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Brief history

Felix Bloch (1) at Stanford University and Edward Pur-
cell and his colleagues (2) at Harvard University report-
ed the phenomenon of NMR independently in 1946.
As a result, Bloch and Purcell shared the 1952 Nobel
Prize in Physics. Between 1950 and 1970, NMR spec-
troscopy was developed and used to analyze chemical
and physical molecular structure. In 1971, Raymond
Damadian reported that the NMR relaxation times of
tumors differed from those of normal tissue, suggest-
ing for the first time that magnetic resonance (MR)
might be used for the detection of disease (3). In 1973,
Paul Lauterbur was the first to report that images
could be generated by NMR using small test tube sam-
ples of water and oil (4). Rather than creating a homo-
geneous magnet field by adjusting the “shimming”
magnets to minimize field inhomogeneity, Lauterbur
applied a magnetic field gradient to induce inhomo-
geneity in a planned way, providing a method to encode
different parts of the substance to be imaged. He gen-
erated images using a technique analogous to that
employed in x-ray computed tomography, known as
back-projection-reconstruction. Two years later,
Richard Ernst and colleagues proposed using the
mathematical operation of Fourier transformation to
create a spatial image from the frequencies generated
by radiowave excitation within a magnetic field (5). It
was an additional five years before Ernst and col-
leagues’ ideas were applied, and they quickly formed
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the basis of most modern imaging techniques. Sup-
posedly to avoid confusion with nuclear medicine, the
clinical NMR imaging tool became known as magnet-
ic resonance imaging (MRI) in the late 1970s. In 1977,
Damadian and colleagues demonstrated MRI of the
whole body (6). In this same year, Peter Mansfield
developed the echo-planar imaging (EPI) technique for
high-speed imaging (7). Also in that year, both Jacobus
and colleagues (8) and Garlick and associates (9) pub-
lished the first NMR phosphorus spectra from isolat-
ed perfused rat hearts, which paved the way for numer-
ous publications on myocardial high-energy phosphate
metabolism in the heart. In 1980 Goldman and his col-
leagues described the potential applications of NMR
imaging in the assessment of the cardiovascular system
(10). Many of the predictions made in that paper have
gradually approached fruition. Despite the consider-
ably more frequent use of cardiovascular MR (CMR)
imaging compared with CMR spectroscopy, currently,
there is significant clinical information to be ascer-
tained from molecules in the myocardium that can be
detected by clinical spectroscopy. This article will
describe the state-of-the-art of imaging and spec-
troscopy and provide a framework for suggesting the
future applications of this formidable technology.

NMR spectroscopy and imaging techniques

There are many approaches available, related to the
sequence of radiofrequency pulses and magnetic field
gradients, for the generation of clinical images and
spectra by NMR. The trend has been toward faster
imaging sequences and the reduction of artifacts, while
spectroscopy development has concentrated on local-
ization techniques — reduction of the volume of inter-
est (VOI), decreased contamination from areas outside
the VOI, and increased speed of acquisition. A compar-
ison and summary of some common clinical imaging
sequences is provided in Table 1.

Spectroscopic localization techniques

The clinical application of cardiac NMR spectroscopy
requires localization of the observed signals to the in
situ myocardium to avoid contamination from adja-
cent tissues. Although the bulk of clinical myocardial
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spectroscopy has been applied to the evaluation of the
metabolites that contain phosphorus, these tech-
niques are applicable to other NMR-visible nuclei,
including hydrogen, carbon-13, fluorine-19, and sodi-
um-23. Several techniques have been developed to iso-
late the VOI; most use the imaging gradients to define
an excitation volume, and then turn off the gradients
during the subsequent acquisition. The techniques
can be broadly grouped into two categories: single vol-
ume (Table 2) and multiple volumes. Table 3 provides
a comparison of the regions localized in each tech-
nique. Single-volume techniques usually generate a
cylinder of excitation using the lateral margins of a
surface coil. Spatial localization is applied only in the
direction perpendicular to the plane of the surface
coil, resulting in signal acquisition at distinct dis-
tances from the surface coil, and relying on the diam-
eter of the coil to provide localization in the planes
parallel to the coil. Multivolume techniques are the

most widely used clinically and can interrogate multi-
ple sites within the tissue by the use of several gradi-
ents. Chemical shift imaging (CSI) is a prime example
of multivolume techniques and is described below.

