MINIREVIEW

New Concepts in Characterization of
Ischemically Injured Myocardium by MRI
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New concepts regarding the assessment of ischemic myocar-
dial injuries have been addressed in this Minireview using mag-
netic resonance imaging (MR!). MRI, with its different tech-
niques, brings not only anatomic, but aiso physiologic, infor-
mation on ischemic heart disease. It has the ability to measure
identical parameters in preclinical and clinical studies. MRI
techniques provide the ideal package for repeated and nonin-
vasive assessment of myocardial anatomy, viability, perfusion,
and function. MR contrast agents can be applied in a variety of
ways to improve MRI sensitivity for detecting and assessing
ischemically injured myocardium. With MR contrast agents pro-
tocol, it becomes possible to identify ischemic, acutely infarct-
ed, and peri-infarcted myocardium in occlusive and reperfused
infarctions. Necrosis specific and nonspecitic extracellular con-
trast-enhanced MRI has been used to assess myocardial viabil-
ity. Contrast-enhanced perfusion MRi can explore the distur-
bances in large (angiography) and small coronary arteries
(myocardial perfusion) as the underlying cause of myocardial
dysfunction. Perfusion MRI has been used to measure myocar-
dial perfusion (ml/min/g) and to demonstrate the difference in
transmural myocardial blood flow. Information on no-reflow
Phenomenon is derived from dynamic changes in regional sig-
nal intensity after bolus injection of MR contrast agents. An-
other development is the near future availability of blood pool
MR contrast agents. These agents are able to assess microvas-
cular permeability and integrity and are advantageous in MR
angiography (MRA) due to their persistence in the blood. Non-
contrast-enhanced MRI such as cine MRI at rest/stress, sodium
MR, and MR spectroscopy also have the potential to noninva-
sively assess myocardial viability in patients. Futuristic appli-
cations for MRI in the heart wiil focus on identifying coronary
artery disease at an early stage and the beneficial effects of new
therapeutic agents such as intra-arterial gene therapy. MR tech-
niques will have great future in the drug discovery process and
in testing the effects of drugs on myocardial biochemistry,
physiology, and morphology. Molecular imaging is going to
bioom in this decade. [Exp Biot Med Vol. 226(5):367-376, 2001)]
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schemic heart disease is the leading cause of death in the

Western world (1, 2). The diagnosis of this disease re-

quires a precise and accurate diagnostic method due to
the high surgical mortality rate and complication rate for
revascularization. Thrombotic occlusion of an epicardial
coronary artery causes acute myocardial infarction. Man-
agement of patients with acute myocardial infarction is
based, in most cases, on the patency of the major vessels.
The importance of microvessels status in ischemic heart
disease has been recently emphasized in patients with patent
epicardial coronary arteries. Therefore, the focus has been
shifted to include microvessels and their role in ischemic
myocardial injury (3-7). Table 1 shows the current imaging
modalities used in the characterization of ischemically in-
jured myocardium.

In recent years, magnetic resonance imaging (MRI)
techniques have emerged as a powerful and robust tool
for characterizing ischemic heart disease. Unlike two-
dimensional X-ray angiography, MRI is a volumetric
(three-dimensional) technique. MRI is the process of local-
izing the radio signal from relaxing nuclei and displaying
the signal as an image. Images are constructed from a num-
ber of lines of data in (frequency) or (K) space as opposed
to (image) space. In MRI, each line is acquired from the
same part of successive cardiac cycles; therefore, ECG-
gatting of the acquisition is critical. The number of lines
determines the resolution of the image, but also directly
influences the duration of the acquisition.

Several MRI techniques have been proposed and ex-
perimentally implemented to address the issue of character-
ization of myocardial injury. Until now, the utilization of
MRI in characterization of myocardial injury has been lim-
ited, primarily due to clinical reliance upon nuclear scintig-
raphy and echocardiography. Administration of MR contrast
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Table I. The Imaging Modalities Used in the Detection and Characterization of Ischemic Heart Disease

: . Lv Myocardial Coronary Myocardial blood
Imaging modality morphology viability angiography flow/perfusion

X-ray cine catheterization X X
Electron bean CT X

Echocardiography X X

Nuclear scintigraphy X X

PET X X X
Doppler ultrasound X

MRI X X X X

agents increases the sensitivity of MRI. MR contrast agents
have similar physiological properties as the iodinated con-
trast agents. One problem encountered with contrast-
enhanced MRI compared with other imaging modalities in
radiology or nuclear medicine is that the effect of the con-
trast agent on water is being measured rather than the con-
trast agent itself. Since the presence of MR contrast agent in
the tissue is only evident indirectly from its effect on tissue
water, the influence of the water movement inside and outside
of the capillaries and the myocytes should also be considered
in the measurement of myocardial perfusion, along with the
physical distribution of the contrast agent. Accordingly, re-
stricting the contrast agent to the intravascular space does not
necessarily restrict the contrast agent’s effect to the intravas-
cular space, because the excited water in the intravascular
space diffuses freely into the interstitial space of the tissue.

