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ABSTRACT

Objectives
Native T1 mapping and late gadolinium enhancement (LGE) imaging offer detailed 
characterization of the myocardium after acute myocardial infarction (AMI). We evalu-
ated the effects of microvascular injury (MVI) and intramyocardial haemorrhage on local 
T1 and T2* values in patients with a reperfused AMI.

Methods
Forty-three patients after reperfused AMI underwent cardiovascular magnetic resonance 
imaging (CMR) at 4 [3-5] days, including native MOLLI T1 and T2* mapping, STIR, 
cine imaging and LGE. T1 and T2* values were determined in LGE-defined regions of 
interest: the infarct core incorporating MVI when present, the core-adjacent border zone 
(without any areas of MVI), and remote myocardium.

Results
Average T1 in the core was higher than in the border zone and remote myocardium. 
However, in the 20 (47%) patients with MVI, core T1 was lower than in patients without 
MVI (MVI 1048±78ms, no MVI 1111±89ms, p=0.02). Core T2* was significantly 
lower in patients with MVI than in those without (MVI 20 [18-23]ms, no MVI 31 [26-39]
ms, p<0.001).

Conclusion
The presence of MVI profoundly affects MOLLI-measured native T1 values T2* mapping 
suggested that this may be the result of intramyocardial haemorrhage. These findings 
have important implications for the interpretation of native T1 values shortly after AMI.

Key words: Cardiovascular Magnetic Resonance imaging; Acute myocardial infarction; 
T1 mapping; T2* mapping; microvascular injury.
Key points: Microvascular injury after acute myocardial infarction affects local T1 and 
T2* values.
Infarct zone T1 values are lower if microvascular injury is present.
T2* mapping suggests that low infarct T1 values are likely haemorrhage.
T1 and T2* values are complimentary for correctly assessing post-infarct myocardium.
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INTRODUCTION

Cardiovascular Magnetic Resonance (CMR) imaging with native T1 mapping is a novel 
technique that allows direct voxelwise measurement of T1 values within the myocardium 
and has been proposed as a new tool for depicting the infarcted myocardium, without 
the need for contrast agents, thus providing an alternative for the use of gadolinium 
in patients with renal impairment.(1;2). While some studies show a relation between 
increased myocardial T1 mapping values and adverse outcome, recent studies sug-
gest that decreased values in the infarct core are associated with worse outcome.
(3;4) Studies using late gadolinium enhancement (LGE) have shown that the infarcted 
myocardium consists of heterogeneous tissue with different gradations of injury, ranging 
from myocardial oedema to microvascular injury and haemorrhage (MVI).(5-9) The influ-
ence of this infarct heterogeneity on local T1 values has not yet been fully elucidated. 
In ST-elevation myocardial infarction (STEMI), T1 values have been shown to increase 
due to the ischemic damage and oedema formation(3), but the presence of MVI due to 
ischemia-reperfusion induced myocardial haemorrhage may alter T1 related parameters, 
which may be detected with T2* mapping tools.(4;10) These conflicting changes may 
well be a potential pitfall in the interpretation of T1 mapping parameters. This study 
focuses on local T1 and T2* values of different areas within the myocardial tissue after 
STEMI and aims to assess whether differences in T1 values may be attributed to the 
influence of local haemorrhage as determined by local T2* values.

METHODS

Patient population
This single-centre study has been approved by our local institutional review board and is 
in concordance with the Declaration of Helsinki. Written informed consent was obtained 
from all patients. Between December 2011 and February 2013, 60 consecutive pa-
tients presenting with a first STEMI were enrolled. The main outcomes of the study have 
recently been published.(11) In short, patients were eligible for the study if they were 
admitted within 6 hours after the onset of symptoms with persisting ST-segment elevation 
on 12-lead electrocardiography (ECG) and if they underwent a successful primary PCI. 
Exclusion criteria were hemodynamic instability (Killip classes III and IV)(12;13), prior 
myocardial infarction in the culprit coronary artery, prior coronary artery bypass graft 
(CABG) surgery or general contraindications for CMR. All patients were treated with 
medication according to current ESC guidelines.(14)

Of the 60 participating patients, 8 were excluded for this substudy. In 1 patient, 
technical problems occurred during scanning, 4 patients refused informed consent for 
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CMR because of anxiety or claustrophobia and 2 patients did not fit into the CMR 
scanner due to obesity. In 1 patient, a proximal dissection of a coronary artery occurred 
during angiography.

