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Myocardial T, Mapping: Application to Patients With
Acute and Chronic Myocardial Infarction

Daniel R. Messroghli,’?" Kevin Walters,® Sven Plein,' Patrick Sparrow,’
Matthias G. Friedrich,*® John P. Ridgway,® and Mohan U. Sivananthan’

T; maps obtained with modified Look-Locker inversion recov-
ery (MOLLI) can be used to measure myocardial T,. We aimed to
evaluate the potential of MOLLI T; mapping for the assessment
of acute and chronic myocardial infarction (MIl). A total of 24
patients with a first Ml underwent MRI within 8 days and after 6
months. T; mapping was performed at baseline and at selected
intervals between 2-20 min following administration of gado-
pentetate dimeglumine (Gd-DTPA). Delayed-enhancement (DE)
imaging served as the reference standard for delineation of the
infarct zone. On T; maps the myocardial T, relaxation time was
assessed in hyperenhanced areas, hypoenhanced infarct cores,
and remote myocardium. The planimetric size of myocardial
areas with standardized T; threshold values was measured.
Acute and chronic Ml exhibited different T, changes. Precon-
trast threshold T; maps detected segmental abnormalities
caused by acute MI with 96% sensitivity and 91% specificity.
Agreement between measurements of infarct size from T, map-
ping and DE imaging was higher in chronic than in acute in-
farcts. Precontrast T; maps enable the detection of acute MI.
Acute and chronic Ml show different patterns of Ty changes.
Standardized T, thresholds provide the potential to dichoto-
mously identify areas of infarction. Magn Reson Med 58:
34-40, 2007. © 2007 Wiley-Liss, Inc.
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In present imaging techniques for in vivo infarct sizing,
such as cardiac magnetic resonance (CMR) and single-
photon emission computed tomography (SPECT), the
viewing window (i.e., the range of gray/color values to be
selected for viewing) is determined arbitrarily before re-
porting, and thus requires a subjective preassessment of
the images.

In CMR the delayed-enhancement (DE) method pro-
duces high contrast between infarcted and noninfarcted
myocardium (bright = dead). The observable high contrast
is reliant upon the imaging strategy employed. A prepara-
tory inversion-recovery pulse in a T;-weighted gradient-
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echo sequence nulls signal from noninfarcted myocar-
dium, while infarcted myocardium, which retains a higher
concentration of a gadolinium (Gd)-based extracellular
contrast agent, returns higher signal due to its reduced
spin-lattice relaxation time (7; time) (1). The contrast be-
tween infarcted and noninfarcted areas on the resulting
images is therefore enhanced over and above the underly-
ing physical differences in T, relaxation properties be-
tween these areas. The apparent degree of enhancement is
dependent on the effectiveness of the nulling process,
which is a function of the inversion time (TI) selected for
the preparation pulse. Incomplete nulling will cause re-
duced contrast and create significant variation in the sig-
nal of remote myocardium, which is used as the reference
to determine the threshold between infarcted and nonin-
farcted myocardium (2). The choice of TI therefore ulti-
mately influences the infarct size as measured with DE
techniques.

T,-mapping CMR techniques circumvent the influences
of windowing and variations in signal enhancement by
directly measuring the underlying T, relaxation times of
the different areas of the myocardium. At a given magnetic
field strength, each tissue has a normal range for spin-
lattice T, relaxation time (3,4), much like the normal
ranges of tissue X-ray attenuation in computed tomogra-
phy (CT) measured in Hounsfield units. Thus by encoding
CMR images by actual T, relaxation times, one could pre-
scribe standardized cutoffs between “normal” and “af-
fected” myocardium to eliminate observer-input in delin-
eation of diseased myocardium.

The modified Look-Locker inversion recovery (MOLLI)
technique was recently proposed as a means of creating
high-resolution single-slice maps of myocardial T; relax-
ation times (5), and normal values for human myocardium
have been established using this technique (6). We hypoth-
esized that thresholds derived from these normal values,
when applied to T; maps of patients with myocardial
infarction (MI), could accurately delineate areas of MI.

