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he myocardial region that becomes
ischemic after occlusion of its sup-
plying coronary artery defines the
area potentially at risk for infarction
(hereafter, the area at risk). Without
prompt restoration of blood flow, myo-
cardial necrosis will ensue as a wave-
front from the subendocardium to the
subepicardium within the area at risk
(1). Thus, in the setting of acute myo-
cardial infarction (MI), the area at risk
may include both infarcted (nonviable)
and salvaged (viable) myocardium de-
pending on the timeliness of reperfu-
sion therapy.
Modern percutaneous revascular-
ization techniques and pharmacologic
therapies aim to salvage areas of acutely
ischemic but reversibly injured myocar-
dium, and these have proved to limit
myocardial infarct size and reduce mor-
tality (2). Although infarct size provides
a rough (inverse) estimate of myocardial
salvage, the extent of the area at risk is
highly variable and dependent on coro-
nary diameter, branching, and location of
the occluding lesion (3). Thus, the propor-
tion of the area at risk that was infarcted
would be a better measure of therapeutic
efficacy than would absolute infarct size.
The rationale is that for two infarcts of
the same size, the infarct that represents
a larger proportion of the area at risk
corresponds to a more severe degree of
ischemic injury (Fig 1). Accordingly, it is
critical to delineate the area at risk in pa-
tients, since it can yield essential clinical
information concerning patient care and
prognosis, and it is vital in clinical trials
when used as a surrogate end point, since
it provides an improved metric for the ac-
tual benefit of a given treatment.
Currently, there is considerable in-
terest in cardiac applications for T2-
weighted MR imaging in the scientific
community, and since 2009, more than

600 articles pertaining to T2-weighted

MR imaging and the myocardial area at
risk have been published (4). The prevail-
ing thought is that the use of T2-weighted
imaging to delineate the area at risk is
ready for “prime time” (5). Undoubtedly,
this application is being used to inform
patient care decisions at some centers,
and a search of two major clinical trial
registries, www.clinicaltrials.gov (6) and
Current Controlled Trials (7), showed
that T2-weighted MR imaging was used
to provide the primary or secondary end
point in 20 trials that included more than
4000 patients worldwide. The assump-
tion is that this technique is an estab-
lished well-validated method with which
to depict the area at risk. Unfortunately,
there are several troubling aspects of
the available evidence. Given the serious
ramifications, we have critically reviewed
the literature and examined the physio-
logic and technical assumptions underly-
ing this application.

Inadequacy of Validation Studies

Three studies are widely quoted as
proof that T2-weighted hyperintense
regions delineate the myocardial area
at risk after acute MI. Garcia-Dorado
et al (8) demonstrated in 15 ex vivo pig
hearts (nine reperfused, six nonreper-
fused) that the area of T2 hyperinten-
sity was comparable to the area at risk
defined at fluorescein staining. Unfortu-
nately, the infarcted region was never
delineated. Thus, the amount of salvage
is unknown, and it is unclear whether
there might have been an equally good
correlation between T2 hyperintensity
and infarct size. In addition, it is notable
that the three largest areas at risk mea-
surements, which primarily drive the
correlation, were all from hearts with
nonreperfused infarction, the group in
which image intensity at T2-weighted
MR imaging was only minimally elevated
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Same Absolute Infarct Size

Figure 1:  Diagram shows im-
portance of determining area at
risk. Two patients with the same

PATIENT A PATIENT B absolute infarct size may have
Area-at-Risk Area-at-Risk different amounts of salvage.
— e

Viable

Infarcted

Normal
(Remote)

in the ischemic zone and poorly corre-
lated with myocardial water content.

Aletras et al (9) showed in nine ca-
nines with acute reperfused MI that the
area of hyperintensity on T2-weighted
images was similar to the area at risk
measured with fluorescent microspheres
and that both were larger than the infarct
size defined at pathologic analysis. How-
ever, the map of the area at risk had poor
spatial resolution because large separate
tissue blocks were used for microsphere
counting (16 full-thickness transmural
sectors for each 8-mm short-axis sec-
tion). Moreover, microspheres were in-
jected during coronary occlusion on day
0, whereas T2-weighted MR imaging was
performed on post-MI day 2. In the acute
setting, infarct composition and volume
are highly dynamic, and the changing ref-
erence base could affect the estimation
of microsphere-determined blood flow
within the ischemic zone (10) and the ac-
curacy of area-at-risk size measurements.

Tilak et al (11) reported that in 14
canines with acute nonreperfused MI,
the area of hyperintensity on T2-weight-
ed images on post-MI day 2 correlated
well with the area of hypoperfusion
delineated by first-pass contrast ma-
terial-enhanced MR imaging on day 0
and that both were larger than infarct
size as measured with vital staining at
pathologic analysis. Although fluorescent
microspheres were administered in 12
animals, they were not used to measure
the area at risk, and regrettably, a path-
ologic reference standard for the area at
risk was not provided.

