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Abstract

Objectives—To determine whether cardiac magnetic resonance (CMR) in vivo T1-mapping can

measure myocardial area at risk (AAR) compared with microspheres or T2-mapping CMR.

Background—If T2-weighted CMR is abnormal in the AAR due to edema related to myocardial

ischemia, then T1-weighted CMR should also be able to detect and accurately quantify AAR.

Methods—Dogs (n=9) underwent a 2 hour coronary occlusion followed by 4 hours of

reperfusion. CMR of the left ventricle was performed for mapping of T1 and T2 prior to any

contrast administration. AAR was defined as regions which had a T1 or T2 value (ms) greater than

2SD from remote, and regions with microsphere blood flow (ml/min/g) during occlusion less than

2SD from remote. Infarct size was determined by triphenyltetrazolium chloride staining.

Results—The relaxation parameters T1 and T2 were increased in the AAR compared to remote

myocardium (T1: 1133±55 vs. 915±33ms, T2: 71±6 vs. 49±3 ms; mean±SD). On a slice-by-slice

basis (n=78 slices), AAR by T1- and T2-mapping correlated (R2=0.95, p<0.001) with good

agreement (0.4±16.6 % of slice, mean±2SD). On a whole-heart analysis, T1 measurements of left

ventricular mass, AAR and myocardial salvage correlated to microsphere measures (R2=0.94)

with good agreement (−1.4±11.2 g of myocardium; mean±2SD). Corresponding T2 measurements

of left ventricular mass, AAR, and salvage correlated to microsphere analysis (R2=0.96,

agreement 1.6±9.2 g of myocardium; mean±2SD). Median infarct size was 30% of the AAR

(range 12–52).
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Conclusions—For determining area at risk after acute myocardial infarction, non-contrast T1-

mapping and T2-mapping sequences yield similar quantitative results, and both agree well with

microspheres. The relaxation properties T1 and T2 both change in a way that is consistent with the

presence of myocardial edema following myocardial ischemia/reperfusion.
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Introduction

Myocardial area at risk (AAR) is defined as myocardium which becomes ischemic upon

coronary occlusion.(1) Accurate quantification of AAR is important in studies aimed at

determining the efficacy of infarct size reduction therapies. Measurement of AAR and

infarct size allows determination of myocardial salvage -- a measure of therapeutic efficacy.

(1)

Edema is a consequence of even short periods of myocardial ischemia.(2) Myocardial T2

relaxation properties determined by magnetic resonance imaging (MRI) are sensitive to

changes in tissue water content.(3) In vivo MRI can accurately delineate the AAR using a

number of imaging techniques which utilize T2-weighting.(4–9) Furthermore, ischemic

injury also leads to an increase in myocardial T1, which is also related to increased tissue

water content.(3,10,11) Similarly, non-contrast T1-weighted MRI has been shown to be

capable of quantifying the AAR ex vivo(12) and detecting regions of acute myocardial

infarction in vivo.(13) Notably, that in vivo study(13) did not try to differentiate between

infarction and AAR. Recently, clinically relevant methods have been developed that can

produce quantitative maps of both T1(14) and T2(15) with high signal to noise. The

resulting images and parametric maps translate signal intensities into absolute T1 or T2

relaxation times, respectively. These methods have potential to improve objectivity of T1

and T2 imaging.

The aim of this study was to determine the accuracy for quantifying AAR with clinically

available T1- and T2-mapping sequences when compared to microsphere blood flow

analysis as an independent reference standard. We hypothesized that if T2-weighted MRI is

abnormal in the AAR due to edema related to myocardial ischemia, then T1-weighted MRI

should also be able to detect and accurately quantify AAR.

Methods

Animal Preparation

Nine dogs weighing 10–15 kg were studied after institutional approval. Anesthesia was

induced by subcutaneous acepromazine (0.2 mg/kg), followed by intravenous thiopental

sodium (15 mg/kg). Anesthesia was sustained by inhaled isoflurane (0.5%–2.0%). The

animals were intubated and surgical preparation included venous catheters, arterial lines, a

left atrial catheter, and a snare around the left anterior descending coronary artery, typically

positioned distal to the first diagonal branch. Coronary occlusion was maintained for two

hours. Fluorescent microspheres (IMT Stason, Irvine, California, USA) were injected into

the left atrium during simultaneous withdrawal of a reference femoral artery blood sample.