Chemical shift imaging

CSl is becoming the method of choice for clinical spec-
troscopy studies of the brain (11, 12). As with any con-
ventional Fourier MRI method, CSI uses pulsed phase-
encoding gradients to control the localization of the
signals from within the tissue. It has an important
advantage in that an image is acquired, i.e., many spec-
tra from a grid across the heart can be reconstructed.
Thus, CSIis a very efficient method in terms of sensi-
tivity. By voxel shifting, it is also possible to position the
center of the VOI retrospectively at the desired location
(13, 14). Nevertheless, there are drawbacks with the use
of CSI for localization (11, 15-17). In contrast to image-
selected in vivo spectroscopy (ISIS), in which the shape

Table 1
Comparison of common clinical imaging sequences*

Spin echo
Among the first useful pulse sequences to be used in cardiovascular imaging
Consists of an excitation pulse, followed by a 180° pulse
In cardiac studies, excitation pulses must be synchronized with the cardiac cycle; arrhythmias cause problems
Ventricular cavity appears darker, resulting in “dark blood” images
Advantage: The 180° pulse refocuses bulk susceptibility effects
Disadvantage: Only one echo is acquired per pulse; therefore, it is slow

Gradient-recalled echo (GRE)
Dephasing spins refocused using gradients
Lower flip angles
Shorter repetition time (TR)
Depicts the blood pool with high signal, resulting in “bright blood” images
Advantage: Imaging speed is fast
Disadvantage: Sensitivity to T2* effects is increased; bulk susceptibility effects are not refocused

Fast spin echo (FSE)
Single radiofrequency excitation
Multiple echoes (by using a train of 180° refocusing pulses)
Signal-to-noise ratio is increased because more T1 recovery occurs between excitation pulses
Advantage: Refocuses bulk inhomogeneities; image acquisition is fast
Disadvantage: RF power deposition

Echo-planar imaging (EPI) and multi-shot EPI
Multiple echoes are generated following a single excitation pulse by rapid switching of the gradients
All phase-encoding steps can be acquired in a single acquisition

Multi-shot EPI — where the image is constructed from two or more EPI excitations — is more robust, although some temporal resolution
is lost

Advantage: Very fast
Disadvantage: High sensitivity to motion, flow, and local magnetic field inhomogeneities can result in gross distortions of image

Steady-state free precession (SSFP) techniques
Coherent technique that uses a fully balanced gradient waveform in each repetition time to maintain steady-state magnetization
Image contrast determined by T2*/T1 properties
Speed and motion insensitivity make the technique reliable, even in patients who have difficulty with holding their breath
Ideally suited to cardiac cine MR
High contrast between blood and endocardium
Advantage: Fast
Disadvantage: Sensitive to motion and flow

AAssuming identical spatial resolution between sequences. T1, spin-lattice relaxation time; T2*, change in spin-spin relaxation time due to magnetic field
inhomogeniety.

The Journal of Clinical Investigation | June2003 | Volume11ll | Number 11 1631



Tabl
Singl

e 2
e-volume spectroscopic localization techniques

Depth resolved surface coil spectroscopy (DRESS)

Developed by Bottomley et al. (107, 108)

Used extensively to study cardiac metabolism in various pathologies, including transplant rejection, myocardial ischemia and infarction,

and dilated cardiomyopathy (47, 109, 110)

Provides spectra from a series of contiguous cylindrical slices parallel to the surface coil

Point-resolved spectroscopy (PRESS)

Imag

Spectra acquired from a single voxel

Often employed when the metabolites of interest are uncoupled and have relatively long T2 values
There may be a significant increase in signal-to-noise ratio over other sequences under these conditions

e-selected in vivo spectroscopy (ISIS)

Most extensively used for clinical protocols, mainly because of availability (111-113)

Only a single sensitive volume can be selected at a time

Sensitive to motion artifacts; localization relies on a difference scheme
Selective inversion pulses are applied along three orthogonal axes to localize a single volume

VOI can be placed anywhere within the sensitive volume of the coil

Can be used to query multiple volumes, albeit in sequential fashion

Stimulated echo acquisition mode (STEAM)