Thus, all three studies were small and
had additional limitations. In particular,

In Patient A, the entire area at
risk is transmurally infarcted,
indicating prolonged ischemia,
with no salvage. In Patient B,
subendocardial infarction is
present, suggesting shorter is-
chemia duration; however, since
the area at risk is larger, there is
substantial salvage.

many of the data and conclusions simply
were based on size comparisons of ab-
normal regions defined by different MR
imaging techniques or MR imaging and
pathologic analysis. None of the studies
showed any images or data allowing a di-
rect comparison between the shape and
contour of the T2-weighted abnormalities
with the shape and contour of the area at
risk, as delineated by microspheres, color
dye, or any other appropriate pathologic
reference standard. This is in contrast
to the literature that validates the use of
delayed-enhancement (DE) MR imaging
in the identification of myocardial infarc-
tion, in which multiple studies show high-
spatial-resolution examples detailing the
precise match of the shape and contour
of hyperenhancement by DE MR imaging
with the shape and contour of infarction
by pathology (12-14).

Numerous other studies have sug-
gested that T2-weighted MR imaging
can be used to identify the area at risk;
however, these studies do not provide a
comparison between MR images and a
pathology reference for the area at risk.
Rather, they infer that T2-weighted MR
imaging depicts the area at risk since
the T2 hyperintense region is larger
than the infarct size, as determined
with DE MR imaging or pathology (15—
18). This type of evidence is indirect
(19) and beset with several concerns
that we will discuss later in this article.

A discussion of the evidence should
include studies (if available) both for
and against the use of T2-weighted MR
imaging to delineate the area at risk.

Unfortunately, investigations that indi-
cate T2-weighted MR imaging delineates
the area of acute infarction rather than
the area at risk have been given scant at-
tention. Johnston et al (20) studied 19
canines that underwent 3-hour coronary
occlusion with or without reperfusion.
Despite a clear transmural reduction in
blood flow in the ischemic zone as verified
by radioactive microspheres (ie, the area
at risk was fully transmural), T2 mea-
sured with nonlocalized MR spectroscopy
was elevated only in the tissue samples
from the endocardial half of the ischemic
zone and not in the tissue samples from
the epicardial half. Likewise, T2-weight-
ed MR images demonstrated mostly
subendocardial hyperintense regions. In
a study of 16 canines with acute reper-
fused MI, Miller et al (21) reported that
hyperintense regions on T2-weighted MR
images were usually subendocardial and
matched regions of infarction delineated
at pathologic analysis rather than viable
ischemic regions defined by radioactive
microspheres. In nine control animals
(seven of which received mannitol), T2 as
measured with spectroscopy was elevated
only in infarcted tissue and not in viable
at-risk myocardium. In a separate study
of 16 canines with variable coronary
occlusion times, Ryan et al showed that
only animals with infarction (verified with
pathology) had hyperintense regions on
T2-weighted MR images, whereas none
of the animals without infarction had
T2 abnormalities, despite regional sys-
tolic dysfunction (stunning) documented
at the time of imaging (22). Moreover,
T2 hyperintense regions correlated with
infarct size but not with the area at risk,
as delineated by contrast-enhanced echo-
cardiography during coronary occlusion.
Similar to the validation studies, these
three investigations were small and had
limitations. Nonetheless, these reports
show that there are contributing data on
both sides of the debate.

Physiologic Mechanisms of Elevated
Myocardial T2

Edema in Irreversible versus Reversible
Ischemic Injury

Signal intensity on T2-weighted MR im-
ages appears to be linearly related to
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myocardial water content (8,23,24).
However, from a mechanistic viewpoint,
the underlying assumption that T2-
weighted MR imaging depicts the area
at risk because of edema is flawed.
The experimental evidence points to
substantial edema occurring in the
infarcted region, with minimal or no
edema occurring in the portion of the
area at risk for a reversible injury. Spe-
cifically, Whalen et al (25) observed
a 44% increase in water content (ex-
pressed as the difference of wet weight
minus dry weight divided by dry weight)
in myocardium exposed to ischemia suf-
ficient to result in infarction of half of
the tissue. From this, one can calculate
that a pure sample of infarcted (irre-
versibly injured) myocardium would
have an 88% increase in water content.
In contrast, shorter periods of ischemia
that result in solely reversible injury
lead to only slight increases in water
content. In a separate study, Jennings
et al (26) reported a 9.6% increase in
water content in myocardium reversibly
injured by 15 minutes of ischemia fol-
lowed by 20 minutes of reperfusion.
However, up to 40% of the increase in
tissue water may have been secondary
to reactive hyperemia, which would be
expected to resolve in a few hours (27).
Moreover, since MR imaging is usually
performed 1-7 days after an acute is-
chemic event, any small but measurable
increase in tissue water seen at 20 mi-
nutes of reperfusion should be entirely
resolved (28) at the time of MR im-
aging. Thus, reversible injury leads to
minimal edema. The range in increased
water content is 0%-10%, with the up-
per range expected to occur only for a
brief period (<1 hour to 2 hours) af-
ter an ischemic event. Accordingly,
the difference in edema between in-
farcted and salvaged (reversibly in-
jured) myocardium should be large,
and at a minimum, the ratio should
be at least ninefold (88%/9.6% = 9.2).

