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Conditions for late gadolinium
enhancement MRI in myocardial
infarction model rats that better
reflect microscopic tissue staining

Junpei Uedal?, Hayato Kurata3, Miwa Ota3, Isamu Yabatal“, Koji Itagakil>, Reika Sawayal*,
Chiharu Murata3, Natsuo Banura®$, Hiroyuki Nishida? & Shigeyoshi Saito¢**

Late gadolinium enhancement (LGE) is a widely used magnetic resonance imaging method for
assessing cardiac disease. However, the relationship between different LGE signal thresholds and
microscopic tissue staining images is unclear. In this study, we performed cardiovascular MRl on
myocardial infarction (MI) model rats and evaluated the relationship between LGE with different
signal thresholding methods and tissue staining images. We prepared 16 rats that underwent MRI
14-18 days following a surgery to create an Ml model. We captured cine and LGE images of the cardiac
short-axis and longitudinal two- and four-chamber views. The mean +2SD, +3SD, and + 55D of the
pixel values in the non-infarcted area were defined as the LGE area. We compared areas of Sirius red
staining, determined by the color tone, with their respective LGE areas at end-diastole and end-
systole. We observed that the LGE area calculated as the mean +2SD of the non-infarcted area at end-
diastole demonstrated a significant positive correlation with the area of Sirius red staining (Pearson’s
correlation coefficient in both: 0.81 [p <0.01]). Therefore, the LGE area calculated as the mean +2SD of
the non-infarcted area at end-diastole best reflected the Ml area in tissue staining.

Keywords Late gadolinium enhancement MRI, Myocardial infarction model rats, Sirius red staining, 7T-
MRI

Myocardial infarction (MI) is a major cause of mortality worldwide!. Some of the widely used treatments for
MI include percutaneous coronary intervention, coronary artery bypass grafting, and thrombolytic therapy*.
Assessment of myocardial viability using noninvasive imaging techniques is relevant for the efficacy of these
therapies”® such techniques need to be able to accurately represent the area of MI to maximize treatment efficacy.

Cardiovascular magnetic resonance (CMR) imaging is a non-invasive technique for imaging MI. It can
provide a variety of information such as cardiac function’, relaxation time measurement'®!!, strain analysislz’”,
and flow velocity measurement'*'°. As in the clinical setting, CMR has also been used in preclinical studies
on the animal heart'%!. One CMR technique that highlights the area of myocardial injury is late gadolinium
enhancement (LGE). LGE uses gadolinium contrast agent. Although gadolinium contrast agent is contraindicated
in subjects with impaired renal function, gadolinium contrast agent adds information and is essential in MRI
studies. Gadolinium contrast agent is distributed in the extracellular fluid and shortens both T1 and T2 of the
surrounding protons. The areas where gadolinium contrast agent accumulates produce high signals, contribut-
ing to differential diagnosis of tumors, etc.?>->*. LGE is a method that utilizes the delayed arrival and washout of
gadolinium contrast agent in fibrotic regions of the myocardium?®. Furthermore, in acute myocardial infarction,
rupture of the cell membrane of the damaged myocardial cell allows the gadolinium contrast agent to be present
in the intracellular space, which is not possible in normal myocardial cells*. The damaged cardiomyocytes are

IDivision of Health Sciences, Department of Medical Physics and Engineering, Osaka University Graduate School
of Medicine, Suita, Osaka 560-0871, Japan. 2Department of Radiological Sciences, Faculty of Health Sciences,
Morinomiya University of Medical Sciences, Osaka 559-8611, Japan. 3ROHTO Pharmaceutical Co., Ltd, Kizugawa,
Kyoto 619-0216, Japan. “Division of Radiology, Department of Medical Technology, Osaka University Hospital,
Osaka 564-8565, Japan. °Division of Clinical Radiology Service, Kyoto University Hospital, Kyoto 606-8507,
Japan. ®Department of Advanced Medical Technologies, National Cardiovascular and Cerebral Research Center,
Suita, Osaka 564-8565, Japan. ““email: saito@sahs.med.osaka-u.ac.jp

Scientific Reports|  (2024) 14:18308 | https://doi.org/10.1038/s41598-024-69540-y nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-69540-y&domain=pdf

www.nature.com/scientificreports/

also replaced by a collagen matrix over time. This replacement causes an expansion of the intercellular space and
an increase in the area of distribution of the gadolinium contrast agent.

