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Rationale: After acute myocardial infarction (MI), delineating the area-at-risk (AAR) is crucial for measuring how
much, if any, ischemic myocardium has been salvaged. T2-weighted MRI is promoted as an excellent method to
delineate the AAR. However, the evidence supporting the validity of this method to measure the AAR is indirect,
and it has never been validated with direct anatomic measurements.

Objective: To determine whether T2-weighted MRI delineates the AAR.

Methods and Results: Twenty-one canines and 24 patients with acute MI were studied. We compared bright-blood
and black-blood T2-weighted MRI with images of the AAR and MI by histopathology in canines and with MI by in
vivo delayed-enhancement MRI in canines and patients. Abnormal regions on MRI and pathology were compared
by (a) quantitative measurement of the transmural-extent of the abnormality and (b) picture matching of contours.
We found no relationship between the transmural-extent of T2-hyperintense regions and that of the AAR (bright-
blood-T2: r=0.06, P=0.69; black-blood-T2: r=0.01, P=0.97). Instead, there was a strong correlation with that of
infarction (bright-blood-T2: r=0.94, P<0.0001; black-blood-T2: r=0.95, P<0.0001). Additionally, contour analysis
demonstrated a fingerprint match of T2-hyperintense regions with the intricate contour of infarcted regions by
delayed-enhancement MRI. Similarly, in patients there was a close correspondence between contours of T2-
hyperintense and infarcted regions, and the transmural-extent of these regions were highly correlated (bright-
blood-T2: r=0.82, P<0.0001; black-blood-T2: r=0.83, P<0.0001).

Conclusion: T2-weighted MRI does not depict the AAR. Accordingly, T2-weighted MRI should not be used to
measure myocardial salvage, either to inform patient management decisions or to evaluate novel therapies for
acute MI. (Circ Res. 2015;117:254-265. DOI: 10.1161/CIRCRESAHA.117.305771.)
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he myocardium that becomes ischemic after occlusion of

its supplying coronary artery defines the myocardium that
is at risk of death, the so-called area-at-risk (AAR).! The por-
tion of the AAR that survives, if any, represents myocardium
that has been salvaged by treatment during acute myocardial
infarction (MI). Identifying salvage is crucial for patient man-
agement and for predicting prognosis. Moreover, an accurate
estimate of salvage, which only can be made if one knows
how much myocardium is at risk, would provide a direct mea-
sure of therapeutic efficacy and serve as a better end point in
randomized trials than in indirect metrics, such as left ven-
tricular ejection fraction and infarct size.>?

Editorial, see p 222

T2-weighted MRI is widely promulgated as an excellent
noninvasive method to characterize the AAR.*!! Expert re-
views and consensus society guidelines suggest this appli-
cation represents an important advantage of MRI over other
imaging modalities.*!! A search of 2 major clinical trial
registries, ClinicalTrials.gov and Current Controlled Trials,
underscores the high level of interest and shows this appli-
cation of MRI is being used as an efficacy end point in 29
acute MI trials, involving >6600 patients worldwide.>!>!?

Recently, however, questions have been raised regard-
ing the pathophysiological underpinning of the technique.>'
For example, T2-weighted MRI depicts myocardial edema,
yet a homogeneously bright AAR as suggested by prior re-
ports’*'7 is incompatible with the different levels of edema
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Nonstandard Abbreviations and Acronyms

AAR area-at-risk

v left ventricle

MI myocardial infarction
SD standard deviation

that are known to occur in infarcted versus salvaged myocar-
dium. Edema nearly doubles myocardial volume in infarcted
tissue, but it is barely measurable, if present at all, in salvaged
myocardium. 81

Additionally, despite a large body of literature suggesting
that T2-weighted MRI can identify the AAR, the evidence is
indirect, and therefore, the method has not been fully vali-
dated.>*2! The vast majority of published studies use clinical
surrogate markers of the AAR and do not provide verification
with histopathology. Although 2 reports provide some histo-
pathology data, the AAR was extrapolated from a crude map
of microsphere counts involving only a small number of tis-
sue sections that were wedge-shaped and fully transmural.!>?
Hence, the shape and contour of the AAR were not determined,
and there is no direct anatomic evidence in the literature to sup-
port the conclusion that T2-weighted MRI depicts the AAR.?

Here, we show for the first time a direct comparison be-
tween the shape and contour of the hyperintense, abnormal
region on T2-weighted MRI and the shape and contour of the
true AAR delineated by histopathology. Both bright-blood
and black-blood T2-weighted MRI images were obtained us-
ing standard sequences, and fluorescent microspheres were
used to define the AAR at pathology. A comparison also was
made with the shape and contour of infarction determined at
pathology with histochemical staining and delineated in vivo
with delayed-enhancement MRI.?

