
Review
s and Com

m
entaRy 

n
 Controversies

Radiology: Volume 265: Number 1—October 2012 n radiology.rsna.org 23

Controversies in Cardiovascular 
mR imaging: Reasons Why 
Imaging Myocardial T2 Has Clinical 
and Pathophysiologic Value in Acute 
Myocardial Infarction1

Andrew E. Arai, MD
Steve Leung, MD
Peter Kellman, PhD

Published online
10.1148/radiol.12112491 Content codes:  

Radiology 2012; 265:23–32

1 From the Cardiovascular and Pulmonary Branch, National 
Heart, Lung and Blood Institute, National Institutes of 
Health, Department of Health and Human Services, Bldg 
10, Room B1D416, MSC 1061, 10 Center Dr, Bethesda, MD 
20892-1061 (A.E.A., S.L., P.K.). Received November 21, 
2011; revision requested December 27; revision received 
January 23, 2012; accepted March 29; final version 
accepted April 23. Address correspondence to A.E.A.  
(e-mail: araia@nih.gov).

Funding:
This research was supported by the National Institutes of 
Health (grant ZO1-HL004607-12).

Potential conflicts of interest are listed at the end of this 
article.

See also the article by Croisille et al in this issue.

q RSNA, 2012

T2-weighted imaging in the assess-
ment of magnetic resonance (MR) 
imaging of myocardial area at risk 

has recently generated a great deal of 
interest but has also caused substan-
tial controversy. The area at risk (1) 
represents the amount of myocardium 
that is hypoperfused during coronary 
occlusion (Fig 1). Since the infarct is 
a subset of the area at risk, the differ-
ence between the two measures is the 
amount of myocardium salvaged, which 
is a measure of therapeutic efficacy.

The purpose of this article is to 
discuss the role of T2-weighted MR 
imaging in assessment of the area at 
risk in patients with acute myocardial 
infarction. Some investigators have 
raised doubts about the veracity and 
feasibility of using T2-weighted images 
to measure the area at risk. However,  
mounting evidence indicates that T2-
weighted images can be used not only 
to measure the area at risk but also to 
refine our understanding of gadolinium-
enhanced myocardium in the setting of 
acute myocardial infarction, as well as 
the pathophysiology of acute myocar-
dial infarction in general.

Motivation for Finding an MR Imaging 
Method to Determine Area at Risk and 
Myocardial Salvage

While there are a number of clinical 
cardiac applications that benefit from 
T2-weighted imaging, the concept that 
T2-weighted images could delineate the 
area at risk associated with acute myo-
cardial infarction stimulated a remark-
able academic response. The work of 
Aletras et al (2) has now been cited 
more than 156 times in slightly more 
than 5 years since its publication, as 
shown by a Web of Science citation 
search in November 2011. The rela-
tionship between edema and abnormal 

tissue T2 was first reported in 1975 
(3). Although investigators recognized 
the association between acute myocar-
dial infarction and T2 abnormalities in 
the myocardium as early as 1983 (4), 
the purpose of much of the early work 
was to find nonenhanced MR imaging 
methods suitable for use in the diagno-
sis of acute myocardial infarction. Most 
of that work did not incorporate mea-
surement of the area at risk (5). The 
link between T2-weighted MR imaging 
and the area at risk was described with 
ex vivo imaging in 1993 (6) and with in 
vivo imaging in 2006 (2).

There is great interest in finding 
more effective ways to treat acute myo-
cardial infarction (7). Testing efficacy of 
cardioprotective agents in animal stud-
ies generally requires measurement of 
infarct size and area at risk to calcu-
late the amount of myocardial salvage 
(Fig 1). The area at risk is the major 
determinant of the upper size limit of 
the myocardial infarction. Ultimately, 
the infarct will be no larger than the 
amount of myocardium that is down-
stream from a coronary occlusion; 
however, the infarct might be much 
smaller if treatment is able to salvage 
myocardium. As shown in Figure 2,  
there is substantial variability in the 
size of the area at risk due to the loca-
tion of the occlusion within the infarct-
related artery (8). Other studies have 
highlighted the importance of collateral 
blood flow and residual coronary blood 
flow in modulating infarct size (9).

