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Abstract
T1ρ relaxation times were quantified in a swine model of chronic, left ventricular myocardial
infarction. It was found that there were low frequency relaxation mechanisms that suppress
endogenous contrast at low spin lock amplitudes and in T2-weighted images. A moderate
amplitude spin locking pulse could overcome these relaxation mechanisms. Relaxation dispersion
data was measured over a range of RF field amplitudes and a model was formulated to include
dipole-dipole relaxation modulated by molecular rotation and an apparent exchange mechanism.
These techniques may find some use in the clinic for the observation of chronic, left ventricular
cardiac remodeling.

Introduction
Immediately following myocardial infarction, structural and biochemical changes occur to
the heart muscle. Alterations in the size, thickness and geometry of the left ventricle affect
patient prognosis through the augmentation of wall stress, impaired systolic contractile
function and increased probability of aneurism formation. Chronically, infarct expansion,
progressive thinning and deposition of non-contractile fibrotic tissue results in a decreased
volume of myocytes together with compensatory dilatation of the noninfarcted remote and
border zone segments. Ultimately, cardiac output cannot be sustained under the
circumstances of such progressive heart enlargement, resulting in heart failure.

These complex structural and functional changes have a significant influence on the local
magnetic environment of the water molecule. In addition, these changes may occur in a
time-varying fashion from the moment of initial ischemic insult and throughout the period of
dilatation and left ventricular remodeling. Acutely, edematous tissue has been observed to
prolong water 1H relaxation times, but the mechanism for 1H relaxation time enhancement
is still not well understood. This mechanism might be attributed to a relative increase in the
1H rotational correlation time in the infarcted segment and its modulation through the
dipole-dipole interaction, but also the contributions from other possible relaxation
mechanisms are not known. Even less well understood, but, however, increasingly more
important in the study of left ventricular remodeling, are changes in 1H relaxation times
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during chronic ischemia, during which myofibroblasts first deposit and then maintain a
network of collagen in the fibrotic infarct region.

T2 relaxation and T2-weighted imaging has been studied in several different fields of heart
disease including acute, edematous infarction and chronic infarction (1–5). It was shown
that T2 might discriminate early and late infarction on the basis of relaxation time
differences and that there were perhaps only small differences which made chronic infarct
and remote myocardium indistinguishable (6). In these previous studies, T2 relaxation in
cardiac muscle was thought to be caused by changes in the 1H rotational correlation time
caused by tissue alteration and edema. There may be, however, other strong contributions to
T2 relaxation other than simply changes in the rotational correlation time and may include
chemical exchange effects, diffusion through magnetic field gradients, among other
mechanisms. These other contributions obscure endogenous contrast between scar, border
zone, and healthy tissue, but may be overcome through the use of a moderate spin locking
pulse used in a T1rho imaging experiment (7); that is, the spin locking pulse will prevent
some relaxation mechanisms from having effect at low frequencies and prolong relaxation
times (8,9).

To quantify the origins of molecular spin-spin relaxation in cardiac muscle, we performed a
series of T2 and rotating frame, spin-lattice (T1ρ) measurements. Unlike other previous
experiments that sought to quantify T2 alone, multiple T1ρ measurements of varying RF
field strength provide access to the entire range of low frequency molecular relaxation
dispersion. If, indeed, there are additional low frequency relaxation mechanisms between
remote, border zone and infarcted myocardium, T1ρ may serve as a potent source of
endogenous contrast. For this purpose, we proposed to determine T2 and T1ρ relaxation rate
differences in a swine model of chronic myocardial infarction. We measured relaxation
times both in vivo and ex vivo in an isolated segment of cardiac tissue from the same animal
and compared these results with standard cardiac histology.