In a recently published article, Runge (8) reviewed the
safety of clinically approved MR contrast media. It was
found that worldwide clinical trials and subsequent standard
practice have shown that gadolinium chelates are safe and
well tolerated in both adult and pediatric patients. Intrave-
nous administration of gadolinium chelates is associated
with adverse reaction, although this is infrequent. For ex-
ample, minor adverse reactions such as nausea (1%-2%)
and hives (<1%) were observed in few patients. The man-
ganese chelate Mn-DPDP (magafodipir trisodium) and su-
perparamagnetic iron oxide particles ferumoxides are also
safe, but have relatively higher percentage of adverse reac-
tions; 7% to 17% with Mn-DPDP and 15% with ferumox-
ides. MR contrast agents can be administered in patients with
renal failure and anaphylactic reaction. Therefore, MRI with
MR contrast media has clear advantage over conventional an-
giography that requires administration of nephrotoxic iodin-
ated contrast media. The following properties are needed in
a MR agent: nontoxic, nonreactive, and rapidly (several
hours) and completely cleared from the body. The present
Minireview highlights the results of laboratory animal in-
vestigations and clinical research in the area of myocardial
injuries using MRI and MR contrast agents,

Myocardial Relaxation Times and MR
Contrast Agents

The appearance of a tissue on MRI depends on both the
physical characteristics of the tissue (such as viscosity, tem-
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perature, and flow through the area being examined) and the
chemical characteristics (of MR contrast agents) that influ-
ence spin density, spin-lattice relaxation (T1), spin-spin re-
laxation (T2), and magnetic susceptibility of the tissue
(T2*) (9-12). Although relaxation times in injured myocar-
dium are generally prolonged in comparison with normal
myocardium, there is considerable overlap in T1 and T2
relaxation times of surrounding tissues on unenhanced MRI.
For example, the blood has longer T1 (1222 + 228 msec)
than that of normal myocardium (956 + 158 msec) (13), but
the T1 of edematous infarcted myocardium (1200 + 150
msec) is close to that of the blood.

MR contrast agents enhance the difference between
normal and infarcted myocardium on MRI and reduce blood
signal loss due to saturation or dephasing of magnetization
on MR angiography (MRA). The efficacy of MR contrast
agents to affect proton relaxation rate (1/T1 and 1/T2) in
myocardium or blood is related to the magnetic moment of
unpaired electron, electron spin relaxation rate of the metal
ion, and number of coordination sites available for water
ligation (9-16).

The fractional distribution volume (FDV) of a contrast
agent in normal and ischemically injured myocardium is
exceedingly important because it determines the magnitude
of regional enhancement. The molecular weight and shape
of MR contrast agents play important roles in the distribu-
tion and elimination of these agents in the body. Further-
more, the physiologic environment of MR contrast agents
also gives these agents different applications, analysis
opportunities, and physiological inferences. Accordingly,
the classification of MR contrast agents is based on their
distribution in normal tissues and their effects on signal
intensity.

Positive (T1-enhancing) contrast agents increase signal
intensity of myocardium and blood on T1-weighted MR
sequences. Most of the available MR contrast agents are
positive (T1-enhancing) agents. Negative (susceptibility,
T2*-enhancing) MR contrast agents decrease signal inten-
sity of myocardium and blood on T2-weighted MR se-
quences. This group of agents alters signal intensity by re-
ducing the homogeneity of the local magnetic field. Mag-
netic susceptibility agents must be compartmentalized to
exert their susceptibility effect (17-19). The susceptibility
effect is the proportionality constant between the applied



magnetic field strength and magnetization established with
ions with unpaired electron. It should be noted that all
efficient T1-enhancing MR contrast agents have a high
magnetic susceptibility effect and can potentially be used
to exert susceptibility under appropriate dose and imaging
sequences.

The FDV of blood pool, extracellular, or intracellular
MR contrast agents in normal myocardium during equilib-
rium phase (continuos infusion) are 5% to 10% (= myo-
cardial blood volume during systole and diastole, respec-
tively), 18% to 22% (= myocardial blood volume plus
interstitial fluid volume), and 100% (= myocardial blood
volume, interstitial fluid volume, and cellular fluid), respec-
tively. An ideal MR contrast agent distributes only to the
organ, tissue, or pathology of interest.

