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Prognosis after acute myocardial infarction (MI) is pri-
marily dictated by the extent of irreversible myocardial 

injury and by left ventricular (LV) remodeling. Numerous 
mechanical, macrovascular, microvascular, and biochemi-
cal factors are known to contribute to the early myocardial 
changes after ischemia reperfusion.1 Despite the advanced 
knowledge of the pathophysiology of ischemia reperfusion, 
the translation of these findings into effective clinical thera-
pies has been limited in the past.1 Thanks to the continuous 

technical developments, research has now moved to a new 
and more complex level: major efforts are being invested 
in identifying novel advanced cardioprotective strategies 
aiming to modify the genetic profile and the function of 
cells involved in the early infarct expansion.2 The efficacy 
of such complex and expensive treatments will also depend 
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on the availability of accurate quantitative diagnostic tech-
niques, such as cardiovascular magnetic resonance (CMR).3 
CMR imaging is considered the gold standard noninvasive 
imaging technique for myocardial tissue characterization 
and quantification of acute and chronic myocardial injury 
after MI. However, late gadolinium enhancement (LGE) 
for the assessment of acute necrotic myocardium4 is partly 
hampered by methodological and technical challenges.5,6 
Parametric mapping methods are becoming the techniques 
of choice for quantitative voxel-based tissue characteriza-
tion postrevascularization because of their major diagnostic 
accuracy.7–9 During ischemia reperfusion, the deterioration 
of the microvascular function and endothelial structure are 
crucial determinants of the degree of cellular damage and 
water molecule exchange.10 Native T1 mapping techniques 
provide a quantitative biomarker of intracellular and extra-
cellular environments of the myocardium without the need 
for intravenous contrast agents; native T1 mapping accu-
rately depicts myocardial edema in the area at risk after 
an acute ischemic event.11,12 Furthermore, initial evidence 
would suggest that native T1 mapping might allow for 
assessment of severity of injury and prediction of recov-
ery.8 The use of native T1 mapping to distinguish reversible 
(namely oedematous myocardium) and irreversible injury 
(namely necrotic myocardium as assessed by LGE) post-
acute MI without use of contrast, would be of major clinical 
use, in that it would not only be safer in patients with kidney 
impairment and would shorten the scan time (by avoiding 
contrast-based techniques) but would also potentially allow 
for an early accurate stratification of those acute patients in 
need of more aggressive treatment.13

We sought to investigate (1) whether acute native T1 
mapping distinguishes reversible oedematous versus irrevers-
ible necrotic myocardial injury and (2) the predictive value 
of native T1 mapping for 6-month functional recovery over 
standard CMR measures of infarct size and microvascular 
function.

Methods

Patient Population
The study protocol was approved by the local ethics committee, 
and all patients gave written informed consent. Sixty ST-segment–
elevation MI patients undergoing primary percutaneous coronary 
intervention (PPCI) within 12 hours of symptoms onset were pro-
spectively enrolled as part of the OxAMI study (Oxford acute myo-
cardial infarction). ST-segment–elevation MI was defined as per 
current guidelines.14 Acute clinical management reflected contempo-
rary practice and guidelines (further details in the Data Supplement). 
Troponin I was assessed pre-PPCI (n=50) and at 6 (n=57), 24 (n=57) 
and 48 hours (n=52) post-PPCI; area under the curve was calculated 
using the trapezoidal rule to express this as summary measure of in-
farct size.15

Cardiac Magnetic Resonance Protocol
CMR was performed on a 3 Tesla MR scanner (either MAGNETOM 
TIMTrio or MAGNETOM Verio; Siemens Healthcare, Erlangen, 
Germany) acutely (12–96 hours post-PPCI) and at 6 months. The 
CMR protocol (details in the Data Supplement) included cine, T2-
prepared steady state free precession imaging, native shortened modi-
fied look-locker inversion recovery (ShMOLLI) T1 mapping, LGE, 
and first pass perfusion.

CMR Imaging Analysis
Anonymized images were analyzed using cvi42 software (Circle 
Cardiovascular Imaging, Inc, Calgary, Canada) by experienced op-
erators. LV function, segmental wall thickening (WT), quantification 
of edema, myocardial blood flow (MBF), and LGE were performed 
as described previously.16 The signal intensity threshold indicating 
myocardial edema was set at 2 SD above the remote reference region 
of interest (ROI); full width at half maximum technique was used on 
LGE.17 Microvascular obstruction (MVO) or hemorrhage were defined 
as the low-intensity core within an area of LGE or T2W imaging and 
were included in the reported areas of infarction or edema, respective-
ly. Furthermore, LGE MVO was assessed separately and expressed 
as a percentage of total LV mass. LGE transmurality was assessed as 
described previously.16 T1 maps underwent strict and extensive quality 
control as described previously.8 Segmental T1 values were derived 
from short-axis T1 maps using in-house dedicated software MC-ROI 
(Interactive Data Language, version 6.1; Exelis Visual Information 
Solutions, Boulder, CO; Further details in the Data Supplement).

Native T1 Analysis—ROI-Based Analysis: 
Derivation Cohort and Validation Cohort
Patients were randomly partitioned (with a ratio of 5:1) into 2 groups: 
a derivation cohort (n=50) for threshold identification and a valida-
tion cohort (n=10) for method validation and proof of concept as de-
scribed previously.18

Derivation Cohort
ROI-based T1 analyses were performed using cvi42 software on LV 
short-axis slices with no MVO or hemorrhage. To define the distribution 
of T1 values in areas of infarcted versus salvaged myocardium (defined 
as the oedematous regions adjacent to the LGE), ROIs were manually 
drawn on the threshold-enhanced area on acute LGE (ROI T1

LGEpos
) 

(Figure  1C) and transferred onto the corresponding acute matching 
ShMOLLI T1 map; edema was identified on T1 maps by using a thresh-
old of 2 SD threshold above the remote normal myocardium.8 ROIs 
were then manually drawn on the salvaged myocardium (ROI T1

edema
). 

Anatomic landmarks ensured matching of the corresponding areas as 
published previously.13 The identified T1 values were used to establish 
cutoff thresholds for reversible (T1

rev
) and irreversible injuries (T1

irrev
).

Using the same principle, 6-month T1 values in the myocardium 
corresponding to the enhanced area of LGE 6-month could be identi-
fied (ROI T1

scar
).