Methods
Animal Model and Care

5 pigs (Yorkshire swine) weighing between 20–25 kg were used in this study. The animal
was sedated with IM ketamine (25mg/kg). An endotracheal tube was placed and they were
prepped for surgery, which was previously described in an ovine model (10–12). Anesthesia
was induced with isoflurane (1–2%). The animal was under complete cardiovascular
monitoring. A left thoracotomy was done and the pericardial sac was opened. The left
circumflex artery and mid posterior descending artery were ligated to create a 20–25% area
of infarction. During MRI the approximate location of the infarct was identified and could
be unconditionally confirmed at sacrifice and dissection. After an appropriate period of
observation, the chest was closed in layers. The animal was weaned from anesthesia and
recovered. After 8 weeks, the animal was returned to the operating room for a terminal
study. Arterial and venous access were obtained. A pressure transducer (Millar Instruments,
Houston TX) was guided into the left ventricle for cardiac gating. The animal was
transported to a MRI scanner and underwent cardiac imaging. At the conclusion of the study
animals were euthanized and their hearts excised for further analysis. All animals were
treated under experimental protocols approved by the University of Pennsylvania’s
Institutional Animal Care and Use Committee (IACUC) and in compliance with National
Institutes of Health Publication No. 85-23, revised 1996.
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In Vivo MRI
Due to arrhythmias secondary to chronic heart failure, only 3 animals survived to the 8-week
time point for in vivo MRI. Animals were transported to a 3 T clinical imaging system (Tim
Trio Model, Siemens Medical Solutions, Erlangen, Germany) equipped with 40 mT/m
nominal gradients, 6 channel spine array receive coil and birdcage body coil. A gradient
echo localizer was used to obtain short axis cardiac views. A T1ρ-prepared, centrically
segmented, multiecho, gradient echo sequence with Cartesian readout was used to acquire
T1ρ-weighted images during systole (13). The parameters used for acquisition were as
follows: bandwidth/pixel = 400 Hz, TR = 3500 ms, TE = 3.3 ms, slice thickness = 8 mm,
resolution = 2.34 or 1.56 mm2, matrix = 128 × 128 or 192 × 192, FOV = 300 mm2, flip
angle = 12 degrees, 12 shots, TSL = 12–48 ms in 5 ms increments, scan time = 4.9 minutes,
ν1 = 750 Hz, Tdelay ≈ 190 ms. The spin lock pulse cluster consists of 4 nonselective RF
pulses (Figure 1) and was delivered approximately 190 ms after the QRS complex, although
this was adjusted to the heart rate of the animal. The first and final pulses are to excite the
magnetization into the transverse plane and store it longitudinally for readout. The two spin
locking pulses are reversed in phase to correct for heterogeneity in the transmit B1 field by
means of a Solomon rotary echo (14,15). The spin lock amplitude was chosen on the basis
of the maximum tolerance of the body coil for a 48 ms spin lock pulse. A delay of several
seconds was allowed for the restoration of longitudinal magnetization, however, this was
also adjusted to the heart rate.

Ex Vivo MRI
For each of the 5 animals, the left ventricle was separated from the heart and a section of
tissue with approximate dimensions 80 (circumferential) × 20 (radial) × 10 (longitudinal)
mm3 was cut. The tissue was suspended in a custom-built, tissue imaging device containing
saline. Imaging was performed on a 7 T system (Siemens) equipped with 40 mT/m gradients
and a custom-built, solenoid coil of 2 cm diameter and interfaced to the scanner with a
transmit/receive switch (Stark Contrast, Erlangen, Germany). A T1ρ-prepared fast spin echo
sequence was used with the following imaging parameters: bandwidth/pixel = 130 Hz, TR =
3000 ms, TEeffective = 15 ms, slice thickness = 1 mm, resolution = 0.23 mm2, matrix= 256 ×
256, FOV = 60 mm2, echo train length (ETL) = 7, TSL = 10–60 ms in 5 ms increments, scan
time = 20 minutes. The spin lock field amplitude was incremented each acquisition (ν1 =
500, 1000, 1500, 2000, 2500 Hz). An additional T2-prepared(90x-180y-90−x)fast spin echo
was performed with the same imaging parameters as the T1ρ experiment and the measured
relaxation times were reported as ν1 = 0.