For the above reasons, the LGE technique is capable of delineating fibrotic areas as high-signal areas. Because
the pattern of delayed contrast differs depending on the disease, LGE is widely used in diagnostic imaging for
cardiac disease””. In myocardial infarction, the pattern of LGE is predominantly endocardial, and as the disease
progresses, the area of LGE expands to the epicardium. It is also used for assessment of myocardial viability?.
Viability assessment uses the rate of progression of the LGE area, from endocardial to epicardial, as a predictor
of the effect of revascularization.

LGE has been reported to accurately reflect the infarcted area in stained tissues*->!. Methods for calculat-
ing the area of LGE have included signal thresholding using the standard deviation (SD) and full width at half
maximum (FWHM)*. These methods do not identify the delayed contrast area visually but can automatically
calculate the delayed contrast area based on the area of normal or abnormal myocardium. However, these previ-
ous studies have reported comparisons of LGE in ex vivo and microscopic tissue staining image. There have not
been many reports on the relationship between LGE signal thresholding methods in in vivo and microscopic
tissue staining images.

The purpose of this study was to acquire CMR images of MI model rats and evaluate the relationship between
LGE with different signal thresholding methods and tissue staining images.

Material and methods

Animal preparation

We report this animal study in accordance with the ARRIVE guidelines. All the experimental protocols were
approved by the Research Ethics Committee of Osaka University, Osaka, Japan (Number: R02-05-0). All experi-
mental procedures involving animals and their care were carried out in accordance with the University Guidelines
for Animal Experimentation and the National Institute of Health’s Guide for the Care and Use of Laboratory
Animals. Experiments were performed on sixteen 8-week-old male Wistar rats, purchased from Japan SLC
(Hamamatsu, Japan). All rats were housed in a controlled vivarium environment (24 °C; 12:12 h light-dark cycle)
and fed a standard pellet diet with water ad libitum. The MI models were established through surgical ligation
of the left anterior descending coronary artery using a 7-0 polypropylene suture. For the procedure, the rats
underwent tracheal intubation and were anesthetized with 3% isoflurane for induction and 1-2% isoflurane for
maintenance of anesthesia. MRI was performed on the model rats 14-18 days followed the surgery.

Magnetic resonance imaging

MR images of the animal hearts were acquired using a horizontal 7T-MRI system (PharmaScan 70/16 US; Bruker
Biospin, Ettlingen, Germany) equipped with a transmit/receive volume radiofrequency coil with a diameter of
60 mm. The rats were positioned with their mouths in a stereotaxic frame to prevent movement in the prone
position during scanning and were maintained at a body temperature of 36.5 °C by water flow regulation. They
were continuously respiratory monitored using a physiological monitoring system (SA Instruments Inc., Stony
Brook, NY, USA). All MRI rat experiments were performed under general anesthesia with 1.0-2.0% isoflurane
in an air-oxygen mixture (Abbott Laboratories, Abbott Park, IL, USA) administered through a mask covering
the nose and mouth. The respiratory rate of the rats was controlled by increasing or decreasing the anesthesia
dose so as to keep the rate at about 70 breaths per minute.

Short- and long-axis two-chamber and long-axis four-chamber images were obtained using fast low-
angle shots (FLASH) with a self-gated magnetic resonance cine imaging system. For short-axis images, the
following parameters were used: repetition time (TR)/echo time (TE) =40.0/2.2 ms, flip angle =25°, movie
frames =14 frames per cardiac cycle, field of view (FOV) =42.0 x 42.0 mm, in-plane resolution per pixel =219
pm, matrix =192 x 192, slice thickness =2 mm, number of excitations (NEX) = 1, oversampling = 250, acquisition
time =21 min 20 s, and five concomitant slices covering the whole heart from the apex to the base. For the long-
axis two- and four-chamber views, the parameters were TR / TE =6.1/3.0 ms, flip angle = 10°, movie frames =14
frames/cardiac cycle, FOV =42.0 x42.0 mm, in-plane resolution per pixel =219 um, matrix =192 x 192, slice
thickness =2 mm, NEX = 1, oversampling = 250, acquisition time =3 min 37 s, and one slice through the center
of the heart.