Methods
Canines

Protocol Overview and Pathology

The care and treatment of canines (20-30 kg) was in accordance
with the Position of the American Heart Association on Research
Animal Use.? The protocol was approved by the Duke University
Institutional Animal Care and Use Committee. We produced an MI
by occluding the left anterior descending coronary artery or the left
circumflex artery (obtuse marginal branch) under sterile conditions
after a lateral thoracotomy.” To investigate a wide range of myo-
cardial salvage within the AAR, we used a range of occlusion times
(40-90 minutes) followed by reperfusion. As a point-of-reference, a
40-minute occlusion in the canine model leads to a subendocardial
infarct that averages 38% transmural.?

MRI was performed under general anesthesia 4+1 days after
coronary occlusion/reperfusion. We chose 4+1 days because many
randomized trials using T2-weighted MRI as an efficacy end point
performed MRI 3 to 5 days after ML~

After imaging, the area-at-risk and the area of infarction were
determined using microspheres and histochemical staining, respec-
tively.?** In brief, the infarct-related artery was reoccluded while
under anesthesia and 150 mg of fluorescent microspheres (1-10 pm;
ThermoFisher Scientific, Fremont, CA) were injected into the left
atrial appendage, immediately followed by 2 mmol/kg of potassium
chloride to arrest the heart. The hearts were removed, immersed in
cold saline solution, rinsed, then sectioned into 7-mm short-axis
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slices from base to apex. Slices were photographed under ultravio-
let light to detect the presence of microspheres, which allowed the
determination of the AAR (region without microspheres). Slices
were then stained with 2% triphenyltetrazolium chloride solution
and photographed in room light to delineate the infarct (infarcted,
yellowish-white; noninfarcted, brick-red). A limitation of the study
is that we did not collect data on hemodynamics or collateral blood
flow, both of which are important factors in determining the amount
of salvage that might occur for any given animal with a set coronary
occlusion time.

MRI

Images were acquired on a 3T Siemens Verio (first 5 animals on 1.5
T Sonata) during ventilated breathholds. First, T2-weighted images
were acquired and then 10 minutes after intravenous gadoversetamide
administration (0.2 mmol/kg body weight), standard inversion-recov-
ery delayed-enhancement images were obtained in the same short-
axis locations as T2-weighted-MRI.*

Both bright-blood and black-blood T2-weighted images were
obtained so that findings would be broadly applicable. Bright-blood
images were acquired using a standard sequence employing a T2-
preparation module followed by steady-state free-precession readout
(T2-prep time, 80 ms; TR, 2-3 R-R intervals; flip angle, 60°; slice
thickness, 7 mm; in-plane resolution, 1.1x1.0; bandwidth, 975 Hz/
pixel).>! Black-blood images were acquired using a standard double-
inversion, turbo-spin-echo sequence (TR, 2-3 R-R intervals; TE
77 ms; flip angle, 180°; slice thickness, 7 mm; in-plane resolution,
1.1x1.0) with fat suppression and vendor-supplied coil normaliza-
tion.* The bandwidth was 780 Hz/pixel and similar to that used for
black-blood turbo-spin-echo in prior studies (eg, 930 Hz/pixel,** 798
Hz/pixel®).

Bright-blood images were obtained in mid-diastole, which is
conventional.®! Black-blood images were also obtained in diasto-
le; however, we have observed that small changes in the timing of
image acquisition can affect the severity of artifacts." Hence, for
black-blood imaging, we first obtained test images at multiple time-
points in diastole to determine the optimal time of image readout
when motion-related signal loss (dropout) artifact was minimized
(Figure 1A). Although the optimal time was usually in mid-diastole
or end-diastole, there was significant subject-to-subject variation
and ranged from 60% to 95% of the cardiac cycle. Note, the proce-
dure to optimize timing was used only for black-blood imaging, and
because there was no change in the pulse sequence (ie, no change
in TR, TE, bandwidth, etc), there was no effect on myocardial
T2-weighting.

Image Analysis

To ascertain what T2-weighed-MRI in the canine heart depicts, the
shape and contour of hyperintense regions on T2-weighted-MRI
were compared with that of the AAR (microspheres) and that of
infarction (ex vivo by histopathology and in vivo by delayed-en-
hancement-MRI). Two analysis methods were used: (a) quantita-
tive measurement of the mean transmural-extent of the abnormality
(Figure 1B) and (b) picture matching of contours. A fundamental
tenet, the wavefront phenomenon of ischemic cell death, was the
pathophysiological basis for examining transmural-extent.! It de-
scribes that during coronary occlusion, MI ensues as a transmurally
directed wavefront extending from the subendocardial to subepicar-
dial myocardium of the AAR. Thus, subjects with similar infarct
size may have infarcts with different shape (eg, transmural-extent)
depending on the timeliness of reperfusion therapy and the extent of
arterial collateral flow (Figure 1B). Consequently, comparing shape
rather than size results in less ambiguity for discerning the underly-
ing pathophysiology.

