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Abstract 

Aims. To assess whether R2* is more accurate than T2* for the detection of intramyocardial 

hemorrhage (IMH) and to evaluate whether T2´ (or R2´) is less affected by edema than T2* (R2*), 

and thus more suitable for the accurate identification of post-myocardial infarction (MI) IMH. 

Methods and results: Reperfused anterior myocardial infarction was performed in 20 pigs, 

which were sacrificed at 120 min, 24 h, 4 days, and 7 days. At each time point, cardiac magnetic 

resonance (CMR) T2- and T2*-mapping scans were recorded, and myocardial tissue samples 

were collected to quantify IMH and myocardial water content. After normalization by the number 

of red blood cells in remote tissue, histological IMH increased 5.2-fold, 10.7-fold, and 4.1-fold at 

days 1, 4 and 7, respectively. The presence of IMH was correlated more strongly with R2* 

(r=0.69; p=0.013) than with T2* (r=-0.50; p=0.085). The correlation with IMH was even stronger 

for R2´ (r=0.72; p=0.008). For myocardial edema, the correlation was stronger for R2* (r=-0.63; 

p=0.029) than for R2´ (r=-0.50; p=0.100). Multivariate linear regressions confirmed that R2* 

values were significantly explained by both IMH and edema, whereas R2´ values were mostly 

explained by histological IMH (p=0.024) and were little influenced by myocardial edema 

(p=0.262).  

Conclusion: Using CMR mapping with histological validation in a pig model of reperfused MI, 

R2´more accurately detected IMH and was less influenced by edema than R2* (and T2*). Further 

studies are needed to elucidate whether R2´ is also better suited for the characterization of post-

MI IMH in the clinical setting.  
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Introduction 

After an acute myocardial infarction (MI), the presence and extent of intramyocardial 

hemorrhage (IMH) is associated with poor left ventricular (LV) remodeling1–4 and major 

cardiovascular events1,2,5,6. There is thus a clinical need to develop an accurate method for IMH 

detection. Cardiac magnetic resonance (CMR) imaging allows comprehensive tissue 

characterization of the post-MI heart. The paramagnetic effects of deoxyhemoglobin enables 

myocardial iron accumulation to be detected using T2-weighted (T2W)7–10 and T2* CMR 

sequences. IMH is defined as a hypointense area in the center of a hyperintense zone in edema 

sequences10. Nevertheless, although T2W CMR has been widely used to assess IMH extent2,11–13; 

T2* sequences are more accurate for IMH imaging due to their high sensitivity to the 

paramagnetic effects of hemoglobin breakdown5,7,14–16. 

Post-MI CMR studies dichotomizing the presence or absence of IMH use a single T2* 

threshold of 20 ms, based on both the ability to detect the presence of IMH (<20ms) as well its 

ability to confer prognostic value5,16. R2*, the reciprocal relaxation rate of T2* (1/T2*)17, is well 

established for the quantification of liver iron concentration18 due to its linear correlation with 

iron concentration7,17. Since T2* is the inverse of R2*, its non-transformed relationship to iron 

concentration is by definition non-linear16. This non-linear relationship could influence the 

interpretation of variations in T2* relaxation times in relation to iron values. Despite there is a 

large amount of evidence supporting the use of T2* for post-MI IMH identification and 

quantification19–21, little is known regarding the use of R2* in this context and a direct comparison 

of T2* and R2* for the quantification of IMH (iron concentration) has not been reported yet.  

Post-MI IMH co-occurs with edema, which follows a bimodal pattern22,23. Edema 

significantly changes T2-relaxation resulting in increased T2 values using cardiac relaxometry 24. 

Given that T2* values are T2-dependent, the intensity of post-MI edema is predicted to impair 

the ability of T2* to detect IMH. A possible way to overcome the limitations of T2* for IMH 

detection in the presence of intense edema is to use T2 prime (T2´) values. T2´ measures the 

signal lost due to magnetic field inhomogeneity inside the voxel and is obtained by eliminating 
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T2 effects from T2* values (1/T2´=1/T2*-1/T2)25; T2´ should thus be less affected than T2* by 

the presence of post-MI edema.  