Proof of Concept: Validation Cohort
Using the identified T1 thresholds, an expert MRI-trained cardi-
ologist blinded to the LGE and edema analysis performed thresh-
old-based analysis on ShMOLLI T1 maps on a different set of  
10 patients to identify regions of irreversible injury on acute T1 
maps (Figure 1E). If visually identified, MVO areas were included 
in the lesion size.

Statistical Analysis
All analyses were performed using Matlab 2014a and R 3.2.3. 
Continuous variables were expressed as mean±SD (except where 
specified otherwise). Categorical variables were expressed as n 
(%). Normality was checked by Shapiro–Wilks test. Student t test 
(paired and unpaired) was used for comparison of continuous vari-
ables. Nonparametric Kruskal–Wallis with Dunn test was used to (1) 
compare differences in mean T1 values in in predefined ROIs (ROI 
T1

LGEpos
 versus ROI T1

edema
 versus ROI T1

remote
) and (2) assess the in-

dependence of T1 acute on the degrees of LGE transmurality (<50%, 
50% to 75%, >75%) because normality of data was violated. One-
way ANOVA with Tukey–Kramer test was used to compare multiple 
means of segmental MBF values in 3 subgroups partitioned accord-
ing to T1 cutoff values as reversible injury (T1

rev
), irreversible injury 

(T1
irrev

), and remote (T1
remote

), when data normality and homogene-
ity of variances were met. Max-t test for multiple comparisons ad-
justed for unequal variances was adopted to compare (1) segmental 
6-month WT in subgroups split according to T1 cutoff values and (2) 
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multiple T1 means in the ROIs of acute T1
LGEpos

, 6-month T1
LGEpos

, 
acute T1

remote
, as heteroscedasticity was observed. Correlation was 

expressed as Pearson correlation coefficient. Bonferroni method 
was adopted to adjust P values in the Dunn test to control family-
wise error rate. Classification tree analysis was adopted to detect T1 
thresholds. The criteria for validation of the T1 thresholds is given 
in the Data Supplement. Exhaustive best-subset predictor selection 
approach19 was used to determine the best multivariable linear re-
gression model to predict 6-month WT based on 3 predictors, that is, 
MBF, LGE, and T1 mapping at 24 hours. The relative importance of 
predictors (summing to 100%) was assessed by relative importance 
metric of covariate, LMG,20 which was calculated using R package 
relaimpo. Moreover, the multivariable logistic regression model was 
used to predict 6-month WT, using a 40% cutoff. Similarly, MBF, 
LGE, and T1 mapping at 24 hours were chosen as potential baseline 
independent variables. Receiver-operating characteristic analysis was 
performed to assess model performance of logistic regression.

Results
Patient characteristics are given in Table  1. Seventy patients 
were screened: 10 were excluded (including 5 points where 
imaging protocol could not be completed because of patients’ 
lack of compliance and 5 points with breathing artifacts on acute 
T1 maps). One patient missed his follow-up scan at 6-month.

CMR findings are summarized in Table 2. There was no 
significant difference between measurements of the area of 
edema using T1 mapping and T2W (difference of 1.5±6.0% 
per slice, P=0.09, and 2.0±6.7% per-patient basis, P=0.38).

Acute T1 Native Mapping Predicts Reversible 
Versus Irreversible Myocardial Injury—ROI 
Analysis
For the ROI-based T1 analysis of reversible versus irreversible 
injury, 58 acute short-axis slices without MVO were available 
of which 43 had matching 6-month T1 maps.

ROI-based analysis on the derivation cohort was used to 
assess the acute native T1 values in areas of necrosis versus 
edema versus remote. T1 values were significantly differ-
ent with T1

LGEpos
=1447±44 ms, T1

edema
=1327±36 ms, and 

T1
remote

=1177±34 ms (P<0.001; Figure  2A). By applying a 
decision tree model to the above derived T1s, the cutoff T1 
values for oedematous (T1

rev
) versus remote (T1

remote
) and 

oedematous versus necrotic myocardium (T1
irrev

) were identi-
fied as 1251 and 1400 ms, respectively (Figure 2B), with a 
prediction accuracy of 96.7 (95% confidence interval, 82.8% 
to 99.9%) with sensitivity 100%, 100%, and 91% and speci-
ficity 100%, 95%, and 100% for normal tissue, myocardial 
edema, and necrotic myocardium, respectively.

By using the proposed T1
irrev

 threshold on the validation 
cohort, the volume of irreversibly damaged tissue was in good 
agreement with the 6-month LGE volume, both on a slice by 
slices basis (r=0.93; n=47; Figure 3A and 3B), and on per-
patient basis (r=0.99; n=10; Figure 3C and 3D).

Irreversible Injury Assessed by T1irrev Acute  
Cutoff Correlates With Area Under the  
Curve TnI Post-PPCI and 6-Month Ejection  
Fraction
Troponin I measurements at 4 time points were available in 
46 patients, of which 20 patients had full LV T1 map cov-
erage. For these 20 patients, there was a strong correlation 
between the volume of myocardial damage using acute T1

irrev
 

as threshold and log area under the curve troponin (r=0.80; 
Figure 4A and 4C). The correlation between 6-month ejec-
tion fraction and the amount of LV damage as assessed by 
acute T1

irrev
 cutoff and LGE acute was strong (r=−0.73; Fig-

ure 4B and 4D).

Figure 1. Region of interest (ROI)-based analysis for assessment of T1 thresholds. A, Acute late gadolinium enhancement (LGE) showing 
septal positive enhancement; (B) acute native T1 map showing increased septal T1s; (C) Full width half maximum quantification of cor-
responding LGE myocardium ROI; (D) quantification of oedematous myocardium ROI on grayscale native T1 shortened modified look-
locker inversion recovery; (E) corresponding areas of edema and necrotic myocardium identified using T1 threshold values of 1400 ms 
(T1irrev) and 1250 ms (T1rev).
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The Healing of Myocardial Injury as Assessed by 
Changes in T1 Values From Acute to 6 Months, 
and Its Relationship to LGE and Resting MBF—
Segment-Based Analysis
To determine the changes in T1 from the acute to chronic stage, 
we assessed T1 values in the ROIs corresponding to the scarred 
myocardium as defined by full width at half maximum threshold 
analysis both in acute and at 6 months. The acute ROI T1

LGEpos
 

values were significantly higher than the 6-month ROI T1s 
(acute T1

LGEpos
=1451.7±45.9 ms; 6-month T1

scar
=1294.4±58.7 ms; 

P<0.001; Figure 5A and 5B), independent of the degree of LGE 
transmurality (Figure I in the Data Supplement); the relative 
reduction in ROI T1

LGEpos
 values (ΔT1

LGEpos acute-6 months
) was 11±5% 

(range, −1% to 20%); 6 mol/L T1s were also significantly higher 
than the T1 values depicted in the remote myocardium (T1 remote 
myocardium=1173.4±34.2 ms; P<0.001; Figure 5A).