Seven MR contrast agents for intravenous administra-
tion are currently approved for clinical use in the United
States. These include five gadolinium-chelates: gadopen-
tetate dimeglumine was approved in 1988 (Gd-DTPA, Mag-
nevist, Berlex Laboratories, USA and Schering AG, Ger-
many), ProHance was approved in 1992 (Gd-HP-DO3A,
Bracco Diagnostic), gadodiamide was approved in 1993
(Gd-DTPA-BMA, Omniscan, Nycomed-Amersham, USA),
gadobenate dimeglumine was approved in a limited number
of countries (Gd-BOPTA, Multihance, Bracco Diagnostics),
and gadoterate meglumine was approved in many countries,
but not USA (Gd-DOTA, Dotarem, Guerbet, France). The
other two approved agents are manganese-chelate Mn-
DPDP (Teslascan, Nycomed, Norway) and superparamag-
netic iron particles. Several iron particles are also in various
Stages of clinical development.

Extracellular gadolinium-chelates have low molecular
weights (650-2500 Daltons), therefore, after intravenous
administration they rapidly equilibrate with the interstitial
fluid. This group of agents has a relatively short plasma
half-life of 20 min. Extracellular gadolinium-chelates pro-
duce greater enhancement in myocardium than intravascular
agents do. They are highly effective agents with a high
safety index. This group of agents can not be differentiated
in terms of their enhancement effect. On the basis of osmo-
lality and viscosity, clinically approved gadolinium-chelates
can be differentiated; for example, gadodiamide and gado-
teridol have the lowest osmolality (783 and 630 mOsmol/
kg) and viscosity (1.4 and 1.3 cP at 37°C), respectively, in
part since they are nonionic.

True blood pool MR contrast agents have higher mo-
lecular weight (>50,000 Daltons) than extracellular agents.
Blood pool agents are also called intravascular, macromo-
lecular, or nondiffusable agents. Distribution to intravascu-
lar space of extracellular agent can be achieved by conju-
gating the paramagnetic ligand to albumin, liposomes, or
polymers, which prevent extravasation of these large mol-
ecules through the intravascular gaps for some period of
time. Blood pool agents have greater T1 relaxivity than
€Xtracellular agents because they have multiple paramag-
Netic jons attached to each polymeric molecule, as well as

slower molecular rotational correlation times of each para-
magnetic subunit (13-16).

Intracellular MR contrast agents are free ions such as
manganese (20, 21). Manganese ion distributes actively in
the cellular compartment via voltage-operated calcium
channels. Many organs, including the heart, are avid for man-
ganese and appear to acquire it from chelates; e.g., Mn-DPDP.
Manganese retention in normal myocardium and clearance
from infarcted myocardium are comparable with features of
widely used thallium (*°'TI) in SPECT imaging. Both 20'TI
and Mn?* are characterized by a high uptake in the heart.

Table II shows recent applications of contrast-enhanced
MRI in characterizing ischemically injured myocardium.

Assessment of Ischemically Injured Myocardium
Using Contrast Enhanced MRI

After cessation of blood flow, phosphocreatine (PCr)
and ATP are rapidly depleted in the ischemic region. The
failure of the energy-dependent cell membrane allows in-
flux of sodium and calcium and efflux of potassium, which
are associated with cellular damage. Timely coronary artery
reperfusion reduces cellular damage and improves left ven-
tricular function. Functional improvement after reperfusion
must be considered as the gold standard. Because ischemi-
cally injured myocardium is frequently compressed of both
reversibly and irreversibly injured regions, accurate mea-
surement of residual viability in postischemic myocardium
or infarction size is critical for management decisions. Im-
aging modalities in radiology and cardiology are directed
toward the depiction of myocardial function, perfusion, or
metabolic abnormalities. Table I shows the current imaging
modalities used and the potential of MRI in the character-
ization of ischemically injured myocardium.

MRI has several advantages over the other imaging
modalities, including higher spatial resolution, no radiation
exposure, no attenuation problem related to overlying breast
shadow, elevated diaphragm, or obesity. The main se-

Table ll. Applications of Contrast-Enhanced MRI in
Characterization of Ischemic Heart Disease

1. Delineation of hypoperfused myocardium in patients

with coronary artery stenosis.

Detection of acute, subacute, and chronic infarctions.

Differentiation between occlusive and reperfused

infarctions and documentation of reperfusion at tissue

level.

Assessment of myocardial viability and sizing of

salvageable peri-infarcted border zone.

Assessment of microvascular integrity and detection of

no-reflow zone.

Measurement of regional myocardial perfusion and

transmural flow heterogeneity.