Cardiovascular Magnetic Resonance
CMR was performed between 4-6 days after PCI using a clinical 1.5 Tesla MR-scanner 
(Magnetom Avanto, Siemens, Erlangen, Germany) with a dedicated phased-array car-
diac receiver coil. A segmented T2 weighted turbo spin echo (T2w) sequence with fat 
suppression (Short-tau inversion recovery, STIR) was performed in a short-axis orientation 
with full LV coverage from mitral valve annulus to the apex. Using the STIR images, 
the centre of the infarcted myocardium containing oedema (defined as regional high 
signal) and, if present, haemorrhage (defined as attenuated signal within the area of 
high signal intensity(15)) was visually identified. At this specific slice position, a native 
T1 measurement was performed with a Modified Look-Locker Inversion-recovery (MOLLI) 
sequence (typical parameters: single breath-hold, voxel size 2.1x2.1x8 mm, field-of-
view 360-400 mm, time of repetition 2.2 ms, echo time 1.1 ms, 11 inversion delays 
obtained in a 3-3-5 scheme in 17 heartbeats.(2;16) Directly after the T1 measurement, a 
T2* measurement was acquired at the same slice position (typical parameters, voxel size 
1.6x3.1x10 mm, field-of-view 400 mm, TR 32 ms, 12 echos, TE range of 2.6-30 ms). 
After administration of 0.2 mmol/kg Gd-DOTA (Dotarem, Guerbet, Villepinte, France), 
functional imaging was performed by using a retrospectively ECG-gated steady-state 
free precession (SSFP) cine imaging sequence with breath-holding at similar short-axis 
slice positions as the STIR images. At least 10 minutes after contrast administration, 
LGE images were acquired, using a 2-dimensional segmented inversion-recovery spoiled 
gradient-echo pulse sequence, with individual adjustment of the inversion time to sup-
press the signal of normal myocardium. T1 measurements, T2* measurements, cine, STIR 
and LGE images within one examination were matched by slice position.

CMR analysis and definitions
Analysis was performed with dedicated software (QMass MR v.7.5, Medis, Leiden, the 
Netherlands). Left ventricular volumes, ejection fraction (EF), end-diastolic myocardial 
mass and infarct size were calculated as previously described.(17) Infarct size was 
calculated from the LGE images by using the full-width at half-maximum (FWHM) tech-
nique.(18) MVI, defined as a hypo-intense region within the hyperenhanced infarcted 
myocardium, was incorporated in the infarcted area. Volumes, mass and infarct size 
were indexed for body surface area. Additionally, infarct size was also expressed as % 
of the LV myocardium by dividing it by end-diastolic mass.

On the matching LGE, T1 and T2* images, three regions of interest (ROI) were identi-
fied in the left ventricular myocardium, as follows: core: the infarcted area with the largest 
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extent of transmural hyperenhancement, including MVI (when present); border zone: 
the adjacent infarcted area with hyperenhancement on LGE imaging, but without MVI; 

Figure 1: T2* maps, T1 maps and the corresponding LGE image, showing the different regions; infarct 
core (orange), the adjacent border zone (pink) and remote myocardium (blue).
MVI=Microvascular Injury, ms=millisecond.
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remote: a myocardial area in a different coronary territory without wall motion abnormali-
ties, oedema or contrast enhancement. On the T1 maps and T2* maps, ROI contours 
were drawn from the endocardial to the epicardial border of the myocardium. Between 
the maps, contours were copied to keep the ROI positions in the same myocardial 
segment and/or blood pool. From the ROIs, the T1 relaxation values were assessed from 
the MOLLI images as previously described.(16) The calculated values were corrected for 
heart rate dependency of the technique by the formula T1corrected=T1raw − (2.7×[HR-70]).
(19) T2* values were determined using a single exponential fit of the signal intensities 
versus echo time. An example of the matching and the T1 and T2* analyses is shown in 
figure 1. All CMR analyses were performed by an experienced CMR reader (LR, 6 years 
of CMR experience), blinded to all patient data and outcomes.