Pathology slices were registered with in vivo MRI images us-
ing myocardial landmarks (papillary muscles, RV insertions into
septum). For each animal, <3 slices which transected the AAR
were analyzed by an observer blinded to MRI. The AAR and in-
farcted myocardium were planimetered on the ultraviolet-light
and triphenyltetrazolium chloride-stained pathology photographs,
respectively, and the transmural-extent of the AAR and infarction
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Black Blood T2-Weighted MRI: Procedure for Optimizing Image Timing

Step 1: At the same short-axis location, acquire multiple images in 50 msec increments throughout diastole.
R-wave R-wave

N Tj\r—
Step 2: Select optimal imaging time in cardiac cycle when motion (signal dropout) is minimized
Step 3: Repeat Steps 1-2 if signal dropout recurs for different short-axis location.

Example

Image Readout Time 450 500 550 600
After The R-wave -~ = - - s — Qs

-~ "

T2-Weighted MRI = = = |

Pathology Delayed-
Enhancement-MRI

B Quantitative Shape Analysis

Definition: . Examples:
Transmural Extent of Abnormality Same Size, but Different Shape
Abnormal Area / \
Total Sector Area : i i
. Shape: thin and long fat and short
i\ Transmural Extent: subendocardial (~40%) fully transmural (100%)

Figure 1. A, The steps used to optimize image timing for black-blood T2-weighted-MRI. This involved choosing a midventricular short-
axis slice, obtaining test images throughout diastole, and inspecting the images to determine the best timing of readout based on the absence
of signal loss (dropout) artifact. Signal loss was determined visually and defined as a myocardial region with obviously reduced signal on one
but not other test images. Example images from one subject demonstrate that small changes in timing (=50 ms) can affect the presence and
location of dropout artifact (green arrrowhead). Note that when dropout artifact is present, the remaining myocardium appears hyperintense
(yellow arc), which could confound interpretation. This usually leads to overestimation of T2-abnormality size because dropout typically affects
only a fraction (<50%) of the myocardium in the slice. The image with optimal timing (red box) demonstrates no region with dropout and an
obvious area of hyperintensity (red arc) in the region of acute infarction as demonstrated by pathology and in vivo delayed-enhancement MRI
(red arrows). B, The shapes of abnormal regions on MRI and pathology were compared by quantitatively measuring the transmural-extent of
the abnormal region. This was defined as the area of the abnormal region (white region) divided by the total myocardial sector area (orange
outline). The examples show that 2 subjects could have similar-sized abnormalities, yet shapes are clearly distinct representing different
underlying pathophysiology (eg, thin and long versus fat and short in the radial and circumferential directions, respectively).
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were expressed as a percentage of the total myocardial sector area
on a slice-by-slice basis (Figure 1B). The transmural-extent of
hyperintense regions on T2-weighted MRI and hyperenhanced
regions on delayed-enhancement MRI were measured similarly.
Some results were also expressed in units of grams of tissue. Each
MRI technique was interpreted separately and blinded to the re-
sults from the other MRI techniques and pathology. Myocardium
was considered abnormal using a signal intensity threshold of >2
standard deviations (SD) above the remote, unaffected region,
although for exploratory purposes, other integer multiples of SD
were also tested.

For picture matching of abnormality contours, we com-
pared hyperintense regions on T2-weighted MRI with hy-
perenhanced regions on delayed-enhancement MRI. For this
analysis, we maintained blinding using the procedures described
below. Black-blood images were used because contours of T2-
hyperintense regions bordering the left ventricle (LV) cavity were
more conspicuous compared with bright-blood images. To reduce
the possibility that features of the LV besides that of hyperintense
regions could be used for matching images that were acquired
from the same heart, we compared only mid-ventricular slices in
canines with subendocardial infarction in the anterior wall (n=8).
Additionally, delayed-enhancement images were masked so that
only the anterior half of the LV was visible. Then the set of de-
layed-enhancement images along with the set of corresponding
T2-weighted images were placed in random order. Four observ-
ers, unaware of the purpose of the study, were instructed to best
match T2-weighted and delayed-enhancement images solely us-
ing the contours of the bright abnormal regions on the 2 sets of
images as a fingerprint comparison. The hypothesis was that if
T2-weighted MRI depicts the AAR, consistent pairing of images
from the same subject would not be possible because the contours
of T2-hyperintense regions would not match that of hyperen-
hanced regions on delayed-enhancement MRI because the latter
represents infarction and not the AAR. Hence, correct matches, if
any, would be due to random chance.

Patients

Patients presenting with first, acute MI were recruited prospec-
tively. The diagnosis of MI was based on the Universal Definition
and required an appropriate rise in cardiac biomarkers.** To increase
the likelihood that a wide range of myocardial salvage would be
encountered, we recruited patients with or without electrocardio-
graphic ST-segment elevation and with or without primary percu-
taneous coronary intervention. Patients <18 years old, with prior
history of MI, history of cardiac surgery, or contraindications for
MRI were excluded. Consecutive patients who underwent invasive
coronary angiography during admission with confirmed coronary
disease (=70% stenosis in =1 vessel) and who agreed to undergo
MRI were enrolled. MRI was performed for research purposes (not
clinically ordered scans), and scan results were not used to guide
clinical decision-making. All patients gave written informed con-
sent, which was approved by the Duke University Institutional
Review Board.