Data Analysis
T1ρ relaxation maps were generated by pixelwise, linear, least squares fit. Prior to fitting,
each T1ρ-weighted image was smoothed using a Gaussian filter. Each image was noise
filtered on the basis of goodness of fit (χ2 ≥ 0.1), maximum and minimum signal intensity,
and the appropriateness of T1ρ relaxation times for the cardiac tissues (0 ≤ T1ρ ≤ 250). In
vivo images were overlaid on T1ρ-weighted images (TSL = 48) and the left ventricle was
segmented. Circular regions-of-interest were drawn in the scar and remote myocardium and
in the borderzone, which was chosen as a region lying towards the middle of each. The
infarct region on the posterior free wall was confirmed at sacrifice and digital photographs
of the infarct region were obtained prior to imaging at 7T.

Biochemistry
Tissue sections were fixed in 10% neutral buffered formalin. Five micron sections were
obtained for each paraffin embedded block and stained using Masson Trichrome staining.
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Collagen stained blue, while muscle, cytoplasm, and keratin stained red. Entire tissue
sections were then digitalized using an Aperio scanning microscope (Aperio, Vista, CA).

Statistical Analysis
All statistical analysis was performed in SPSS 16 (SPSS, Inc. IBM; Chicago, IL). 1-Way
ANOVA was used to measure relaxation time differences between infarct and remote
compartments for each spin lock amplitude ex vivo and at 750 Hz in vivo. Bonferroni
multiple comparisons was used for borderzone and remote compartments, for which
differences among relaxation times were small. Dispersion curves were modeled in Matlab
(2009b, The MathWorks, Natick, MA) using the nonlinear capabilities (nlinfit).

Results
In this study, a typical set of T1ρ data consisted of a set of T1ρ-weighted images of
increasingly greater T1ρ-weighting (Figure 2). The nature of the 1H relaxation times is that,
for short TSL times (TSL = 12ms), the image is largely 1H density weighted, with relatively
small differences in contrast between tissues. With progressively longer TSL times, the
healthy myocardium, which has the shortest relaxation times, relaxes quickly under the
influence of the spin locking pulse and appears dark (TSL = 48 ms). Other tissues, such as
the infarct region and blood, appear bright on these images because of their longer relaxation
times. From a set of these T1ρ-weighted images, a T1ρ map was generated and so the spatial
variation of relaxation times is depicted as a colormap. Mean T1ρ varied spatially between
the infarct region (T1ρ = 93.3 ± 12.1 ms), borderzone (T1ρ = 59.6 ± 13.0 ms), and remote
myocardium (T1ρ = 49.9 ± 6.1 ms (p< 0.01). Blood in the left ventricular compartment,
which was also visualized in the T1ρ-weighted images, had longer relaxation times (T1ρ =
147.7 ± 21.0), although the effect of RF saturation would tend to make these values
relatively shorter than tissue.

Ex vivo imaging was performed to verify that the infarct region corresponded with the
infarct scar as it appears by biochemical staining of collagen and cells. There was a near
correspondence between the infarct region and prolonged 1H relaxation times (Figure 3). A
single, high resolution T1ρ-weighted image can be used to distinguish the collagenous scar
from the neighboring myocardial tissue (Figure 3A). The scar is still moderately unrelaxed
and appears bright compared to the remote region. A similar T1ρ relaxation map (ν1 = 2500
Hz) can be used to quantify the 1H relaxation times spatially throughout the scar (T1ρ = 189
± 26.2) and remote myocardium (T1ρ = 60 ± 2.8) (Figure 3B). The regional transmurality of
the infarct can be visualized as well. In this set of images the scar extends only partially
through thickness of the myocardial wall. Several features of the T1ρ images (Figures 3A
and 3B) have similar appearance to the trichrome stain (Figure 3C) of an adjacent section of
tissue, including wall thickness, the appearance of scar at the site of wall thickness
narrowing and regional nontransmurality. The location in the left ventricle from which the
tissue was segmented is shown in Figure 3D.