Nuclear perfusion imaging has been 
used to measure infarct size in more than 
30 clinical trials, but it is less commonly 
used to measure both infarct size and 
area at risk (10). Thus, in most clinical 
trials in which nuclear imaging is used, 
researchers have not determined myo-
cardial salvage. In the Acute Myocardial 
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edema and provided ultrastructural 
analysis to support these findings. Thus, 
the relationship between ischemia and 
myocardial edema is well documented 
by a number of laboratories in which a 
variety of methods were used.

Edema has higher signal inten-
sity on T2-weighted images than does 
normal myocardium (Fig 3). However, 
intramyocardial hemorrhage causes de-
creased signal intensity on T2*- and T2-
weighted images (20). Thus, the core of 
an infarct may have lower signal inten-
sity than the other portions of the area 
at risk. From a signal intensity perspec-
tive, a darker core within a brighter hy-
perintense T2 abnormality is analogous 
to the way microvascular obstruction 
appears dark within the core of a bright 
infarct on late gadolinium-enhanced im-
ages. Clinicians using either T2-weight-
ed images or gadolinium-enhanced im-
ages of myocardial infarction need to be 
aware of factors that modulate signal 
intensity on either type of image and 

mechanism tends to peak in the first 
48–72 hours depending on the presence 
or absence of ongoing inciting mecha-
nisms. Intramyocardial hemorrhage also 
leads to tissue swelling. Thus, at least 
three factors contribute to myocardial 
edema after acute myocardial infarction. 
Higgins et al (4) related their experience 
with myocardial T2 measured by using 
MR imaging versus infarct-related myo-
cardial edema measured by using the 
wet-dry weight ratio.

Myocardial edema occurs early in 
the course of myocardial ischemia (16), 
a fact that was misquoted in an editorial 
by Klem and Kim (17) that was critical 
of imaging the area at risk. Ischemia-re-
lated edema is visible with MR imaging 
in stunned myocardium in the absence 
of myocardial necrosis (18). Bragadeesh 
et al (19) concluded that myocardial 
edema could be an important contrib-
utor to the mechanism of myocardial 
stunning if the spacing of the contractile 
elements increased due to intracellular 

Infarction Study of Adenosine (AMIS-
TAD) trial, which was the pilot study 
for one of the largest cardioprotection 
clinical trials to date, researchers at-
tempted to use a single photon emis-
sion computed tomography (SPECT) 
study performed in the emergency de-
partment to measure area at risk and a 
second SPECT study to measure infarct 
size in a trial of adenosine as a cardio-
protective agent in patients with acute 
myocardial infarction (11). SPECT area 
at risk measurement was not feasible 
in the pilot study, so the investigators 
chose to use only infarct size as an out-
come measure in the main AMISTAD 
II clinical trial (12). In the AMISTAD 
II study, researchers failed to detect a 
37% relative reduction in infarct size 
(27% of the left ventricle in the control 
group vs 17% of the left ventricle in the 
pooled adenosine group, P = .074) (12). 
One can only wonder if accurate mea-
surement of infarct size and area at risk 
could have helped detect a therapeutic 
benefit of adenosine in this cardiopro-
tection trial.

Since MR imaging is already widely 
accepted as the highest-spatial-resolution 
measure of infarct size and is feasible 
in many patients with acute myocardial 
infarction (13), there is substantial mo-
tivation to find an MR imaging method 
that can be used to measure area at risk. 
Area at risk measurement would make 
possible a clinical equivalent to the basic 
scientists’ way of determining myocardial 
salvage. Ultimately, we cannot currently 
afford to conduct large acute myocardial 
infarction clinical trials without sufficient 
and promising preliminary data. Perhaps 
pilot clinical trials in which myocardial 
salvage is detected could become an eval-
uation criterion prior to funding major 
clinical trials in this area.