MATERIALS AND METHODS
Patients

Twenty-four patients (20 males and four females, mean
age = 57.8 = 12.6 years) from The Leeds General Infirmary
and St. James’s University Hospital, Leeds, UK, who pre-
sented with acute MI were enrolled and underwent CMR
imaging 4.5 = 1.7 days (range = 2—8 days) after onset of
symptoms and again after 6 months (196 * 40 days,
range = 133-280 days) at the BHF Cardiac MRI Unit,
Leeds. Patients were eligible for inclusion if they had 1)
typical chest pain for >30 min; 2) infarct-related changes
on a 12-lead electrocardiogram (ECG); 3) elevated troponin
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levels, (d) peak creatine kinase levels >300 IU/l; 4) no
previous history of MI, coronary intervention, or heart
disease of any other etiology; and 5) no contraindication to
CMR (e.g., claustrophobia or noncompatible metallic im-
plants). The study complied with the Declaration of Hel-
sinki and was approved by the local ethics committees,
and all subjects gave written informed consent.

Ty Mapping Technique

We applied a previously described MOLLI pulse sequence
that acquires a set of 11 source images of the patient within
one breath-hold (16-20 s), allowing the reconstruction of
one parametric T; map (5). The source images are all
identical (i.e., with the same voxel size, image position,
and phase of the cardiac cycle) except for different effec-
tive TIs. This is achieved by performing three different
ECG-triggered inversion recovery-prepared experiments
(TT = 100, 200, and 350 ms), each followed by several
single-shot image acquisitions (<200 ms) at end-diastole
of consecutive heartbeats. A balanced steady-state free pre-
cession (bSSFP) sequence was used for readout (TR =
3.9 ms, TE = 1.95 ms, flip angle = 50°, sensitivity-encod-
ing (SENSE) factor = 2, field of view (FOV) = 380 X
342 mm, matrix = 240 X 151, slice thickness = 8 mm).

Imaging Protocol

All studies were performed on a 1.5T MR system (Gy-
roscan Intera CV with Master gradients, 30 mT/m, 150
T/m/s; Philips, Best, The Netherlands). An identical T;-
mapping protocol was carried out on both initial and fol-
low-up scans as previously described for healthy volun-
teers (6).

After the acquisition of a SENSE reference scan, precon-
trast MOLLI sequences were performed at the mid-cavity,
basal, and apical short-axis levels, which were defined as
the middle three of five short-axis slices positioned be-
tween the mitral annulus and the left ventricular tip on
systolic long-axis cine images (7). Following this, gado-
pentetate dimeglumine (Gd-DTPA; Magnevist; Schering
AG, Berlin, Germany) was administered intravenously at a
dose of 0.15 mmol/kg of body weight using an automated
injection pump (Spectris Solaris; Medrad Inc., Indianola,
PA, USA). The dose of the contrast agent was divided to
allow integration of this protocol into existing perfusion
protocols. After the first injection (0.05 mmol/kg, rate 5
ml/s, 10-ml saline flush), there was a 60-s delay (as re-
quired for first-pass perfusion imaging) before the second
injection (0.1 mmol/kg) was administered. MOLLI was
performed consecutively at all three short-axis levels at 2,
4, 6, 8, 10, 15, and 20 min after the second injection.

In order to optimize the choice of TI for DE imaging, the
TI that achieved the best nulling of the myocardium was
determined from four test images with increasing TIs
(240-300 ms in steps of 20 ms) between MOLLI acquisi-
tions at 10 and 15 min. Using this TI, breath-hold DE
imaging was subsequently performed at the same three
short-axis levels using the same image geometry as for the
MOLLI sequences (inversion recovery-prepared gradient-
echo, TR = 4.7 ms, TE = 2.0 ms, flip angle = 15°, FOV =
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380 X 342 mm, matrix =
8 mm).

240 X 151, slice thickness =

Reconstruction of T; Maps

T, maps were constructed offline using a customized soft-
ware program written in Interactive Data Language (IDL;
RSI International, Boulder, CO, USA). The position of the
source images was initially manually adjusted to correct
for potential misregistration caused by translational dis-
placement in case of poor breath-holding. A three-param-
eter curve fit of the MOLLI source images was then per-
formed, with automatic calculation of T, values for each
pixel. A T; parametric map was subsequently generated
and saved as a DICOM image for further analysis (5).