Spati

Excellent for the study of coupled spin systems (such as carbon-carbon interactions that are observed in 3C spectra of glutamate)
Rapid repetition and short acquisition times maximize signal acquisition
Use of stimulated echoes may make quantitation problematic (114, 115)

al localization with optimal pointspread function (SLOOP)

Often combined with chemical shift imaging (CSI) techniques (see below) to permit more accurate quantitation (116-118)
Defines a point-spread function that weights spectral contribution according to the spatial response function that defines the VOI
A priori knowledge is used regarding anatomic structures that are examined

Signals can be acquired from voxels of any shape
Contamination from outside the volume(s) of interest

T2, spin-spin relaxation time.
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of the VOI (at least in theory) closely resembles a cube
with steep edges, the shape of the sensitive volume in
CSl s given by the spatial response function (SRF). The
SRF indicates the weight by which each point in space
contributes (in amplitude and phase) to some spec-
trum. The shape of the SRF in conventional, unfiltered
CSI looks like a sinc-function. There is no well-defined
transition from within the VOI to outside the VOI, and,
as aresult, there can be significant contamination from
outside the region of interest. CSI is also subject to
motion artifacts, because the reconstruction of the local
spectra relies on a linear combination of signals that
have been collected at different time points throughout
the experiment. Whatever localization method is used,
the fundamental limitation is dictated by sensitivity.
Appropriate coil design, careful positioning of the
patient, and optimal adjustment of the measurement
method are necessary for successful results. Neverthe-
less, one will always have to compromise among the sig-
nal-to-noise ratio the experiment duration, and either
spatial resolution or contamination.

Current imaging applications
Peripheral angiography
Among the most widely used MR applications is periph-

eral angiography. Due to the signal generated by blood
motion, the blood vasculature is readily visualized. But

angiography had its beginnings using spin labeling. In
the 1980s, Singer used labeling of a blood vessel in the
leg, for example, and examination of the distal radiofre-
quency (RF) emission distally to determine vascular
blood velocity (18). Now, with the addition of para-
magnetic contrast agents, rapid and high-resolution
imaging can be performed in the cerebrovasculature,
the aorta and the ileofemoral arterial systems, thereby
obviating the need for catheter-based angiography.

Myocardial-viability assessment:
delayed contrast enhancement

Following the observations by Judd, Kim, and col-
leagues (19-22) that areas of infarcted or scarred
myocardium accumulate and retain contrast agent 10
or more minutes after administration, delayed-
enhancement imaging has quickly found utility as a
potentially important clinical application for the evalu-
ation of viability in myocardial ischemic syndromes.
The technique is relatively straightforward. Gadolini-
um-diethyleneaminepentaacetate (Gd-DTPA) is admin-
istered intravenously, and following a waiting period of
10 or more minutes, imaging is performed using an
inversion-recovery pulse sequence. The inversion time is
chosen based on the blood concentration of Gd-DTPA
(21) in order to reduce myocardial intensity to a low
level. With a low level of myocardial intensity, the abili-
ty to depict enhancement is improved. Areas of infarc-
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Table 3
Summary of techniques for localizing NMR spectroscopy

Application Technique Region localized
Querying single volumes DRESS Single slice
ISIS Single volume
PRESS Single volume
STEAM Single volume
Querying multiple volumes 1D CSI Multiple slices
2D Csl Multiple volumes
within a single slice
3D CsSlI Multiple volumes

within a VOI

tion or scar demonstrate signal enhancement, with clear
demarcation of the border of the territory of scar or irre-
versible damage (Figure 1). Although some controversy
remains regarding the optimal dose of Gd-DTPA, and
the inversion time for accurate assessment of the non-
viable or scar tissue, the value of the information gained
warrants further investigation so that this technique
may become a routine clinical tool.

Myocardial contractile function

Regional and global contractile function can be readily
assessed using MR methods. Due to its dimensional
accuracy, high resolution, and 3D properties, MR
images are ideally suited for the assessment of left and
right ventricular function (Figure 2). Ejection fraction
is the most commonly employed approach to assess left
ventricular systolic function. However, other methods,
such as radionuclide approaches, are capable of accurate
assessment of ejection fraction. The application of MRI
to the evaluation of cardiac end-systolic and end-dias-
tolic volumes has great utility in clinical practice, for it
permits the accurate, noninvasive, repeatable measure-
ment of ventricular volumes and the calculation of car-
diac output, stroke volume, and ejection fraction.