Statistical analysis
Categorical data are presented as frequencies (percentage) and continuous data as 
mean ± SD for normally distributed variables or median with [IQR]. Normally distributed 
variables were compared between groups using Student’s T-tests. Log-transformation was 
applied for the T2* relaxation values to achieve a normal distribution. Pearson cor-
relation coefficients were calculated to quantify the strength of the association between 
variables. For comparison of infarct core, border zone and remote T1 and T2* values, 
a repeated measures ANOVA was used with post-hoc Bonferroni correction for pairwise 
comparisons. Post-hoc tests were only performed in case of a significant overall effect 
between the three regions. Differences in maximal Creatin Kinase MB-fraction (CK-MB) 
levels were compared between groups using the non-parametric Mann-Whitney U tests 
as skewness could not be resolved by a transformation. All P-values are two-sided and 
statistical significance was set at p<0.05. Statistical analysis was done with the Statisti-
cal Package for Social Sciences software (IBM SPSS Statistics 20 for Windows).

RESULTS

General characteristics of the population
Of the 52 patients included, 9 were excluded from analysis because of insufficient 
quality of either T1 or T2* maps, which was mainly caused by the length of the breath 
hold. Exclusion was performed in consensus by 2 experienced readers. The maximal 
CK-MB levels of excluded patients were not significantly different from the levels of 
included patients.

All 43 patients underwent CMR examination at a median of 4 [3-5] days after PCI. 
Patient demographics are listed in table 1 and all functional and mapping parameters are 
displayed in tables 2 and 3. Twenty patients (47%) had MVI on the LGE images. Patients 
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with MVI had significantly lower LVEF (MVI: 46±6% vs. no MVI: 55±8%, p<0.001) and 
larger infarct areas (MVI: 25±11% vs. no MVI: 10±7%, p<0.001).

T1 and T2* mapping values in all patients
For the group as a whole, mean T1 was found to differ between the core, border and 
remote zone (core: 1081±89 ms; border zone 1093±85 ms; remote 977±61 ms; 
overall p<0.001), with post-hoc test revealing averaged core and border zone T1 to 
be significantly longer than T1 in the unaffected, remote myocardium (both p-values 
<0.001). T1 did not differ between core and border zone (p=0.50). T2* core values 
were also found to differ between the zones (core: 25 [20-34] ms; border: 30 [26-36] 

Table 1: General demographics of patients

Total (n=43)

Parameter

General demographics

Age (years) 59 ± 9

Body Mass Index (g/m2) 27 ± 3

Infarct-related artery

LAD 26 (61%)

RCA 12 (28%)

LCx 5 (12%)

Male gender (%) 33 (77%)

Type 2 diabetes (%) 4 (9%)

Hypertension (%) 7 (16%)

Smoking (%) 35 (81%)

Hypercholesterolemia (%) 7 (16%)

Positive family history for CAD (%) 22 (51%)

Medication at discharge

Aspirin (%) 42 (98%)

Thienopyridine (%) 43 (100%)

Coumadin (%) 4 (10%)

Beta blocker (%) 39 (95%)

Statin (%) 43 (100%)

Ace inhibitor (%) 31 (74%)

Angiotensin receptor blocker (%) 4 (10%)

Aldosterone receptor blocker (%) 4 (10%)

Calcium antagonist (%) 1 (2%)

Diuretics (%) 4 (10%)

LAD=Left Anterior Descending coronary artery, RCA=Right Coronary Artery, LCx=Left Circumflex coronary 
artery.
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ms; remote: 27 [23-32] ms; overall p=0.003), with post-hoc test showing T2* to be 
lower in the infarct core zone and remote zone compared to the border zone (p= 0.001 
and p = 0.006, respectively). T2* values did not differ significantly between the infarct 
core and remote zone (p=0.32).