Pathophysiologic Basis of Myocardial 
Edema in the Area at Risk and the 
Relationship to Hyperintense Signal on 
T2-weighted Images

Myocardial edema is a fundamental re-
sponse to ischemia reperfusion injury 
in the heart (14,15). Inflammatory re-
sponses are a second common mecha-
nism for tissue edema. The inflammatory 

Figure 1

Figure 1: Diagram shows that an image of the area at risk (black) and infarct 
size (white) can be used to determine the amount of myocardial salvage (blue). 
Red circle represents short axis of left ventricle, and gray circle represents blood 
within the cavity. (Adapted and reprinted, with permission, from reference 1.)

Figure 2

Figure 2: Location of thrombosis is a major determinant of area at risk (purple) and maximal possible in-
farct size. Three-dimensional computed tomographic (CT) coronary angiograms show the location of coronary 
occlusion (arrows) relative to major side branches has a substantial effect on area at risk size.
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histologic analysis. However, interpre-
tation of microspheres in chronic ex-
periments must account for the amount 
of edema and tissue swelling that oc-
curs during the postinfarct period (14).

Human studies of area at risk are 
currently limited to SPECT, angiography, 
and MR imaging. Injection of sestamibi 
during coronary occlusion provides an 
excellent measure of the area at risk, as 
long as the coronary artery is completely 
occluded and the patient can undergo 
imaging within 4–6 hours after injection. 
Angiographic measures of the area at risk 
generally are based on splitting the coro-
nary artery tree into different segments 
based on the location of a lesion along the 
artery and the number and/or size of side 
branches. These angiographic estimates 
of area at risk make sense but require 
assumptions and modeling to translate 
to the coronary anatomy into grams of 
myocardium in the perfusion bed. None-
theless, the angiographic measures are 
feasible since a high fraction of patients 
with acute ST-segment elevation myo-
cardial infarction (STEMI) undergo per-
cutaneous coronary intervention. Other  
measures, such as Thrombolysis in 
Myocardial Infarction Trial flow grade 
(26) and currently available serum bio-
markers, cannot be used to measure area 
at risk.

Beyond correlation with a reference 
standard, there are measures of internal 
consistency that provide much insight 
with regard to the validity of an area-at-
risk measurement. As depicted in Figure 
4, the relationship between an estimate 
of area at risk and infarct size has specific 
patterns associated with accurate estima-
tion of area at risk, as well as over- or 
underestimation of area at risk. If T2-
weighted imaging led to underestimation 
of the area at risk, many infarcts would 
be larger than the line of identity on this 
type of plot. If T2-weighted imaging led 
to overestimation of the area at risk, no 
transmural myocardial infarctions would 
be plotted above the line of identity, and 
there would be a gap separating the most 
complete infarcts from the line of iden-
tity. In a case where the area at risk is 
accurately measured, the most transmu-
ral infarcts should approach the line of 
identity as seen in the actual clinical trial.

teries were perfused under equal and 
physiologic pressure. The osmolality 
of the dye solutions must be carefully 
controlled to avoid inducing edema or 
drawing water out of the tissue.

Fluorescent microparticles that are 
large enough to be seen on cut slices of 
the heart can cause microinfarcts and 
may have indistinct borders around the 
area at risk (22,23). The indistinct edges 
are the result of low relative density of 
particles. These edge effects are visible 
in the green-yellow portions of images ac-
quired with this technique (22,23). Fluo-
rescent microspheres must be injected at 
the end of an experiment during reocclu-
sion; therefore, precise repositioning of 
the occluding device is required to accu-
rately delineate the area at risk.