Imaging applications for the near future

Radiofrequency tagging

Developed by Elias Zerhouni and colleagues (23), a
radiofrequency tag is a region within the imaged tissue
where the net magnetization has been altered with care-
fully designed radio frequency pulses.
Each tag is created as a 3D plane that
extends through the tissue, and it is seen
as a tag line when imaged in an orthogo-
nal view. Because the tags result from
alterations of the magnetization of the tis-
sue itself, the motion of the tags matches
the motion of the underlying tissue. Vari-

ous tag-generation schemes have been :
Figure 1

stripes (26). By tracking material points as a function of
time, it is possible to compute the local Lagrangian
strain tensor, the description of motion around a given
point in the tissue as it traverses through time and
space. Accurate determination of the extent to which
myocardial tissue is contracting is of paramount impor-
tance — perhaps second only to determination of via-
bility. Although the concept of radiofrequency tagging
has been around for a decade automated software to
analyze the images has only become available in recent
years (27-32). With the recent inclusion of tagging
sequences on all of the major clinical imaging plat-
forms, these techniques will find greater acceptance
within cardiovascular medicine.

Phase tracking

Using the phase information intrinsic to MR, it is pos-
sible to directly measure the rate of change of strain
within the myocardium. An alternative means for the
calculation of a local Lagrangian strain tensor to follow
tissue deformation is to determine the relative velocity
of the myocardial tissue on a pixel-by-pixel basis (33,
34). The local gradient of the velocity field at a given
spatial location permits the computation of the Euler-
ian strain rate tensor, which is analogous to calculation
of the strain tensor from the displacement gradient (as
is done with tagging). In a phase-contrast image, the
change in phase of the net magnetization inside each
pixel, compared with a reference image, correlates to the
velocity of the underlying tissue in the direction that is
parallel to the applied magnetic field gradient. This
method has an advantage over tagging in that each pixel
provides a unique motion measurement, and MR
phase-contrast imaging has great potential for recon-
structing 3D motion (35). The recent development
of displacement encoding with stimulated echoes
(DENSE) for high-resolution myocardial-displacement
mapping uses small first-order gradient moments for
velocity encoding (36, 37). In addition, DENSE magni-
tude images exhibit black-blood contrast that allows for
better myocardial definition, and the small encoding
gradients result in reduced motion-related artifacts in
size and number. Routine clinical use currently awaits
the implementation of these sequences onto the major
clinical platforms, and the development of widely avail-
able analysis software.

invented for creating numerous tags in a
short amount of time. The more popular
tagging schemes include stacks of parallel
lines (13, 24), grids (14, 25), and radial

Short-axis views of the heart 32 minutes after contrast injection. The inversion time
was adjusted to null the normal myocardium and the area of infarction shows as a
bright region. Reproduced with permission from ref. 106. The arrows indicate the
territory demonstrating enhancement.
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omical detail of the heart is unsurpassed using MRI.

Cor onary angiography

Peripheral angiography (in organs that remain rela-
tively stationary) is quite simple compared with coro-
nary MR angiography (of the moving heart). Neverthe-
less, the application of MR methods for the imaging of
the coronary arteries has progressed at a steady rate
over the past decade (Figure 3). The development of
higher-speed approaches that acquire images are based
on either standard or spiral techniques, each with its
advantages and disadvantages. At the present time,
clinical application has been useful for the imaging of
bypass graft patency and of congenitally anomalous
coronary arteries (38-40). Recent work from Kim et al.
(41) described an international multicenter trial that
demonstrated the present value of coronary artery
imaging. The study demonstrated that the left main,
the left anterior descending, and the right coronary
arteries were well visualized. The circumflex coronary
artery was adequately visualized less frequently. While
these results are promising, substantial improvement
is required to facilitate adequate resolution of second-
ary branches and stenotic portions of the coronary
arteries. With further improvements in imaging speed,
this should happen within the next two to three years.