Reperfusion was maintained for four hours prior to commencing imaging. Animals were

euthanized with potassium chloride following heparin administration.
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MRI Imaging

The entire left ventricle was imaged in contiguous short-axis slices at 1.5T (Magnetom

Avanto, Siemens Healthcare Sector, Erlangen, Germany) with an eight-channel coil prior to

administration of any MRI contrast agents. Quantitative T1-mapping was performed with a

Modified Look-Locker Inversion-recovery (MOLLI) sequence(14) using the following

typical imaging parameters: TR/TE 220/1.14 ms, flip angle 35 degrees, field of view

270×185 mm2, matrix 192×132 pixels, slice thickness 6 mm, parallel imaging factor 2,

acquisition in late diastole on every other heart beat, minimal inversion time 120 ms,

increment 80 ms, voxel size 1.5×1.4×6.0 mm, temporal resolution 221 ms. The T1-mapping

scheme included 3 acquisitions after the first inversion pulse, followed by a 3 heart beat

pause, a second inversion followed by 3 acquisitions, a third 3 heartbeat pause, and a third

inversion for the last 5 acquisitions.

Quantitative T2-mapping was performed using a T2-prepared steady-state free precession

(SSFP) sequence(15) and the following imaging parameters: TR/TE 240/1.19 ms, flip angle

70 degrees, field of view 270×185 mm2, matrix 192×132 pixels, slice thickness 6 mm,

parallel imaging factor 2, acquisition in late diastole on every fourth heart beat, T2

preparations; 0 ms, 24 ms, 55 ms, 90 ms, size 1.9×1.4×6.0 mm, temporal resolution 239 ms.

Image Analysis

T1 pixel maps were generated using MRmap (version 1.0, http://mrmap.sourceforege.net).

(16) T2 pixel maps were automatically generated on the MR scanner. T1 map and T2 map

images were analyzed using the software Segment (version 1.8 R1289, freely available for

research use http://segment.heiberg.se).(17) The epicardial and endocardial borders of the

left ventricle were manually delineated. AAR was semi-automatically identified as left

ventricular myocardium with pixel values (T1 or T2, respectively) >2 SD from remote

myocardium. Spurious non-contiguous pixels comprising less than 10% of the left

ventricular myocardium were automatically excluded.(18) Tissue weight in grams for

imaging results was calculated as the volume of myocardium multiplied by the density of

myocardium (1.05g/cm3). One observer performed all image analysis twice for assessment

of intraobserver variability, and an additional blinded observer performed image analysis for

assessment of interobserver variability. Overall image quality was excellent or good in all

animals.

Histopathology Preparation and Quantification

After explantation, hearts were set in 2% agarose gel and sliced in the short-axis plane using

a commercially available meat slicer. Slices were stained with 1% triphenyltetrazolium

chloride (TTC) and then photographed. In the TTC stained slices, the borders of the

epicardium, endocardium and non-stained regions were delineated manually to determine

infarct size.(19)

Microsphere Analysis

Each slice was photographed, sectioned into 16 transmural radial sectors, and sent for

quantification of blood flow (IMT Stason, Irvine, California, USA). T1 and T2 maps, and

microspheres were visually matched by comparing photographs of ex vivo slices with each

in vivo image. This matching was performed blinded to the results of microsphere analysis.

Microsphere blood flow analysis was performed blinded to the results of T1 and T2 data.

Myocardial sectors with blood flow 2 SD below blood flow in remote myocardium was

defined as AAR. Basal and apical slices were not used to determine the remote myocardial

blood flow due to greater heterogeneity of flow measurements. The summed weight of

sectors with blood flow below the 2SD threshold was divided by the weight of all sectors in
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the slice to quantify the percent of slice comprised of AAR. Salvaged myocardium was

determined as AAR minus infarct size by TTC. The use of the 2SD threshold for both T1-

and T2-maps and microspheres was postulated a priori, and was further determined to be

reasonable upon visual inspection of the quality of the images and the microsphere data.

Statistical Analysis

Statistical analysis was performed using SPSS version 17 (IBM, Somers, New York, USA).

Linear regression analysis was performed using Pearson’s coefficient and expressed as its

square (R2). Data are presented as mean ± SD unless specified. Bland Altman analysis and

agreement are average difference ± 2SD. Comparison of mean differences was performed

with ANOVA or Wilcoxon’s test as appropriate. The F test was used to test the significance

of differences in variability. Intra- and interobserver variability are presented as mean

difference between observations ± SD. Statistical significance was defined as p<0.05.