Coronary artery angiography to evaluate changes in

the diameter of lumen and in plague morphology in

major vessels.

8. Intervention-MRI, such as placement of stent,
angioplasty, catheter tracking, and intra-arterial gene
therapy. ’
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quences that are widely used in MRI are shown in Table III
Administration of MR contrast agents improves the contrast
between normal and ischemically injured myocardium, re-
duces the imaging time, and allows earlier depiction myo-
cardial injury. Recently, contrast-enhanced MRI has
emerged as an attractive approach for characterization of
myocardial viability (20-34).

Since the effects of MR contrast agents are determined
by physiologic factors within the tissue and physical/
biophysical properties of the agent, it is often difficult to
interpret contrast-enhancement patterns unambiguously in
terms of pathologic state of tissue. The interaction between
physiologic factors and physical/biophysical properties of
extracellular, intracellular, and blood pool MR contrast
agents in normal and infarcted myocardium has been exten-
sively studied using regional Tl-relaxation rate (R1) (33).
The study illustrated that extracellular MR contrast agents
have many properties that make them suitable markers of
myocardial viability, including fast exchange between the
intravascular and extravascular pools and lack of binding
affinity to plasma albumin or necrotic cells. These proper-
ties are not available in blood pool or intracellular MR
contrast agents. Table IV shows the main MR methods used
in characterization of ischemically injured myocardium.
These methods are discussed below.

The Use of Equilibrium State Distribution of
Nonspecific Extravascular MR Agents to
Demonstrate the Breakdown of
Cellular Membranes

Measurement of FDV from contrast-enhanced MRI
rests upon the patency of the macro- (epicardial) and mi-

Table lll. Common MR Pulse Sequences Used in
imaging the Heart and Coronary Arteries

MRI Sequences Measurements

Contrast-enhanced fast
T1- and T2"-weighted
gradient echo
sequences

Detection and sizing of
area at risk in
nonocclusive coronary
artery stenosis,
measurement of
myocardial perfusion,
detection and sizing
noreflow zone

Contrast-enhanced
T1-weighted spin echo
sequences

Sizing of infarction and
peri-infarction border
zone

Cine functional gradient
echo (rest/stress),
contrast-enhanced
gradient echo and echo
planar imaging

Myocardial viability

Contrast-enhanced
inversion recovery echo
planar, gradient echo,
and spin echo
sequences

Myocardial perfusion,
sizing of infarction, and
myocardial viability
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Table IV. MR Methods Used in Characterization of
Ischemically Injured Myocardium

1. Equilibrium state distribution of nonspecific
extravascular MR agents to demonstrate the
breakdown of cellular membranes.

2. Enhancement pattern (washin/washout) of
postischemic myocardium using nonspecific
extravascular MR contrast agents to predict regional
viability.

3. Necrosis-specific MR contrast agents to define and
size necrotic myocardium and, in conjunction with
extracellular contrast agents, to measure the size of
peri-infarction zone.

4. Specific intracellular MR contrast agents to probe ionic
transport across functional cellular membranes.

5, Functional MRI to measure left ventricular wall
thickness and thickening and LV chamber dimensions.

crocoronary arteries, the rapid exchange of the contrast
agent between blood and tissue compartments, the constant
T1 relaxivity of the extracellular MR contrast agent (i.e., no
bonding to plasma proteins or debris of necrotic cells), the
passive distribution of the agent in tissue, and the residual
viability in postischemic myocardium (33). The relaxation
rates (1/T1 or R1) of normal and infarcted myocardium
exhibited a parallel decline with the central blood during the
clearance of extracellular MR contrast agents (25), suggest-
ing that the rate of exchange of MR contrast agents between
myocardium and central blood is much faster than the clear-
ance rate by the kidney. Under this condition, extracellular
MR contrast media alone could estimate the FDV of these
contrast agents simply from AR1 ratio of myocardium (R1
of the myocardium post-contrast media injection minus R1
of the myocardium pre-contrast media injection) to blood
(R1 of the blood post-contrast media injection minus R1 of
the blood pre-contrast media injection). The FDV of the
extracellular contrast agent Gd-DTPA-BMA in normal and
infarcted myocardium were 0.18 + 0.01 and 0.85 + 0.5,
respectively using inversion recovery echo planar MRI (32—
34). These values are in agreement with previously pub-
lished data using different radioactive tracers and tech-
niques (35, 36). The method of calculating FDV in normal
and injured myocardium was validated using *™Tc-DTPA-
autoradography (as a gold standard) (32). In this study it
was confirmed that FDV values for Gd-DTPA are identical
to " Tc-DTPA in normal and infarcted myocardium. Nor-
mal myocardium was distinct from infarcted myocardium as
a region of high count on **™Tc-DTPA images.