Plaque imaging and characterization

One of the advantages of MR is its ability to visualize
the arteries in cross section. Accordingly, plaque can be
seen, its morphology assessed, and its character ana-
lyzed. For example, it is possible to determine the con-
stituents of the plaque in the larger noncoronary vessels,
e.g., the aorta, the carotids, the iliofemorals, and the
renals. While calcium is not visible (creating a region
without signal), lipid can be differentiated from fibro-
sis using differences in relaxation properties. Plaque
composition analysis by MR is thought to allow evalu-
ation of plaque stability, and provide a unique clinical
approach to assess stability. This may add to the degree
of stenosis to predict future occlusive events (42, 43).
Routine, clinically relevant coronary arterial plaque
imaging will require substantial technical development.
It is more feasible in the aorta and peripheral arteries.

Image-guided catheter placement

Cinefluoroscopy can be performed using high-speed
MR methods. Thus, catheters can be tracked and posi-
tioned using MR fluoroscopic real-time imaging. One
can envisage a future in which MR rather than x-rays is
used to perform catheter-guided cineangiography and
perhaps interventions with high resolution, with the
potential to characterize plaque and with the ability to
image in three dimensions (44).

Myocardial-perfusion imaging

Contrast agents based on paramagnetism (e.g., gadolin-
ium) or superparamagnetism (e.g., Fe?*) can be tracked
as they traverse the myocardium after intravenous
power injection to assess myocardial perfusion at rest
and with a vasodilator (e.g., adenosine). Presently, MR
perfusion imaging has been shown to be comparable to
radionuclide myocardial-perfusion imaging. One might
think that MR would be better for myocardial-perfu-
sion imaging than radionuclides because of its much
higher resolution and lack of attenuation (45). Howev-
er, the presence of paramagnetic contrast in both ven-
tricles can generate artifacts within the interventricular
septum that can confound interpretation (46).

Spectroscopic applications for the near future

31Phosphorus stress test

While in relatively low concentrations in the myocardi-
um, 3'P is found in several very important molecules,
particularly the high-energy phosphates, ATP, phos-
phocreatine (PCr), and inorganic phosphates. PCr is
labile, and its concentration rapidly decreases in the
presence of a myocardial insult such as ischemia. ATP is
considerably more stable and remains intact for pro-
longed times during ischemic insults. The PCr/ATP
ratio has been used as a means of tracking ischemic
insults clinically at 1.5 tesla. Several methods, such as
3D CSI and ISIS with low resolution, have been used to
generate myocardial spectra at rest and with handgrip
stress. With the advent of higher-field (i.e., 3 tesla) and
whole-body systems it should be possible to determine
the concentration of inorganic phosphates (Pi). The
spectral position of the Pi is related to intracellular pH.
With a myocardial insult one would anticipate an aci-
dotic environment detectable by the “chemical shift” of
the Pi spectral peak. Clinical application was reported
originally by Weiss et al. (47), and later by Yabe et al. (48),
for detection of significant reduction in the PCr/ATP
with handgrip exercise in patients with ischemia conse-
quent to disease of the left anterior descending coronary
artery. Recently, Buchthal et al. demonstrated that
approximately 20% of women with chest pain syn-
dromes, but no significant coronary artery disease by x-
ray coronary angiography, also had significant reduc-
tions in PCr/ATP as part of the NHLBI supported
Women’s Ischemia Syndrome Evaluation (WISE) study
(49). These investigators attributed this to microvascu-

The Journal of Clinical Investigation |

June 2003

| Volume 111 | Number 11



lar disease. With the chemical shift in Pi, one should be
able to detect concomitant acidosis to further corrobo-
rate an ischemic basis for this observation. At present,
only the anterior wall of the left ventricle can be ade-
quately interrogated, and therefore it 3!P myocardial
spectroscopy can only be clinically applied to diffuse or
to (anterior-wall) left anterior descending coronary
artery disease. With the move to higher fields for clini-
cal scanners, novel coil developments, and pulse
sequences that can generate a uniform excitation vol-
ume, we will ultimately be able to examine the entire left
ventricle using 3'P-NMR spectroscopy.

Sodium-23 measurement of sarcolemmal integrity

Sodium-23 is NMR-sensitive, and imaging of the
myocardium in territories with inadequate cell mem-
brane function and sodium accumulation can be detect-
ed. Ideally, a safe shift reagent would be developed to
allow ready differentiation between intra- and extracel-
lular sodium. No shift agents (which are usually based
on paramagnetic dysprosium) are safer for clinical
application at this time. We anticipate the development
of such agents in the next few years, which would make
sodium imaging an ideal clinical tool.