Ex vivo 1H relaxation times varied with both the applied spin lock amplitude (ν1 = 0, 500,
1000, 1500, 2000, 2500; p < 0.05) and between infarct, borderzone and remote myocardium
(p < 0.05) (Figure 4). Moreover, the difference in T1ρ between infarct, borderzone and
remote myocardium increased upon increasing the amplitude of the spin lock field (p<0.05,
Table 1). The increase in relaxation time differences meant that for the same spin lock
duration, it was possible to improve the contrast between each of the three regions (Figure
5). A section of tissue containing scar had relaxation times nearly 100 ms longer than in a
region of healthy myocytes, at the highest spin lock amplitude (ν1 = 2500 Hz). The relative
increase in relaxation time per unit of applied RF, however, was less for higher spin lock
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amplitudes, suggesting that low frequency dispersion may have approached an asymptotic
value by 2500 Hz.

To explore possible mechanisms for T1ρ relaxation, the apparent exchange correlation time
was quantified using the single Lorentzian model derived in Appendix A (Table 2).
Although this model is somewhat simpler than those previously used, it was appropriate for
the small number of RF field strengths for which relaxation times were measured. The
relaxation rate was expressed as a sum over contributions from individual relaxation
mechanisms and the fitted model is shown in Figure 6. The apparent exchange rate increased
in the remote and borderzone regions compared to the infarct region. A decrease in the
apparent exchange rate shifts the R1ρ dispersion to the left and this could be used as a
source of contrast. The differences in tissue relaxation on account of dipole-dipole
relaxation, however, are the primary mechanism for contrast differences between the tissues
at RF field amplitudes above 400 Hz.

Discussion
It was found that there exist relaxation mechanisms that operate below approximately 500
Hz, which suppress endogenous contrast between myocardial tissues, healthy myocytes and
mature scar, 8 weeks following a myocardial infarction. By delivering a spin locking pulse
of sufficient power, it is possible to overcome these relaxation mechanisms and reveal much
greater differences in relaxation times than could be achieved with a similar T2 experiment.
Between 0 and 2.5 kHz, relaxation was interpreted using a two-site exchange model, which
assumed that there were two such contributions to the overall relaxation rate: (1) the dipole-
dipole interaction modulated by rotational motion of the 1H nuclei and (2) nuclear exchange
between two sites with different chemical shifts in a manner consistent with previous models
of T1ρ relaxation in biological tissues (16–23).

In complex biological tissues this model can be considered only a very rough approximation
of true events, which consist of numerous exchangeable sites on a multitude of different
proteins and molecules, and the existence of magnetic field gradients through which nuclei
are constantly diffusing. For these reasons, it is not clear over this range of frequencies
whether such a model can distinguish between real differences in the apparent exchange rate
measured in Table 2. Nevertheless, the asymptotic value of the relaxation rate over this
range, which represents the contribution from dipole-dipole relaxation modulated by
rotational motion, is clearly different. This suggests, at the very least, that water 1H nuclei in
myocardial scar tissue are more mobile than those in healthy myocytes, dependent or not on
the relative water content in each tissue type. These findings may quite generally apply to
any collagenous scar tissue.

T1ρ was quantified here in the case of chronic myocardial infarction, however, it has also
been used to quantify differences in contrast and signal-to-noise ratio in several patients
following acute myocardial infarction (24,25). It should be understood that both the nature
of the disease and the focus of the experiment were different in these previous cases. In the
acute case, it was suggested that following myocardial apoptosis and cell death, there is a
leakage of protein material from the sarcolemma into the surrounding extracellular space,
minimizing the effect of proteins on water molecules. Whether the relaxation time
enhancement in the case of edema was because of the increase in the 1H water rotational
correlation time, a chemical exchange mechanism, or some combination thereof, is unclear.
For example, the contribution from magnetization transfer of the type between a free water
pool and a separate pool in close proximity to macromolecules is modeled only indirectly
through the apparent exchange rate in the present study. Still, many more questions remain

Witschey et al. Page 5

Magn Reson Med. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



concerning the molecular mechanisms for T1ρ relaxation during acute myocardial
infarction.