Arheden et al. (34) examined reperfused myocardial
injuries produced by increasing duration of coronary artery
occlusion from 20 to 60 min followed by 60 min of reper-
fusion. On autoradiography postischemic myocardium ex-
hibited two regions of abnormally elevated count den-
sity—a core of high count density surrounded by a rim of
moderately count density of ™ Tc-DTPA. Animals sub-
jected to 20 min of coronary artery occlusion exhibited only
moderately count density of " Tc-DTPA, but no sign of



infarction on histochemical staining. On electron micros-
copy, it was found that the moderate injury was comprised
largely of viable cells, and that the distribution volume of
GADTPA-BMA and its surrogate (**"TcDTPA) in the re-
gion is approximately 2-fold greater than normal myocar-
dium, but one-half that of the infarction core in animals
subjected to >30 min ischemia.

Saeed et al. (18) reported a somewhat different measure
of breakdown of cellular membranes, using the unique prop-
erties of magnetic susceptibility MR contrast agent Dy-
DTPA-BMA. These investigators found that reperfused in-
farction, while appearing hyperintense on GIDTPA-BMA-
enhanced T1-weighted spin echo images, was also
hyperintense on DyDTPA-BMA-enhanced T2-weighted
spin echo images. Since the susceptibility agent causes sig-
nal loss when distributed heterogeneously in myocardium,
the reduced signal loss evident in the infarcted region was
hypothesized to result from a more even tissue (homoge-
neous) distribution, signifying that the agent penetrated the
cellular spaces. This was further investigated in a subse-
Quent report (19) in which excised hearts were imaged,
using the same imaging parameters, shortly after adminis-
tering of GADTPA-BMA and DyDTPA-BMA. After imag-
ing, the quantities of these agents present in the infarcted
and normal myocardium were measured using analytical
methods. It was found that the concentrations of both agents
were significantly greater in infarcted than in normal myo-
cardium (2.6 fold). Thus, it was postulated that the reduced
effect exerted by DyDTPA-BMA was caused by a major de-
Crease in the susceptibility potency of DyDTPA-BMA rather
than by a reduced concentration in infarcted myocardium.

The Use of the Enhancement Pattern to
Discriminate Infarcted from
Noninfarcted Myocardium

The first pass approach has been widely applied in
various ischemic animal models, as well as in patients with
ischemic heart disease. Perfusion MRI with extracellular
MR contrast agents has typically focused on the first pass of
the contrast agent through the myocardium, following bolus
intravenous injection (37-49). Two potential contrast
mechanisms are offered for bolus tracking procedure,
hamely T1 (positive) and T2* (negative) enhancements of
Gd-chelates alone or in combination with susceptibility-
enhancing agents such as iron particles and dysprosium-
chelates. We observed a delayed first pass arrival of MR
contrast agents related to this effect followed by steady
changes in signal to normal levels in acute reperfused
infarction (49).

The first pass is of interest for measuring mean transit
time, maximum signal intensity, upslope, downslope, and
delay enhancement. Decreased perfusion to myocardium is
manifest on T1-weighted images as less signal enhancement
after bolus and thus relative hypointensity of the ischemic
region. Qualitative estimation of the degree of hypoperfu-

sion could be determined by comparison of the time-to-peak
and mean transit time derived from the contrast-time curve
with reference to normally perfused myocardium (37).
Later, quantification of delays in the time of peak contrast
agent arrival was suggested to allow delineation of area at
risk (39, 40, 47). The applications of contrast-enhanced MR
perfusion imaging extend beyond the detection of the area at
risk and ischemia. It can help in the assessment and map-
ping of myocardial perfusion at baseline and in coronary
stenosis and hyperemia based on signal intensity-time curve
(46). Perfusion defects appear as only transient phenom-
enon on few images following the bolus administration of
conventional extracellular MR contrast media. Gerber et al.
(50) found that the intravascular Gadomer-17 provides more
prolonged differentiation of perfusion defects in ischemi-
cally noninfarcted myocardium and in infarcted myocar-
dium than the extracellular agent Gd-DTPA.

Recent clinical studies have indicated that the pattern of
enhancement of postischemic myocardium varies from pa-
tient to patient during the first pass of MR contrast agents.
This variation in enhancement is most likely related to the
size of the area at risk, the stage of infarction (inflammatory
or scar), the presence of collateral flow, the presence of
intramyocardial hemorrhage, the dose of MR contrast
agents, the imaging time after administration of contrast
agents, and the acquisition time and pulse sequence used.