MRI was performed 3+1 days after admission. The MRI proto-
col was the same as that used in canines, and the same sequences
were used with similar settings (bright-blood: T2-prep time, 80 ms;
TR, 2 R-R intervals; flip angle, 60°; slice thickness, 7 mm; in-plane
resolution, 1.9x1.4; black-blood: TR, 2 R-R intervals; TE 80 ms; flip
angle, 180°; slice thickness, 7 mm; in-plane resolution, 1.9x1.4 mm).
Delayed-enhancement images were obtained 10 minutes after intra-
venous gadoversetamide (0.15-0.2 mmol/kg) administration. MRI
analysis was the same as for canines, and T2-weighted and delayed-
enhancement images were interpreted independently, masked to pa-
tient identity and clinical information. AAR size was estimated by the
Bypass Angioplasty Revascularization Investigation (BARI) method
and calculated as a percentage of the LV.%

Statistical Analysis
Continuous data are presented as mean+SD or, in cases where the
distribution is not normal, as median and interquartile range. The
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mean transmural-extent of the AAR and infarction by pathology,
as well as T2-hyperintensity and in vivo infarction by delayed-
enhancement MRI, were compared by use of paired r-tests. Linear
correlation analysis was used to compare the relationships between
the transmural-extent of abnormal regions on pathology and MRI.
Because multiple slices were analyzed in each subject, a linear
mixed-model regression analysis for repeated measures was per-
formed to account for the fact that transmural-extent values are cor-
related within each subject. Linear regression analysis was used to
assess whether the 95% confidence intervals of the regression coef-
ficients included the line of identity (ie, 1). Bland—Altman analysis
was performed to assess the agreement between MRI and pathology
measurements. Statistical tests were 2-tailed; P<0.05 was considered
significant. SAS (version 9.3, Cary, NC) was used to perform the
statistical analyses.

Results

Canines

Data from all canines (n=21) that survived the surgical MI
procedure are included. Three animals died during surgery.
Bright-blood and black-blood T2-weighted MRI were per-
formed in 19 and 21 subjects, respectively. No subject was
excluded on the basis of image quality.

Comparison of T2-Hyperintensity With the AAR and
Infarction

Examples of in vivo MRI in comparison with pathology
are shown in Figure 2. In these 4 subjects, the area of T2-
hyperintensity on both bright-blood and black-blood imaging
is primarily limited to the subendocardial portion of the wall
(ie, transmural-extent is =50%). Similarly, the infarcted region
determined by histopathology or delayed-enhancement MRI
is mostly subendocardial. In contrast, the true AAR by histo-
pathology (top row, orange outline) involves the full thickness
of the wall (ie, transmural-extent is nearly 100%). Hence, in
these examples, the shape of T2-hyperintense regions differed
markedly from the true AAR.

Figure 3A shows additional comparisons in one subject
at multiple short-axis locations. At all locations, the shapes
of T2-hyperintense regions match that of infarction, not the
AAR, even when there are only tiny islands of subendocar-
dial infarction (as shown in the most basal slice). Zoomed-in
views in a subject are shown in Figure 3B. On the enlarged
images, the intricate contour of the infarcted region is visible
and observed to closely resemble that of T2-hyperintensity on
both bright-blood and black-blood imaging. The contour of
the AAR by histopathology is clearly different from that re-
vealed by T2-hyperintensity.

Figure 4 summarizes the transmural-extent analyses.
Figure 4A demonstrates that the transmural extent of T2-
hyperintensity is unrelated to the transmural extent of the
AAR defined by histopathology (bright-blood-T2: r=0.06,
P=0.69; black-blood-T2: r=0.01, P=0.97). This is because
the transmural extent of the AAR is consistently high (mean,
94%+6%; range, 70%—-100%) and independent of that of
T2-hyperintensity, which is variable (bright-blood-T2:
mean, 55%+26%; range, 0%—95%; black-blood-T2: mean,
53%=+25%; range, 0%—-96%). Although there is no relation-
ship with the AAR, there is a strong correlation between the
transmural extent of T2-hyperintensity and that of infarction
(Figure 4B) defined by histopathology (bright-blood-T2:
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Subject 1

Pathology: Microspheres
Transmural AAR

Pathology: TTC Staining
Subendocardial MI

T2-weighted-MRI
(Black Blood)
Subendocardial T2-Hyperintensity

T2-weighted-MRI
(Bright Blood)
Subendocardial T2-Hyperintensity

Delayed-Enhancement-MRI
Subendocardial Mi

Subject 2 Subject 3 Subject 4

Figure 2. Examples of in vivo MRI compared with pathology in 4 canines. Assessment of the gross pathology under ultraviolet light
(top row) shows clearly demarcated regions without fluorescent microspheres, representing the hypoperfused area-at-risk (AAR; orange
outline). In these examples, the transmural-extent of the AAR is nearly 100% (ie, involves the full thickness of the wall), whereas the
transmural-extent of infarction is *50% (second row, white regions) demonstrating salvage of the epicardial portion of the wall. Both
bright-blood (fourth row) and black-blood (third row) T2-weighted MRI and delayed-enhancement MRI (bottom row) show bright
regions limited primarily to the subendocardial portion of the wall (yellow arrows), clearly reflecting nontransmural involvement and
discordance in shape with the true AAR. Occasionally, the endocardial border is artifactually hyperintense on black-blood T2-weighted