To assess whether the acute microvascular function played 
a role in the myocardial healing post-MI as defined by the T1 
changes over time, we first assessed the differences in acute 
MBF in myocardial segments reversible versus irreversible 
injury (defined by T1

rev
 and T1

irrev
 thresholds). In non-MVO 

segments, MBF was significantly different between T1
irrev

, 
T1

rev
, and T1

remote
 segments (MBF=0.74±0.20 ml/min/g versus 

0.85±0.21 ml/min/g versus 0.93±0.22 ml/min/g, respectively; 
P<0.001; Figure 5C). Overall, there was a significant negative 
weak correlation between segmental MBF and segmental T1 
(r=−0.30) in acute MI; furthermore, in T1

irrev
 segments, the 

magnitude of change in T1 values from acute to 6 months was 
greater in segments with less-impaired acute MBF (r=0.47; 
Figure 5D). In segments with MVO, MBF was significantly 
lower than in non-MVO T1

irrev
 segments (MBF=0.59±0.18 

mL/min/g versus 0.74±0.20 mL/min/g; P<0.001).

Acute T1 Values Predict Functional Recovery at 6 
Months Over Standard CMR Techniques
In non-MVO segments, a moderate negative relationship 
between the 6-month WT and acute T1 values was found, 
using both segmental (r=−0.40) and threshold-based analysis 
(P<0.001; Figure 6A and 6B).

Table 1.  Baseline Characteristics of the Study Population

 Mean±SD

Age, y 61±10

Men, n (%) 49 (82)

Risk factors, n (%)

 ��������������������������������������������������������������� Smoking 18 (30)

 ��������������������������������������������������������������� Diabetes mellitus 6 (10)

 ��������������������������������������������������������������� Dyslipidemia 24 (40)

 ��������������������������������������������������������������� Hypertension 24 (40)

 ��������������������������������������������������������������� Family history of IHD 25 (42)

Peak troponin I, mg/L 133±190

Pain to balloon time, min 236±203

PPCI to CMR time, h 42±19

Culprit coronary artery, n (%)

 ��������������������������������������������������������������� LAD 29 (48)

 ��������������������������������������������������������������� RCA 28 (47)

 ��������������������������������������������������������������� LCx 3 (5)

No. of vessels diseased, n (%)

 ��������������������������������������������������������������� 1 45 (75)

 ��������������������������������������������������������������� 2 11 (18)

 ��������������������������������������������������������������� 3 4 (7)

TIMI grade flow pre-PPCI, n (%)

 ��������������������������������������������������������������� 0 47 (78)

 ��������������������������������������������������������������� 1 5 (8)

 ��������������������������������������������������������������� 2 8 (13)

 ��������������������������������������������������������������� 3 0 (0)

TIMI grade flow post-PPCI, n (%)

 ��������������������������������������������������������������� 0 0 (0)

 ��������������������������������������������������������������� 1 0 (0)

 ��������������������������������������������������������������� 2 2 (3)

 ��������������������������������������������������������������� 3 58 (97)

Medications during PPCI

 ��������������������������������������������������������������� GP IIb/IIIa inhibitor 13 (22)

 ��������������������������������������������������������������� Bivalirudin 45 (75)

 ��������������������������������������������������������������� Heparin 36 (60)

 ��������������������������������������������������������������� Clopidogrel 6 (10)

Medications post-PPCI

 ��������������������������������������������������������������� β-blockers 56 (93)

 ��������������������������������������������������������������� ACE inhibitors 58 (97)

 ��������������������������������������������������������������� Statins 60 (100)

 ��������������������������������������������������������������� Aspirin 59 (98)

 ��������������������������������������������������������������� Diuretic 4 (7)

 ��������������������������������������������������������������� Nitrates 42 (70)

 ��������������������������������������������������������������� Clopidogrel 45 (75)

 ��������������������������������������������������������������� Ticagrelor 15 (25)

ACE indicates angiotensin-converting-enzyme; GP, glycoprotein; IHD, 
ischemic heart disease; LAD, left anterior descending; LCx, left circumflex; 
PPCI, primary percutaneous coronary intervention; RCA, right coronary artery; 
and TIMI, thrombolysis in myocardial infarction.

Table 2.  CMR Findings

 

Acute,  
mean±SD  

(n=60)

6-month, 
mean±SD  

(n=59) P Value

EF, % 48±9 54±9 <0.001

EDV, mL 159±43 168±40 0.013

ESV, mL 84±31 78±31 0.009

LGE, FWHM (% LV) 27±12 17±9 <0.001

Edema by T2W, 2 SD (% LV) 41±14

Myocardial salvage (% LV T2W- 
6-month % LV LGE)

24±8

MVO on LGE n, (%) 31 (52%)

MVO (% LV) 2.8±3.0

P values were estimated using Student t test. EDV indicates end-diastolic 
volume; EF, ejection fraction; ESV, end-systolic volume; FWHM, full width 
half maximum; LGE, late gadolinium enhancement; LV, left ventricle; MVO, 
microvascular obstruction; and T2W, T2 weighted.
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Receiver-operating characteristic curves using a 40% 
cutoff for WT 6 months showed that T1 mapping and LGE 
were equally good predictors of 6-month WT (Figure 6C). 
By applying multivariable linear regression and variable 
importance share analysis (Figure  6D), results showed 
that the proportion to which T1 mapping accounts for the 
total explained WT variance is greater than LGE or MBF 
(44% versus 35% versus 21%, respectively). Furthermore, 
multivariable linear regression suggests that an increase 
in T1 values of 100 ms is significantly associated with a 

decrease in WT of 8% (95% confidence interval, 5% to 
11%; P<0.001).