Image Analysis

All analysis of DE images and T; maps was performed with
a commercial software package for the evaluation of CMR
data (Mass 5.0; Medis, Leiden, The Netherlands). The eval-
uation was performed in three steps as described below:

DE Analysis

In every patient the short-axis level (basal, mid-cavity, or
apical) with the largest extension of hyperenhancement on
DE images was selected for all infarct analysis. The epi-
and endocardial contours of the left ventricle were drawn
on DE images at the selected short-axis level, and the
myocardial surface area was noted. The circumference of
the myocardium was divided into six segments. A region
of interest (ROI) was placed in the myocardial segment
directly opposite to the area of hyperenhancement (“re-
mote area”). Using the mean and SD values of the signal
intensities (SIs) within this ROI, the image was then
viewed in black/white contrast using a 2-SD SI threshold
as established in experimental validation studies of DE
imaging (8,9):

thrBShOIdDE = mean_SIremotefarea + 2 X (SD_SIremoteiarea)

The resulting bright area within the left ventricular myo-
cardium was outlined with a ROI (“hyperenhanced area”).
The planimetric size of the hyperenhanced area was noted
and expressed as a percentage of the myocardial surface
area. If subendocardial dark areas of =4 contiguous pixels
were present in the center of the hyperenhanced area, they
were outlined by another ROI (“hypoenhanced core”).

Analysis of T, in Different Areas of the Myocardium

The ROIs from the DE analysis were copied onto the full
set of T; maps (1 X precontrast, 7 X postcontrast) at the
selected short-axis level and manually corrected for any
evident misregistration. T, values were noted for remote
area, hyperenhanced area, and hypoenhanced core (if
present) for all time points. In a previous study, the heart-
rate (HR) dependency of MOLLI T, measurements was
observed in T, values > 600 ms as present in myocardium
pre- but not postcontrast. Therefore, precontrast T, values
were corrected for HR using
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T1c0rrected = Tlraw - (27 X (HR - 70)]
as empirically derived from a previous study of healthy
volunteers (6).

T, Thresholds: Infarct Sizing

At the start of this analysis, all drawn ROIs were removed
from the T, maps, with only the endo- and epicardial left
ventricular contours remaining. Precontrast T; maps were
viewed in black/white contrast with a threshold set at the
mean + 3 SD of the normal myocardial T, values previ-
ously established in healthy volunteers (2-SD thresholds
were also tested, but yielded inferior diagnostic accuracy;
data not shown). In order to adjust for the precontrast HR
dependency cited above, the precontrast threshold value
was corrected for HR for a given patient using the follow-
ing equation (6):

threshold,,y meps = threshold,,ma + (2.7 X (HR — 70))

Bright areas were then outlined with an ROI (“infarct-
area/precontrast”). The planimetric size of these ROIs was
noted and expressed as a percentage of the myocardial
surface area. In postcontrast T; maps, black/white contrast
was created by setting thresholds of mean—3 SD using the
normal values for the given time points. Since HR correc-
tion in MOLLI T, maps is only required for T; values >
800 ms (as present in precontrast myocardium), no further
adjustments were necessary for the postcontrast T; maps.
The planimetric size of ROIs defining black areas of the
myocardium (“infarct-area/postcontrast”) was noted (sub-
endocardial white areas corresponding to hypoenhanced
cores on DE images were included in the ROIs).

T, Thresholds: Segmental Infarct Detection

Myocardial defects were noted for DE images (areas of
hyperenhancement), precontrast 3-SD threshold T; maps
(bright areas), and postcontrast 3-SD threshold T; maps
(black areas). Myocardial segments were considered as
“positive” (affected by the infarction) if there was a defect
of =4 contiguous pixels linked to the endocardial border
within the segment.

Statistical Analysis

Paired Student’s t-tests were used to compare continuous
data within patients. Subgroup analysis was performed
using independent-sample t-tests. Bland-Altman analysis
was performed to assess agreement of infarct size measure-
ments. All statistical analysis was performed using a sta-
tistical software package (Analyze-it 2002; Analyze-it Soft-
ware Ltd., Leeds, UK). All values are given as the mean =
SD. A P-value < 0.05 was deemed significant.

RESULTS
Patient Population
Infarct localization on ECG was anterior in 11 cases, infe-

rior in 12, and posterolateral in one. Fourteen patients
(58.3%) received primary thrombolysis therapy, and 11
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FIG. 1. Mean myocardial Ty relaxation times of acute and chronic
studies in hyperenhanced (HE) areas (N = 24), remote areas (N =
24), and hypoenhanced cores (acute only, N = 14), pre- (minute 0)
and postadministration of Gd-DTPA (0.15 mmol/kg). Error bars rep-
resent the standard deviation (SD).