T1 and T2* mapping values in patients with and without MVI
In patients with MVI infarct core T1 was significantly shorter than in patients without 
MVI (MVI: 1048±78 ms, vs. no MVI: 1111±89 ms, p=0.02). Patients with MVI also 
had lower infarct core T2* values (MVI: 20 [18-23] ms vs. no MVI: 31 [26-39] ms, 
p<0.001). Border zone T1 was significantly longer in patients with MVI than in patients 
without MVI (MVI: 1129±74 ms, vs. no MVI: 1063±83 ms, p=0.009), but T2* values 
did not differ (MVI: 30 [26-36] ms vs. no MVI: 30 [26-36] ms, p=0.74). Figures 2A 
and 2B show the differences in T1 (2A) and T2* (2B) values between the regions for 
patients with and without MVI.

Table 2: Functional characteristics of patients with and without MVI

Total (n=43) MVI (n=20) No MVI (n=23) p-value

Functional parameters

Indexed end-diastolic volume (ml/m2) 91 ± 19 95 ± 14 88 ± 23 0.23

Indexed end-systolic volume (ml/m2) 46 ± 17 52 ± 12 41 ± 20 0.04

LV Ejection fraction (%) 51 ± 8 46 ± 6 55 ± 8 <0.001

Infarct size (% of LV) 17 ± 12 25 ± 11 10 ± 7 <0.001

LV=Left Ventricle, Functional parameters are compared between patients with MVI and without MVI using 
Student’s T-tests.

Table 3: Mapping characteristics of patients with and without MVI

Total (n=43) MVI (n=20) No MVI (n=23) p-value

Mapping parameters

Heart rate during acquisition (bpm) 65 ± 12 70 ± 13 61 ± 10 0.01

T1 relaxation

Core (ms) 1081 ± 89 1048 ± 78 1111 ± 89 0.02

Border (ms) 1093 ± 85 1129 ± 74 1063 ± 83 0.009

Remote (ms) 977 ± 61 991 ± 38 964 ± 75 0.16

T2* relaxation

Core (ms) 25 [20-34] 20 [18-23] 31 [26-39] <0.001

Border zone (ms) 30 [26-36] 30 [26-36] 30 [26-36] 0.74

Remote (ms) 27 [23-32] 28 [24-34] 27 [21-30] 0.23

MVI=Microvascular Injury. T1 and T2* values are compared between patients with MVI and without MVI 
using Student’s T-tests after log-transformation of T2* values.
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Relation between infarct core T1 and T2*, LV volumes and LVEF
Core T1 did not correlate with LVEDVi (r=0.03, p=0.87) or LVEF (r=0.26, p= 0.10). This 
did not change when analysis was performed according to presence of MVI. Core T2* 
values were negatively correlated with LVEDVi (r=-0.31, p=0.04) and LVEF (r=0.60, 
p=<0.001).

A. T1 relaxation values in different myocardial areas
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B. T2* relaxation values in different myocardial areas
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Figures 2A and 2B: T1 (A) and T2* values for the myocardial areas of interest between patients with MVI 
and patients without MVI.
MVI=Microvascular Injury, ms=millisecond. Whiskers represent 5th-95th percentile. P-values for T2* values 
were calculated after log-transformation. Comparisons between different areas was done with repeated 
measures ANOVA with post-hoc Bonferroni correction. Test of between-subject effects for T1: all p-values 
<0.001, for T2: p=0.03 without MVI, p<0.001 with MVI.
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DISCUSSION

After reperfusion of acutely ischemic myocardium, previous studies showed that aver-
age T1 and T2* values change in the affected area as the result of infarction related 
oedema.(1;4;8;20) Our study confirmed these findings and shows that patients with 
microvascular injury have decreased T1 and T2* values in the infarct core. This has im-
plications for the interpretation of native T1 mapping values shortly after AMI as, without 
the proper use of T2* mapping, myocardium with MVI may be incorrectly classified as 
normal, unaffected myocardium.