When large numbers (1–5 million 
microspheres for dogs weighing 20 kg) 
of 15-mm microspheres are injected, 
myocardial blood flow and area at risk 
can be quantified down to subgram 
regions of interest (half gram sections 
in a 0.5-g heart provide a reference 
standard equivalent to 1% of the myo-
cardium) (2,24). Furthermore, micro-
spheres enable a reference standard 
measurement of the severity of oc-
clusion (25), the amount of collateral 
flow, and the adequacy of reperfusion 
(assuming injections are performed 
before, during, and after occlusion). 
Microspheres do not interfere with 

correct for these factors in quantitative 
analyses.

Methods to Assess the Accuracy  
or Effectiveness of Imaging the  
Area at Risk

The following three pathologic analysis 
techniques are commonly used to 
measure area at risk and serve as refer-
ence standards: (a) tissue-staining dyes 
injected at the end of an experiment 
during reocclusion of the coronary 
artery, (b) microparticles injected dur-
ing reocclusion, and (c) 15-mm micro-
spheres injected during occlusion. We 
have used all three of these methods 
in our experiments (2,5,21,22), but 
we favor injection of microspheres for 
the following reasons: Dyes injected in 
vivo at the end of an experiment can 
alter tissue color enough to interfere 
with some postmortem histopathologic 
analyses, and they tend to obliterate 
details near the edges of the perfusion 
defect. For example, Reimer and Jen-
nings (14) used some slices to assess 
area at risk and used other slices for 
histopathologic analysis and specifically 
excluded the edge sectors “to avoid 
cross-contamination of ischemic and 
nonischemic samples.” The over- and 
underestimation of perfused dye infu-
sions depends on the level of residual 
perfusion and whether all coronary ar 

Figure 3

Figure 3: Examples of the relationship between T2-weighted area at risk, zone of early gadolinium 
enhancement (EGE), and infarct size, as determined with late gadolinium enhancement (LGE) in a patient with 
an acute inferior ST-elevation myocardial infarction treated successfully with percutaneous intervention. The 
door to balloon time was 1.6 hours, peak troponin I level was 115 µg/L, and MR imaging was performed 3 
days after myocardial infarction. MR images were acquired with the following protocols: steady state free-
precession (SSFP) cine sequence (repetition time msec/echo time msec, 2.96/1.23); T2-prepared steady 
state free-precession sequence (60-msec T2 preparation, 3.2/1.6); early gadolinium-enhanced inversion 
recovery single-shot steady state free-precession sequence (2.9/1.46); late gadolinium-enhanced inversion-
recovery gradient-echo sequence (8.7/4.2).



26 radiology.rsna.org n Radiology: Volume 265: Number 1—October 2012 2012

CONTROVERSIES: Imaging Myocardial T2 Has Clinical and Pathophysiologic Value Arai et al

Berry et al (27) compared new 
bright-blood T2-weighted methods with 
angiographic area at risk indexes in 50 
patients with recent acute myocardial 
infarction. T2 area at risk correlated 
with the Alberta Provincial Project for 
Outcome Assessment in Coronary Heart 
Disease (or APPROACH) score (33), 
with a bias of about 2.5% at Bland-
Altman analysis. Neither Duke Jeopardy 
score nor ST elevation score performed 
as well. Thrombolysis in Myocardial In-
farction (26) flow grade at the end of 
angiography or percutaneous coronary 
intervention was predictive of MR im-
aging–determined myocardial salvage. 
T2-weighted area at risk was predictive 
of the upper limit of infarct size, as ex-
pected for a measure of area at risk. 
Thus, this study looked at a wide range 
of independent clinical measures that 
should relate to the area at risk and had 
multiple positive findings.

Myocardial Edema Imaging Is  
Revising Our Understanding of 
Gadolinium-enhanced Imaging of Acute 
Myocardial Infarction

While detractors have suggested that use 
of T2-weighted images of area at risk is 
a risky business (34), in reality, area-at-
risk research with T2-weighted imaging 
has helped refine our understanding of 

approximately 50-g left ventricles were 
divided into approximately 160 sec-
tors for analysis, thereby yielding mi-
crosphere flow information in sectors 
equivalent to about 0.3-g tissue sam-
ples for a finer perfusion resolution 
than in any of our prior studies.