This large difference in edema is
likely why several investigators have
found that regional end-diastolic wall
thickness can double in the setting of
reperfused transmural MI but that it is
unchanged following shorter periods of
ischemia with complete salvage (28-30).

Indeed, Haendchen et al (28) found
that end-diastolic wall thickness early
after ischemia and reperfusion corre-
lates directly with the transmural extent
of infarction, and they proposed that
an acute increase in end-diastolic wall
thickness might be used as an inverse in-
dex of salvage. Fully transmural infarcts
were associated with a 100% increase in
wall thickness, which is consistent with
the 88% increase in water content calcu-
lated earlier (25,26).

Thus, if T2-weighted MR imaging
enabled us to truly track edema, signal
differences between infarcted and revers-
ibly injured myocardium should be far
greater than those between reversibly
injured and normal myocardium. Assum-
ing to first order that increases in image
intensities on T2-weighted MR images
are linearly related to increases in edema
(8,23,24), one would expect for a 50%
increase in signal within the infarct zone,
a 0%-5% increase in signal for salvaged
myocardium within the area at risk.
Thus, even if salvaged myocardium could
be distinguished from normal tissue, T2-
weighted MR imaging should not show
homogeneous hyperintensity throughout
the area at risk, unless the area at risk
was fully infarcted (ie, no salvage).

Unfortunately, many T2-weighted
MR imaging articles (9,17,31) promul-
gate the idea that substantial edema
occurs in reversibly injured myocardium
by suggesting that this has been shown
in prior physiology studies. However,
the physiology studies cited do not dis-
tinguish edema associated with irrevers-
ible injury from edema associated with
reversible injury (8,10,32,33). Since the
studies involve severe ischemic injury in
which substantial infarction is expected
or shown, the data are equally consis-
tent with much or all of the edema aris-
ing from only irreversible injury.

Bound Water?

Perhaps because of the conundrum con-
cerning the lack of edema in salvaged
myocardium, it has been proposed that
changes in fractions of water (protein-
bound water vs free water) rather than
total water may explain the findings (5).
This has led to a portrayal of ischemia as
somehow “transforming water from its

‘bound’ (gel-like) form into a ‘free’ fluid
state” (34). In regard to this hypothesis,
we will discuss two issues.

The first is the theory that in protein
solutions or in cells there are extensive
regions of ordered or structured water
surrounding macromolecules with dras-
tically reduced motion characteristics
(eg, rotational correlation times that are
several orders of magnitude longer than
those of bulk water). Although early
publications theorized that frozen or
gel-like hydration layers surrounded bio-
polymers (35-38), recent investigations
have emphatically shown that there is
little difference between water mole-
cules in the protein surface hydration
layer and those in bulk water (39). Both
have approximately the same number
of hydrogen bonds (40), and surface
hydration water is highly mobile with
subnanosecond residence times (41,42).
Only a very few water molecules per
protein, which are buried internally and
are best regarded as an integral part of
the protein, can be said to be bound in
any sense (39). On the basis of these
data, recent characterizations of ische-
mia (5,34) as somehow transforming
water from gel-like to free or causing
water release from cellular proteins ap-
pear fundamentally unsound.

Regardless of the exact nature
of bound water, the second issue is
whether a change in tissue T2 with-
out a change in total water content is
a reasonable mechanism to explain the
observed T2-weighted MR findings.
Certainly, it is well known that alter-
ations in protein mobility and structure
(such as by forming smaller or larger
assemblies) without changes in over-
all protein mass or water volume can
change T2 (43); however, the proposed
mechanism is suspect for several rea-
sons. First, there are no data that show
protein mobility, protein structure, or
both are grossly changed in salvaged
myocardium. Second, if reversibly in-
jured myocardium could have signifi-
cantly elevated T2 without increased
total water, this would be inconsistent
with the totality of data showing a tight
nearly linear relationship between T2
and total water in the initial MR studies
(8,23,24). Third, if ischemia sufficient
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Irreversible Injury Reversible Injury Normal
(Infarcted) (Viable) (Remote)
Total Water .
Content 889, -10%
(let 5. 28) A -88% A 0-10%
A~100% minimal change =
End Diastolic |
Wall Thickness
(ref 28-30)

Electrolytes
(ref 25, 26, 45-47)

M changes

M changes

T |
Ultrastructure e "2: :
(ref 26, 44) \ ot

23Na MRI
(ref 47)