Recent studies have postulated that the enhancement of
postischemic myocardium comes from dead myocardium
(30, 51, 52). In some of these studies, a dobutamine-stress
test was not used to determine whether the enhanced region
is viable or nonviable. A dobutamine-stress test is useful in
providing a more clear definition of viable myocardium
than the enhancement by contrast agent. Lima et al. (30),
using thallium scitigraphy and delayed MR contrast en-
hancement, found a close correlation between the enhanced-
region and fixed-scintigraphic defects 10 min post-Gd-
DTPA injection. In 21 of 22 patients, an abnormal MRI
signal-time profile was observed for some regions. It was
characterized by rapid initial signal rise followed by a
slower continued rise, while normal regions exhibited rapid
initial rise followed by decline. Importantly, in 10 of these
patients, those with large infarctions, an additional abnor-
mal subregion could be identified. It was typically located in
the subendocardium, and it exhibited a much slower initial
signal rise such that it appeared relatively hypointense in the
first minutes after contrast administration. The hypointense
regions were considered no-reflow zones.

Later, the clinical observations were confirmed by ex-
perimental findings (54). Similar to the patient study, three
regions were identified on rapid T1-weighted postcontrast
MRI in dogs subjected to reperfused infarction. Normal
myocardium showed a modest signal rise followed by a
slow decline, subendocardium of the injured region showed
a delayed signal increase and was hypointense compared
with normal myocardium for the initial 2. min postcontrast
(designated “hypo” zone), and surrounding the hypointense
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subendocardium was a region that exhibited rapid initial
signal increase followed by an abnormal further signal in-
crease and hyperintensity compared with normal myocar-
dium by 2 min postcontrast (designated “hyper” zone). Fur-
ther characterization revealed that both “hypo” and “hyper”
zones corresponded to myocardial infarction defined by tri-
phenyltetrazolium chloride (TTC) staining, that micro-
sphere-determined blood flow in the “hypo” zone at 48 hr
reflow was substantially decreased from baseline while
blood flow in the “hyper” zone was not, and that the “hypo”
zone matched the “no-reflow” zone defined by absence of
fluorescence following administration of thioflavin-S, a pu-
tative marker of the “no-reflow” phenomenon (48, 54, 55).
This phenomenon has been previously described by Kloner
et al. (56). The “no-reflow” phenomenon was studied in two
subsequent experimental MR studies. Rochitte er al. (48)
prepared dogs with 90 min of occlusion of the LAD fol-
lowed by reperfusion. MRI was performed 2, 6, and 48 hr
later. It was found that the hypointense “no-reflow” zone
progressively increased from 3.2% + 1.8% of left ventricle
at 2 hr t0 9.9% = 3.2% at 48 hr of reperfusion, while blood
flow in the thioflavin-S-negative zone declined progres-
sively. In another dog study, Wu et al. (57) examined reper-
fused infarction at 2 and 9 days of reperfusion and found no
change in the size of the hypointense “no-reflow” zone or
infarction on MRI, nor was there change in microsphere
blood flows within the thioflavin-S-negative region or the
triphenyltetrazolium chloride- (TTC) defined infarction.
The infarction size on contrast-enhanced MRI was larger
than TTC-defined infarction. From these studies it was con-
cluded that augmentation in infarction size and in “no-
reflow” zone occurred during the first 2 days of reperfusion,
but not thereafter.

On the other hand, several studies (27, 28, 58-61) have
suggested that early enhancement of postischemic myocar-
dium by MR contrast medium is not necessarily a guarantee
of necrosis. Investigators (27, 28, 58) have shown that rapid
enhancement of injured myocardium constitutes a superior
index of functional recovery than slow-delayed enhance-
ment. Clinical studies have indicated that portions of en-
hanced myocardium contain viable myocardium (27, 28,
58). In a study of 28 patients in the first 2 weeks after
reperfusion therapy for acute myocardial infarction, Den-
dale et al. (27) reported inotropic reserve in 41% of seg-
ments that showed transmural enhancement on postcontrast
T1-weighted spin echo images, suggesting viability. Rogers
et al. (28) examined 17 patients at 1 and 7 weeks after
reperfusion by tagged images to evaluate regional function
and at | week by monitoring of the first pass of Gd-DOTA
with additional imaging at 7 min postinjection. Three dis-
tinct types of abnormal enhancement were observed; they
are as follows: hypoenhancement during the first pass of the
contrast agent without delayed hyperenhancement was
termed HYPO, regions that were not hypointense during
first pass and that showed delayed hyperintensity were
termed HYPER, and regions that were hypointense during
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first pass, but hyperintense on delayed imaging, were
termed COMB. Regions characterized as HYPER exhibited
significant improvement in function between weeks 1 and 7,
signifying viability; HYPO regions did not improve, and
COMB regions exhibited mixed improvement. Kramer et
al. (62) reported a similar result in patients after reperfusion.
Inotropic reserve and improved function at follow-up ex-
amination, indicating viability, were observed in hyperen-
hanced and combined profiles, while regions exhibiting hy-
poenhancement did not improve.