LGE images were also obtained using FLASH with a self-gated magnetic resonance cine imaging system. First,
0.3 ml of gadolinium contrast agent (ProHance injections; Bracco-Eisai Co.,Ltd.) was administered through the
tail vein and imaging was performed 5 min after administration. For LGE images, the following parameters were
then used: TR/TE=40.0/2.2 ms, flip angle =25°, movie frames = 14 frames per cardiac cycle, FOV =42.0 x42.0
mm, in-plane resolution per pixel =219 um, matrix = 192 x 192, NEX = 1, oversampling = 250, acquisition time =3
min 37 s, and one slice at the same position as the third slice in the short-axis cine image. The total scan time
per animal was approximately 40 min.

Sirius red staining for assessment of cardiac fibrosis

For the evaluation of fibrotic alterations in the heart tissues, all hearts were removed immediately after euthanasia.
Euthanasia was performed by 5% isoflurane in an air-oxygen mixture administered through a mask covering
the nose and mouth. The removed hearts were fixed in 10% neutral buffered formalin. The heart tissues were
dehydrated, embedded in paraffin, sectioned at a 4-um thickness, and stained using Sirius red for histopathologi-
cal analysis at the short-axis slice of the mid-left ventricle. The extent of cardiac fibrosis was assessed in Sirius
red-stained tissue specimens under a microscope (Axio Scan.Z1; Carl Zeiss, Oberkochen, Germany).
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MRI data analysis

The cardiac MR images were analyzed using Cvi42 software (Circle Cardiovascular Imaging, Calgary, AB, Can-
ada, https://www.circlecvi.com/cardiac-mr). To identify the left myocardial area, borders of the epicardium and
endocardium were manually outlined on the short-axis cine images at both the end-diastolic and end-systolic
phases. The left ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), left
ventricular stroke volume (LVSV), and left ventricular ejection fraction (LVEF) were calculated from the short-
axis cine images. In addition, myocardial wall thickness at end-diastole and end-systole in each American Heart
Association (AHA) segment were calculated from short- and long-axis two-chamber cine images. All values were
calculated automatically using Cvi42.

A region of interest (ROI) was manually placed in the ventricular septum as a reference for the non-infarcted
area, which was determined to be the ventricular septum based on visual microscopical evaluation of the tissue
staining and LGE images. The mean +2SD, +3SD, and + 5SD of the pixel values in the non-infarcted area were
defined as the LGE area. The measurement of LGE was expressed as the percentage of LGE area in the entire left
ventricular myocardium. The percentage of LGE area in the left ventricular myocardium was calculated at both
end-diastole and end-systole. Again, all values were calculated automatically using Cvi42.

Analysis of tissue staining images

Microscopic tissue staining images were analyzed using Image] software (National Institutes of Health, Bethesda,
MD, USA). Using color deconvolution, one of ImageJ’s functions, the original stained images were classified
into three types according to their color tone: stained color images (fibrotic myocardial areas), unstained color
images (nonfibrotic myocardial areas), and background area color images. The ROI extracting the color tones was
manually placed and made as small as possible, and the images were enlarged as much as possible. The original
and stained color images were automatically binarized using the software. ROIs were then manually placed on
the left ventricular endocardium, epicardium, and the inner and outer leaflets of the left ventricular myocardium
in each binarized image. The ROIs in the endocardium and epicardium were identical between the binarized
original image and the binarized stained color image. The ratio of the number of pixels in the stained areas of
the left ventricular myocardium to the total number of pixels in the left ventricular myocardium was determined
by subtracting the number of pixels between the ROIs in the endocardium and epicardium and the number of
pixels in the left ventricular myocardium from the binarized original image, and the number of pixels in the
stained area of the left ventricular myocardium from the binarized stained color image. This ratio was used to
determine the percentage of fibrotic areas of the left ventricular myocardium.

Statistical analysis

All statistical analyses were performed using Prism, version 9 (GraphPad Software, San Diego, CA, USA). The
association between any two variables was analyzed by calculating the Pearson’s correlation coeflicient and using
a Bland-Altman plot. Statistical significance was set at p <0.05.