The main goals of this study were 1) to determine whether R2* is more accurate than T2* 

for the detection of IMH across a range of IMH histological markers and 2) to evaluate whether 

R2´is less sensitive to edema than R2* and therefore identify more accurately the presence of 

post-MI IMH. For the study, we used a translatable large animal (pig) model of myocardial 

ischemia/reperfusion (I/R) followed by serial CMR examination and histological IMH validation. 

 

Methods 

Study design  

The study population consisted of 20 Large-white male pigs weighing 30 kg to 40 kg 

each22. The study was approved by the Institutional Animal Research Committee and conducted 

in accordance with the recommendations of the Guide for the Care and Use of Laboratory 

Animals. The study design is summarized in Figure 1. Reperfused acute MI was induced in 20 

pigs by closed-chest 40-min left anterior descending (LAD) coronary artery occlusion followed 

by reperfusion. Pigs were sacrificed at 4 time-points after reperfusion: 120 min, 24 h, 4 days, and 

7 days (n= 5 per time point). CMR scans were performed at every follow-up stage until sacrifice 

(i.e., animals sacrificed on day 7 underwent CMR exams at baseline, 120 min, 24 h, day 4, and 

day 7). Pigs were sacrificed after the final follow-up CMR scan, and myocardial tissue samples 

were collected from the ischemic and remote areas for evaluation of IMH and water content. One 

pig from the 120 min group died immediately after the 120 min CMR scan; in this animal, CMR 

and water content data were available, but histological assessment was not possible due to 

technical problems with sample processing.   

Myocardial infarction procedure 

The I/R protocol has been detailed elsewhere22. Anesthesia was induced by intramuscular 

injection of ketamine (20 mg/kg), xylazine (2 mg/kg), and midazolam (0.5 mg/kg) and maintained 
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by continuous intravenous infusion of ketamine (2 mg/kg/h), xylazine (0.2 mg/kg/h), and 

midazolam (0.2 mg/kg/h). Animals were intubated and mechanically ventilated with a 28% 

fraction of inspired oxygen. A single bolus of 300 IU/kg unfractionated heparin was administered 

at the onset of instrumentation through the central venous line. The LAD coronary artery was 

occluded immediately distal to the origin of the first diagonal branch for 40 min with an 

angioplasty balloon introduced via the percutaneous femoral route using the Seldinger technique. 

Balloon location and maintenance of inflation were monitored angiographically. After balloon 

deflation, a coronary angiogram was recorded to confirm patency of the LAD. To prevent 

malignant ventricular arrhythmias, a continuous infusion of amiodarone (300 mg/h) was initiated 

at the time of balloon occlusion (no bolus) and maintained throughout the procedure in all pigs. 

In cases of ventricular fibrillation, non-synchronized shocks were delivered using a biphasic 

defibrillator. 

CMR protocol  

All studies were performed in a Philips 3-T Achieva Tx whole-body scanner (Philips 

Healthcare, Best, the Netherlands) equipped with a 32-element phased-array cardiac coil. Among 

other sequences, the imaging protocol included a standard segmented cine steady-state free-

precession (SSFP) sequence to provide high-quality anatomical references, as well as T2 and T2* 

mapping sequences using multi-echo gradient spin echo sequence (GraSE). The imaging 

parameters for the SSFP sequence were field of view (FOV), 280x280 mm2; slice thickness, 6mm 

with no gaps; repetition time (TR), 2.8 ms; echo time (TE), 1.4 ms; flip angle, 45º; cardiac phases, 

30 (temporal resolution of 33ms for a heart rate of 60 bpm); voxel size, 1.8x1.8 mm2; and number 

of excitations (NEX), 3. The imaging parameters for the T2-GraSE mapping sequence were FOV, 

300x300 mm2; slice thickness, 8 mm; TR, 2 heartbeats; and 8 echo times ranging from 6.5 to 52.0 

ms. T2 mapping had an in-plane resolution of 1.8x2.0 mm2 in AP and LR directions, respectively 

with a slice thickness of 8 mm. Phase encoding direction was defined in the LR direction with a 

SENSE factor of 2. The T2* mapping sequence had the same FOV and resolution as used for T2 

mapping. Eight echoes were acquired, ranging from 2.2 to 21.1 ms. A flip angle of 15o was used 
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to ensure a balance between a high signal-to-noise ratio and T1 effects. The same imaging 

protocol was used at every time points. 