LGE studies have shown that microvascular injury may affect up to 30 to 50% of 
patients with AMI.(21-23) MVI is associated with increased infarct size, and is a 
well-established predictor of impaired functional recovery, remodelling and increased 
incidence of major adverse cardiac events.(22-24) Histological studies of MVI show that 
intramyocardial haemorrhage is a major component of the injury, due to disruption of the 
microvasculature and extravasation of blood cells upon reperfusion.(7;25-27) A number 
of erythrocyte haemoglobin breakdown products, most notably deoxyhemoglobin and 
methemoglobin, induce paramagnetic effects, effectively altering the tissue relaxation 
times in the area of MVI.(28;29) From brain ischemia studies, it is known that local 
T1 and T2 relaxation time values shorten due to fibrin clot formation and retraction, 
erythrocyte dehydration, and changes in the water hydration layer due to resorption 
of water from the protein solutions in the haemorrhagic area.(28;30) Previous studies 
already suggested that T1 values might be suggestive of the severity of injury in the 
reperfused infarct core.(3;4) Dall’armellina et al. showed how T1 values rise in more 
severe forms of myocardial infarction, but did not incorporate the presence or absence 
of MVI.(3) Carrick et al. demonstrated in a large cohort that decrease in T1 values in the 
infarct core is associated with worse outcome and postulated that it is most likely caused 
by haemorrhage.(4) However, no cine images or STIR-targeted T1 maps of the infarct 
core were made. Our study confirms the aforementioned findings and demonstrates that 
T2* mapping corroborates that the changes in T1 values are likely caused by the effects 
of haemorrhage.(7) T2* is considered even more sensitive to the effects the haemoglobin 
breakdown and haemorrhage than T2 weighted imaging.(31) During spin echo signal 
creation in T2 weighted imaging, magnetic spins are refocused and rephased using 180 
degree RF pulses prior to signal detection, thus correcting the loss of signal due to static 
susceptibility influences. T2* imaging on the other hand, is sensitive to static susceptibility 
effects and strongly decreases due to iron in haemoglobin breakdown products. T2* 
mapping is a well-established technique to detect myocardial iron deposition in transfu-
sion dependent patients,(32-34) with values below 20 ms considered to be abnormal. 
It has been shown that lower T2* values are associated with lower LVEF and adverse 
remodelling.(8) We confirmed that T2* values in the infarct core of patients with MVI are 
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around this lower limit of normal, and clearly lower than in patients without MVI, or in 
remote areas. Comparable to T2 relaxation, T2* increases in the presence of myocardial 
oedema, which explains the higher values in the border zones of the infarction.

The magnetic susceptibility effects related to the presence of haemorrhage in the 
infarct core are a potential pitfall in the interpretation of T1 measurements in patients with 
a recently reperfused AMI. Border zone T1 was higher in patients with MVI, reflecting 
more severe myocardial injury and inflammation. Interestingly, previous studies have 
found that increased T1 values were associated with more severe myocardial injury 
and less functional improvement.(3;35) In these studies, the T1 relaxation times were 
averaged for the entire myocardium, and the high T1 found in the border zone of the 
infarct may have more than offset the lower values in the infarct cores of the patients with 
MVI. Our results support earlier findings that local differences in T1 relaxation due to the 
presence of MVI and haemorrhage need to be considered.(4) MOLLI acquisition requires 
relatively long breath-holds which makes it sensitive to motion artefacts, but, as remote 
T1 values were similar in both patients groups, a significant measurement error seems 
unlikely. Although our study group was relatively small, T2* values showed a correlation 
with volumes and ejection fraction where T1 values did not. This supports earlier findings 
that T2* values may confer additional prognostic value.(8) Further studies in larger study 
populations are necessary to define the prognostic significance of T1 and T2* values.

Limitations
MOLLI T1 mapping causes a systematic underestimation of T1 relaxation in tissues with 
short T2 values.(36) As the T2 and T2* relaxation are interdependent, it is expected 
that MOLLI underestimates T1 relaxation in tissues with short T2* values. Whether the 
shortened T1 values in the areas with MVI are based on a MOLLI-specific artefact 
or ‘genuinely’ shortened T1 values remains to be investigated using a technique like 
SACHA,(37) but for clinical purposes the presence of MVI should be considered when 
using MOLLI-measured T1 maps, as the MOLLI technique is one of the most widely 
applied techniques for myocardial T1 assessment today.(38)

CONCLUSION

In conclusion, infarcted areas of MVI within the reperfused myocardium have shorter T1 
relaxation and T2* relaxation than infarcted areas without MVI. In the adjacent border 
zone, T1 relaxation is longer in patients with MVI. This can be a potential pitfall in the 
interpretation or quantification of native T1 mapping values using the MOLLI technique, 
without the use of T2* mapping. Combining T1 and T2* mapping may provide a 
new approach to differentiate between normal myocardium, infarcted myocardium, 
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and infarcted myocardium with microvascular injury, without the use of contrast agents, 
but further studies are warranted to assess the diagnostic value of this potential new 
biomarker.