MRI because of stagnant blood in the LV cavity (blue asterisk).

r=0.94, P<0.0001; black-blood-T2: r=0.95, P<0.0001) or
determined in vivo by delayed-enhancement MRI (bright-
blood-T2: r=0.95, P<0.0001; black-blood-T2: r=0.97,
P<0.0001). The regression coefficient and associated
95% confidence interval for the relationship between T2-
hyperintensity and the area-at-risk did not include the line of
identity, whereas in all cases, it did include the line of identi-
ty for the relationship between T2-hyperintensity and infarc-
tion. Bland—Altman analyses (Online Figure) are consistent
with the regression analyses in that there is poor agreement
between the transmural extent of T2-hyperintensity and the
area-at-risk, whereas the agreement is far better when T2-
hyperintensity is compared against infarction by pathology
or delayed-enhancement MRI.

To further examine the correlation between the transmu-
ral-extent of T2-hyperintensity with that of infarction, we test-
ed multiple signal intensity cutpoints used to define abnormal
myocardium for both T2-weighted MRI (2 and 3 SD above
the mean signal of unaffected myocardium remote from MI)

and delayed-enhancement MRI (2-5 SD above remote). The
Online Table summarizes this analysis and shows that there is
a significant correlation between the transmural extent of T2-
hyperintensity and infarction by delayed-enhancement MRI
for all tested thresholds (all comparisons: 7>0.79). Similarly,
strong correlations were observed between both thresholds for
T2-weighted MRI and infarction by pathology (all compari-
sons: ¥>0.90), whereas no relationships were observed when
compared with the area-at-risk (all comparisons: r<0.11).

Picture Matching of Contours

We also compared the contours of abnormal regions on T2-
weighted MRI and delayed-enhancement MRI in subjects
with subendocardial infarction of the anterior wall at the
midventricular level (Figure 5A). Although the order posi-
tion of both sets were randomized before presentation to
4 blinded observers, all 4 observers provided the correct
pairing in 100% of subjects solely using the contours of
the bright, abnormal regions as a fingerprint comparison.
Figure 5B shows 2 additional subjects with subendocardial
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Pathology: Microspheres
Transmural AAR

Pathology: TTC staining
Subendocardial MI

T2-weighted-MRI
(Black blood)
Subendocardial T2-Hyperintensity

T2-weighted-MRI
(Bright blood)
Subendocardial T2-Hyperintensity

Delayed-Enhancement-MRI
Subendocardial Ml

Area-at-Risk by microspheres:
100% transmural

Figure 3. A, A comparison between MRI and pathology at multiple short-axis levels in one subject with substantial salvage.

The area-at-risk (AAR) by histopathology (top row, orange outline) is nearly 100% transmural at every short-axis location, whereas T2-
hyperintense (third and fourth rows) and infarcted regions (second and bottom row) are clearly nontransmural (yellow arrows). The
most basal slice shows a particularly large discrepancy between the full-thickness AAR and the region of infarction, which is tiny and
subendocardial. For all slices, T2-hyperintense regions closely resemble the shape of infarction not the AAR. B, Zoomed-in views in a
subject. The enlarged views emphasize the irregular contour of the infarcted region, which is matched by the contour of T2-hyperintensity
on both bright-blood and black-blood images.

infarction of the inferolateral wall. For images in both Validation of Shape Analysis by Pathology
Figure 5A and 5B, it is evident that although the infarct Figure 6 illustrates that comparing shape rather than size re-
contour is irregular and often intricate, it is matched by the sults in less ambiguity for discerning the underlying pathology.

contour of the hyperintense region on T2-weighted MRI. The area-at-risk should be distinct from the area of infarction;
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Figure 4. The transmural-extent of T2-hyperintensity is compared with the transmural-extent of the area-at-risk (AAR) defined by
histopathology (A) and the transmural-extent of infarction (B) defined by histopathology or by in vivo delayed-enhancement MRI.
Although there is no relationship with the AAR, there is a strong correlation with infarction. The orange dashed line is the line of identity.

however, if true AAR size and infarct size (both by pathol-
ogy) are compared, there is a significant, albeit modest corre-
lation (left panel; % LV: r=0.45, P<0.0001; in grams of tissue:
r=0.59, P<0.0001) because the infarcted region is a subset of
the AAR. Conversely, there is no relationship between shapes
(right panel; r=0.03, P=0.82) because the transmural extent of
the AAR is consistently high, whereas the transmural extent of
infarction is variable (mean, 51%=25%; range, 0%—97%). Not
surprisingly, T2-hyperintensity size is correlated with both in-
farct size (bright-blood-T2, r=0.86; black-blood-T2, r=0.87)
and AAR size (bright-blood-T2, r=0.48; black-blood-T2,
r=0.48), albeit the relationship with infarct size is stronger.