 

Cardiovascular magnetic resonance analysis 

CMR images were analyzed using dedicated software (MR Extended Work Space 2.6, 

Philips Healthcare, and QMass MR 7.6, Medis, Leiden, the Netherlands) by 2 experienced CMR 

analysts blinded to the pathology results., T2*, R2 and R2* maps were automatically generated 

in the acquisition scanner by fitting the signal intensity of all echo times at each pixel to a 

monoexponential decay curve using a maximum likelihood expectation maximization algorithm. 

IMH was defined on T2* images as an hypointense core within the infarct hyperintense area, and 

then confirmed in R2 and R2* maps. T2*, R2 and R2* relaxation maps were quantitatively 

analyzed by drawing a region of interest (ROI) around the hypointense infarct core of the 

corresponding mid-ventricular section in all T2* (and R2*) images and copying this ROI onto the 

corresponding R2 maps (Figure 2). When no hypointense infarct core was observed, a ROI was 

drawn in the middle of the wall of the left ventricle on T2* and R2 maps, never surpassing the 

ischemic region assessed by the extent of edema. R2´ values were calculated from R2 and R2* 

values. All values were calculated as means. 

 

Histopathological analysis 

A detailed description of the Histopathological analysis is described in Supplemental 

material. Paired myocardial samples were collected in all pigs within minutes of euthanasia from 

the infarcted core and the remote myocardium. IMH was defined as the presence of extravasated 

red blood cells (RBCs) within the interstitium between cardiomyocytes or surrounding 

microvessels with a disrupted endothelial barrier within the infarcted zone26 (Figure 3). 

Microvascular obstruction (MVO) was defined as any plug formed in a microvessel with an intact 

endothelium and accompanied by an accumulation of RBCs (RBCs “trapped” within vessels)27 
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(Figure 3). All histological samples were evaluated by an experienced pathologist blinded to all 

other data.  

The focus of our histological assessment was on hemorrhagic regions, defined as any 

region with extravasated erythrocytes (Figure S1), excluding therefore regions with erythrocytes 

confined within a vessel with intact endothelium (defined as MVO) or located in healthy 

myocardium or granulation tissue (GT). RBC density per mm2 in the infarcted core was thus 

calculated by dividing the area occupied by RBCs in the IMH region(s) by the total area of 

pathological myocardium (IMH and MVO regions). RBC per mm2 was also calculated for the 

remote myocardium, as the ratio of the area occupied by RBCs to the total remote myocardium 

area, and used as the benchmark value. IMH was quantified for each sample pair as the fold 

difference between RBC/mm2 in the infarcted region and its matched remote myocardium sample 

(normalized erythrocyte density, NED; the histological measure of IMH).  

The quantification of myocardial water content in myocardial samples has been described 

previously22,28. Briefly, tissue water content was calculated as follows: water content (%) = ([wet 

weight – dry weight]/wet weight) x 100. 

Histopathological heart slices were matched with CMR images by consensus of 2 

experienced readers, using the posterior papillary muscle anatomical landmark and the slice 

position in relation to the mitral valve annulus and the apex. 

 

Statistical analysis 

The normal distribution of each data subset was evaluated using graphical methods. 

Continuous variables are expressed as mean ± standard deviation (SD). For comparisons among 

animals sacrificed at different time points, water content was compared by one-way analysis of 

variance. Between-group differences in histological IMH were assessed by the Kruskal-Wallis 

test. Associations between CMR relaxation times (T2*, R2*, and R2´) and histological IMH were 

evaluated with the Pearson correlation coefficient. A sensitivity analysis avoiding the assumption 
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of linear association between variables was performed using the Spearman rank correlation 

coefficient. 