It is worth discussing in some detail the design of T1ρ pulse sequences used for imaging the
heart. There are some differences between the previously used pulse sequence (24–26) and
that which was used in the present context. The spin lock amplitude used in those
experiment was considerably weaker (v1 = 123 Hz for an 8 ms, 360 degree pulse) than in
the present experiments, such that the relaxation time differences between T2 and T1ρ in
edemic tissues and healthy tissues may have been much different if measured using the in
vivo field strength measured here (v1 = 750 Hz). However, the effect on the contrast cannot
be so easily determined, because a hybrid T1ρ cine sequence would excite, lock and store
the magnetization repeatedly over the course of a single heart beat. If longitudinal relaxation
were not allowed to occur, for instance, by acquiring data every heart beat, the sequence
would build up a steady-state that was a complicated function of the cine segment size, the
duration and amplitude of the spin lock field and the heart rate itself.

In the present experiment, no cine imaging was performed so that a single T1ρ map could be
obtained during systole and that the corresponding equation for relaxation could be
described with a single exponential model. This has some disadvantages in that the motion
of the heart must be obtained using a separate cine acquisition, fortunately however, usually
short. The motion of the heart, particularly the thickening of the myocardial wall, may have
some effect on transverse relaxation times by reducing the rotational correlation time. For
this reason, a spin lock experiment may be able to distinguish diastolic from systolic water
relaxation times and provide a surrogate measure of regional myocardial contractility.

The spin lock amplitudes typically used for ex vivo imaging were not possible to achieve in
vivo. The strength of the spin lock field is limited both by the capabilities of the hardware
and the specific absorption rate of radiation (SAR) delivered to tissues. At 3T, the field
strength of a 48 ms pulse was limited by the capabilities of the body coil, and likely, field
strengths on the order of 400 Hz are more appropriate for conditions in which the load on
the body coil changes, such as during patient scanning. Under variable conditions, the power
required to lock the spins can vary from person to person. For ideal conditions, it is suitable
to use an even longer duration locking pulse, so that the transverse magnetization in the
remote myocardium is more fully relaxed with respect to the infarct, thereby improving
contrast. When the duration of the locking pulse becomes much longer than the durations
used here, for example, on the order of 100 ms, it is necessary to divide the locking pulse up
into individual pulses of shorter duration and perhaps also reduce the RF amplitude. The
consequence is that there must always be some balance between the length of the interpulse
delay and the lock durations and amplitudes used.

The results from such a small number of animals (3) scanned in vivo should be interpreted
with some care, especially compounded with possible sources of error including changes in
myocardial wall thickness and stress, B1 and B0 heterogeneity, as well as partial volume
effects. However, because of these promising preliminary results, we have undertaken a plan
for future studies that will encompass many animals followed over a period from baseline
and initial onset of infarction to chronic infarction. The results of this future study will
enable robust assessment of group characteristics of edema and the formation of scar and
their influence onMR properties of 1H nuclei. Nevertheless, unlike scans of patients with
ischemic cardiomyopathies, the target area for infarction in these swine was well-defined
during surgery, having been restricted to the left circumflex artery and mid posterior
descending artery to create an infarction approximately 20–25% the size of the left
ventricular and constrained to the outer free wall apposed the lung. During MRI the
approximate location of the infarct was identified and could be unconditionally confirmed at
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sacrifice and dissection. Ex vivo, samples of cardiac tissue from six different animals were
visually confirmed to contain infarcted, borderzone and healthy myocardium. Consequently,
the location of the infarct was unambiguous and validates the results of measured relaxation
times.