Results

Determination of AAR and infarct size

Figure 1 illustrates the image and tissue analysis methodology. AAR was quantified on T1-

maps and T2-maps. Microspheres provided the independent measure of AAR. Infarct size

was by TTC. Figure 2 illustrates the regions of interest used to quantify LV mass and AAR

on a whole heart by T1- and T2-maps.

Assessment of the infarct model

The blood flow in the core of the occluded area was assessed by microspheres in order to

ensure the validity of the infarct model. Blood flow in this area was 6.5±5.3 % of the blood

flow in normally perfused remote myocardium. AAR by microspheres was larger than

infarct size by TTC in all cases (AAR: 35±5 % of left ventricular myocardium (LVM),

infarct size 12±6 % of LVM). This yielded a median infarct size of 30% of the AAR (range

12–52 % AAR), indicating substantial myocardial salvage in this canine model of 2 hours

coronary occlusion under anesthesia.

Agreement for AAR between T1- and T2-mapping

Figure 2 illustrates the slice-by-slice agreement for AAR by T1- and T2-mapping for the

whole left ventricle. Figure 3 illustrates this quantitatively, AAR by T1- and T2–mapping

correlated well (R2= 0.95, p<0.001). In Bland Altman analysis (Figure 3), the measurements

of the size the AAR from T1- and T2-maps agreed well with each other (bias 0.4±16.6 % of

slice, ±2SD).

Accuracy of LV mass, AAR, and Myocardial Salvage by T1, T2, and microspheres

Whole heart volumetric determinations of LV mass, AAR, and myocardial salvage were

determined using each of the three methods (Figure 4). The absolute weight in grams of the

total left ventricular myocardium ± standard error of the mean (57±2g, 61±3g, 62±3g), AAR

(24±2g, 26±2g, 23±1g) and salvaged myocardium (17±1g, 19±1g, 16±1g) was quantified by

T1- mapping, T2-mapping and microspheres, respectively. In terms of the average mass of

each zone, there were no statistically significant differences in the size of LV mass by

ANOVA (p=0.13). Similarly, none of the measures of AAR (p=0.58) or the amount of

myocardial salvage (p=0.50) differed significantly by ANOVA. The patterns of AAR and

amount of myocardial salvage were similar for the three sets of measurements in absolute

grams (Figure 4).
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Intraobserver variability for AAR by T1- and T2-mapping were 0.4±1.3g (2.1±1.8% of LV)

and 0.6±2.6g (0.6±3.8% of LV), respectively. Interobserver variability for AAR by T1- and

T2-mapping were 1.7±3.9g (1.4±4.6% of LV) and 1.4±4.4g (0.3±5.4% of LV), respectively.

Volumetric T1 measurements of LV mass, AAR and myocardial salvage correlated to

microsphere measures (Figure 5, R2=0.94). The T1 measurements showed good agreement

in Bland Altman analysis and tended to under estimate total LV mass marginally (bias

−1.4±11.2 g of myocardium, ±2 SD).

Volumetric T2 measurements of LV mass, AAR, and myocardial salvage also correlated

with the microsphere measurements (Figure 5, R2=0.96). The linear regression was close to

the line of identity. Bland Altman analysis confirmed the good agreement between T2 and

microspheres on a volumetric or mass basis.

T1 and T2 Changes Directionally Consistent with Edema

Data on T1 and T2 values in remote and AAR for all animals is presented in Table 1. Both

T1 and T2 were greater in AAR compared to remote.

Discussion

This is the first study to show that in vivo non-contrast T1-mapping by MR imaging can

accurately quantify AAR versus an independent microsphere reference standard. In terms of

determining area at risk, the T1-mapping method was essentially equivalent to the T2-

mapping method. The study confirms our hypothesis that T1 and T2 MRI relaxation

properties both change sufficiently to measure area at risk. Furthermore, the changes in T1

and T2 are consistent with myocardial edema as a common pathophysiological mechanism

leading to the CMR image appearances. This study takes an important step beyond prior

work by including whole heart volumetric measurements of area at risk by imaging and

microspheres. As is often the case with volumetric measurements, the variability of the

measurements are smaller compared with prior limited slice-by-slice measurements.(6)

Finally, the T1- and T2-mapping sequences were developed as works-in-progress for

clinical scanning and thus should be available for quantitative imaging of patients soon.