Univariate and multivariate linear regressions were performed to assess the association 

of values from each CMR sequence (R2* and R2’ as dependent variables) with water content and 

IMH (predictor variables): model A evaluated the association with water content, model B the 

association with IMH, and model C the association with water content and IMH simultaneously. 

The magnitude of the difference across comparisons was assessed with beta coefficients (or 

slopes, which show the expected increase in the dependent variable per unit increase in the 

predictor/s) and the determination coefficient (or R2, which is the percentage of the variability 

explained by the predictor/s in the dataset). p-values for these comparisons were obtained with 

Wald tests. 

Differences were considered statistically significant at p<0.05. All statistical analyses 

were performed in STATA version 15.1 (Stata Corp, College Station, TX, USA). Some figures 

were produced in GraphPad Prism 6.00 (GraphPad Software, La Jolla California).  

 

Results 

Histological IMH dynamics after reperfused-myocardial infarction 

Histology was used as the gold standard for IMH quantification. Samples for this analysis 

came from a group of animals whose water content results were previously reported22. Data 

regarding myocardial infarct size, myocardium at risk and extension of IMH has been reported 

elsewhere23. IMH was absent at 120 minutes post-reperfusion but was evident to some extent in 

80% of pigs sacrificed at later time points (4/5 pigs sacrificed at 24 hours, 4/5 pigs sacrificed at 4 

days, and 4/5 pigs sacrificed at 7 days). H&E staining showed large areas of RBC extravasation 

in the infarct core at 24 hours and at 4 and 7 days post-reperfusion. At 120 minutes, MVO was 

found in the center of the infarct core, whereas at 24 hours MVO was confined to the border zone 

(Figure S1). Histological IMH (measured relative to remote tissue by NED) was 5.2-fold higher 



9 

 

in the infarct core at 24 hours, 10.7-fold higher at day 4, and 4.1-fold higher at day 7. Histological 

IMH and water content results are summarized in Figure S3.  

 

Correlation of T2* and R2* with IMH  

To avoid artifacts in linear correlations, pigs without IMH were excluded from the 

evaluation of the association between CMR values and histological IMH (correlations including 

animals without hemorrhage are presented in Figure S4). Thus, correlations were performed 

using those 12 pigs with histological IMH. T2* showed a non-significant negative correlation 

with histological IMH (r=-0.50; p=0.095). Conversely, R2* and histological IMH showed a 

strong positive linear correlation (r=0.69; p=0.013) (Figure 4). These findings prompted us to 

focus on R2* values rather than T2*. The Spearman rank correlation coefficients were consistent 

with our findings (Table S1). 

 

Correlation of R2* and R2´ with IMH and myocardial water content  

The positive correlation with IMH was even stronger for R2´ (r=0.72; p=0.008) (Figure 

5 panel A). Moreover, the stronger association of R2´ vs R2* with IMH was maintained when 

animals without IMH were included in the analysis (Fig S5 panel A). A moderate negative 

correlation was found between R2* and myocardial edema (% water content) (r=-0.63; p=0.029) 

(Figure 5 panel B). Conversely, R2´ showed a non-significant negative correlation with water 

content (r=-0.50; p=0.100). When animals without IMH are included in the associations, the 

association of R2´ with edema remained weaker than that of R2* (Fig S5 panel B).  

 

Influence of myocardial edema on the ability of R2* and R2´ to accurately detect 

IMH 

Univariate and multivariate linear regressions were performed to assess the association 

of each sequence (R2* and R2´) with IMH and water content (%), alone and in combination. Six 
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linear regression models for pigs with IMH are reported in Table 1; the results for all pigs (with 

and without IMH) are reported in Table S2.  

In univariate analyses (models A and B), R2* showed a significant association with IMH 

and water content, whereas R2´ was significantly associated with IMH and showed a trend toward 

significance for its association with water content. However, the magnitude of association for 

each parameter, measured as the determination coefficient (R2), differed between regression 

models. For the regression models relating water content to CMR values, R2 was greater for R2* 

(water content explained 39% of R2* variations but only 25% of R2´ variations). In contrast, IMH 

showed a stronger association with R2´ (IMH explained 48% of R2* variations and 52% of R2´ 

variations).  