Results

Animals’ characteristics and cardiac function

The rats’ average body weight was 328.5+51.7 g (Table 1). Figure 1a-f shows representative cardiac cine MR
images. In the short-axis view, end-diastolic and end-systolic images showed thinning of the infarcted myocar-
dium from the anterior to the lateral wall (Fig. la, d, red arrows). In the four-chamber view, end-diastolic and
end-systolic images showed thinning of the infarcted myocardium in the lateral wall on the apical side (Fig. 1b,
e, red arrows). Similarly, in the two-chamber view, the systolic images showed thinning of the infarcted myocar-
dium in the anterior wall on the apical side (Fig. 1f, red arrows). In the two-chamber view, the diastolic images
did not show thinning of the infarcted myocardium; however, enlargement of the cardiac cavity was observed as
in the other figures (Fig. 1c). According to the visual evaluation of cine MRI, the infarction was located anterior
to the lateral wall of the apex, which is consistent with the findings described above. Upon measuring cardiac
parameters, LVEDV was 0.66 +0.11 ml, LVESV was 0.49+0.12 ml, LVSV was 0.18 +0.02 ml, and LVEF was
27.6+£7.2% (Table 1). These results showed a decrease in LVEF. In addition, a tendency toward myocardial wall
thinning was observed in regions 6, 12, and 16 of the AHA segment (Table 2). Thus, myocardial wall thinning in
the anterolateral region of the left ventricular myocardium was also indicated by numerical evaluation.

Late gadolinium enhancement
Figure 2a—f shows representative LGE images. Areas that were not seen before contrast injection were detected on
delayed contrast images (Fig. 2a, e). Delayed contrast was observed (Fig. 2b-d, f-h) in the area coinciding with the

Body mass (g) 328.5+51.7
EDV (ml) 0.66%0.11
ESV (ml) 0.49+0.13
SV (ml) 0.18+0.02
EF (%) 276472

Table 1. Rat body weight and cardiac function.
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Short-axis 4-chamber 2-chamber

Figure 1. Representative cardiac cine magnetic resonance images. Short-axis view (a, d), four-chamber view (b,

e), two-chamber view (c, f). Images were taken in end-diastolic (a, b, ¢) and end-systolic (d, e, f) phases of the
rat heart. Red arrows: infarcted area.

End-diastolic

End-systolic

Thickness of the

myocardium (mm)
AHA segment nd-diastole | End-systole
1 0.84+0.21 1.33+£0.42
2 0.74+0.11 1.32+0.31
3 0.68+0.15 1.50+0.43
4 0.95+0.23 1.80+0.47
5 0.93+0.25 1.18+0.44
6 0.68+0.27 0.88+0.44
7 0.82+0.17 1.10+0.40
8 0.74£0.12 1.43+0.24
9 0.76+0.14 1.64+0.24
10 0.99+0.11 1.49+0.31
11 0.81+£0.21 0.93+£0.34
12 0.64+0.24 0.74+0.32
13 0.84+0.19 1.01+0.33
14 0.91+0.14 1.59+0.25
15 0.84+0.17 0.93+£0.36
16 0.68+0.23 0.65+0.23

Table 2. Thickness of rat left ventricular myocardium at end-diastole and end-systole in each AHA segment
region.

area of myocardial thinning identified on cine MRI (Fig. 1). In addition, a tendency to have large areas of delayed
contrast was observed at end-systole compared to end-diastole. For the areas calculated as the mean +5SD, very
few were discriminated as delayed contrast areas (Fig. 2d, h). At end-diastole, the delayed contrast areas calculated
as the mean +2SD and + 3SD were 19.7 £7.2% and 8.6+ 5.7%, respectively. At end-systole, the delayed contrast
areas calculated as the mean +2SD, £ 3SD, and + 5SD were 23.0 £ 6.6%, 15.1 +7.6%, and 3.8 £ 3.2%, respectively.