Patients

Baseline clinical characteristics are shown in the Table. No
patient was excluded on the basis of image quality. Bright-
blood and black-blood T2-weighted images were obtained
in 17 and 24 patients, respectively. T2-hyperintensity
size was modestly correlated with AAR size as estimated
by BARI angiographic scores (bright-blood-T2: r=0.46,
P=0.05; black-blood-T2: r=0.56, P=0.01) and modestly
correlated with admission Troponin-T levels (bright-blood-
T2: r=0.58, P=0.01; black-blood-T2: r=0.65, P=0.01).
However, the contour of T2-hyperintense regions matched
that of infarcted regions depicted by delayed-enhancement
MRI (Figure 7), and there was a strong correlation between
the transmural-extents (bright-blood-T2: r=0.82, P<0.0001;
black-blood-T2: r=0.83, P<0.0001). When infarction was
subendocardial (transmural extent <50%), T2-hyperintense
regions also were limited to the subendocardium in 100%

and 93% of cases for bright-blood and black-blood im-
aging, respectively. Thus, consistent with canines, T2-
hyperintense regions in patients are often limited to the
subendocardium.

Discussion

The ischemic area-at-risk is a fundamental concept in
Cardiology. In the setting of coronary occlusion, it repre-
sents the maximum infarct size that is possible as well as
the greatest amount of myocardium that is potentially sal-
vageable with early reperfusion therapy.' Robust approaches
for assessing the AAR in vivo have been elusive. As such,
reports describing the use of T2-weighted MRI to depict the
AAR have been met with enthusiasm, and there has been
early integration of this technique into randomized clini-
cal trials to provide end points for determining therapeutic
efficacy.>!>13

In this study, we show that T2-weighted MRI does
not depict the AAR. Instead, the data demonstrate that T2-
hyperintense regions closely resemble infarcted regions in
both a large animal model and in patients. Thus, the findings
contradict the conventional wisdom regarding T2-weighted
MRI and indicate that this method should not be used to mea-
sure myocardial salvage.

In our investigation, we performed a comparison be-
tween the shape and contour of the abnormal hyperin-
tense region depicted by T2-weighted MRI and that of
the AAR delineated by histopathology. This analysis
was possible because our methodology (administration
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A Contour Matching in Subjects with Subendocardial Anterior Wall Infarction
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Figure 5. A, Image-pairs in 8 canines with subendocardial infarction of the anterior wall at the midventricular level. The order
position of both sets were randomized before presentation to blinded observers to determine whether the correct order could be
unscrambled (panel shows correct pairing). Also before randomization, the right ventricle, inferior half of the LV, and epicardial fat were
cropped from the delayed-enhancement images to remove features that potentially could be used for matching. B, Two additional

subjects with subendocardial infarction of the inferolateral wall.

of fluorescent microspheres followed by high-resolution
photography under ultraviolet light) enabled direct visu-
alization of the true AAR (Figures 2 and 3). Prior stud-
ies did not perform comparisons with histopathology or
did not use methods that permitted direct visualization of
the AAR. Instead, the authors inferred that T2-weighted
MRI delineates the AAR because the measured size of T2-
hyperintense regions were usually larger than infarct size

as determined by delayed-enhancement MRI or, more rare-
ly, by histopathology.!16:22:36:37

Attributing size differences in abnormal regions de-
picted by different imaging techniques as evidence that dis-
tinct anatomic structures are being identified is beset with
concerns. The apparent size of an abnormality on MRI can
change by small alterations in the methodology of analysis.
For instance, changing the image intensity cutpoint used

Validation of Shape Analysis by Pathology
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Figure 6. Although the area-at-risk and the area of infarction represent distinct physiological entities, there is still a modest
correlation between the size of the area-at-risk (AAR) and that of infarction (left panel, r=0.45, P<0.0001; both delineated by
histopathology) because infarct size is a subset of AAR size. Conversely, there is no relationship between shapes (right panel, r=0.03,

P=0.82).
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Table. Patients With Acute MI
Characteristics n=24
Age,y 55+13
Male 75%
Risk factors
Hypertension 63%
Hyperlipidemia 58%
Diabetes Mellitus 33%
Smoking 46%
Family history 29%
ECG
ST-segment elevation 83%
Non-ST-segment elevation 17%
Admission CK-MB, ng/mL [IQR] 179 [116,267]
Admission troponin-T, ng/mL [IQR] 4.412.4,6.6]
Infarct-related artery
LAD 46%
LCx 29%
RCA 25%
Treatment
Primary PCI 88%
Medical management 13%