In multivariate analyses, R2* values were significantly explained by both IMH and water 

content; in contrast, R2´ values were mostly explained by histological IMH (p=0.024) but showed 

little association with myocardial water content (p=0.262). This is also evident from the relative 

change of the partial regression coefficient between regressions: a reduction from 0.0032 in the 

univariate analysis to 0.0028 in the multivariate analysis for R2´, compared with a reduction from 

0.0033 to 0.0026 for R2*, suggesting that R2´ is less influenced by myocardial water content 

when this parameter is considered in the model. 

 

Discussion 

 Recent studies have reported that IMH is a strong predictor of poor LV remodeling1–3 and 

major cardiovascular events1,2,5. Optimal CMR mapping sequences are needed to define the 

prognostic impact of IMH in post-MI patients and eventually to guide future interventions. In the 

present study, we used state-of-the-art CMR mapping parameters and histological validation in 

an in vivo large animal model that closely resembles human acute MI. Our results show that (i) 

R2* shows a closer linear correlation with IMH than its reciprocal parameter T2* and is thus a 

better estimator of IMH; (ii) The correlation of R2* with IMH is significantly impaired by the 

presence of post-MI edema; (iii) R2´ is significantly correlated with IMH and its accuracy is less 
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affected by post-MI edema than that of R2*. Therefore, in the post-MI setting, R2´ mapping 

outperforms R2* (and its inverse T2*) for the evaluation of IMH.  

 The degradation of hemoglobin products causes local magnetic field inhomogeneities that 

result in signal intensity loss on T2-weighted and T2*-weighted CMR images29. T2 is highly 

sensitive to myocardial edema, reducing the resolution for delineating the hypointense core within 

the infarcted region in the post-MI period (which is characterized by an intense bimodal edema 

reaction)22,23. Conversely, T2*-based CMR imaging is more sensitive to the hemorrhagic 

response6. Consequently, T2* mapping is considered the optimal technique for IMH identification 

and quantification7,16, and thresholds have been proposed for the detection of IMH (eg, 20 ms in 

1.5T CMR) 5,16. The novelty of our findings lies in demonstrating that the use of the inverse 

transformations of T2* mapping parameters (R2* and R2´) increases the accuracy of IMH 

severity detection. T2* mapping parameters had been used before to objectively evaluate IMH in 

animal models19,30 or in the clinic5,9,13,19; however, there is a paucity of published data 

demonstrating a potential role for R2* and R2´ in the heart17.  

In a classic study assessing the role of T2* CMR in the early diagnosis of myocardial iron 

overload, Anderson and colleagues described a curvilinear, inverse association between biopsy-

determined iron concentration and liver T2*; log transformation of T2* yielded a negative log-

linear correlation that facilitated the interpretation of the study findings16. In our study, we used 

the inverse transformation of T2* parameters (R2* from 1/T2*, and R2´ from the difference 

between R2* and R2 (R2*-R2)). R2* is already used clinically to assess hepatic iron content18,31, 

but has barely been used in the heart17, and there is no previously published evidence for its 

potential to detect IMH in post-reperfused MI. Even less is available on the use of R2´; however, 

some researchers have proposed that R2´ may be a more sensitive marker of tissue iron in other 

organs32,33. 

The influence of myocardial edema on CMR parameter values should be considered in 

the evaluation of post-reperfused MI tissue6, particularly in relation to its dynamic pattern during 

reperfusion injury. The measured value of a T2 parameter (and also its inverse, R2) may be 

determined by more than one confounding factor occurring simultaneously7, such as IMH, edema, 
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or an unknown underlying disease processes. We used multivariate regression to ascertain the 

impact of the edematous and hemorrhagic reactions on R2* and R2´ values. One of the main 

conclusions of our analysis is that most of the R2´ variability can be explained by the IMH 

component, with myocardial edema having little impact on this parameter. In contrast, R2* can 

be explained by both components with a similar degree of statistical significance, and the 

counterbalancing effects of IMH and myocardial water content therefore cannot be defined 

unambiguously.  