23Na MRI

... Reversible Injury ... |

Figure 2: Dramatic changes in patients with irreversible injury versus minimal changes in those with reversible injury.
Expected changes in several biologic characteristics in myocardium after ischemic injury and reperfusion are summarized with
comparison between irreversibly injured, reversibly injured, and normal tissue. Red arrows indicate regions that were akinetic
at cine MR imaging (repetition time msec/echo time msec, 3.1/1.3; steady-state free procession sequence) from temporary
occlusion to left circumflex and left anterior descending coronary arteries, respectively. Note the near doubling of end-diastolic
wall thickness in the patient with transmural infarction, as shown by DE MR imaging (8.8/3.3, segmented inversion-recovery
gradient-echo sequence). (Electron microscopy images reprinted, with permission, from references 26 and 44.) Irreversibly

injured tissue shows greatly distorted ultrastructure at electron microscopy, with formation of vacuoles, large subsarcolemmal
blebs, contraction bands, and swollen mitochondria containing dense bodies. In reversibly injured tissue, ultrastructure is virtu-
ally indistinguishable from healthy tissue in control subjects. Total myocardial sodium content as reflected by 2Na MR imaging
(8.1/3.9, gradient-echo sequence) is substantially elevated in infarcted regions but not in salvaged at-risk myocardium, which is
consistent with changes in total water content measured in pathologic studies. (Reprinted, with permission, from reference 48.)
Given these findings, it is perplexing that T2-weighted MR imaging apparently can be used to delineate between normal and
reversibly injured tissue but cannot be used to differentiate between reversibly injured and infarcted tissue. TTC = triphenyltet-

razolium chloride staining. (Adapted and reprinted, with permission, from reference 34.)

to result in reversible injury without
edema can greatly elevate T2, why then
does more severe ischemia that results
in irreversible injury with substantial
edema not result in even higher T2? It
would seem that to account for homo-
geneous T2 hyperintensity throughout
the area at risk in the setting of acute
subendocardial infarction, a second un-
proven mechanism would need to be
invoked to explain why larger amounts

of edema within infarcted tissue have
no additional effect on T2. Fourth, T2
and T1 relaxation values of biologic
tissues should reflect the composition
and microenvironment of that tissue.
However, after ischemia and reper-
fusion, the large differences in edema
between myocardium with irreversible
injury compared with myocardium with
reversible injury are mirrored by simi-
lar large differences in electrolyte levels,

high-energy phosphate levels, and fine
structure at light and electron micros-
copy (25,26,44-47). Sodium 23 (**Na)
MR imaging data are also consistent;
large increases in sodium signal are only
evident in infarcted myocardium (47).
In brief, there are dramatic changes in
all these characteristics in irreversibly
injured tissue compared with minimal
to no changes in reversibly injured tis-
sue (Fig 2). Given the consistency of

Radiology: \'olume 265: Number 1—OQctober 2012 = radiology.rsna.org

15



Radiology

CONTROVERSIES: Ischemic Myocardial Injury

Croisille et al

these findings, it is perplexing that many
investigators propose that T2-weighted
MR imaging can be used to delineate
between normal and reversibly injured
tissue but not between reversibly in-
jured and infarcted tissue.

Reperfusion Injury and Postconditioning:
Effect on Retrospective T2-weighted MR
Imaging

The area at risk is a coronary perfusion
territory. Irrespective of the amount of
edema within the area at risk, there is
a fundamental limitation with defining
the area at risk by using a nonperfu-
sion-based indicator, such as edema,
that can vary dramatically with differ-
ent postreperfusion therapies. For in-
stance, the process of restoring blood
flow to ischemic myocardium can para-
doxically reduce the beneficial effects of
reperfusion and can account for up to
50% of final infarct size (49). In addi-
tion to myocyte necrosis, this so-called
reperfusion injury may also result in
microvascular obstruction and hemor-
rhage. Thus, from the time of reperfu-
sion to the time when T2-weighted MR
imaging is performed (often 1-7 days
later), dynamic and complex changes
to the tissue within the area at risk
can occur. A perceived advantage of
T2-weighted MR imaging is that it can
be performed retrospectively after a
patient with acute MI has received
treatment and his or her condition has
stabilized; however, regional T2 may be
reduced, increased, or unchanged de-
pending on specific tissue changes that
occur after reperfusion.

An example of the complex tissue
within the area at risk is myocardial
hemorrhage, which is frequently found
in the setting of reperfused acute MI.
Lotan et al (50) have shown in a canine
model that T2 was decreased in pa-
tients with hemorrhagic MI, increased
in those with MI without hemorrhage,
and similar to normal myocardium in
regions with an admixture of hemor-
rhagic and nonhemorrhagic MI. Simi-
larly, Mikami et al (51) found that signal
intensity in microvascular obstruction
regions on T2-weighted MR images
was similar to that of remote myocar-
dium and that 70% of the segments

with microvascular obstruction did not
exhibit elevated signal intensity. The
effect of hemorrhage on T2-weighted
MR imaging measurements has been
reported by O'Regan et al (52), who
showed that when substantial hemor-
rhage is present, the size of the T2 ab-
normality could be significantly smaller
than the infarct size.