Discussion
We explored the ability of acute native T1 mapping to dis-
tinguish reversible versus irreversible injury without the 
use of contrast media. Furthermore, we assessed the predic-
tive value of T1 mapping as determinants of long-term LV 
functional recovery compared with standard CMR tech-
niques. Our study has several main findings: (1) acute native 

Figure 2. Distribution of T1 values and 
identification of T1 thresholds. A, Mean 
T1 values in the remote, oedematous, 
and late gadolinium enhancement (LGE) 
myocardium on the derivation cohort; (B) 
classification tree model was applied to 
identify T1 acute threshold values T1rev 
and T1irrev.

Figure 3. Linear regression and Bland–Altman plots for comparison between acute irreversible volume by T1irrev threshold and 6-month 
FWHM late gadolinium enhancement (LGE). A and B, Per slice based analysis show a mean difference of ~2% and intraclass correlation 
ICC=0.92 with 95% confidence interval (CI; 0.86–0.95). C and D, Per patient-based analyses on matched volume show a mean difference 
of ~2% and ICC=0.97 with 95% CI (0.86–0.99). ICC indicates intraclass correlation coefficient; and FWHM, full width at half maximum.

 by guest on A
ugust 22, 2017

http://circim
aging.ahajournals.org/

D
ow

nloaded from
 

http://circimaging.ahajournals.org/


6    Liu et al    T1 Mapping to Assess Severity of Myocardial Injury 

ShMOLLI T1 mapping allows accurate assessment of irre-
versibly injured myocardium, (2) T1 values decrease from 
acute to 6-month but remain higher than the remote allowing 

for assessment of scar at 6-month, (3) the severity of acute 
injury as expressed by increasingly higher T1 values, and the 
degree of myocardial healing assessed by change in T1 values 

Figure 4. Clinical validation of native 
T1irrev threshold. Correlation between the 
volume of irreversibly damaged myocar-
dium (as assessed by native acute T1irrev 
threshold or acute FWHM late gadolinium 
enhancement [LGE] or 6-month FWHM 
LGE) and the log area under the curve 
(AUC) of the troponin I (A and C) and the 
6-month ejection fraction (EF; B and D). 
FWHM indicates full width at half maxi-
mum technique; and LV, left ventricular.

Figure 5. T1 change from acute to 6 months, and its relation with myocardial blood flow (MBF) in nonmicrovascular obstruction seg-
ments. A, on 43 matched slices 6-month T1LGEpos is significantly lower than acute T1LGEpos but still higher than acute T1remote; (B) the change 
in T1 values is given for each measurement; (C) acute MBF is significantly different in T1irrev vs T1rev vs T1normal segments; (D) the segmental 
change of T1 from acute to 6 months ΔT1LGEpos acute-6 months significantly relates to the MBF.
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from acute to 6 months, are associated to the acute microvas-
cular function (MBF), (4) the amount of acute myocardial 
irreversible injury assessed using native T1 mapping corre-
lates strongly with TnI and with 6-month ejection fraction, 
(5) native T1 mapping is a strong predictor of 6-month LV 
remodeling when compared with standard CMR techniques, 
such as MBF and LGE.

Native T1 Mapping at Acute Stage Post-MI Predicts 
Irreversibility of Injury
LGE is the clinical standard to assess scar volume in stable 
coronary artery disease.21 In the acute setting, LGE depicts 
myocardial necrosis,4 but its accuracy and hence clinical 
applicability has been repeatedly challenged.5,6,22 Careful 
timing of image acquisition postcontrast administration and 
careful postprocessing using stringent thresholds (such as full 
width at half maximum or 5 SD) are critical to avoid overes-
timation of the infarct size because of increased extracellular 
space in the peri-infarct zone.23,24 By determining voxel-wise 
T1 values on a continuous scale as measurements of the tis-
sue composition, native T1 mapping could potentially not 
only overcome the LGE limitations described above but 
also provide additional information on the severity of injury 

rather than just a volume of injury.8 Its additional diagnos-
tic value in quantifying ischemic myocardial oedema12 and 
the area at risk7 has been established. Pathology studies 
have demonstrated increasingly high T1 values in relation 
to the duration of ischemia25 and the consequent intra and 
extracellular molecular changes.26,27 We previously demon-
strated in a small cohort that elevated segmental T1 values 
significantly correlate to the transmural extent of 6-month 
LGE.8 However, the use of segmental analysis averages out 
the T1 values and hence lessens the effectiveness and clinical 
applicability of a voxel-wise quantitative technique. For the 
first time, the current new study provides a T1 cutoff value 
to differentiate edema (reversible injury) from more severe 
irreversible myocardial damage as depicted by full width at 
half maximum LGE at 24 hours postacute MI. Our data also 
show a strong correlation between the volume of irreversibly 
damaged myocardium as assessed by T1 and (1) the log area 
under the curve of the troponin I and (2) the ejection fraction 
at 6 months.

Changes in T1 Values From Acute to 6 Months
To assess the additional predictive value of T1 mapping 
compared with standard acute CMR imaging measures of 

Figure 6. Acute T1 and 6-month wall thickening (WT) in nonmicrovascular obstruction segments: relationship and predictive value. A, 
Moderate negative correlation between acute native T1s and 6-month WT (r=−0.40; n=689). B, 6-month WT (%) values are given in myo-
cardium defined by T1normal, T1rev, and T1irrev (69.0±30.3% vs 53.8±28.1% vs 38.5±17.6%; P<0.001). C, Receiver-operating characteristic 
curves for multivariable logistic regression using a 40% cutoff for dependent variable WT 6 months. Area under the curve for T1 mapping 
and late gadolinium enhancement (LGE) are similar and significantly better than myocardial blood flow (MBF). D, Relevant variable impor-
tance share to define the contribution of each predictor to the variation in 6-month WT (total explained WT variance ~20%) assessed 
using the LMG importance score (Data Supplement) in the multivariable linear regression: the T1 mapping contributes more to the predic-
tion of WT compared with LGE and MBF.
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infarct size and microvascular function, we first assessed 
the relationship between the changes in T1 values over time 
with LGE transmurality and MBF. Not only our results are 
consistent with previously published data demonstrating 
higher 6-month T1 values in scarred myocardium com-
pared with remote,16 in addition, we demonstrate a change 
in T1 values from acute to 6 months irrespective of the 
LGE transmurality. These findings validate the clinical use 
of native T1 values to detect irreversible myocardial injury 
acutely and most importantly distinguish it from chroni-
cally scarred myocardium. Furthermore, in patients with 
no evidence of MVO at LGE, we show a strong associa-
tion between the microvascular dysfunction post-PPCI and 
the higher T1 values and the magnitude of T1 change from 
acute to chronic.