ACKNOWLEDGEMENTS

The authors would like to thank Andreas Greiser (Siemens AG , Erlangen, Germany) for 
providing works in progress packages for MOLLI and T2* imaging.

COMPLIANCE WITH ETHICAL STANDARDS

The authors do not have any potential conflicts of interest to be disclosed. All procedures 
performed in this study involving human participants were in accordance with the ethical 
standards of the institutional and/or national research committee and with the 1964 
Helsinki declaration and its later amendments or comparable ethical standards. Informed 
consent was obtained from all individual participants included in the study.



Native T1 and T2* values 37

REFERENCES

 1. Ferreira VM, Piechnik SK, Dall’armellina E, Karamitsos TD, Francis JM, Choudhury RP, et al. 
Non-contrast T1 mapping detects acute myocardial edema with high diagnostic accuracy: a 
comparison to T2 weighted cardiovascular magnetic resonance. J Cardiovasc Magn Reson 
2012; 14: 42.

 2. Messroghli DR, Greiser A, Frohlich M, Dietz R, Schulz-Menger J. Optimization and validation of 
a fully-integrated pulse sequence for modified look-locker inversion-recovery (MOLLI) T1 mapping 
of the heart. J Magn Reson Imaging 2007 Oct; 26(4): 1081-6.

 3. Dall’armellina E, Piechnik SK, Ferreira VM, Si QL, Robson MD, Francis JM, et al. Cardiovascular 
magnetic resonance by non contrast T1 mapping allows assessment of severity of injury in acute 
myocardial infarction. J Cardiovasc Magn Reson 2012; 14: 15.

 4. Carrick D, Haig C, Rauhalammi S, Ahmed N, Mordi I, McEntegart M, et al. Prognostic signifi-
cance of infarct core pathology revealed by quantitative non-contrast in comparison with contrast 
cardiac magnetic resonance imaging in reperfused ST-elevation myocardial infarction survivors. 
Eur Heart J 2016 Apr 1; 37(13): 1044-59.

 5. Lima JA, Judd RM, Bazille A, Schulman SP, Atalar E, Zerhouni EA. Regional heterogeneity of 
human myocardial infarcts demonstrated by contrast-enhanced MRI. Potential mechanisms. Circu-
lation 1995 Sep 1; 92(5): 1117-25.

 6. Reffelmann T, Kloner RA. The no-reflow phenomenon: A basic mechanism of myocardial ischemia 
and reperfusion. Basic Res Cardiol 2006 Sep; 101(5): 359-72.

 7. Robbers LF, Eerenberg ES, Teunissen PF, Jansen MF, Hollander MR, Horrevoets AJ, et al. Magnetic 
resonance imaging-defined areas of microvascular obstruction after acute myocardial infarc-
tion represent microvascular destruction and haemorrhage. Eur Heart J 2013 Apr 17; 34(30): 
2346-53.

 8. Kandler D, Lucke C, Grothoff M, Andres C, Lehmkuhl L, Nitzsche S, et al. The relation between hy-
pointense core, microvascular obstruction and intramyocardial haemorrhage in acute reperfused 
myocardial infarction assessed by cardiac magnetic resonance imaging. Eur Radiol 2014 Dec; 
24(12): 3277-88.

 9. Betgem RP, de Waard GA, Nijveldt R, Beek AM, Escaned J, van RN. Intramyocardial haemor-
rhage after acute myocardial infarction. Nat Rev Cardiol 2015 Mar; 12(3): 156-67.

 10. Cannan C, Eitel I, Hare J, Kumar A, Friedrich M. Hemorrhage in the myocardium following 
infarction. JACC Cardiovasc Imaging 2010 Jun; 3(6): 665-8.