Cardioprotection strategies focus
on therapies given near the time of
reperfusion and target postreperfu-
sion cardiomyocyte death. Zhao et al
(53) showed that after 60 minutes of
sustained myocardial ischemia and 3
hours of reperfusion, postconditioning
(ischemia-reperfusion cycles at the on-
set of reperfusion) could reduce infarct
size in dogs from 25% to 14% and re-
duce water content in the area at risk.
Proof-of-concept studies have shown
that the effect of postconditioning can
be extended to humans (54,55), and a
growing number of clinical trials have
been designed or are underway to in-
vestigate its different pathways (56).
The Hatter Workshop recently made
recommendations on the design of fu-
ture cardioprotection trials and focused
on the necessity to quantify the area at
risk but raised a warning regarding T2-
weighted MR imaging since “the con-
cern with CMR |[cardiac MR imaging]
is whether the novel cardioprotective
strategy itself may influence the extent
of myocardial oedema by reducing it”
(57). In summary, unlike the area at
risk, which is simply a perfusion ter-
ritory, image intensity at T2-weighted
MR imaging is dependent on many fac-
tors, including the tissue changes that
occur after reperfusion due to postre-
perfusion injury, postconditioning, and
pharmacologic therapies that could
have an antiedema effect.

Technical Issues: Different Size Does

Not Always Equal Different Physiology

As noted earlier, numerous studies re-
port bright regions on T2-weighted MR
images are larger than those on DE
MR images, and it is this literature that
forms much of the evidence supporting
the use of T2-weighted MR imaging to
define the area at risk. However, there

are myriad reasons why T2-weighted
MR imaging may result in overestima-
tion of infarct size with DE MR imaging
or pathologic analysis without the need
to surmise that elevated signal intensity
on T2-weighted MR images delineates
the area at risk. These reasons will be
discussed in the subsequent sections.

T2-weighted MR Imaging

Use of surface coils can lead to hyperin-
tense regions simply based on proximity
to the coil (Fig 3a). High signal intensity
from static cavity blood may mimic myo-
cardial edema, and motion-related sig-
nal loss in one region may cause other
regions to appear hyperintense despite
no actual changes in T2 signal (Fig 3b-
3d). The latter two artifacts are partic-
ularly pernicious, in that these may be
associated with physiologic changes oc-
curring after MI rather than occurring
randomly. Specifically, injured myocar-
dium is often hypokinetic, which in turn
can be associated with adjacent stag-
nant cavity blood. Likewise, hypokinetic
myocardium, even without edema, may
appear hyperintense in comparison with
normal regions that have experienced
signal loss because of vigorous motion.
Newer bright-blood techniques with or
without T2 mapping may substantially
reduce these artifacts (58-60); however,
there are no data validating these newer
techniques in comparison with a true
pathologic reference standard of the
area at risk. Moreover, T2 mapping is
not a panacea (Fig 4). It has limited spa-
tial resolution and the chance for mis-
registration between frames with differ-
ent T2 preparation times, both of which
will lead to worse partial volume effects.
A motion-compensation algorithm may
limit in-plane misregistration, but acqui-
sition of two-dimensional images will not
allow compensation for through-plane
motion. Finally, all T2 techniques, in-
cluding T2 mapping, are limited by the
relatively small changes in T2 expected
for edematous myocardium. Aletras et
al (9) reported a contrast-to-noise ra-
tio between hyperintense and normal
regions of only 2.9 for T2-weighted MR
imaging; this is substantially less than
the typical contrast-to-noise ratio of 19
for DE MR imaging (61).
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Figure 3: T2-weighted MR images and schematic drawings
show technical limitations in the form of artifacts mimick-

ing edema and leading to overestimation of T2 size. A, B,
Conventional T2-weighted MR images (double-inversion fast
spin-echo sequence, two R-R intervals/80) show hyperintense
regions may occur in healthy volunteers because of, A, inho-
mogeneities in myocardial signal intensity and, B, slow cavity
blood flow. C, T2-weighted images show that simply changing
the timing of T2-weighted imaging during the cardiac cycle
can lead to different regions of hyperintensity. If a region of
signal intensity loss (orange arrows) is considered an area of
normal myocardium, extent of hyperintensity may be large (red
contour). In the image obtained 550 msec after the R wave,
hyperintense region (blue arrow) is not fully transmural, and
shape and contour appear to exactly match those of the in-
farcted region seen at DE MR imaging (DE-MR). (Adapted and
reprinted, with permission, from reference 34.) D, Top: Green
arrows = area of transmural edema and subendocardial in-
farction. White arrows = normal myocardium. (Reprinted, with
permission, from reference 11.) Bottom: Drawings show our
renditions of potential myocardial borders based on the T2-
weighted MR image. If the area with the lowest signal intensity

normal volunteer

© T2W-MRI: imaging time in cardiac cycle after R-wave
500 ms 500 ms 550 ms

3

D T2W (Day 2) Gd-DE

_possible is considered normal (#7), the hyperintense region (white with

presumed #1 possible normal increased : . ; ; .
|ncr%sed S myocardium 2 red contour) is large. If the area with lowest signal intensity is
\ considered artifactual and an intermediate-intensity region is

considered normal (#2), there appears to be a smaller region
of hyperintensity (white with red contour) that is similar in
shape to the area of infarction.