MBF is a critical determinant of myocardial healing and 
an important target at the time of reperfusion to improve 
outcomes, as we have shown previously.28 Previous pathol-
ogy studies showed the existence of a delayed microvascular 
impairment,29 happening hours after reperfusion because of 
the accumulation of erythrocytes and neutrophils29 and dif-
ferent to the immediate no-reflow characterized by severe 
capillary damage with coagulation necrosis.30 Carrick et al9 
recently reported a progressively higher detection of myocar-
dial hemorrhage using T2* mapping from the early hours to 
first days after MI. It is plausible that even in patients with 
no evidence of immediate no-reflow as shown by LGE, the 
microvascular function deteriorates in the following 24 hours, 
leading to an inefficient myocardial healing process affecting 
LV remodeling.

The Additional Predictive Value of 6-month 
Functional Recovery of Native T1 Mapping 
Compared With LGE and MBF
We show that irreversibly injured myocardium as detected 
by T1 values shows the least WT at 6 months; both LGE 
and T1 mapping are strong predictors of 6-month recov-
ery in agreement with previously published data; however, 
our results show that T1 has a more relative importance as 
predictor of WT compared with LGE. These findings have 
important clinical significance. Currently, there is consid-
erable uncertainty on which standard imaging marker (ie, 
infarct size, MVO, and salvaged myocardium) carries the 
most prognostic weight. Establishing a valid predictor of 
long-term remodeling using the mere assessment of volumes 
of injury as biomarkers might be challenging because of the 
rapid changes happening in the tissue composition in the 
early hours post-PCI.31 Mapping techniques offer the poten-
tial additional advantage of quantifying exactly the expected 
change in long-term function based on the increase in acute 
T1 values. As such, T1 mapping would allow for an accurate 
stratification of patients who might need more aggressive or 
additional treatment to prevent remodeling. In a time where 
efforts are dedicated to developing novel therapies targeting 
the immune system early after the onset of ischemia, such 
additional diagnostic accuracy would play a key role in tai-
loring personalized treatments.

Study Limitations
The established T1 estimates and thresholds refer specifi-
cally to ShMOLLI T1 mapping technique at 3T scanners. 
Appreciable differences can be expected for other T1 map-
ping sequences and at different magnetic field strength. This 
is a proof of concept study that demonstrates the feasibility 
of T1 mapping to differentiate tissue and predict remodel-
ing assessed by surrogate end points, in mostly single vessel 
disease ST-segment–elevation MI patient. In this cohort, we 
have not assessed extracellular volume because this requires 
postcontrast T1 mapping and was perceived too challenging 
for imaging the MI patients in acute setting. Extracellular vol-
ume plays a crucial role in acute MI and healing of the myo-
cardium. Confirmatory studies on larger populations will be 
needed to assess the validity and applicability of our findings 
to all mapping methods at different fields strengths/vendors 
and to exploit the full clinical predictive value.

Conclusions
Native ShMOLLI T1 mapping performed in the early hours 
post-MI allows accurate assessment of the severity of myo-
cardial damage, and it differentiates reversible and irrevers-
ible injury. T1 mapping values are a stronger predictor of LV 
remodeling at 6 months compared with LGE. ShMOLLI T1 
mapping could represent a more accurate and faster noncon-
trast alternative to standard CMR LGE imaging in acute ST-
segment–elevation MI patients.

Acknowledgments
We thank the clinical staff in the Oxford Heart Centre and Oxford 
Centre for Clinical Magnetic Resonance Research; Dr Paula 
Colmenero, Juliet Semple, Peter Manley, Carol Davey, and Lisa 
Gaughran in the Oxford Acute Vascular Imaging Centre for their ex-
pertise and work in the coordination of the OxAMI study (Oxford 
acute myocardial infarction) supported by the Oxford National 
Institute for Health Research–Oxford Biomedical Research Centre; 
and Prof Paul Baxter in Leeds Institute of Health Sciences for his 
advice on statistical analysis.

Sources of Funding
This work is supported by the British Heart Foundation and the 
Oxford National Institute for Health Research Biomedical Research 
Centre. Profs Choudhury, Channon, and Neubauer acknowledge sup-
port from the Oxford British Heart Foundation Centre of Research 
Excellence. Dr Dall’Armellina is a BHF Intermediate Clinical 
Research Fellow. Dr Dawkins is a BHF Oxford Centre of Research 
Excellence Clinical Research training fellow. Dr Liu is supported by 
the BHF.

Disclosures
None.

References
	 1.	 Vander Heide RS, Steenbergen C. Cardioprotection and myocardial reper-

fusion: pitfalls to clinical application. Circ Res. 2013;113:464–477. doi: 
10.1161/CIRCRESAHA.113.300765.

	 2.	 Ruparelia N, Godec J, Lee R, Chai JT, Dall’Armellina E, McAndrew 
D, Digby JE, Forfar JC, Prendergast BD, Kharbanda RK, Banning 
AP, Neubauer S, Lygate CA, Channon KM, Haining NW, Choudhury 
RP. Acute myocardial infarction activates distinct inflammation and 

 by guest on A
ugust 22, 2017

http://circim
aging.ahajournals.org/

D
ow

nloaded from
 

http://circimaging.ahajournals.org/


9    Liu et al    T1 Mapping to Assess Severity of Myocardial Injury 

proliferation pathways in circulating monocytes, prior to recruitment, 
and identified through conserved transcriptional responses in mice and 
humans. Eur Heart J. 2015;36:1923–1934. doi: 10.1093/eurheartj/
ehv195.

	 3.	 French BA, Kramer CM. Mechanisms of post-infarct left ventricular re-
modeling. Drug Discov Today Dis Mech. 2007;4:185–196. doi: 10.1016/j.
ddmec.2007.12.006.

	 4.	 Rehwald WG, Fieno DS, Chen EL, Kim RJ, Judd RM. Myocardial mag-
netic resonance imaging contrast agent concentrations after reversible and 
irreversible ischemic injury. Circulation. 2002;105:224–229.