(45.8%) underwent percutaneous coronary intervention of
the culprit lesion before (N = 3) or after (N = 8) the first
CMR scan. Peak creatine kinase was 2177 *= 1669 IU/1
(range = 348-6200 IU/1).

DE Analysis

The short-axis slice selected for evaluation was mid-cavity
in 19 cases and basal in five. The planimetric size of the
infarcted area (expressed as a percentage of the left ven-
tricular myocardium of the same slice) on DE images was
larger in the acute than in the chronic stage (33.0 = 15.9 vs.
30.4 = 13.9%, P < 0.05). Significant hypoenhanced cores
were present in 14 patients (58.3%) in the acute stage, but
there were none in the chronic stage. Patients who pre-
sented with hypoenhanced cores had higher peak creatine
kinase levels than those who did not (2780 *= 1847 vs.
1333 = 910 U/, P < 0.033).

Analysis of T; in Different Areas of the Myocardium

A total of 192 maps (eight per patient) were analyzed. Six
T, maps (3.1%) were discarded due to ECG trigger artifacts
during image acquisition, leaving 186 available for evalu-
ation.

Figure 1 illustrates the course of T, relaxation times in
remote areas, hyperenhanced areas, and hypoenhanced
cores. In chronic MI the precontrast T; relaxation time of
hyperenhanced areas was higher than the T; of remote
areas (1060 = 61 vs. 987 * 34 ms, P < 0.0001). In acute MI
the precontrast T, value of hyperenhanced areas was even
higher than in chronic MI (1197 *= 76 vs. 1060 = 61 ms,
P < 0.0001), while remote T; values were not significantly
different from chronic remote areas (1011 * 66 vs. 987 *+
34 ms, P = 0.13).

The administration of contrast agent led to shorter T,
times in hyperenhanced areas as compared to remote areas
at all time points in both acute and chronic studies (2—
20 min, P < 0.007). At follow-up, postcontrast T; values of
hyperenhanced areas were lower compared to the acute
studies (all P < 0.0015). However, contrast-induced T,
shortening in hyperenhanced areas, as expressed by the
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FIG. 2. Mean contrast-induced T; shortening in HE areas, remote
areas, and hypoenhanced cores as expressed by the difference
between baseline and postcontrast Ty at different time points.

difference between baseline and postcontrast T;s, was sig-
nificantly more pronounced in the acute than in the
chronic studies at all time points (P < 0.011; Fig. 2).

Precontrast, the T; values of hypoenhanced cores
showed a trend toward higher values compared to those of
remote areas (1069 = 85 vs. 1022 = 77 ms, P = 0.085), but
were lower than those of surrounding hyperenhanced in-
farct areas (1069 = 85 vs. 1175 = 86 ms, P < 0.0006). At
2 min postcontrast the T, values of hyperenhanced and
remote areas had already dropped to their minimum val-
ues (23.4% and 30.6% from precontrast, respectively) and
then subsequently started to recover. The T, values in
hypoenhanced cores only dropped to 48.6% at 2 min, and
continued to fall over the course of 20 min to 41.0% of
their precontrast T, value.

T, Threshold Analysis

Table 1 gives the threshold values (derived from a previ-
ous volunteer study (6)) that were used for analysis. Figure
3 shows a set of DE images and T, maps from acute and
chronic studies of a 41-year-old patient with anteroseptal
MI using full grayscale and threshold viewing.