possible dropout

presumed normal artifact

myocardium

Comparisons with DE MR Imaging

There can also be image quality is-
sues with DE MR imaging (segmented,
inversion-recovery gradient-echo, or
steady-state free precession sequences
[62]). A common problem encountered
in our MR imaging core laboratory is
the incorrect setting of inversion time.
Often, a range of inversion times will
lead to relative nulling of normal myo-
cardium; however, it is important to use
the longest time possible that still nulls
normal myocardium (62). An inversion
time that is too short might result in
nulling of the periphery of a dense in-
farct (hyperenhancement size will be
smaller than actual infarct size), or in
the case of a patchy infarct, the entire
area may be nulled, rendering it unde-

Figure 4

: "o

DE-MRI T2W-MRI
Figure 4: Left: DE MR image (segmented inversion-recovery gradient-echo sequence, 8.8/3.3) shows
transmural anteroseptal myocardial infarction (yellow line) with microvascular obstruction (no reflow) (yellow
arrow). Middle and right: Conventional dark-blood T2-weighted (double inversion-recovery fast spin-echo
sequence, two R-R intervals/70) (middle) and T2 mapping (steady-state free procession sequence, 2.8/1.2)
(right) MR images show an obvious region of T2 hyperintensity or elevated T2, respectively, is not evident,
perhaps due to tissue changes associated with the no-reflow zone.

T2-Mapping

tectable (Fig Sa). Since the concentra-
tion of gadolinium in blood decreases
over time, the inversion time needs to
be adjusted upward during the exami-
nation unless phase-sensitive sequences

are used (63). Even if imaging is per-
fectly performed, the T1 of infarcted
tissue and left ventricular cavity blood
may be similar, and it may be difficult to
identify the infarct endocardial border
(62). This can lead to underestimation

of infarct size and transmurality (Fig
Sb).

Another important issue is the
method of image analysis; that is, the
way in which hyperintense regions are
defined and sizes are quantified. Many
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Figure 5

Tl =300 ms Tl =330 ms

Correct Tl
Anteroseptal Infarct

Incorrect Tl: Too Short
Infarct not visible

DE-MRI

T2W-MRI
28D

4

Figure 5: (a—c) Technical limitations of DE MR imaging are related to common issues leading to
underestimation of infarct size. (a) Incorrect selection of inversion time (7)) may lead to underes-
timation of infarct size (segmented inversion-recovery gradient-echo sequence, 8.8/3.3). Without
careful inspection, both images appear to have appropriately nulled (black) myocardium. Left:
Normal myocardium has a faint etched appearance (darkest at endocardial and epicardial borders,
with slightly higher image intensity centrally), signifying an inversion time that was set too short.
Right: Imaging was repeated with inversion time set 30 msec longer and revealed a patchy antero-
septal infarct (arrows) that was not seen when the inversion time was set too short. (b) Poor image
contrast between LV blood pool and infarcted myocardium may lead to underestimation of infarct
size. Left: DE MR images obtained 5 minutes after gadolinium chelate (Gad) injection are shown
with (top) and without (bottom) apparent myocardial and infarct contours. Blood pool and infarcted
myocardium have similar image intensities, making segmentation difficult. Right: DE MR images in
the same subject obtained 25 minutes after contrast material administration are shown with (top)
and without (bottom) apparent myocardial and infarct contours. Border delineation is improved due
to clearance of contrast material from the blood, and both transmural and circumferential extents of
infarction are larger on the right. (c) Choice of an arbitrary threshold to define abnormal myocar-
dium at T2-weighted MR imaging versus DE MR imaging may create artificial discrepancies in size.
An inferior area of edema at T2-weighted MR imaging (double inversion-recovery fast spin-echo
sequence, two R-R intervals/80 msec) appears to match area of infarction when both T2-weighted
MR and DE MR images are windowed to highlight myocardium more than two standard deviations
(SD) above remote signal intensity. In this situation, amount of salvage would be zero. However,
area of edema is far larger than area of infarction when the same DE MR imaging data are win-
dowed to highlight myocardium more than five standard deviations above remote signal intensity
(substantial salvage is now present). (Adapted and reprinted, with permission, from reference 19.)

studies have arbitrarily defined bright
myocardium as a region with signal in-
tensity more than 2 standard deviations

above remote myocardium on T2-
weighted MR images but more than
five standard deviations above remote

5 minutes after Gad Injection

Erroneous Border Delineation

25 minutes after Gad Injection

A
@

e\

Accurate Border Delineation

myocardium on DE MR images (17,64).
However, by using a lower threshold
for T2-weighted MR imaging, one in-
creases the likelihood that edema size
will be substantially greater than infarct
size simply from partial volume argu-
ments (Fig Sc) (19). Results obtained
by using full width at half maximum
(FWHM) methods may be more repro-
ducible but are not necessarily more
accurate (65). The addition of one or
two very bright pixels within the hyper-
enhancement zone may substantially
reduce measured infarct size by raising
the FWHM threshold and rendering a
majority of the gray zone (admixture of
infarcted and viable myocardium) part
of the normal tissue. Moreover, given
the large difference in contrast-to-noise
ratio between T2-weighted MR imaging
and DE MR imaging, the thresholds
provided by the FWHM method may
still be unbalanced. Specifically, it is
known that FWHM yields infarct sizes
similar to those obtained by using a 5-
or 6-standard deviation threshold at
DE MR imaging (66). It is improbable
that FWHM yields edema sizes simi-
lar to those obtained by using a five-
or six-standard-deviation threshold at
T2-weighted MR imaging, given its low
contrast-to-noise ratio.