T2 for quantifying AAR

The utility of T2-weighted cardiovascular MR imaging in acute cardiac disease has recently

been extensively reviewed.(20) Several investigators have experimentally determined that

T2 increases in proportion to myocardial edema measured as tissue water content.(3,21,22)

However, the use of T2-weighted MRI for quantifying the AAR was experimentally

determined using a T2-weighted double inversion recovery fast spin echo (also called turbo

spin echo, TSE) sequence compared to microsphere blood flow in the dog for both

reperfused(6) and non-reperfused infarcts.(5) Subsequently, the T2-weighted imaging

methodology has been improved upon with the introduction of T2-prepared steady state free

precession (SSFP)(8), and a T2-prepared hybrid TSE-SSFP sequence.(4) Validation of T2-

weighted MRI for quantifying AAR in patients has been performed by comparison with

myocardial perfusion SPECT using either T2-weighted short tau inversion recovery (STIR),

(7) post-gadolinium contrast cine SSFP,(9) or T2-prepared SSFP compared to angiographic

risk score.(23) For purposes of quantitative analysis, image quality in T2-weighted

sequences can prove challenging. The current study used a T2-prepared SSFP-based T2-

mapping sequence,(15) and provides the experimental validation that T2-mapping indeed

can accurately quantify the AAR. Furthermore, the T2 values for acute ischemic injury and

remote myocardium found in the current study were similar to those reported in humans and

pigs using similar methodology.(15,24)

Ugander et al. Page 5

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2013 September 10.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



T1 for quantifying AAR

T1-weighted MRI should also be able to detect myocardial edema associated with acute

myocardial occlusion and reperfusion. Notably, previous experimental studies have shown

that T1 values also increase with increasing myocardial water content.(3,11) Furthermore,

prolonged T1 values have been experimentally demonstrated in ischemic myocardium in the

dog,(10) and in patients with acute myocardial infarction.(13) However, non-contrast T1-

weighted imaging has not previously been used to quantify AAR in vivo, and our current

study provides experimental validation that AAR by T1- and T2-mapping agree with

microspheres as an independent reference standard.

Agreement between T1 and T2

The current study shows excellent quantitative agreement between the T1- and T2-mapping

for determining AAR. Previous studies comparing the correlation between myocardial water

content and T1 and T2, respectively, have shown results suggesting that T2 has a higher

linear correlation,(3) indicating that T2 may be the preferred approach for quantifying AAR.

However, those results were performed in ex vivo myocardium and using an early

generation 0.35T MRI scanner which may have limited signal to noise compared to the

current state-of-the-art methods. Importantly, our findings were achieved in vivo using

clinical-grade sequences which yield high signal-to-noise image maps.

There are factors that might influence whether one selects T1 or T2 to image AAR.

Microvascular obstruction or intramyocardial hemorrhage were absent in our mode, but are

frequently detectable on T2 weighted images.(25) Although this has not yet been studied,

these pathophysiological states would be expected to influence pre-contrast T1 to a lesser

extent than T2. Quantitative image analysis of T2-maps in such cases would require

including the lower T2 regions in the core into total AAR. However, in a setting where it

may be of value to assess the myocardial extracellular volume fraction,(26) this would

require acquiring T1-maps both before and after contrast. It appears that while both mapping

techniques provide similar information with regards to AAR, and could be used

interchangeably for this purpose, they both provide additional and unique complementary

pathophysiologically relevant information.

The infarct model

The current study was performed in a model where infarct size was approximately 30% of

AAR and predominantly subendocardial. Acute myocardial infarction changes both T1 and

T2,(3,11,21) and the T2 changes represent an area of edema which is larger than the acute

infarction and corresponds quantitatively to the AAR.(6) Thus, it is important that

experimental model produces infarctions that do not fully encompass the AAR. Our model

fulfills this criterion, adding confidence to results indicating that the T1- and T2-mapping

methodologies detect changes in the AAR beyond those which are induced by infarction.

