with hypertrophied myocardium (Table 3).
onetheless, subendocardial ischemia on exercise

as been demonstrated with SPECT in patients
ith hypertrophic cardiomyopathy (asymmetric

eptal hypertrophy �2.0 cm) (45). Subendocardial
nd subepicardial coronary flow reserve has been
alculated with PET, allowing calculation of trans-
ural coronary flow reserve distribution (46). Im-

airment of subendocardial flow reserve has been
ocumented in aortic stenosis patients with the
ighest gradients and LV mass (47). In general,

Anteroseptal Myocardial Infarction

descending coronary artery (LAD) territory (white arrows), vary-
The degree of scar tissue exceeds the spatial resolution of SPECT
ecognized on standard resting echocardiography (septal thickness
T � single-photon emission computed tomography; other abbre-

Table 4. Reproducibility of Subendocardial Imaging

Modality (Ref. #) Intraobserver ICC Interobserver ICC

Echocardiography

TDI (28) 0.84 0.83

2DS (36) 0.92 0.92

MCE (49) Not quoted 0.88

PET Not quoted Not quoted

MDCT (9) 0.81 0.88

CMR 0.93 0.84

2DS � 2-dimensional speckle tracking strain; ICC � intraclass correlation
coefficient; MCE � myocardial contrast echocardiography; TDI � tissue
Doppler imaging; other abbreviations as in Tables 1 and 2.
te

rior
ex.
be r
SPEC
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owever, the lower spatial resolution of SPECT
nd PET relative to the other imaging modalities,
he radiation dosage required, and paucity of repro-
ucibility data for subendocardial imaging contin-
es to limit the use of these techniques (Table 4)
Fig. 5).
yocardial contrast echocardiography (MCE). Suben-
ocardial ischemia was visualized in humans
sing myocardial contrast echocardiography
MCE) 20 years ago (48), but is more difficult
sing intravenous injection. The development of
eal-time MCE has permitted the detection of
ubendocardial ischemia during dobutamine
tress echocardiography (49), even when wall
hickening is unaffected (Fig. 6). Although the
ack of radiation exposure, convenience of access,
nd real-time nature of this technique are all
ttractive, the technical challenges of MCE and
he lack of an approved microbubble for this
urpose have contributed to the failure of MCE
o achieve routine clinical use.

onclusions

he subendocardium is unique in its susceptibility
o disease processes. Its anatomical position, unique
yocardial fiber orientation, and susceptibility to
assive pressure alterations make it the harbinger

f future overt cardiac dysfunction. Recent advances
n both temporal and spatial image resolution have
llowed assessment of both subendocardial function
nd perfusion. The ideal imaging technique should
ombine both of these elements without the need
in patients with arterial hypertension.
Circulation 1993;88:993–1003. 1993;21:199–207.
recedented insights into the disease process, allows
he clinician to detect subclinical dysfunction, and
ntroduces the possibility of new treatments specif-
cally targeting the subendocardium (50).
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