From these experiments, it’s clear that by increasing the spin lock amplitude, one can
maximize the relaxation time differences between infarct, border zone, and remote
myocardium, however, one also can overcome the significant B0 homogeneity in the
cardiothoracic cavity. The air-filled lung together with cardiac and respiratory motion can
have a considerable, deleterious effect on B0 field homogeneity in the chest. This problem
was compounded in the present situation through the use of a left ventricular pressure
transducer used for cardiac gating. Oftentimes, the pressure transducer would coil in the left
ventricle, even when care was taken to avoid such an event from occurring. At low spin lock
amplitudes, nutation about a tilted effective field can result in image artifacts. In further
experiments, we plan to make use of an integrated spin echo and spin lock approach to
somewhat compensate for both B1 andB0 fields (27)although a pulse sequence had not yet
been prepared for these experiments. Problems related to B1 homogeneity were reduced
through the Solomon rotary echo, although variations in the RF field in the cardiothoracic
cavity often occur at 3 T.

The biochemistry of the tissue has a strong effect on the 1H relaxation times, but these
changes are obscured by the poor scanning resolution in vivo through partial volume effects.
While the scar tissue consists predominantly of collagen and extracellular martrix
components, the neighboring borderzone consists of myocytes and extracellular matrix
material, but also bundles of collagen fibers that anchor the scar to the surrounding healthy
muscle. Consequently, a voxel in the borderzone region consists of a partial volume of
bundles of collagen fibers and myocytes. If 1H proximal to collagen bundles has similar
relaxation times to scar tissue, then there would be a tendency for relaxation times in the
borderzone to be average of 1H relaxation times in the scar and healthy myocytes.

Conclusion
In this T1ρ dispersion study of chronic myocardial infarction in swine, it was discovered that
there are mechanisms for spin-spin relaxation that operate at low frequency below 1 kHz.
These relaxation mechanisms obscure endogenous contrast between healthy myocytes and
collagenous scar in cardiac tissue. By applying a moderate amplitude spin locking pulse, it is
possible to overcome these mechanisms of relaxation and enhance relaxation time
differences in these tissues. The study of relaxation mechanisms in the heart is not well
understood, but the advantages of spin locking may have some important applications in the
clinic.
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Appendix

Model for T1ρ Dispersion
The dispersion of the spin lattice (T1) relaxation time with B0 field strength may be used to
examine molecular dynamics, however, in several cases, rotating frame, spin lattice (T1ρ)
has been used as an alternative method in vivo. T1ρ is particularly useful when the range for
which relaxation dispersion occurs is at very low frequency (Hz-KHz), because a similar T1
experiment would significantly reduce the observable spin signal. There are several possible
mechanisms for in vivo T1 ρ dispersion, which were considered in the present model and
this treatment is similar to that which has been pursued in (23,28).

Dipole-Dipole Relaxation
Magnetic field fluctuations at the site of a 1H nucleus that originate from other identical
nuclei are responsible for dipole-dipole relaxation. During a spin locking pulse, the
contribution to the nuclear relaxation rate is

[1]
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and

[2]

Here the spin angular momentum quantum number , h is Planck’s constant and r (1.58
Å) is the internuclear distance. For a system in which 1Hs are in two-site chemical exchange
(2SX), each site (A and B) has a contribution to the relaxation time (R1ρA and R1ρB). From
Equation [1], it can be seen that changes in the relaxation rate will occur if either the Larmor
frequency ω0 or the RF field amplitude ω1 coincides with the rotational correlation time τc.

Chemical Exchange
Chemical exchange between 1H sites separated by a chemical shift difference δω may also
cause 1. In particular, for two-site chemical exchange in the fast exchange regime, the
relaxation rate is (29,30)

[3]

where PA and PB are the fractional populations of the spin pools and the exchange time

.

Dispersion Model
In several in vivo studies, the relaxation dispersion was modeled as sum of contributions
from the dipole-dipole and chemical exchange relaxation rates.