The Use of Necrosis-Specific MR Contrast Agents
to Accurately Detect Nonviable Myocardium

Differential contrast enhancement is a sensitive indica-
tor of myocardial injury. Such a differential contrast en-
hancement that is seen after the administration of extracel-
lular MR contrast agents results from the fractions of intra-
vascular volume, interstitial volume, and intracellular
volume of necrotic cells. Therefore, the mere presence of
differential enhancement is not necessary necrosis specific
and may not offer quantitative measurement of infarction
size. Recent studies (27, 28, 58-61) have shown that dif-
ferential enhancement by Gd-DTPA is derived from ne-
crotic and viable myocardium, for example.

Therefore, a new strategy has been developed to detect
and accurately size acute myocardial infarction using ne-
crosis-specific MR contrast agents (63-66). The develop-
ment of necrosis-specific MR contrast agents is analogous
to the development of necrosis-specific radiotracers in
nuclear medicine such as technectium-99m pyrophosphate
and labeled monoclonal antibodies. MR contrast agents
were linked to antibodies specific for intracellular compo-
nents or to phosphonates or pyprohosphonate compounds.
After intravenous injection, these agents interact with cal-
cium deposits that accumulate in necrotic regions. These
efforts did not persist due to concerns over agent toxicity
(63). Molecular imaging may play an important role in char-
acterizing myocardial viability, enzyme reaction, and oxi-
dation-reduction of myocardium (67).

More recently, another necrosis-specific MR contrast
agent, mesoporphyrin, has become available (64, 65). Sev-
eral metalloporphyrins, including gadolinium, manganese,
and iron chelates, have been investigated as potential tumor-
specific MR agents. In 1996, Ni ef al. (65) found that both
gadolinium and manganese porphyrins have a marked and
specific affinity for infarcted myocardium. In another study,
Marschal et al. (64) reported that mesoporphyrin provides
an accurate estimation of infarction size. The infarcted re-
gion was differentially and persistently (>24 hr) enhanced
after administration of 0.05 mmol/kg mesoporphyrin, one-
half of the recommended dose of extracellular MR contrast
media. Pislaru ez al. (66) studied the effect of mesoporphy-
rin in dogs subjected to reperfused infarction. Groups of
dogs were given mesoporphyrin on 1, 2, and 6 days and
were imaged 24 hr after contrast administration. Infarction
size by contrast-enhanced MRI matched exactly the size



determined by TTC staining. Lim and Choi (68) found that
the size of infarction did not change from 40 min to 12 hr
after injection of mesoporphyrin. The persistent enhance-
ment by mesoporphyrin can be used as a landmark for as-
sessment of wall thickening around the infarcted region us-
ing functional MRI (60). Studies in our laboratory showed
that the size of mesoporphyrin-enhanced region matched the
true infarction defined by histochemical staining, while the
Gd-DTPA overestimates infarction size. From the double
contrast-enhanced MRI, the size of peri-infarction zone can
be determined (Gd-DTPA-enhanced region — mesoporphy-
rin-enhanced region) (58-60). Measurement of regional
wall thickening at the site of the mesoporphyrin-enhanced
region revealed no wall thickening, while the rim of the
Gd-DTPA-enhanced region (peri-infarction zone) showed
moderate wall thickening at 24 hr of reperfusion, suggesting
that the peri-infarction zone is viable. These MRI studies
demonstrated that acute occlusion of the coronary artery
followed by reperfusion produces infarcted core surrounded
by viable but stunned myocardium.

The possibility of selective enhancement of infarcted
myocardium and peri-infarcted zone has obvious diagnostic
applications. Double contrast-enhanced MRI has been used
for assessing the effects of new therapies designed to reduce
infarction size and peri-infarction zone (69). It was found
that the ATP-sensitive potassium channel opener nicorandil
reduced the size of infarction and increased the size of vi-
able peri-infarction zone. The role of cardiac MRI can be
expected to expand with the availability of well-tolerated
formulation of necrosis-specific MR contrast agents. Toler-
ance may improve with the adjustment of dose, slow infu-
sion, or modification of the existing formulation of meso-
porphyrin. Acute and chronic toxicity of mesoporphyrin
must be addressed before this agent can be applied in clini-
cal setting.