 11. Teunissen PF, de Waard GA, Hollander MR, Robbers LF, Danad I, Biesbroek PS, et al. Doppler-
derived intracoronary physiology indices predict the occurrence of microvascular injury and 
microvascular perfusion deficits after angiographically successful primary percutaneous coronary 
intervention. Circ Cardiovasc Interv 2015 Mar; 8(3).

 12. DeGeare VS, Boura JA, Grines LL, O’Neill WW, Grines CL. Predictive value of the Killip clas-
sification in patients undergoing primary percutaneous coronary intervention for acute myocardial 
infarction. Am J Cardiol 2001 May 1; 87(9): 1035-8.

 13. Khot UN, Jia G, Moliterno DJ, Lincoff AM, Khot MB, Harrington RA, et al. Prognostic importance 
of physical examination for heart failure in non-ST-elevation acute coronary syndromes: the endur-
ing value of Killip classification. JAMA 2003 Oct 22; 290(16): 2174-81.

 14. Van de Werf F, Bax J, Betriu A, Blomstrom-Lundqvist C, Crea F, Falk V, et al. Management of acute 
myocardial infarction in patients presenting with persistent ST-segment elevation: the Task Force on 
the Management of ST-Segment Elevation Acute Myocardial Infarction of the European Society of 
Cardiology. Eur Heart J 2008 Dec; 29(23): 2909-45.

 15. Beek AM, Nijveldt R, van Rossum AC. Intramyocardial hemorrhage and microvascular obstruction 
after primary percutaneous coronary intervention. Int J Cardiovasc Imaging 2010 Jan; 26(1): 
49-55.



38 Chapter 2

 16. Messroghli DR, Radjenovic A, Kozerke S, Higgins DM, Sivananthan MU, Ridgway JP. Modified 
Look-Locker inversion recovery (MOLLI) for high-resolution T1 mapping of the heart. Magn Reson 
Med 2004 Jul; 52(1): 141-6.

 17. Hirsch A, Nijveldt R, van der Vleuten PA, Biemond BJ, Doevendans PA, van Rossum AC, et al. 
Intracoronary infusion of autologous mononuclear bone marrow cells or peripheral mononuclear 
blood cells after primary percutaneous coronary intervention: Rationale and design of the HEBE 
trial--A prospective, multicenter, randomized trial. Am Heart J 2006 Sep; 152(3): 434-41.

 18. Flett AS, Hasleton J, Cook C, Hausenloy D, Quarta G, Ariti C, et al. Evaluation of techniques 
for the quantification of myocardial scar of differing etiology using cardiac magnetic resonance. 
JACC Cardiovasc Imaging 2011 Feb; 4(2): 150-6.

 19. Messroghli DR, Walters K, Plein S, Sparrow P, Friedrich MG, Ridgway JP, et al. Myocardial T1 
mapping: application to patients with acute and chronic myocardial infarction. Magn Reson Med 
2007 Jul; 58(1): 34-40.

 20. Dall’armellina E, Karia N, Lindsay AC, Karamitsos TD, Ferreira V, Robson MD, et al. Dynamic 
changes of edema and late gadolinium enhancement after acute myocardial infarction and their 
relationship to functional recovery and salvage index. Circ Cardiovasc Imaging 2011 May; 4(3): 
228-36.

 21. Yan AT, Shayne AJ, Brown KA, Gupta SN, Chan CW, Luu TM, et al. Characterization of the peri-
infarct zone by contrast-enhanced cardiac magnetic resonance imaging is a powerful predictor 
of post-myocardial infarction mortality. Circulation 2006 Jul 4; 114(1): 32-9.

 22. Nijveldt R, Beek AM, Hirsch A, Stoel MG, Hofman MB, Umans VA, et al. Functional recovery 
after acute myocardial infarction: comparison between angiography, electrocardiography, and 
cardiovascular magnetic resonance measures of microvascular injury. J Am Coll Cardiol 2008 Jul 
15; 52(3): 181-9.

 23. Wu KC, Zerhouni EA, Judd RM, Lugo-Olivieri CH, Barouch LA, Schulman SP, et al. Prognostic 
significance of microvascular obstruction by magnetic resonance imaging in patients with acute 
myocardial infarction. Circulation 1998 Mar 3; 97(8): 765-72.