	 5.	 Dall’Armellina E, Karia N, Lindsay AC, Karamitsos TD, Ferreira V, 
Robson MD, Kellman P, Francis JM, Forfar C, Prendergast BD, Banning 
AP, Channon KM, Kharbanda RK, Neubauer S, Choudhury RP. Dynamic 
changes of edema and late gadolinium enhancement after acute myo-
cardial infarction and their relationship to functional recovery and sal-
vage index. Circ Cardiovasc Imaging. 2011;4:228–236. doi: 10.1161/
CIRCIMAGING.111.963421.

	 6.	 Kidambi A, Mather AN, Swoboda P, Motwani M, Fairbairn TA, 
Greenwood JP, Plein S. Relationship between myocardial edema and 
regional myocardial function after reperfused acute myocardial infarc-
tion: an MR imaging study. Radiology. 2013;267:701–708. doi: 10.1148/
radiol.12121516.

	 7.	 Ugander M, Bagi P, Oki A. Myocardial edema as detected by pre-contrast 
T1 and T2 MRI delineates area at risk associated with acute myocardial 
infarction. JACC Cardiovasc Imaging. 2012;5:596–603. doi: 10.1016/j.
jcmg.2012.01.016.

	 8.	 Dall’Armellina E, Piechnik SK, Ferreira VM, Si QL, Robson MD, 
Francis JM, Cuculi F, Kharbanda RK, Banning AP, Choudhury RP, 
Karamitsos TD, Neubauer S. 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. doi: 
10.1186/1532-429X-14-15.

	 9.	 Carrick D, Haig C, Ahmed N, Rauhalammi S, Clerfond G, Carberry J, 
Mordi I, McEntegart M, Petrie MC, Eteiba H, Hood S, Watkins S, Lindsay 
MM, Mahrous A, Welsh P, Sattar N, Ford I, Oldroyd KG, Radjenovic A, 
Berry C. Temporal evolution of myocardial hemorrhage and edema in 
patients after acute ST-segment elevation myocardial infarction: patho-
physiological insights and clinical implications. J Am Heart Assoc. 
2016;5:e002834. doi: 10.1161/JAHA.115.002834.

	10.	 Friedrich MG. Tissue characterization of acute myocardial infarction and 
myocarditis by cardiac magnetic resonance. JACC Cardiovasc Imaging. 
2008;1:652–662. doi: 10.1016/j.jcmg.2008.07.011.

	11.	 Ugander M, Zemedkun M, Hsu L-Y, Oki AJ, Booker OJ, Kellman P, 
Greiser A, Aletras AH, Arai AE. Non-contrast quantitative t1-mapping in-
dicates that salvaged myocardium develops edema during coronary occlu-
sion, whereas infarction exhibits evidence of additional reperfusion injury. 
J Cardiovasc Magn Reson. 2011;13(Suppl 1):O63.

	12.	 Ferreira VM, Piechnik SK, Dall’Armellina E, Karamitsos TD, 
Francis JM, Choudhury RP, Friedrich MG, Robson MD, Neubauer 
S. Non-contrast T1-mapping detects acute myocardial edema with 
high diagnostic accuracy: a comparison to T2-weighted cardiovascu-
lar magnetic resonance. J Cardiovasc Magn Reson. 2012;14:42. doi: 
10.1186/1532-429X-14-42.

	13.	 Hammer-Hansen S, Ugander M, Hsu LY, Taylor J, Thune JJ, Køber 
L, Kellman P, Arai AE. Distinction of salvaged and infarcted myo-
cardium within the ischaemic area-at-risk with T2 mapping. Eur 
Heart J Cardiovasc Imaging. 2014;15:1048–1053. doi: 10.1093/ 
ehjci/jeu073.

	14.	 Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, White 
HD, Thygesen K, Alpert JS, White HD, Jaffe AS, Katus HA, Apple FS, 
Lindahl B, Morrow DA, Chaitman BR, Clemmensen PM, Johanson 
P, Hod H, Underwood R, Bax JJ, Bonow JJ, Pinto F, Gibbons RJ, 
Fox KA, Atar D, Newby LK, Galvani M, Hamm CW, Uretsky BF, 
Steg PG, Wijns W, Bassand JP, Menasche P, Ravkilde J, Ohman EM, 
Antman EM, Wallentin LC, Armstrong PW, Simoons ML, Januzzi JL, 
Nieminen MS, Gheorghiade M, Filippatos G, Luepker RV, Fortmann 
SP, Rosamond WD, Levy D, Wood D, Smith SC, Hu D, Lopez-Sendon 
JL, Robertson RM, Weaver D, Tendera M, Bove AA, Parkhomenko AN, 
Vasilieva EJ, Mendis S, Bax JJ, Baumgartner H, Ceconi C, Dean V, 
Deaton C, Fagard R, Funck-Brentano C, Hasdai D, Hoes A, Kirchhof 
P, Knuuti J, Kolh P, McDonagh T, Moulin C, Popescu BA, Reiner Z, 
Sechtem U, Sirnes PA, Tendera M, Torbicki A, Vahanian A, Windecker 
S, Morais J, Aguiar C, Almahmeed W, Arnar DO, Barili F, Bloch KD, 
Bolger AF, Botker HE, Bozkurt B, Bugiardini R, Cannon C, de Lemos 

J, Eberli FR, Escobar E, Hlatky M, James S, Kern KB, Moliterno 
DJ, Mueller C, Neskovic AN, Pieske BM, Schulman SP, Storey RF, 
Taubert KA, Vranckx P, Wagner DR; Joint ESC/ACCF/AHA/WHF 
Task Force for Universal Definition of Myocardial Infarction; Authors/
Task Force Members Chairpersons; Biomarker Subcommittee; ECG 
Subcommittee; Imaging Subcommittee; Classification Subcommittee; 
Intervention Subcommittee; Trials & Registries Subcommittee; Trials 
& Registries Subcommittee; Trials & Registries Subcommittee; Trials 
& Registries Subcommittee; ESC Committee for Practice Guidelines 
(CPG); Document Reviewers. Third universal definition of myocardial 
infarction. J Am Coll Cardiol. 2012;60:1581–1598. doi: 10.1016/j.
jacc.2012.08.001.