Figure 4 shows the sensitivities and specificities of
3-SD threshold T, maps for identifying segments af-
fected by MI as compared to DE imaging as the reference
standard. Of a total of 144 myocardial segments, 52 and
59 were rated “positive” on acute and chronic DE im-
ages, respectively. In the acute studies, sensitivities and
specificities were high both pre- and postcontrast. In the

Table 1
Normal Myocardial Ty Relaxation Times and Threshold Values

Time point Mean = SD (ms) 3-SD threshold (ms)
Precontrast 982 + 46 1120
2 min p.c. 344 + 35 239
4 min p.c. 402 = 32 306
6 min p.c. 436 * 31 343
8 min p.c. 455 + 29 368
10 min p.c. 470 = 26 392
15 min p.c. 494 + 23 425
20 min p.c. 510 £ 23 441

SD = standard deviation, p.c. = postcontrast.
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FIG. 3. Midcavity short-axis DE images and T; maps acquired 5
days (“acute”) and 280 days (“chronic”) after anteroseptal ST-ele-
vation Ml in a 41-year-old male. Images are shown with both full
grayscale (“full”) and black/white contrast (“threshold”) using
thresholds of 2 SDs above the remote Sl (DE) or 3 SDs beyond the
standardized normal Ty relaxation time (T4 maps). The patient re-
ceived primary thrombolytic therapy but showed no immediate res-
olution of ST segments on ECG (peak creatine kinase = 4891 U/I).
In the acute stage, there is a large hypoenhanced core (as a sign of
no-reflow) that is black on the DE image and white on the T; maps
during the first minutes after the administration of contrast agent.

chronic studies, sensitivities and specificities were lim-
ited precontrast but were very high for postcontrast T,
maps.

In the acute stage, T, thresholds identified the infarct
area as localized by DE imaging in all cases precontrast
and in all T; maps after contrast agent, but for only four
cases at 2 min. In the chronic stage the infarct areas were
always delineated, except for five cases (20.8%) precon-
trast and one case (4.2%) at 2 min postcontrast.

Figure 5 shows the mean differences between the per-
centages of infarcted myocardium as assessed by T relax-
ation time threshold analysis and DE analysis. The Bland-
Altman analysis of the 20-min data is given in Fig. 6,
illustrating the agreement between DE and T, threshold
results in more detail.
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DISCUSSION

This study confirms the hypothesis that threshold T; re-
laxation time values derived from normal myocardium can
be used to differentiate infarcted from noninfarcted myo-
cardium in an observer-independent fashion.

We tested whether T, thresholds could be used to di-
chotomously identify areas of MI. With the T-threshold
approach, infarcted segments could be identified with very
high sensitivity and specificity. Interestingly, precontrast
3-SD threshold T; mapping detected segmental defects
caused by acute MI with 96% sensitivity and 91% speci-
ficity, respectively. Postcontrast, the sensitivities and
specificities for detecting infarcted segments were higher
in chronic than in acute studies. These findings are ex-
plained by the results from our analysis of T; relaxation
times in the different areas of the myocardium pre- and
postcontrast, which in this study were investigated for the
first time serially in the same cohort of patients in the
acute and chronic stages of MI. We found that the precon-
trast T; relaxation time was higher in infarcted than in
remote areas, with highest values in the acute stage. This is
in good agreement with a serial animal study performed on
a low-field MR system, in which T; relaxation times of
infarcted (reperfused and non-reperfused) myocardium af-
ter 3 weeks were still higher than those of remote areas, but
lower compared to infarcted areas at 5 days (10). As for
nonquantitative T,-weighted techniques, the underlying
mechanism of precontrast signal changes in acute infarcts
is likely to be myocardial edema, which causes prolonga-
tion of both T, and T, times (11,12). Post administration of
contrast medium, T; relaxation time of infarcted myocar-
dium was shorter at the chronic stage than at the acute
stage. This explains why in clinical CMR, DE imaging in
chronic infarcts tends to result in brighter hyperenhance-
ment than in acute infarcts. However, contrast-induced T,
shortening, as expressed by the difference between pre-
and postcontrast T;s, was more pronounced in acutely
infarcted areas, where the baseline T; was much higher.
This is in agreement with animal studies that showed that
the increase in the volume of distribution for extracellular
contrast agents caused by the loss of cell membrane integ-
rity in acute necrosis is higher than that caused by the
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expansion of extracellular space in chronic scarification
(13-15).