In humans, a key prior study noted 
that T2-weighted images could be used to 
differentiate acute from chronic myocar-
dial infarction (30). Furthermore, Berry 
et al (27) showed that T2-weighted im-
ages of human acute myocardial infarc-
tions had hyperintense regions in the 
distribution of the culprit coronary artery 
and that the hyperintense zones were 
typically transmural in extent. Thus, the 
T2-weighted hyperintense zones were 
distinctly different from at least the sub-
endocardial late gadolinium enhancement 
patterns. Friedrich et al (31) recognized 
that T2-weighted images could be used to 
image salvaged myocardium in humans. 
Carlsson et al (32) used sestamibi inject-
ed prior to acute percutaneous coronary 
intervention and imaged with SPECT 
to validate T2-weighted images with re-
gard to determination of area at risk and 
found excellent correlation. They also 
determined that the T2-weighted area 
at risk measurement was similar on days 
1–7 after acute myocardial infarction but 
then decreased with time over the next 
6 months.

Evidence That T2-weighted Images 
Portray the Area at Risk

Garcia-Dorado et al (6) concluded that 
T2-weighted images represent the area 
at risk and confirmed a tight relationship 
between myocardial T2 and tissue water 
content. Aletras et al (2) showed that 
high-quality in vivo T2-weighted images 
enabled measurement of the area at risk 
and compared well with microspheres. 
Furthermore, myocardial salvage was 
associated with partial recovery of func-
tion, as expected for subendocardial in-
farcts. One of the most important reali-
zations was that MR imaging performed 
approximately 2 days after infarction 
could depict the area at risk, infarct size, 
and myocardial salvage.

In consideration of the fact that 
the extent of edema might be substan-
tially altered based on the presence 
or absence of reperfusion, Tilak et 
al (5) reported that T2-weighted im-
ages correspond to the area at risk 
in a canine model of nonreperfused 
infarcts by using first-pass perfusion 
images obtained during coronary oc-
clusion as a reference standard. More 
recently, Ugander et al (29) validated 
precontrast T1- and T2-weighted im-
ages as measures of the area at risk 
against whole-heart microsphere ref-
erence standards. In that study, the 

Figure 4

Figure 4: Scatterplots show patterns expected when a measure of area at risk results in underestimation (left), overestimation (right), or cor-
rect estimation (middle) of the size of the area at risk, with area at risk as a constraint of the upper limit of infarct size. These images represent 
the relationship between infarct size and the T2-weighted MR imaging estimate of area at risk. Line of identity is plotted to depict the case 
where the infarct filled the entire area at risk. Cases where there is some myocardial salvage result in a point below the line of identity (infarct is 
smaller than area at risk). There is no physiologic case where the infarct is expected to be larger than the area at risk (points above the line of 
identity). These data are replotted from Berry et al (27), scaling the actual area at risk data to represent 50% over- or underestimation of area at 
risk. Note that degrees of over- and underestimation of area at risk were scaled based on the results of Mewton et al (28).
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at risk, others have raised concerns 
about many aspects of this imaging. 
One should not underestimate the dif-
ficulties associated with this type of 
imaging, as there are relatively subtle 
differences in signal intensity between 
the area at risk and the remote myo-
cardium. At the same time, some of 
the questions raised in recent editorials 
and reviews are off target or based on 
imprecise or incorrect summary of the 
existing validation studies. To highlight 
some of these issues, a number of ques-
tions are posed and addressed in the 
following section.

Is a Plot of Infarct Size versus Area at 
Risk a Legitimate Validation?
Conceptually, the relationship between 
area at risk and infarct size is fundamen-
tal—by definition, the area at risk must be 
larger than the infarct size. Friedrich et al  
(51) editorialize with negative overtones 
about this method and analysis. However, 
the comparison of area at risk and infarct 
size is a method that is sensitive to both 
over- and underestimation of area at risk 
by using data from a recent clinical trial 
(Fig 4) (27). If an experimental measure 
results in underestimation of the area at 
risk, some infarcts will be larger than the 
line of identity. If the experimental image 
results in overestimation of the area at risk, 
there will be a gap with no infarcts between 
the line of identity and the individual data 
points. As shown by this plot, the data of 
Berry et al (27) satisfy this important crite-
rion in addition to the many other positive 
findings summarized earlier.