 24. Eitel I, Kubusch K, Strohm O, Desch S, Mikami Y, de WS, et al. Prognostic value and determinants 
of a hypointense infarct core in T2 weighted cardiac magnetic resonance in acute reperfused 
ST-elevation-myocardial infarction. Circ Cardiovasc Imaging 2011 Jul; 4(4): 354-62.

 25. Driesen RB, Zalewski J, Driessche NV, Vermeulen K, Bogaert J, Sipido KR, et al. Histological 
correlate of a cardiac magnetic resonance imaged microvascular obstruction in a porcine model 
of ischemia-reperfusion. Cardiovasc Pathol 2012 May 1; 21(3): 129-31.

 26. Fishbein MC, Rit J, Lando U, Kanmatsuse K, Mercier JC, Ganz W. The relationship of vascular 
injury and myocardial hemorrhage to necrosis after reperfusion. Circulation 1980 Dec; 62(6): 
1274-9.

 27. Reffelmann T, Kloner RA. The “no-reflow” phenomenon: basic science and clinical correlates. 
Heart 2002 Feb; 87(2): 162-8.

 28. Bradley WG, Jr., Schmidt PG. Effect of methemoglobin formation on the MR appearance of 
subarachnoid hemorrhage. Radiology 1985 Jul; 156(1): 99-103.

 29. Kali A, Kumar A, Cokic I, Tang RL, Tsaftaris SA, Friedrich MG, et al. Chronic manifestation 
of postreperfusion intramyocardial hemorrhage as regional iron deposition: a cardiovascular 
magnetic resonance study with ex vivo validation. Circ Cardiovasc Imaging 2013 Mar 1; 6(2): 
218-28.

 30. Bradley WG, Jr. MR appearance of hemorrhage in the brain. Radiology 1993 Oct; 189(1): 
15-26.

 31. Zia MI, Ghugre NR, Connelly KA, Strauss BH, Sparkes JD, Dick AJ, et al. Characterizing myo-
cardial edema and hemorrhage using quantitative T2 and T2* mapping at multiple time intervals 
post ST-segment elevation myocardial infarction. Circ Cardiovasc Imaging 2012 Sep 1; 5(5): 
566-72.



Native T1 and T2* values 39

 32. Raman FS, Kawel-Boehm N, Gai N, Freed M, Han J, Liu CY, et al. Modified look-locker inversion 
recovery T1 mapping indices: assessment of accuracy and reproducibility between magnetic 
resonance scanners. J Cardiovasc Magn Reson 2013; 15: 64.

 33. Kirk P, Smith GC, Roughton M, He T, Pennell DJ. Myocardial T2* is not affected by ageing, 
myocardial fibrosis, or impaired left ventricular function. J Magn Reson Imaging 2010 Nov; 32(5): 
1095-8.

 34. Carpenter JP, He T, Kirk P, Roughton M, Anderson LJ, de Noronha SV, et al. On T2* magnetic 
resonance and cardiac iron. Circulation 2011 Apr 12; 123(14): 1519-28.

 35. Dall’armellina E, Ferreira VM, Kharbanda RK, Prendergast B, Piechnik SK, Robson MD, et al. 
Diagnostic value of pre-contrast t1 mapping in acute and chronic myocardial infarction. JACC 
Cardiovasc Imaging 2013 Jun; 6(6): 739-42.

 36. Chow K, Flewitt JA, Pagano JJ, Green JD, Friedrich MG, Thompson RB. MOLLI T1 Values Have 
Systematic T2 and Inversion Efficiency Dependent Errors. Proceedings of the 20th Annual Meeting 
of ISMRM.Melbourne, Australia: 2012. p. 395.

 37. Chow K, Flewitt JA, Green JD, Pagano JJ, Friedrich MG, Thompson RB. Saturation recovery 
single-shot acquisition (SASHA) for myocardial T mapping. Magn Reson Med 2013 Jul 23.

 38. Taylor AJ, Salerno M, Dharmakumar R, Jerosch-Herold M. T1 Mapping: Basic Techniques and 
Clinical Applications. JACC Cardiovasc Imaging 2016 Jan; 9(1): 67-81.