Other techniques with the potential to distinguish
intra- from extracellular sodium use quantum filter-
ing (50-54). These sequences separate resonances on
the basis of their motion, taking advantage of the
higher degree of restriction found in the intracellular
environment. To date, cardiovascular application of
these techniques has been limited to studies in the
isolated perfused heart (55-59), although the skeletal
muscles of patients with myotonia dystrophy have
been studied (60). Due to the careful set-up required
of these pulse sequences, these techniques have not
yet found their way into routine clinical practice, but
this is an area that might provide the functionality of
sodium imaging without the toxicity of the currently
available shift reagents.

An additional approach has been to image the sodi-
um content directly, without regard for compartmen-
talization. The rationale is that loss of ionic homeosta-
sis, tissue edema, or cell lysis will result in an increase
in the sodium concentration of any given volume of
myocardium (61-67).

Myocardial intracellular lipid content

With a myocardial ischemic insult, myocardial metab-
olism shifts from being aerobic (using primarily fatty
acids) to being anaerobic (using glycolytic pathways).
This results in the accumulation of myocardial lipids
that can be visualized by hydrogen (proton) imaging
(68, 69). Such lipids are usually amphiphilic and can
produce deleterious effects on myocardial function and
conduction. Using hydrogen spectroscopic imaging,
Reeves and colleagues were able to depict the distribu-
tion of lipids in the interventricular septum after a
myocardial ischemic insult (69). Lipids in the anterior
and posterior left ventricular walls were difficult to

image because of adjacent adipose tissue that sur-
rounds the myocardium. With higher-resolution imag-
ing strategies, it might be possible to detect lipid in
nonseptal myocardium to assess the extent and severi-
ty of the ischemic insult.

Imaging applications still several years away

Diffusion imaging for myofiber orientation

Motion artifacts need to be overcome to make diffu-
sion myocardial imaging a useful clinical application,
but at the moment, no other technique yields such
exquisite anatomical ulcrastructural detail. This is
because the diffusion of water in the myocardium fol-
lows the muscle fibers (70-73), so that orientation of
the fibers can be visualized though the use of diffusion
tensor MR imaging (DTMRI). Recently, we have report-
ed multiexponential diffusion behavior in heart tissue
and have suggested that the diffusion characteristics of
the intracellular environment are different from those
of the extracellular environment (74, 75). If this is cor-
rect diffusion imaging may also provide the means to
detect myocardial edema, or cell swelling that is associ-
ated with the loss of ionic homeostasis prior to cell
death (76). The difficulty that remains to be overcome
before this will be a useful technique for CMR is that
the bulk motion normally associated with cardiac
motion is much larger than the diffusion distances to
which these sequences are sensitive (6-9 pim). Work by
Wedeen and colleagues has made significant progress
toward the successful application of diffusion tensor
imaging to studies of the heart (77-80), but better
image-registration and gating strategies need to be
implemented before these techniques are clinically use-
ful for the study of myocardial structure and viability.

Intelligently targeted contrast agents

One approach currently under investigation (81, 82)
is the use of very small lipid spheres (100-250 nm
diameter), usually with a fluorochemical core, that
have two main components: a targeting molecule — a

Figure 3
MRI of the right main coronary artery.
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fragment of an antibody, a small peptide, or a ligand
for a receptor — used to direct delivery of the particle;
and a contrast agent, usually present in high local
concentration. Such targeted molecular approaches
promise to revolutionize not only disease detection,
but also delivery (and monitoring) of site-specific
therapeutic agents (83, 84). Labeling of either stem
cells or macrophages with superparamagnetic iron
oxide particles has the potential to track individual
cells; however, reduction in image intensity in the
presence of superparamagnetic labeled cells could
limit their eventual clinical applicability.

Assessing regional oxygen content

Fluorocarbon blood substitutes. Naturally abundant fluo-
rine (*F) exhibits a chemical shift that depends on
whether the blood substitute is oxygenated; this shift
provides the means for determining the percent oxy-
genation. Together with the perfluorochemical com-
position within the core of the targeted contrast-agent
nanoparticles mentioned above, this may provide a way
to determine regional oxygen content using targeting
of cell-specific markers (85, 86).