Is Endocardial Surface Area a Better 
Measure of the Area at Risk than T2?
The relationship between the transmu-
ral extent of infarction and the wave-
front of ischemia that starts in the en-
docardium serves as the basis for using 
the endocardial surface area (ESA) of 
infarction to estimate the area at risk 
(1,52,53). In the case of extensive and 
nearly transmural myocardial infarc-
tion, the ESA subtends the area at risk. 
However, in the case of small myocar-
dial infarcts, the ESA clearly leads to 
underestimation of the area at risk. 
Fieno et al (23) showed images ob-
tained in seven experiments, and ESA 

Oshinski et al (48) found that gado-
linium enhancement led to overestima-
tion of infarct size for 20–30 minutes in 
a rat model of acute myocardial infarc-
tion. However, enthusiasm for this work 
was suppressed by an eloquent but ulti-
mately incorrect editorial (49). Judd and 
Kim (49) summarized the rat study with 
the following crushing comment: “The 
changes in size of the hyperenhanced 
regions observed by Oshinski et al, how-
ever, were likely caused by an incorrect 
implementation of the MRI technique.”

It is time to get beyond the editorial 
sword and recognize that kinetics are 
important in imaging acute myocardial 
infarction and that research on area at 
risk imaging is helping us understand 
the pathophysiology of early versus late 
gadolinium enhancement. Matsumoto et 
al (44) found that early gadolinium-en-
hanced images highlight the area at risk, 
while late gadolinium-enhanced images 
highlight the infarct. While the image 
quality was fair, the data analysis was 
clear. We were impressed that we could 
immediately confirm the results on im-
ages we obtained (Fig 3). Also in sup-
port of these conclusions, cine imaging 
with a combination of T2 and T1 weight-
ing early after gadolinium enhancement 
can depict the area at risk (50). How 
did these authors prove that the early 
gadolinium-enhanced images represent-
ed area at risk rather than infarct size? 
They used T2-weighted images to corre-
late with the early gadolinium-enhanced 
images. They also showed that the late 
gadolinium-enhanced images had much 
smaller hyperintense zones than did 
the early gadolinium-enhanced images, 
as one would expect for area-at-risk 
measures compared with infarct size im-
ages. For T2-weighted imaging to help 
readjust our understanding of what had 
been a dogmatic teaching about gado-
linium enhancement is an impressive 
testament that the T2-weighted images 
contain important pathophysiologic in-
formation about myocardial edema.

Critical Reading of the Literature 
Regarding T2-weighted Estimates of 
the Area at Risk

While many groups have found posi-
tive results related to imaging the area 

gadolinium enhancement of the heart. 
The field has benefited from but also 
been hampered by a decade-old thesis 
about gadolinium enhancement of the 
heart that proclaims, “Bright is dead!” 
The myocardium that appears bright 
on late gadolinium-enhanced images is 
infarcted, while the myocardium that is 
nulled or dark is interpreted to repre-
sent viable myocardium. Thus, the late 
gadolinium-enhanced images depict both 
viable and nonviable myocardium based 
on simple signal intensity differences. 
This theme was substantiated by a series 
of high-quality publications (35–43) that 
changed the field and put gadolinium-
enhanced viability and myocardial infarct 
imaging at the forefront of imaging. How-
ever, gadolinium kinetics were neglected. 
Recent research on MR imaging of the 
area at risk (44) has raised new concerns 
about how and when we should perform 
late gadolinium-enhanced imaging of the 
heart (45). Thus, the new concept is 
that T2-weighted images have been in-
strumental in understanding why early 
gadolinium-enhanced images represent 
the area at risk while late gadolinium-
enhanced images can represent the size 
of the myocardial infarction.