CK-MB indicates creatine kinase, myocardial band; IQR, interquartile range;
LAD, left anterior descending; LCx, left circumflex; MI, myocardial infarction; PCI,
percutaneous coronary intervention; and RCA, right coronary artery.

to define myocardial hyperenhancement on delayed-en-
hancement images can affect measured infarct size.>* Even
when standard methods of analysis are used, different MRI
techniques often result in dissimilar image characteristics
and propensity for image artifacts and can lead to different

Patient Example 1

Patient Example 2
. ’;'4 :\'#-

Delayed-
Enhancement
MRI

Black blood
T2-Weighted-MRI

Bright blood
T2-Weighted-MRI

measurements of the same structure. For example, it is well
known that measurement of LV mass is consistently larger
when assessed from spoiled gradient-echo cine sequences
than from steady-state free-precession cine sequences.®
Clearly, in this situation, the difference in myocardial mass
should not be ascribed to an anatomic structure. This ex-
ample shows that one MRI technique may consistently
provide a larger (or smaller) quantitative size measurement
compared with a second MRI technique, even if both depict
the same underlying anatomy.

This is why we performed picture matching of contours
in our investigation, rather than relying on the size of hy-
perintense regions as in prior studies. The match observed
between the intricate contour of T2-hyperintense regions
and that of infarcted regions depicted by delayed-enhance-
ment MRI provides a straightforward interpretation of the
data. Because image artifacts, by their nature, are inherently
random with regard to the contour of the true bright zone,
it is nearly impossible that image artifact could lead to a
fingerprint match—whereby all the nooks and crannies of
2 complex contours match—without the conclusion that
the 2 sets of images portray the same underlying pathol-
ogy. In contrast, it is relatively easy for artifact to change
the measured size of an abnormality because this method
of analysis reduces all of the information on an image to
a single number. Regarding the picture matching analy-
sis (Figure 5), the probability that all 4 blinded observers
would each provide a 100% (8/8) correct pairing by chance
alone is (1/8!)4=3.8x107"°.

Moreover, the relationship between the size of the AAR
and the size of infarction is potentially itself a confounder.
Although there is a wide range in AAR size given the natural
variation in coronary artery perfusion beds,* infarct size, by

Patient Example 3

Figure 7. Typical images in 3 patients
with acute myocardial infarction

5, 5, and 2 days after admission. In

these examples, infarction by delayed-
enhancement MRI is subendocardial
(yellow arrows). Similarly, T2-hyperintense
regions (yellow arrows, middle and
bottom rows) are subendocardial and the
contour closely matches that of infarction.
Orange arrows point to myocardium on
the epicardial half of the wall that is neither
hyperenhanced on delayed-enhancement
MRI nor hyperintense on T2-weighted MRI.
These findings are incompatible with the
concept that T2-weighted MRI portrays the
area-at-risk (AAR).

Not Obtained



Kim et al

definition, is a subset of AAR size (with longer durations of
ischemia leading to larger infarcts asymptotically approach-
ing that of AAR size). Hence, it is not surprising that there is
a relationship, albeit moderate, between the 2 (Figure 6, left).
Conversely, no relationship exists between the transmural-
extent of the AAR and that of infarction (Figure 6, right). This
demonstrates that comparing shape (eg, transmural-extent)
rather than size results in less ambiguity for discerning the
underlying pathophysiology and was the rationale for our ap-
proach in this investigation.

We used 2 independent means to produce T2-weighted
images (bright-blood with T2-prep and black-blood with
turbo-spin-echo) so that findings would not be specific to a
single technique. It is well-known these 2 techniques have
completely different image characteristics and propensity for
artifacts; hence, limitations in one should have no bearing
on the findings of the other.*' Standard sequences were used
for both techniques. There is no consensus in the bandwidth
that should be used for black-blood imaging. We used a value
(780 Hz/pixel) that is higher than in some investigations but
lower than in others (eg, 930 Hz/pixel®?; 798 Hz/pixel**). The
procedure to optimize timing of image acquisition within the
cardiac cycle was used only for black-blood imaging, and
because there is no change in the actual pulse sequence (ie,
no change in TR, TE, bandwidth, etc), there is no effect on
myocardial T2-weighting. The consistency in observations
between bright-blood and black-blood-T2 imaging, including
intricate contours that precisely match each other and closely
resemble the histopathology (Figures 2, 3A, and 3B), indicate
the optimization protocol was successful in improving image
quality for black-blood T2-weighted MRI and further corrob-
orates our conclusion that T2-weighted MRI depicts MI and
not the area-at-risk.

We note that the original study in canines by Aletras et
al® performed T2-weighted imaging at 2 days after acute MI
and the first study in patients by Friedrich et al'® performed
imaging at 3+3 days. Moreover, many randomized trials us-
ing T2-weighted-MRI as an efficacy end point performed
MRI 3 to 5 days after MI.’-** Because, in the current investi-
gation, canines were imaged at 4+1 days after acute MI and
patients at 3+1 days, we believe our findings inform on these
prior reports.