Limitations

Our study only represents changes present at one time point about four hours after

reperfusion. Future studies are needed to determine the validity of the quantitative result

beyond that time point. Despite this, the time course of myocardial edema between 1–7 days

post-infarction has been shown to be suitable for detection by CMR.(7) The current results

were obtained in mechanically ventilated dogs, and translation to human patients may be

hampered by challenges related to optimal breath holding which may affect the image

quality in the T1 or T2 maps. Furthermore, this study did not present segmented data on the

mean and SD of T1 and T2 in healthy non-infarcted dogs, which might be of benefit to

determine the robustness of T1 and T2 in truly normal myocardium, and this is a limitation.
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Conclusions

Non-contrast T1-mapping and T2-mapping using clinical-grade sequences show excellent

agreement with each other and microsphere blood flow for quantification of AAR following

acute myocardial infarction. The relaxation properties T1 and T2 both change in a way

which is consistent with the myocardial edema which occurs following myocardial

ischemia/reperfusion
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Abbreviations

AAR area at risk

CMR cardiac magnetic resonance

MRI magnetic resonance imaging

MS microspheres

SPECT single photon emission computed tomography

SSFP steady-state free precession

STIR short tau inversion recovery

T Tesla

T1 magnetic resonance time constant for longitudinal relaxation

T2 magnetic resonance time constant for transverse relaxation

TE echo time

TR repetition time

TSE turbo spin echo (also known as fast spin echo)

TTC triphenyltetrazolium chloride
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Figure 1. Myocardium at risk (AAR) by T1-mapping, T2-mapping and microspheres compared
to infarct size
Images are shown for one representative short-axis slice. In the images of the T1 map and

T2 map, the epicardium and endocardium are delineated and the AAR is identified in

yellow. Blood flow from microspheres injected during occlusion are displayed on the

contours of the ex vivo slice, for 16 radial sectors which are color coded according to the

color scale for blood flow quantification in ml/min/g. Sectors with microsphere blood flow

2SD below remote myocardium are defined as AAR appear in the blue to black range of the

color scale for this experiment. The triphenyl tetrazolium chloride (TTC) image shows non-

infarcted myocardium stained red and the region of myocardial infarction is white. Note that

the area identified as AAR by T1-mapping and T2-mapping corresponds closely with the

results of the microsphere blood flow analysis, suggesting that both imaging sequences

agree with microsphere results. Also note how the area of infarction is much smaller than

the AAR, indicating substantial salvage.
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Figure 2. Slice-by-slice comparison of T1 and T2 maps
Short-axis images are shown from the base (left) to the apex (right) for quantification of

myocardial area at risk (yellow region of interest). Note the excellent spatial correspondence

between the T1 and T2 methods for area at risk.
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Figure 3. Slice-by-slice comparison of myocardium at risk by T1-mapping and T2- mapping
The figure shows a scatter plot (left) and Bland-Altman analysis (right) of myocardial area

at risk (AAR) by T1-mapping versus T2-mapping. Data represent 78 slices from 9 dogs. The

solid line denotes the line of identity in the scatter plot and the bias in te Bland Altman plot.

Note the excellent agreement between the methods.
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Figure 4. Comparison of absolute mass of left ventricular myocardium (LV mass), area at risk
(AAR), and salvaged myocardium by T1- and T2-mapping and microspheres (MS)
Error bars denote SEM. There were no significant differences between the imaging and

microsphere methodologies for the respective measures of LV mass, AAR, or salvage by

analysis of variance.
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Figure 5. Correlation and Bland Altman analysis of whole heart measures of left ventricular
mass (circles), area at risk (AAR, triangles), and myocardial salvage (squares) by T1- and T2-
mapping compared to AAR by microspheres
AAR by T1-mapping and T2- mapping are compared to AAR by microspheres expressed in

grams (g). The mean difference between imaging methods and microspheres was 1.4 g for

the T1 measurements and 1.6 g for the T2 measurements. The dashed lines denote the line of

identify in the scatter plots and the mean±2SD in the Bland-Altman plots.
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Table 1

T1 and T2 values for AAR and remote myocardium in all animals.

Animal
T1 AAR
(ms)

T1 remote
(ms)

T2 AAR
(ms)

T2 remote
(ms)

1 1129 914 62 46

2 1186 961 81 47

3 1132 899 69 48

4 1030 857 68 51

5 1162 924 72 48

6 1079 891 66 46

7 1132 910 68 51

8 1231 903 77 47

9 1116 971 76 56

mean 1133 915 71 49

SD 55 33 6 3

AAR denotes area at risk.
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