History provides many clues about 
the importance of kinetics in the inter-
pretation of gadolinium-enhanced imag-
ing of the heart. For example, Kim et al 
(46) found that there is a period of time 
where the rim around the infarct en-
hanced to a greater degree than the re-
mote normal myocardium or the core of 
the infarct. Other groups observed that 
what we now recognize as microvascu-
lar obstruction was a more important 
predictor of the recovery of function 
after myocardial infarction than simple 
gadolinium enhancement (47). Micro-
vascular obstruction appears as a dark 
zone in the core of the infarct and is 
caused by severe residual perfusion de-
fects. Incidentally, the images were ob-
tained early after injection of contrast 
material and would now be described 
as early gadolinium enhancement, not 
late gadolinium enhancement. Thus, it 
is not surprising that such images might 
lead to overestimation of infarct size 
and incorrect prediction of recovery of 
function.
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infarction.” It would seem that Friedrich 
et al (51) confused salvage associated 
with STEMI versus that not associated 
with STEMI (table 3 in reference 46) as 
transmural versus nontransmural. The 
amount of myocardial salvage is deter-
mined not with the echocagrdiographic 
characterization of infarction but with 
the duration of ischemia (53). One can 
see dramatic salvage with early inter-
vention for STEMI. Importantly, STEMI 
is not the same as transmural myocar-
dial infarction. The pattern of misquo-
tation and misrepresentation of recent 
literature is disturbing.

that can lead to underestimation of the 
cases of most dramatic salvage—a bias 
that could influence the outcome of a 
clinical trial. One cannot afford to miss 
the best cases of salvage.

Inaccurate Critique of Published  
Work
Friedrich et al (51) misquoted Berry 
et al and inappropriately discredited 
their work when they wrote, “There-
fore it is puzzling that Berry et al, with 
bright blood T2 techniques, report 
similar amounts of substantial salvage 
for both transmural and nontransmural 

would obviously lead to underestima-
tion of area at risk in three (Fig 5).  
Ubachs et al (54) found that ESA led 
to underestimation of area at risk in 
humans against a reference standard 
SPECT study. In a head-to-head com-
parison, T2 correlated better with an-
giographic indexes of area at risk than 
did ESA versus the angiographic area 
at risk (55). T2 also performed better 
than ESA and angiographic indexes in 
a study by Versteylen et al (56). Thus, 
while the ESA performs well in stud-
ies dominated by nearly transmural 
myocardial infarctions, it is a method 

Figure 5

Figure 5: Endocardial extent of infarction does 
not delineate the extent of area at risk in three of 
the seven examples of Fieno et al (23). (a) Fluo-
rescence images (left) paired with corresponding 
late gadolinium-enhanced images (right) selected 
to represent different time points after myocardial 
infarction. Regions of interest (white outlines) and 
arrows indicate area at risk. Note the marked 
discrepancies between area at risk and endocardial 
extent of infarction at 1 day and 10 days. (b) Left: 
Comparison of MR imaging hyperenhancement 
(top), triphenol tetrazolium chloride (TTC) staining 
(middle) and myocardium at risk (bottom) (region 
without fluorescent microparticles) in an animal 
with a 1-day-old reperfused infarction. UV = ultravi-
olet. Right: Light microscopy views of regions 1 (not 
at risk, not infarcted), 2 (at risk but not infarcted), 
and 3 (infarcted) are shown on the right panels. 
Arrows = contraction bands. MR imaging infarct 
size and negative triphenol tetrazolium chloride 
staining zone have a smaller endocardial extent 
than does the area at risk depicted by pale blue 
patch on the fluorescent microparticles. (Reprinted, 
with permission, from reference 23.)
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risk on T2-weighted images. However, 
real information can be perceived on 
images where the contrast-to-noise ra-
tio is within 1–1.5 standard deviations 
of background signal intensity (Fig 6b, 
6c) depending on some factors, such as 