Sirius red staining of myocardium tissue

Sirius red staining was observed mainly on the lateral wall of the left ventricle (Fig. 3a). The stained areas gen-
erally coincided with the delayed contrast areas. The images were segmented into color tones (Fig. 3b-d), and
binarized images of the stained areas were created (Fig. 3f). The staining area was calculated from the binarized
stained image (Fig. 3f) and the original image (Fig. 3e), and was found to be 18.5£5.2%.
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End-diastolic

End-systolic

Pre LGE 2SD 3SD 5SD

Figure 2. Representative late gadolinium enhancement images. Images before gadolinium contrast
administration (a, e), images of LGE area calculated as mean + 2SD of the non-infected myocardial area (b, f),
images of LGE area calculated as mean + 3SD of the non-infarcted myocardial area (c, g), images of LGE area
calculated as mean + 5SD of the non-infarcted myocardial area (d, g). Images were taken in end-diastolic (a-d)
and end-systolic (e-h) phases of the rat heart. Yellow zones: area calculated as LGE.

Figure 3. Representative Sirius red stained microscopic images. Original image (a). Images of non-stained area
(b), stained area (c), and background area (d) were created by dividing the original image by the color tone.
Binarized image from original image (e), binarized image from the image of stained area (f). This stained image
is acquired from the same rat as the LGE image in Fig. 2.

Correlation between LGE images and tissue staining images

From the Bland-Altman plot, the bias between the stained area and LGE area at end-diastole were — 1.2, 9.9, and
17.1 for each delayed contrast area calculated as the mean + 2SD, £ 3SD, and + 5SD of the non-infarcted myocar-
dial area, respectively (Fig. 4a—c). Regarding the bias between the stained and LGE areas at end-systole, it was
found to be — 4.5, 3.4, and 14.7 for each delayed contrast areas calculated as the mean +2SD, + 3SD, and + 55D
of the non-infected myocardial area, respectively (Fig. 4d-f). The 95% limits of agreement between the stained
and LGE areas calculated as the mean +2SD, +3SD, and + 55D of the non-infected myocardial area were 17.4,
25.3 and 34.1 at end-diastole (Fig. 4a—c) and 25.4, 29.3, and 29.4 at end-systole (Fig. 4d-f), respectively. Pearson’s
correlation coefficients of the staining with the LGE areas calculated as the mean +2SD, + 3SD, and + 5SD of the
non-infected myocardial area were 0.81 (p<0.01), 0.34, and 0.21 at end-diastole (Fig. 5a-c) and 0.45, 0.41, and
0.17 at end-systole (Fig. 5d-f), respectively.

Discussion

In this study, cardiac cine and LGE images were acquired 14-18 days after the MI surgery, to evaluate cardiac
function and degree of myocardial injury. Although CMR images of control rats were not obtained in this study,
the LVEF in the rat MI model was decreased here compared to that of previous studies that evaluated cardiac
function in normal SD rats****. On cardiac cine MRI, thinning of the myocardial wall was observed from the
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Figure 4. Results of the Bland-Altman plot between Sirius red stained areas and late gadolinium enhancement
areas. LGE area calculated as mean + 2SD of the non-infarcted myocardial area (a, d), LGE area calculated as
mean + 3SD of the non-infarcted myocardial area (b, e), and LGE area calculated as mean + 5SD of the non-
infarcted myocardia area (c, f). Data was collected during end-diastolic (a—c) and end-systolic (d-f) phases of
the rat heart. Dashed line indicates 95% limits of agreement.
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Figure 5. Graphs showing the relationship between Sirius red stained areas and late gadolinium enhancement
areas. LGE area calculated as mean + 2SD of the non-infarcted myocardia area (a, d), LGE area calculated as
mean + 3SD of the non-infarcted myocardia area (b, e), and LGE area calculated as mean + 5SD of the non-
infarcted myocardia area (c, f). Data was collected during end-diastolic (a—c) and end-systolic (d-f) phases of
the rat heart.