	15.	 Di Chiara A, Dall’Armellina E, Badano LP, Meduri S, Pezzutto N, Fioretti 
PM. Predictive value of cardiac troponin-I compared to creatine kinase-
myocardial band for the assessment of infarct size as measured by cardiac 
magnetic resonance. J Cardiovasc Med (Hagerstown). 2010;11:587–592. 
doi: 10.2459/JCM.0b013e3283383153.

	16.	 Kali A, Choi EY, Sharif B, Kim YJ, Bi X, Spottiswoode B, Cokic I, Yang 
HJ, Tighiouart M, Conte AH, Li D, Berman DS, Choi BW, Chang HJ, 
Dharmakumar R. Native T1 mapping by 3-T CMR imaging for charac-
terization of chronic myocardial infarctions. JACC Cardiovasc Imaging. 
2015;8:1019–1030. doi: 10.1016/j.jcmg.2015.04.018.

	17.	 Flett AS, Hasleton J, Cook C, Hausenloy D, Quarta G, Ariti C, 
Muthurangu V, Moon JC. Evaluation of techniques for the quantifica-
tion of myocardial scar of differing etiology using cardiac magnetic 
resonance. JACC Cardiovasc Imaging. 2011;4:150–156. doi: 10.1016/j.
jcmg.2010.11.015.

	18.	 Treibel TA, Fontana M, Maestrini V, Castelletti S, Rosmini S, Simpson 
J, Nasis A, Bhuva AN, Bulluck H, Abdel-Gadir A, White SK, Manisty 
C, Spottiswoode BS, Wong TC, Piechnik SK, Kellman P, Robson MD, 
Schelbert EB, Moon JC. Automatic measurement of the myocardial in-
terstitium: synthetic extracellular volume quantification without hemato-
crit sampling. JACC Cardiovasc Imaging. 2016;9:54–63. doi: 10.1016/j.
jcmg.2015.11.008.

	19.	 Lindeman RH, Merenda P, Gold RZ. Introduction to Bivariate and 
Multivariate Analysis. Glenview, IL: Scott, Foresman, and Company; 
1980.

	20.	 Groemping U. Relative Importance for Linear Regression in R: The 
Package relaimpo. J Stat Softw. 2006;17;1–27.

	21.	 Kim RJ, Wu E, Rafael A, Chen EL, Parker MA, Simonetti O, Klocke FJ, 
Bonow RO, Judd RM. The use of contrast-enhanced magnetic resonance 
imaging to identify reversible myocardial dysfunction. N Engl J Med. 
2000;343:1445–1453. doi: 10.1056/NEJM200011163432003.

	22.	 Engblom H, Hedström E, Heiberg E, Wagner GS, Pahlm O, Arheden H. 
Rapid initial reduction of hyperenhanced myocardium after reperfused 
first myocardial infarction suggests recovery of the peri-infarction zone: 
one-year follow-up by MRI. Circ Cardiovasc Imaging. 2009;2:47–55. doi: 
10.1161/CIRCIMAGING.108.802199.

	23.	 Jablonowski R, Engblom H, Kanski M, Nordlund D, Koul S, van 
der Pals J, Englund E, Heiberg E, Erlinge D, Carlsson M, Arheden 
H. Contrast-enhanced CMR overestimates early myocardial infarct 
size: mechanistic insights using ECV measurements on day 1 and 
day 7. JACC Cardiovasc Imaging. 2015;8:1379–1389. doi: 10.1016/j.
jcmg.2015.08.015.

	24.	 Matsumoto H, Matsuda T, Miyamoto K, Shimada T, Mikuri M, Hiraoka 
Y. Peri-infarct zone on early contrast-enhanced CMR imaging in patients 
with acute myocardial infarction. JACC Cardiovasc Imaging. 2011;4:610–
618. doi: 10.1016/j.jcmg.2011.03.015.

	25.	 Williams ES, Kaplan JI, Thatcher F, Zimmerman G, Knoebel SB. 
Prolongation of proton spin lattice relaxation times in regionally ischemic 
tissue from dog hearts. J Nucl Med. 1980;21:449–453.

	26.	 Brown JJ, Andre MP, Slutsky RA. Proton nuclear magnetic resonance tis-
sue analysis of normal, volume overloaded, and dehydrated rabbit myo-
cardium. Am Heart J. 1984;108:159–164.

	27.	 Raaphorst GP, Kruuv J, Pintar MM. Nuclear magnetic resonance study 
of mammalian cell water influence of water content and ionic envi-
ronment. Biophys J. 1975;15:391–402. doi: 10.1016/S0006-3495(75) 
85825-5.

	28.	 Cuculi F, Dall’Armellina E, Manlhiot C, De Caterina AR, Colyer S, 
Ferreira V, Morovat A, Prendergast BD, Forfar JC, Alp NJ, Choudhury RP, 
Neubauer S, Channon KM, Banning AP, Kharbanda RK. Early change in 
invasive measures of microvascular function can predict myocardial re-
covery following PCI for ST-elevation myocardial infarction. Eur Heart J. 
2014;35:1971–1980. doi: 10.1093/eurheartj/eht434.

 by guest on A
ugust 22, 2017

http://circim
aging.ahajournals.org/

D
ow

nloaded from
 

http://circimaging.ahajournals.org/


10    Liu et al    T1 Mapping to Assess Severity of Myocardial Injury 

CLINICAL PERSPECTIVE
Prognosis after acute myocardial infarction is primarily dictated by the degree of irreversible myocardial injury and by left 
ventricular remodeling. Future developments in identifying the efficacy of cardioprotective strategies will also depend on 
the availability of accurate diagnostic techniques. The applicability of standard late gadolinium enhancement techniques in 
the acute setting might be challenging because of the increased extracellular space and the well-known dynamic changes 
happening in the myocardium in the early hours of the healing stage. CMR mapping is becoming the technique of choice 
for quantitative voxel-based tissue characterization postrevascularization because of its major diagnostic accuracy. Such 
techniques offer a major potential advantage in allowing the assessment of the severity of injury rather than only a binary 
quantification of the injured volume and by doing so overcoming the challenges of late gadolinium enhancement in acute 
myocardial infarction. This study defines a cutoff value for native T1 mapping to distinguish reversible versus irreversible 
injury in acute myocardial infarction patients without need for contrast; furthermore, it shows the potential predictive value 
for long-term remodeling of acute T1 values. The translational clinical value of such findings is major in that it allows using 
a single scan acquisition to derive a biomarker relevant for risk assessment without need for multiple prolonged acquisitions 
or administration of contrast.
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Supplemental Material 

Patient population 

Diagnosis of STEMI required chest pain lasting longer than 30 min, within 12 h from onset of 

symptoms, and ST-segment elevation of ≥2 mm (0.2 mV) in at least 2 contiguous leads on 

ECG. Acute clinical management was at the discretion of the responsible physician, with the 

intention to reflected contemporary practice and guidelines.1 Exclusion criteria were 

presentation with cardiogenic shock, hemodynamic instability lasting >12 hours after 

revascularization, previous myocardial infarction, previous revascularization procedure 

(coronary artery bypass grafts or PCI), severe heart valve disease, cardiomyopathy, 

contraindications to CMR. 