There Are Problems and Limitations 
of Current Standard Deviation–based 
Thresholds Relative to Normal or Remote 
Myocardium
There are real and important problems 
with respect to how to quantify area at 

Figure 6

Figure 6:  It can be relatively easy to visualize regions that fall within 2 standard deviations of background 
noise. This depends on the size of an apparently abnormal region and the quality of diagnostic display. A, 
We used four pure signal intensities ranging from pure black in the background to pure white text as the 
starting image. Gaussian noise was added, and signal intensity difference between the text and the circle 
were adjusted to achieve approximate differences between the text and circle of, B, 1 standard deviation; 
B, 1.5 standard deviations; and, C, 2 standard deviations. In all cases, the text is readable on a high-quality 
computer monitor capable of displaying the 17-step gray scale. CNR = contrast-to-noise ratio, SNR = signal-
to-noise ratio.

Figure 7

Figure 7:  Left: MR images show human infarct displayed at five brightness and contrast levels to show difficulties with visual interpre-
tation of intermediate gray patches. A gray patch of infarcted myocardium (yellow arrows) is brighter than normal myocardium but is not 
bright enough to exceed full-width half-maximum threshold (white arrows) determined with the Feature Analysis and Combined Thresh-
olding computer algorithm (57,58).  Right: Color diagram shows pixel agreement of human and computer measurements. Green = nor-
mal for both, white = infarcted for both; yellow = infarcted for human but not computer measurement; orange = infarcted for computer 
but not human measurement. Discrepancy between human and computer contouring represents a large fraction of a typical myocardial 
sector (blue lines). To properly visualize this figure, the computer monitor should be adjusted to exhibit 26 shades on the gray-scale bar.

the size of the defect. It is already well 
documented (Fig 7) that similar prob-
lems in late-gadolinium-enhancement 
imaging lead to overestimation of infarct 
size in animal and human MR imaging 
studies (57,58). The teaching point is 
that conspicuity of real details becomes 
possible well below the commonly used 
threshold of two standard deviations. 
These effects can lead to visual overes-
timation of the extent of hyperintense 
regions on an image. Studies that rely 
on human planimetry tend to lead to 
overestimation of the size of regions of 
interest because of the confluence of 
many contiguous pixels of similar signal 
intensity that are slightly brighter than 
the background or surrounding tissue. 
These effects become quite large at the 
edges of regions of interest and can be-
come important problems when partial 
volume effects come into play. The con-
spicuity of abnormalities is also depen-
dent on the size of the object.

At the same time, the use of thresh-
olds that are too high or too low could 
lead to inaccurate estimation of the area 
at risk. Limited numbers of pixels with 
the remote region of interest can lead 
to inaccurate estimates of the standard 
deviation. The accuracy of determining 
a statistical measure is dependent on 
the sample size. A standard deviation 
estimate based on too few pixels in 
the remote myocardium might not rep-
resent the true standard deviation of 
remote myocardium and might lead to 
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T2 mapping sequences (64) ap-
pear promising and rely on MR physics 
similar to those in the bright-blood T2-
prepared steady state free-precession 
method. The main benefit of T2 map-
ping is providing an objective measure 
of T2 that could be used to objectively 
threshold the image.

Use of black-blood–prepared T2-
weighted images should be reserved for 
patients with a heart rate of less than 
85 beats per minute (65) and should 
use either the body coil with thick sec-
tions or the phased-array coils with 
proton-density-weighted surface coil 
correction methods.

Use of early gadolinium-enhanced 
imaging to image area at risk needs ad-
ditional validation studies to determine 
the correct imaging time after contrast 
material administration.

The ESA measured from late-gad-
olinium-enhancement images is an ex-
cellent second choice that is available in 
all patients who undergo late gadolini-
um-enhanced imaging. Its second place 
status is derived from the potential for 
underestimation of the area at risk in pa-
tients with dramatic myocardial salvage.
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