Our goal in this section is not to pro-
vide an exhaustive list of potential prob-
lems but to point out that the technical
issues are not the same for different MR
imaging techniques. Most of the prob-
lems with T2-weighted MR imaging lead
to overestimation of abnormal regions,
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whereas many of the problems with DE
MR imaging lead to underestimation.
Given these issues, we believe it is peril-
ous to impute physiologic meaning solely
on the basis of size differences between
the two sets of MR images.

Physiologic and Nonphysiologic
Relationships between the Area at

Risk and Infarction: The Wavefront
Phenomenon Revisited

How can we know whether the consis-
tent overestimation of infarct size at

T2-weighted MR imaging is an artifact
or if it is real? Some clues are found by
returning to bedrock physiologic prin-
ciples. After coronary occlusion, cell
death is not simultaneous throughout
the area at risk but progresses as a
wavefront from the endocardium to the
epicardium over several hours (Fig 6a)
(1). Without timely reperfusion, in-
farction becomes transmural, reflecting
an absence of salvageable myocardium
within the area at risk. Thus, if the size
of the area at risk measured with T2-
weighted MR imaging is larger than

Figure 6: (a) Reimer and Jennings (1) state the
following: “Necrosis occurs first in the subendocardi-
al myocardium. With longer occlusions, a wavefront
of cell death moves from the subendocardial zone
across the wall to involve progressively more trans-
mural thickness of the ischemic zone. Thus, there is
typically a large zone of subepicardial myocardium
in the ischemic bed that is salvageable by early
reperfusion but that dies in the absence of such an
intervention. In contrast, the lateral margins in the
subendocardial region of the infarct are established
as early as 40 minutes after occlusion and are
sharply defined by the anatomic boundaries of the
ischemic bed.” (Adapted and reprinted, with per-
mission, from reference 1.) (b) After subendocardial
infarction has been established, lateral margins of
infarct should be defined by area at risk. Accordingly,
salvage can only occur in subepicardium of ischemic
bed, and there cannot be any meaningful salvage

at lateral borders of the infarct. A bull's-eye pattern
of ischemia (where lateral borders of area at risk
extend far beyond those of the infarct) is incom-
patible with the wavefront phenomenon and has

no physiologic basis. (c) Albeit without physiologic
basis, examples where the lateral borders of the
area at risk extend well beyond those of the infarct
are common in the literature, and some are shown
here. Top: Conventional, dark-blood T2-weighted MR
images show T2 hyperintense region is bright on
gray-scale image and blue on color-coded image.
Borders of T2 hyperintense regions (arrows on gray-
scale image, = on color-coded image) extend well
beyond lateral borders of near-transmural infarct on
DE MR image (arrow on gray-scale image, red zone
on color-coded image). (Reprinted, with permission,
from reference 5). Middle: Bright-blood T2-weighted
MR images show borders of T2 hyperintense region
(arrows on bright-blood T2-weighted MR images,
blue area on drawing) extend well beyond lateral
border of near-transmural infarct (arrows on DE

MR image, white area on drawing). (Reprinted, with
permission, from reference 67.) Bottom: Early gado-
linium enhancement. Borders delineated by early

(2 minutes after gadolinium chelate administration)
contrast-enhanced MR imaging extend well beyond
lateral border of subendocardial Ml and appear to
encompass both the left anterior descending and
right coronary artery perfusion territories. (Reprinted,
with permission, from reference 68.)

the infarct size in the setting of trans-
mural infarction, this is nonphysiologic
(Fig 6b). Thus, it is puzzling that Berry
et al (69) used bright-blood T2 tech-
niques and reported similar amounts of
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salvage, which was substantial, for both
transmural infarction and nontransmu-
ral infarction. We are unaware of any
other studies in which the authors re-
port the amount of salvage as deter-
mined with T2-weighted MR imaging as
a function of infarct transmurality.