[4]

For two site chemical exchange, site A represents the free water fraction, which resonates
with the RF field and has a rotational correlation time on the order of picoseconds. Site B
represents a bound water fraction of unknown size with a single chemical shift (δω ≪ 2
KHz). The fractional size of the pools PA + PB = 1.

On account of the limited range over which dispersion was measured (0–2.5 kHz), the
contribution to the dipole-dipole relaxation rate was treated as approximately constant.
Certainly, for the case of the free water fraction ω1τc,A ≪ 1, this is appropriate. Although,
the rotational correlation time for site B is unknown, here, it is assumed also that ω1τc,B ≪ 1,
so that

[5]
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where A = PAPBδω2.
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Figure 1.
Pulse sequence used for T1ρ-weighted imaging. The spin locking pulse cluster was
delivered approximately 190 ms from the QRS complex in systole. Triggering was achieved
using a pressure transducer in the left ventricle. Following the pulse cluster, the T1 ρ-
prepared magnetization was acquired for imaging using a multiecho gradient echo sequence.
Following image acquisition, a period of several seconds was allowed for regrowth of
longitudinal magnetization.
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Figure 2.
Four T1ρ-weighted images at different spin lock durations (TSL = 12–48 ms) are shown on
the left demonstrating the relaxation dependent contrast in the left ventricular wall. The
infarct region on the left ventricular free wall has longer relaxation times and appears bright
next to the healthy myocardial wall. A relaxation map (ν1 = 750 Hz) is shown on the right
and shows enhanced relaxation times in the free wall region.
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Figure 3.
To confirm the T1ρ relaxation time enhancement, tissue was excised from the left
ventricular wall and scanned at high resolution. A single T1ρ-weighted image (A, TSL = 48
ms) is shown alongside the corresponding T1ρ relaxation map (B) and shows relaxation time
enhancement in the thin region of the left ventricular wall. This relaxation time enhancement
corresponds with the collagenous scar identified by trichrome biochemical staining (C) and
digital photographs of the same region immediately after sacrifice (D). In (D), the left
ventricle has been sliced along the vertical long axis, unwrapped, and sliced again along the
short axis (narrow thin strip of tissue on the left). The interface between infarct and
borderzone tissue identified for ex vivo imaging is outlined (black rectangle).
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Figure 4.
The variation in T1ρ relaxation times with RF field amplitude (T1ρ dispersion) for each
region (infarct, borderzone and remote regions of myocardium) is shown. The relaxation
rate difference between tissue types increases with RF field strength, thereby enhancing
contrast in T1ρ-weighted images.
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Figure 5.
The six images on the left demonstrate the change in relaxation times and relative
enhancement of contrast through the use of an increasingly greater RF spin lock field (ν1 =
500–2500 Hz, B0 = 7T). These images are shown alongside a comparable T2 relaxation map
of the same slice. A corresponding left ventricular in vivo T1ρ-relaxation map is shown on
the right (ν1 = 750 Hz, B0 = 3T). The arrow depicts the infarct area on the free wall. Note
that the scales for the ex vivo and in vivo images are different.
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Figure 6.
The variation in the relaxation rate with RF field strength and corresponding best fit to Eq.
4. The model encompasses both dipole-dipole relaxation and apparent chemical exchange
rate and was used for quantification of R1dd and kex in Table 2.
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Table 2

R1ρdd (Hz) kex (Hz) PaPbΔω2 (Hz)2

Border 9.9 [8.8 11.0] 4.5 * 102 [3.4 6.6] 5.6 [3.7 7.6] × 103

Remote 14.5 [13.4 15.6] 4.3 * 102 [3.4 5.5] 7.1 [5.1 9.0] × 103

Infarct 4.9 [4.4 5.5] 3.7 * 102 [2.9 4.7] 3.6 [2.6 4.6] × 103

*
[L U] denotes the 95 % confidence interval
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