The T,-threshold approach was also used to measure the
fraction of infarcted myocardium within the imaging
plane. Infarct size was overestimated beyond 4 min post-
contrast by a mean of <7% in acute and <5% in chronic
stages, respectively (Fig. 5). From a technical point of
view, possible explanations for overestimation of infarct
size are an insufficient contrast-to-noise ratio (CNR) of the
source images, and partial-volume effects due to misregis-
tration during the “curve-fitting” process. Future develop-
ments should therefore focus on further enhancing spatial
resolution (e.g., by the use of shorter TRs), and on auto-
mated image registration, which could make use of statis-
tical methods to optimize the quality of the T fitting
curves. However, technical considerations alone do not
explain why variation in the postcontrast infarct size mea-
surements (as illustrated by the Bland-Altman bias plots,
Fig. 6) was more pronounced in acute than in chronic
studies. This additional variation may be caused by the
more heterogeneous nature of the border of acute myocar-
dial necrosis as compared to that of chronic myocardial
scarring, where a zone of “intermediate” enhancement was
recently observed in DE imaging (16). These intermediate
signal changes may not always reach threshold levels for
both methods. The use of a recently proposed semiauto-
matic software technique based on region-growing algo-
rithms might have reduced variations in the DE results, but
this technology was not available for our study (17).

The MOLLI technique used in this study provides sin-
gle-breath-hold T; mapping with high-precision, pixel-by-
pixel measurements of T, relaxation times (5,6). The spa-
tial resolution of our T; maps was sufficient to determine
T, relaxation times in hypoenhanced cores, which have
been shown to have a high prognostic value (18) and have
been used as a target parameter for therapeutic interven-
tions (19). Our results show that the wash-in of contrast
medium in these areas is extremely prolonged, with T;
relaxation times continuing to decrease at 20 min post
administration of contrast. This finding supports the hy-
pothesis that hypoenhanced cores represent areas of mi-
crovascular obstruction in which perfusion is abolished
whether or not macrovascular blood flow is reestablished.
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FIG. 5. Difference of percentage infarct size between Ti-threshold
analysis at different time points and DE analysis, in acute and
chronic stages. Error bars represent the SD; 0 min = preadminis-
tration of Gd-DTPA.
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Clinical Implications

Our results show that T thresholds can be used to identify
the area of infarction in T; maps of patients with MI,
without the need to adjust the TI during the scanning.
While DE imaging is a simple and well-established tech-
nique, and therefore the tool of choice for visualizing MI at
present, the access to quantitative and more detailed in-
formation on myocardial signal behavior provided by T;
mapping may add valuable insights, e.g., into the acute-
ness of MI. Future technical advances may help overcome
overestimation of infarct size and make this technique
suitable for semiautomatic measurements of infarct size in
a clinical setting. Follow-up studies assessing the recovery
of left ventricular function post revascularization will be
necessary to determine the sensitivity and specificity of
this technique for detecting myocardial viability.

Quantitative T; measurements were recently used to
characterize T, changes in patients with cardiac amyloid-
osis (20). The ability to differentiate “normal” from “ab-
normal” myocardial SIs also suggests an important diag-
nostic potential for threshold-based T, analysis in patients
with other myocardial diseases, such as viral myocarditis.
Since inflammatory processes frequently are diffuse rather
than discrete processes, conventional techniques, which
rely on the comparison of “remote” areas with “affected”
areas, may not be favorable to assess these global effects
adequately. Therefore, threshold-based T; mapping could
be a suitable tool to directly identify inflamed myocardium
without the need for comparison with nonaffected areas of
the myocardium (21) or skeletal muscle (22).

Limitations

Not all of our patients underwent X-ray coronary angiog-
raphy, and while 14 (58%) received primary thrombolytic
therapy, only five (21%) showed clinical signs of reperfu-
sion (e.g., pain relief or resolution of ST segments on ECG).
Therefore, it was not possible to compare findings between
patients with reperfused vs. non-reperfused MI. The dose
of the contrast agent used in this study was 0.15 mmol/kg
body weight. Previous animal studies comparing DE and
histologic infarct size were performed with doses as high
as 0.3 mmol/kg (8); however, doses of 0.1-0.15 mmol/kg
are recommended for clinical MRI (2). The T, relaxation
time thresholds used were specifically derived for the
contrast regimen of this study. Therefore, our results do
not allow any conclusion to be drawn regarding the poten-
tial of T, thresholds with other doses of contrast medium.

CONCLUSIONS

Precontrast, high-resolution myocardial T; maps enable
the detection of acute MI. Acute and chronic MI show
different patterns of T, changes that influence DE imaging.
Standardized T; relaxation time thresholds might be used
to dichotomously identify areas of infarction, and provide
a potential tool for the measurement of infarct size.
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