The Use of the Specific Intracellular MR
Contrast Agents to Probe Ionic Transport across
Viable Myocardium

Evidence of myocardial viability relies on the scinti-
graphic demonstration of uptake of various metabolic trac-
ers such as thallium, carbon, or manganese. In analogue to
52m manganese radionuclide for positron tomography
method, a new method has been recently described for de-
fining viable myocardium using manganese cation for MRI
This MR method is based on the released manganese from
the MR contrast medium Mn-DPDP (20-22). Since the
Paramagnetic free manganese and the parent compound
Mn-DPDP have distinct distribution and kinetic properties
in the body, it was possible to obtain MR images on which
contrast enhancement is primarily provided by free manga-
nese. It has been shown that paramagnetic free manganese
(MnCl,) produces persistent enhancement of viable myo-
cardium on heavily T1-weighted MR sequences (33). Use-
ful enhancement of viable myocardium was achieved at 1 hr

and persisted for several hours, providing ample opportu-
nity for repeated image acquisition.

Mn-DPDP is metabolized and transmetallated with
zinc, resulting in the release of manganese from the chelate.
It was found that once manganese cation is released from
the chelate, it is taken up by viable myocardium via voltage-
dependent calcium channels and retained (20-22). Manga-
nese ion binds to intracellular component. This mechanism
explains the significant increase in relaxivity of manganese
upon localization in tissue (20, 70-72). Consequently, if
manganese released from the chelate can be imaged, it
would be possible to relate the regional signal intensity (or
R1) change to normal cellular function. This method de-
mands a high T1-sensitive pulse sequence, such as inversion
recovery spin echo images, to demonstrate the small change
in T1 of viable myocardium. MnDPDP and Mn-TP were
used for cardiac imaging 10 years ago (73, 74). At that time.
they were used as nonspecific extracellular agents to delin-
eate ischemic myocardium and to discriminate occlusive
from reperfused myocardial infarctions. The immediate ad-
vantages of such agents for myocardial viability are, how-
ever, not so apparent.

Assessment of Myocardial Injuries by
Nonceontrast-Enhanced MRI

Noncontrast-enhanced MRI has been employed to as-
sess myocardial viability using regional left ventricular wall
thickening, thickness, stress, and strain during rest and phar-
macologic-stress (dobutamine) (75-83). Sodium MRI has
also been used to monitor the accumulation of sodium in
necrotic myocardium (83, 84). MR spectroscopy techniques
offer the capability to monitor the changes in myocardial
energetics such as high-energy phosphates, PCr/ATP and
pH at rest and during stress (85-91).

The detection of myocardial dysfunction during phar-
macologic stress (dipyridamole and dobutamine infusion)
has been used as a gold standard method for diagnosing
ischemic heart disease. On nonenhanced MRYI, the extent of
systolic wall thickening has been shown to be more than 6
mm at the site of reversibly injured myocardium, while at
the site of myocardial infarction the extent of systolic wall
thickening was less than 2 mm. On functional MRI, a de-
creased wall thickening at rest and normal contraction
after dobutamine characterized stunned myocardium,
whereas infarcted myocardium is characterized by persis-
tent dysfunction (76-78).

MR tagging is a technique unique to MRI (79-82) and
is used to measure regional strain, motion, and thickening
with excellent spatial resolution to distinguish the function
in myocardial layers (epicardium versus endocardium). MR
tagging allows identification and confirmation of myocar-
dial ischemia that may otherwise be obscured by other im-
aging modalities. MR tagging has also characterized the
contractile function of the peri-infarction zone.

Evaluation of ischemic myocardium using perfusion
and ventricular function provides important diagnostic in-
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formation. MRI represents accurate, safe, noninvasive, and
inexpensive modality. Investigators found good correlation
between MRI and other imaging modalities such as echo-
cardiography, PET, or SPECT. Close correlation was also
found between regional perfusion and function abnormali-
ties after dipyridamole or dobutamine infusion (39, 4246,
92-94).

In conclusion, MRI has the ability to measure identical
parameters in preclinical and clinical studies. MRI in con-
junction with different types of MR contrast media can
characterize myocardial injuries. Extracellular and necrosis-
specific MR contrast media are suitable agents to measure
residual myocardial viability and infarction size, respec-
tively, while blood pool agents can be employed in charac-
terizing microvascular permeability, integrity, and no-
reflow zone. Contrast-enhanced MRI can be used to nonin-
vasively monitor the effects of new drugs designed to
protect myocardium from injury. MR techniques will have
great future in the drug discovery process and molecular
imaging. MRI has not received, at the present time, the
clinical acceptance to be referred to as a one-stop-shopping.
However, it is the hope of the MR community that this will
soon be achieved.
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