CMR acquisition 

Matching short axis slices covering the LV were acquired using an established CMR protocol2,3 

including: cine, T2-prepared SSFP imaging, native Shortened Modified Look-Locker 

Inversion recovery (ShMOLLI) T1 mapping, and late gadolinium enhancement (LGE). In 

addition 3 to 5 short-axis images were acquired using First Pass Perfusion (FPP) imaging.Using 

T1 weighted FPP imaging, 3 to 5 short-axis images were acquired every heart beat to track the 

first pass of a gadolinium-based contrast agent (0.03 mmol/kg; gadoterate meglumine, Dotarem, 

Guerbet, Villepinte, France) injected at rest. LGE images were collected 10-15 min after the 

administration of 0.1 mmol/kg contrast agent (gadoterate meglumine, Dotarem, Guerbet, 

Villepinte, France). The inversion time was adjusted for optimal nulling of remote normal 

myocardium. 

T2W was performed using a T2-prep-SSFP single shot sequence with surface coil correction 

(TE/TR = 1/4.1 msec; effective TE = 60 msec; flip angle = 90°; voxel size: 2.1 × 1.6 × 8 mm). 

ShMOLLI T1 maps were generated from 5-7 SSFP images with variable inversion preparation 
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time as described previously.4 Typical acquisition parameters were: TE/TR = 1.07/2.14 msec, 

flip angle=35°, FOV=340×255mm, matrix size=192×144, 107 phase encoding steps, actual 

experimental voxel size = 1.8 × 1.8 × 8 mm, interpolated reconstructed voxel size = 0.9 × 0.9 

× 8 mm, GRAPPA = 2, 24 reference lines, cardiac delay time TD = 500 msec and 206 msec 

acquisition time for single image, phase partial Fourier 6/8.4 LGE was performed with a T1-

weighted segmented inversion recovery gradient echo-phase sensitive-inversion recovery 

(GRE_PSIR) sequence (TE/TR = 2.5 msec/5 msec, voxel size 1.8 × 1.4 × 8 mm, flip angle 

20°). Images were collected 10-15 min after the administration of 0.1 mmol/kg contrast agent 

(gadoterate meglumine, Dotarem, Guerbet, Villepinte, France). The inversion time was 

adjusted for optimal nulling of remote normal myocardium. SSFP cine images were acquired 

using retrospective gating (TE/TR = 1.4/3.2 msec; flip angle = 50°; voxel size: 1.6 × 1.6 × 8 

mm). Two to three-fold accelerated parallel imaging (GRAPPA) was used to shorten the 

breath-hold.  

For first pass perfusion (FPP) imaging, an ECG-gated T1-weighted (saturation-recovery 

prepared) fast gradient echo sequence was used (echo time, 1.04 msec; repetition time, 2 msec, 

saturation recovery time, 100 msec; voxel size, 2.1×2.6×8 mm3; flip angle, 17°) to acquire 3 

to 5 short-axis images every heart beat to track the first pass of a gadolinium-based contrast 

agent (0.03 mmol/kg; gadoterate meglumine, Dotarem, Guerbet, Villepinte, France) injected 

at rest. 

CMR image analysis 

Infarct size and myocardial oedema were expressed as a percentage of total LV mass; 

myocardial salvage was derived by subtracting the percentage infarct size from the percentage 

of myocardial oedema.2  

Segmental quantitative perfusion analysis was performed using an in-house Matlab software 

as previously described.5 Absolute myocardial blood flow (MBF) in ml/min/g was calculated 
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for each myocardial segment by Fermi-model constrained deconvolution of myocardial signal 

intensity curves with the arterial input.6,7 MBF was corrected for the heart rate –systolic blood 

pressure product.8,9  

Native T1 analysis- segment-based analysis 

T1 maps underwent strict and extensive quality control as previously described3 by 

investigating the native T1 maps, raw T1 images, R2 maps, considering off-resonance artefacts, 

partial volume effect, poor T1 fit on the R2 maps, patient movement or low SNR.10 Apical 

slices affected by partial volume effects and slices where the LV outflow tract was visible, 

were excluded from the study.  

Segmental T1 values were derived from short-axis T1 maps which were manually contoured 

to outline the endocardial and epicardial borders using in-house dedicated software MC-ROI 

(Interactive Data Language, version 6.1, Exelis Visual Information Solutions, Boulder, 

Colorado). 

Statistical analysis  

All analyses were performed using Matlab 2014a and R 3.2.3. Data normality was checked 

using Shapiro-Wilks test. The homogeneity of variance of data was evaluated using the 

Levene’s test.  

Student’s t-test was used for comparison of continuous variables (EF, EDV, ESV and LGE) 

measured at 2 time points (paired) and for variable MBF between two groups at a single time 

point (unpaired). P-values less than 0.05 were considered statistically significant. Correlation 

was expressed as Pearson's product moment correlation coefficient. 

Using 80% of the ROIs from the acute scans in the derivation cohort as a training set, a 

classification tree model optimized using 10 fold cross-validation for tree complexity, was 

adopted to determinate acute T1 cut-off values for remote tissue, reversible, and irreversible 

injury.11,12 The prediction accuracy of such T1 values was assessed on the remaining 20% ROIs 
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in the derivation cohort.13 Bland-Altman analysis was used to assess agreement of volume 

percentage of irreversible damaged tissue identified on LGE 6M versus threshold based acute 

T1 mapping analysis in validation cohort.  
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Figure S1. T1 comparison with LGE transmurality. Mean T1(LGEpos) ROIs is independent of 

mean acute LGE transmurality (p=0.89). 
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