70xygen imaging and spectroscopy. 170, is detectable by
MR, although the signal-to-noise ratio suffers from
poor sensitivity. However, in addition to being directly
detectable, oxygen-17 is also paramagnetic, meaning
that when the oxygen is reduced to water (H,!7O) by
mitochondrial electron transport to generate ATP, the
protons that are covalently bonded to the 7O result in
broadening of the spectral peaks. The amount of
broadening is directly proportional to the amount of
oxygen that is reduced — and therefore serves as an
independent measure of oxygen consumption and
resultant ATP production. Although the majority of
this work has been in neuroimaging (87-92), this tech-
nique may be applied to the heart as well.

Susceptibility imaging. Blood oxygen level-dependent
(BOLD) imaging uses the same principles that are used
in functional neuroimaging. The ferrous iron in hemo-
globin becomes diamagnetic when oxygen is attached
but becomes paramagnetic when it is deoxygenated.
Determination of the regional oxygen consumption
requires measurement of the tissue perfusion and the
quantitation of the deoxyhemoglobin content. While
BOLD imaging is not yet ready for clinical application
to the heart, significant progress is being made (93-98).

Spectroscopic applications still several years away

Carbon-13 MR spectroscopy

Although NMR’s sensitivity to the carbon-13 (13C)
nucleus is considerably lower than its sensitivity to 'H
and lower than its sensitivity to 3P, 13C could provide
insight into some of the most important biochemical
pathways, including glycolysis and the tricarboxylic acid
(TCA) cycle. At the present time, the relatively low sen-
sitivity has relegated the role of 1*C spectroscopy to lab-
oratory investigations. With the commercial transition

of clinical systems to higher magnetic fields, and the use
of novel pulse sequences designed to improve the sensi-
tivity for detection of 13C-enhanced compounds, this
nucleus could ultimately find clinical application.

Cross-polarization 'H[!3C]-NMR spectroscopy, het-
eronuclear multiple-quantum coherence (HMQC)
spectroscopy, and heteronuclear chemical shift corre-
lation (HETCOR) are strategies for improving the sen-
sitivity with which the 3C nucleus can be detected.
They rely on the transfer of magnetization from the
carbon to the proton, which improves the signal-to-
noise ratio by a factor of approximately eight.

TCA cycle kinetics

Because the sensitivity of carbon is relatively low, detec-
tion of chemicals is limited to those present in concen-
trations of 100 UM or greater. As a result, the concen-
trations of the intermediates in the TCA cycle are too
low for reliable detection. However, 0-ketoglutarate is
in rapid exchange with the intracellular glutamate
pool. In myocardium, the intracellular glutamate is
present in concentrations ranging from 1.5 to 4 mM —
within the range detectable by MR. Estimates of TCA
cycle turnover can be made from the incorporation of
I3C from energy substrates (such as glucose, or FFAs)
into the glutamate pool. By virtue of the role of the
TCA cycle the primary means for energy-laden sub-
strate, incorporation rates of 13C from energy sub-
strates into glutamate serve as an indirect estimate of
oxygen consumption (99-102). As a result, 13C spec-
troscopy has been reported to be more sensitive than
3P spectroscopy for the detection of myocardial
ischemia, albeit in animal models using very high mag-
netic fields, e.g., 8.4 tesla (103).

The future: a move to higher fields for cardiac MR

Diagnostic imaging

In the future, the ability to image morphology, func-
tion, coronary arteries, atherosclerotic plaque, perfu-
sion, metabolic ischemia, and viability potentially with-
in a 60- to 90-minute time interval will make
cardiovascular MR the most cost effective and compre-
hensive means to detect ischemic heart disease and to
determine the effect of therapeutic agents. The addition
of molecular imaging with NMR will further improve
development and assessment of new therapeutic modal-
ities and mechanisms of action. The ability to visualize
and track catheters could lead to MR replacing x-rays in
the future for improved diagnosis and intervention. The
improved signal-to-noise ratio achieved at higher fields
can be used to increase imaging speed, and/or to
increase spatial resolution. The improvement in spatial
resolution comes at the cost of reduction in imaging
speed. Thus, the specific goals of a given NMR study
must be determined in order to use the improved signal
most effectively. The improved spatial resolution in car-
diac studies will be of substantial value in perfusion and
viability imaging, and spectroscopy.
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Increased imaging speed will reduce motion and flow
artifacts, virtually allowing real-time acquisition and dis-
play. Analysis of wall-motion abnormalities can be com-
pleted in a single breath-hold with excellent signal-to-
noise ratio. Due to the increased spin-lattice relaxation
times (T1), there is increased RF tag-line persistence
through the cardiac cycle at higher fields, simplifying the
analysis of regional wall motion by ensuring that the
tags continue throughout the cardiac cycle.