Our results are perhaps not entirely unforeseen. The use
of T2-weighted MRI to delineate the AAR does not have a
clear pathophysiological basis.> Seminal studies by Jennings
et al'**% have carefully measured water content in myocar-
dium reversibly and irreversibly damaged by ischemia. These
direct measurements (not based on MRI) have established
that substantial edema only occurs in infarcted myocardium.
There is a small increase in tissue water content after revers-
ible ischemic injury (0%-9%*'), but any measurable edema
is expected to resolve within 24 hours.*> Based on these stud-
ies, the difference in edema between infarcted and salvaged
portions of the AAR should be at least 9-fold.> Because of
the conundrum concerning the lack of measurable edema in
salvaged myocardium, it has been proposed that there are
changes in fractions of water species (bound, gel-like water
versus free water) that can affect T2 even without any increase
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in tissue water content.* However, recent studies examining
protein hydration dynamics indicate there is little difference
between water molecules in the hydration layer of a dissolved
protein and those in bulk water either in a thermodynamic or
kinetic sense.® Hence, characterizations of ischemia as some-
how transforming water from gel-like to free or causing water
release from cellular proteins* seem unsound. On the other
hand, the studies directly measuring myocardial water con-
tent, which show substantial edema in infarcted myocardium
and little or no measurable edema in salvaged myocardium,
provide a clear pathophysiologic mechanism for T2-weighted
MRI to delineate acute MI.

There are several implications of our study. First, we
believe that conclusions regarding the efficacy of novel acute
MI therapies in current and past studies that are based on T2-
weighted-MRI measurements of myocardial salvage should
be re-examined. This includes not only large-scale multi-
center trials, but also preclinical studies where in vivo imag-
ing results may be the primary basis for proceeding with a
large capital expenditure or abandoning an otherwise promis-
ing approach. Concerns are also raised for recent investiga-
tions that purport to elucidate pathophysiologic mechanisms
of disease on the basis of black-blood T2-weighted MRI.
These involve high-profile and controversial disorders, in-
cluding Takotsubo cardiomyopathy,* alcohol-induced myo-
cardial inflammation caused by binge-drinking,” and heart
damage—albeit temporary—caused by marathon running.*®
Given the propensity of signal-loss artifact to confound inter-
pretation with black-blood T2-weighted MRI (see Figure 1),
we believe it is premature to use this technique to conclude
that there is myocardial edema in the absence of infarction
(or necrosis) in these or other cardiac disorders without cor-
roborating evidence from an appropriate pathology-based
reference standard.

In summary, we describe the first direct comparison be-
tween T2-weighted MRI and the true AAR delineated by his-
topathology. The images show a fingerprint match between the
contour of T2-hyperintensity and that of acute infarction—not
the AAR. Hence, we believe the use of T2-weighted MRI to
measure the AAR or to index myocardial salvage is unsound,
and conclusions previously based on this premise in clinical
practice, multicenter trials, and basic investigations should be
re-examined.
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Novelty and Significance

What Is Known?

o After acute myocardial infarction, delineating the area-at-risk is crucial
for determining myocardial salvage, the efficacy of reperfusion therapy,
and prognosis.

T2-weighted MRI is currently believed to be an excellent method for
delineating the myocardial area-at-risk.

The evidence supporting the validity of T2-weighted MRI to measure
the area-at-risk is indirect, and it has never been validated with direct
anatomic measurements.

What New Information Does This Article Contribute?

A direct comparison of the shape and contour of abnormal regions
depicted by T2-weighted-MRI with the shape and contour of the area-
at-risk as determined by anatomic pathology in a canine model of
acute MI.

The shape and contour of the abnormal regions depicted by T2-
weighted-MRI did not correspond to the area-at-risk; instead there
was a fingerprint match with the intricate contour of myocardial infarc-
tion in both canines and patients.

Measurements of the ischemic area-at-risk are essential for
estimating myocardial salvage and for subsequent therapy and
prognosis. T2-weighted MRI is a new approach to depict the area-
at-risk, and it has been used in randomized trials of patients with
acute Ml to provide an end point of therapeutic efficacy. However,
the pathophysiologic underpinnings of T2-weighted MRI remain
unclear, and the technique has not been validated with direct
anatomic measurements. In this study, the intricate contour of
T2 hyperintense regions are compared with corresponding high-
resolution photographs of the area-at-risk and the infarcted
region determined by histopathology. Additionally, direct compar-
isons are made to the shape of infarction delineated in vivo with
delayed-enhancement MRI. These data demonstrate that T2-
weighted MRI does not depict the area-at-risk; instead, there was
a fingerprint match between the contour of the T2-hyperintense
region and the contour of the infarcted region. These findings
question the use of T2-weighted MRI to measure the area-at-risk
or to index myocardial salvage; and therefore, conclusions previ-
ously based on this premise in clinical practice, multicenter trials,
and basic investigations should be re-examined.