In their landmark study of the
wavefront phenomenon, Reimer and
Jennings (1) describe a corollary prin-
ciple—that is, that there is no wave-
front circumferentially since there is
no perfusion gradient in that direction.
Reperfusion after only 40 minutes of
ischemia resulted in a confluent sub-
endocardial infarct (approximately
28% transmural), which already ex-
tended to within 1-2 mm of the lat-
eral edge of the area at risk. Although
some investigators initially suggested
the existence of a wide lateral border
zone of intermediate-level perfusion,
later studies showed this was a par-
tial volume artifact due to the limited
resolution of the techniques used,
and indeed, with progressively higher
levels of sampling resolution, inves-
tigators have concluded that there is
no zone of intermediate perfusion (or
injury) at the lateral border (70,71).
Although intramural and epicardial
collateral anastomoses have been de-
scribed in various species, detailed
anatomic studies have shown end
capillary loops without microvascular
connections between adjacent vascu-
lar beds both in dogs and in humans
(72,73). These data indicate there is
no anatomic basis for a lateral border
zone and render as incorrect a rela-
tionship between the area at risk and
infarction based on a bull's-eye pat-
tern of centrally severe ischemia, with
gradients of increasing collateral flow
in transmural and circumferential direc-
tions toward the edges of the ischemic
region (Fig 6b).

The implication of the underlying
physiology is that there cannot be any
meaningful salvage at the lateral bor-
ders of the infarct. One potential caveat
should be mentioned. In patients with
multivessel disease, it is possible that
the infarct-related artery prior to occlu-
sion provided substantial collateral flow
to a second coronary artery perfusion

territory. Thus, during infarction, a
second vascular bed becomes ischemic.
Theoretically, this could result in an
area at risk that extends laterally be-
yond the infarct. However, in this spe-
cial situation: (a) the entire circumfer-
ence of the second vascular bed should
be equally ischemic (the lateral border
should not be just a bit bigger); (b) the
level of ischemia needs to be within a
narrow range that does not result in
subendocardial infarction within the
second bed (otherwise, again, there
would be no salvage at the lateral bor-
ders of infarction); (c) this is known
to be very rare, even in the setting of
chronic diffuse multivessel disease (3);
and (d) the area at risk should extend
laterally only on one side of the infarct,
since it is improbable that a rare event
would occur twice at the same time.

However, the literature is replete
with examples of T2 hyperintensity ex-
tending laterally, usually in both direc-
tions, far beyond the lateral border of
the infarct delineated by DE MR imag-
ing (Fig 6¢). This finding is not limited
to studies in which conventional black-
blood T2-weighted MR imaging is used;
it extends to newer bright-blood T2
techniques (67) and even contrast-en-
hanced MR imaging if performed very
soon after gadolinium chelate admin-
istration (68). Unfortunately, in these
studies, the discordance between MR
imaging data and the underlying physi-
ology is ignored.

Nonetheless, what can we make of
the ubiquitous finding that abnormal
regions defined by T2-weighted MR
imaging appear larger than regions of
infarction? Perhaps a look to the past
may be instructive. It is clear that DE
MR imaging is the reference standard
in the delineation of myocardial in-
farction (65). However, before the re-
markable improvement in image quality
yielded by current inversion-recovery
techniques (12,61), many believed that
hyperenhanced regions in the setting of
acute MI included viable myocardium,
since numerous studies reported hyper-
enhancement size appeared larger than
that of infarction (74,75). The history
of DE MR imaging yields two lessons:
First, when image quality is modest,

speculations concerning the underly-
ing physiology are hazardous. Second,
a definitive validation study should take
precedence over reports, no matter
how numerous, in which the evidence
is simply size differences measured on
MR imaging data sets.

The use of T2-weighted MR imaging to
delineate the area at risk and subse-
quently quantify myocardial salvage is
problematic on many levels. The val-
idation studies available thus far are
inadequate. Unlike the data validating
DE MR imaging, in which pathologic
analysis has shown the precise shape
and contour of the bright region ex-
actly match the infarcted area, this
level of validation does not exist for
T2-weighted MR imaging. Technical
advances have occurred, but image
contrast between abnormal and nor-
mal regions remains limited, and in
this situation, measured size differ-
ences between MR imaging data sets
should not be overinterpreted. More-
over, with any T2 technique, there re-
mains the key issue that there is no
physiologic basis for the apparent T2
findings. Indeed, a homogeneously
bright area at risk on T2-weighted
MR images is incompatible with the
known levels of edema that occur in
infarcted and salvaged myocardium,
and the finding that the lateral borders
of T2 hyperintense regions frequently
extend far beyond that of infarction
is contrary to the wavefront phenom-
enon. Even if T2-weighted MR imag-
ing provided an accurate measure of
myocardial edema, the level of edema
within the area at risk is dependent
on multiple variables, including infarct
size, age, reperfusion status, reperfu-
sion injury, and therapies that could
have an antiedema effect. The area
at risk is a coronary perfusion terri-
tory. There is a fundamental limita-
tion with defining the area at risk by
using a nonperfusion-based indicator
that can vary with different postre-
perfusion therapies. There are several
applications for T2 myocardial imag-
ing, including differentiation of acute
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from chronic MI and identification of
acute myocarditis. On the basis of the
currently available data; however, we
conclude that T2-weighted MR imag-
ing should not be used to delineate the
area at risk in patients with ischemic
myocardial injury.
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