Our results regarding the edema bimodal pattern and the influence of water content on 

T2* challenge the current use of thresholds for edema-dependent parameters, such as the detection 

of post-MI IMH. Previous studies using 1.5T CMR have applied a cut-off value for T2* of <20 

ms to detect IMH5,16 and cardiac iron overload7, but a threshold-based method of 2 SD units below 

the mean remote myocardial T2* has also been accepted8. CMR visualization of IMH is possible 

because of the degradation of erythrocytes into breakdown products, such as oxyhemoglobin, 

deoxyhemoglobin, and methemoglobin, which generate distinct signal intensities on CMR and 

thus make IMH both time- and sequence-dependent3. In addition, interpretation of T2* (and R2*) 

results is further limited by the presence of the post-MI bimodal edematous reaction. The use of 

CMR parameters such as R2´, with higher sensitivity to the severity of IMH and little influence 

from myocardial water content, would allow noninvasive assessment of the time-course of IMH 

in post-MI patients, especially in the early post-MI period. Further studies are needed to establish 

appropriate cut-off values for R2´ for accurate quantification of IMH severity at each time-point. 

In this study, R2* and R2 were estimated (and R2' computed) from separate data 

acquisition. Although combining T2 and T2* acquisition may be attractive to obtain all required 

weights to generate R2’ maps in a single acquisition, this approach also presents some 

limitation when it would be applied in a real clinical scenario, by limiting the number of spin 

echoes and/or gradient echoes TE to enable the acquisition in a single breath-hold. In addition, 

TFE and/or EPI factor should be limited to ensure proper sampling of gradient echo TE. To 

compensate this limitation higher parallel acquisition factor or compressed sensing techniques 

may be applied.  
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Study limitations 

Caution is needed when extrapolating these findings to the clinical arena. The intensity 

and time course of IMH in post-MI patients might be modified by several factors, such as the 

amount of collateral flow, ischemic preconditioning, necrotic extents, distal coronary 

microembolization, and differences in individual risk factors such as diabetes or smoking13. 

Nonetheless, the use of a large animal model is of great translational value, particularly 

considering the difficulties of performing a longitudinal CMR assessment in the clinical setting 

and the impossibility of histopathological validation. Although the pig model of reperfusion MI 

closely represents the human setting, there are some differences between the incidence of IMH in 

our experimental data and the 25%-50% incidence reported for patients1–3. The pig model of 

ischemia/reperfusion is known to be very prone to developing IMH. This study was not designed 

to establish an association between the anatomical area of IMH and the extent of CMR-visualized 

IMH, but rather to make associations between the degree of hemorrhage (measured by NED) and 

CMR mapping parameters (relaxation values). Moreover, the ROI around the hypointense infarct 

core might include not only IMH, but also MVO. The equation presented demonstrating the 

relationship of R2, R2* and R2' is based on the assumption that all relaxations are 

monoexponential. Our regression models left a great amount of unexplained variability, which 

can be partly attributed to noise in the parameter estimation (particularly for R2’) and the amount 

of erythrocytes in the extravascular space. Caution should be exercised when extrapolating results 

to other MI in other heart regions, although the observed histological changes are likely to occur 

regardless of MI location. We restricted our analysis to anterior MIs to avoid potential magnetic-

field nonhomogeneities related to the interolateral wall and to adhere to recommendations for 

patient selection in clinical trials testing cardioprotective interventions. However, this restriction 

is in line with the predominance of IMH in anterior infarcts in humans13. 

Our data lacks data regarding T1 imaging, despite some studies have also investigated 

the ability to detect and quantify IMH using T1 CMR10. Nevertheless, these studies have shown 
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that the sensitivity to detect post-MI IMH is often compromised by the opposite effects that 

hemorrhage and edema impose on T13,10,34. 