Measurement of myocardial tissue perfusion can be
classified into two broad categories: those that require
administration of an exogenous contrast agent, and
those that do not, e.g., spin labeling for measurements
of tissue perfusion. Higher magnetic field should result
in a greater dynamic range in the myocardial delayed
contrast enhancement and, combined with reduced scan
times for the fast imaging sequences, greater temporal
resolution in quantitating the increase in tissue intensi-
ty. Noninvasive perfusion will benefit from the longer
T1s, and the increased signal-to-noise ratio (95, 104).

Spectroscopy

Signal-to-noise ratio increases at higher field, which
means that signals that could not be observed at 1.5
tesla can be reliably detected at 3 tesla. This has impor-
tant implications for cardiac 3'P-NMR spectroscopy,
where routine identification of the intracellular inor-
ganic phosphate peak is impossible at 1.5 tesla. The
ratio of inorganic phosphate to PCr is a more sensitive
indicator of myocardial ischemia than PCr/ATP.

Furthermore, the higher field increases our ability to
distinguish between adjacent peaks in the NMR spec-
trum. This improvement in spectral resolution means
that peaks that overlap at 1.5 tesla may be distin-
guished at the higher field. This would improve the
ability to separate the 2,3-diphosphoglycerate in red
blood cells from myocardial inorganic phosphate, for
example. Such improved ability to define the inorgan-
ic phosphate peak should lead to higher resolution in
the measurement of intracellular pH (calculated from
the shift in frequency of the inorganic phosphate peak
relative to PCr).

Increased field strength also leads to stronger cou-
pling between nuclei. Techniques that improve the
detection of relatively weak nuclei, such as 13C, will ben-
efit from the shift to the higher field. One technique
uses cross-polarization transfer, which transfers the sig-
nal from the 13C nuclei to adjacent protons for detec-
tion. Higher field increases the signal-to-noise ratio of
the proton nuclei directly, but in addition, the coupling
between the proton and the carbon is also increased at
higher field, resulting in further benefit.

As with imaging, the increased signal-to-noise ratio can
be used to increase the speed with which spectroscopic
data are acquired, or to decrease the area that is interro-
gated; and it is of paramount importance in cardiovas-
cular spectroscopic imaging, since issues regarding signal
contamination from adjacent tissue (ventricular blood
pool, skeletal muscle, or liver) are major concerns.

Traditional spectroscopic localization methods do
not use gradients during the data acquisition because
of the risk of contamination from signal emanating
outside the VOL This is particularly important with
spectroscopic volume selection methods such as ISIS
and depth-resolved surface coil spectroscopy (DRESS)
that employ gradients to select the region from which
spectra are acquired. Gradients are turned off for the
data acquisition. However, acquisition speed can be
improved by combination of spectroscopic and fast
imaging methods. By relaxing of the requirement not
to employ gradients during acquisition, rapid imaging
strategies such as echo-planar imaging can be incorpo-
rated to increase the speed of data acquisition for spec-
troscopic imaging (105). Recent advances in scanner
hardware have made these strategies possible.

Conclusions

NMR spectroscopy and imaging has been applied
increasingly to provide an understanding of the metab-
olism and function of the heart and blood vessels. The
technologies embodied in NMR applications are
unique in that they can provide detailed information at
molecular, cellular, organ, and whole-body levels, effec-
tively going “from the molecule to man.” There has
been substantial and remarkable evolution in the car-
diovascular application of this technology since the dis-
covery of the phenomenon of NMR in the late 1940s
and its application to generate images in the early
1970s. As clinical platforms continue to move to high-
er fields (and as we overcome the technical hurdles pre-
sented by these fields), we obtain new information that
has significant impact on the diagnosis and manage-
ment of our patients. At present, we are still only
scratching the surface.
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