anterior to the lateral wall of the left ventricle; this area and the LGE areas calculated as the mean +2SD, and + 35D
of the non-infarcted myocardial area were almost matched in visual evaluation. Sirius red staining was also
observed from the anterior to lateral wall of the left ventricle. Therefore, the MI model rats in this study had MI
from the anterior to the lateral left ventricular wall, and the associated changes in cardiac function and myocardial
injury could be detected by MRI. Additionally, the results of the Bland-Altman plots and correlation coefficients
showed that the LGE areas calculated as the mean £ 2SD of the non-infarcted myocardial area at end-diastole
best represented the degree of staining by Sirius red.
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In this study, LGE image acquired at end-systole had a larger contrast enhanced area than those acquired at
end-diastole. In addition, the LGE area calculated as the mean +2SD of the non-infarcted myocardial area at
end-systole tended to be larger than the stained area. Therefore, the LGE area calculated as the mean +2SD of the
non-infarcted area only at end-diastole was significantly correlated with the stained area. It is widely acknowl-
edged that blood flow in the myocardium is greater during diastole than that during systole. In a previous study,
myocardial T1 values changed with changes in the cardiac cycle’*®. Although myocardial T1 values were not
evaluated in this study, it is possible that the LGE area was similarly affected by changes in the myocardial blood
flow due to the cardiac cycle. At systole, when blood flow in the myocardium is low, the increase in the LGE area
could be due to an increase in the amount of stagnant gadolinium contrast agent in the myocardium. Further-
more, in a previous study, diseases affecting myocardial perfusion were recommended for evaluation at diastole
because of the correlation between myocardial and blood T1 values at diastole®. Similarly, the evaluation of
LGE imaging in MI was proven to be recommended in diastole, as it better reflects the degree of tissue staining.

Previous studies have made comparisons between LGE images and tissue-stained ones?*’. Those studies have
also reported a correlation between those areas; however, they used ex vivo specimens to obtain LGE images. In
addition, those studies did not include the method of displaying the LGE area in their comparisons. Therefore,
this study contributed to the application of these findings in clinical practice, as it involved the use of in vivo
rat models for obtaining the LGE images, and showed the conditions for obtaining them that better reflect the
tissue-stained area, which is useful for MI studies using LGE images.

Myocardial fibrosis results from the replacement of collagen-rich, extracellular matrix with excess functional
tissue®®. This process is essential for tissue repair to maintain myocardial integrity after injury, but can cause
dysfunction such as decreased wall motion®®*’. Sirius red stains the collagen fibers associated with this fibrosis
process. On the other hand, LGE is a technique to display fibrotic areas as high signals, by utilizing the delayed
arrival and washout of gadolinium contrast agent in fibrotic areas of the myocardium. Therefore, it is possible that
there will be a difference between the area of tissue staining by Sirius red and the area of LGE. In this study, we
observed a state close to the chronic phase, 14-18 days after the onset of MI. Therefore, there was little difference
between the collagen fiber deposition area and the gadolinium contrast agent stagnation area, and there was little
difference between the LGE area and the Sirius red tissue staining area. A similar study should be conducted in
the future at a time when there may be a difference between the Sirius red tissue staining area and LGE area in
the early stages of collagen fiber deposition, such as in the acute phase of MI. Recent research has reported that
early collagen fiber deposition can be detected by T2 mapping™. It is important to determine the extent to which
LGE can detect myocardial fibrosis by combining various techniques.

This study faced some limitations. First, LGE images were acquired by decreasing the signal of the normal
myocardium using a flip angle. However, in clinical practice, sequences based on the Look-Locker method are
widely used to acquire LGE image*!. Therefore, the method of acquiring LGE images in this study differs from
the method generally used in clinical practice. Accordingly, this study did not evaluate FWHM based on the
abnormal myocardium; therefore, its results are not immediately applicable in clinical practice. Second, only a
single LGE imaging condition was examined. Changing the flip angle or other conditions may change the size
of the area measured as the LGE area. Therefore, the results of this study may vary depending on the imaging
conditions. Third, Sirius red stain was used in tissue staining images when comparing them to LGE image; how-
ever, since other tissue staining methods (e.g., Masson-Trichrome staining) can be used to indicate the area of
myocardial injury, a comparison between LGE images and images obtained using other tissue staining methods
could be investigated in future research. Fourth, the comparison between the LGE and tissue-stained areas was
made using the number of pixels in each; therefore, the match between the LGE and the tissue-stained areas was
not evaluated in this study. We expect that further research on evaluating the match between these areas will
improve the usefulness and reliability of LGE imaging.

Conclusion

In this study, we showed that the LGE area calculated as the mean +2SD of the non-infarcted myocardial area
better reflects the MI area in microscopic tissue staining images. In addition, we demonstrated that LGE images
of MI are most optimally acquired at end-diastole. The application of this knowledge may be useful for the assess-
ment of myocardial viability in clinical practice in the future. Future studies that examine different staining
methods may help validate our findings.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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