 

Conclusions 

Using CMR mapping analyses and histological validation in a pig model of post-

reperfused MI, we found that the strong ability to accurately portray the degree of IMH provided 

by R2´ in addition to its relative insensitivity to myocardial edema may make this technique better 

suited than R2* (and T2*) for the characterization of post-MI IMH. The counteracting effects of 

IMH and edema are less conspicuous on R2´, as demonstrated after the adjustment for IMH and 

myocardial water content in a set of multivariate linear regressions. Further research is needed to 

evaluate whether these findings can be extrapolated to the clinical setting in order to better stratify 

risk prognosis for poor LV remodeling and major adverse cardiovascular events and to accurately 

assess the impact of potential cardioprotective therapies on reperfusion-induced IMH. 
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Tables 

 

Table 1. Linear regression models developed to explain R2* and R2´ values using 

water content and intramyocardial hemorrhage values 

  R2* R2’ 

  Coefficient 

for R2* 

P-value R2 

Coefficient 

for R2´ 

P-value R2 

Model A Water -0.0101 0.029 0.39 -0.0074 0.100 0.25 

Model B IMH 0.0033 0.013 0.48 0.0032 0.008 0.52 

Model C Water -0.0070 0.070 0.65 -0.0041 0.262 0.58 

IMH 0.0026 0.033  0.0028 0.024  

 

Only pigs with IMH are included in this table (table S3 shows the analogue results for all pigs). 

Model A and model B are univariate regressions, whereas model C is a multivariate analysis for 

water content and IMH. 

The interpretation of the estimated partial regression coefficient for R2* in model C is that the 

estimated mean increase in R2* values per one unit increase in NED (the histological measure of 

IMH) among animals with the same water content is 0.0026 msec-1. In other words, it is the slope 

of the R2* increase per unit increase of histological IMH when water content is controlled. 

Negative values observed for water content indicate a negative linear association (the lower the 

water content, the lower the values of R2* or R2´). The determination coefficient (R2) should be 

understood as the percentage of the variability of R2* or R2´ explained by the predictor/s. Thus, 

histological IMH explains 52% of the variability in R2´ (model B), whereas water content and 

histological IMH together explain 58% of R2´ variability (model C). Wald tests were used to 

assess the statistical significance of adding predictors to the equation; thus, adding water content 

to IMH does not significantly increase the explained variation of R2´.  

IMH, intramyocardial hemorrhage  
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Figure legends 

 

Figure 1. Study design 

The study population comprised 20 pigs used to characterize intramyocardial hemorrhage during 

the first week after ischemia/ reperfusion by histological techniques and CMR imaging. § Tissue 

for IMH analysis was unavailable for one pig in the 120 min group, and CMR data for this animal 

was therefore excluded from the analysis. 

CMR, cardiac magnetic resonance; H/E, hematoxylin-eosin; I/R, ischemia/reperfusion 

 

Figure 2.  CMR definition of intramyocardial hemorrhage  

Representative CMR scans during the first week after I/R injury. Images selected for the echo 

time (TE) 47 msec (T2) and 10 msec (T2*W). 

 

Figure 3. Histological definition of IMH and microvascular obstruction in different 

regions of same tissue sample  

(A,B) Intramyocardial hemorrhage within the infarct core zone. (A) RBCs in the parenchyma are 

not confined to microvessels. (B) Microvascular density, assessed by anti-CD31 staining, is 

clearly diminished. (C,D) Representative example of microvascular obstruction. (C) RBCs are 

plugged inside a microvessel. (D) Anti CD31 staining confirms endothelial integrity. 

H/E, hematoxylin-eosin. 

 

Figure 4. Correlation between CMR relaxation times (T2* and R2*) and histological 

IMH 

Results for correlations with all pigs (hemorrhagic and non-hemorrhagic) are plotted in Figure 

S4. 
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Figure 5. Correlation between CMR relaxation times (R2* and R2´) and 

histopathological findings (histological IMH and water content) 

Results for correlations with all pigs (hemorrhagic and non-hemorrhagic) are plotted in Figure 

S5. 
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