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CARDIO IMAGING: December 2002

Faster speed, better spatial resolution lead 3T benefits
New pulse sequences and strategies for cardiac imaging and
spectroscopy must be developed
By John R. Forder, Ph.D., Krishna Nayak, Ph.D., and Gerald M. Pohost, M.D.
The FDA has approved 3T MR scanners for whole-body, including cardiovascular,
imaging, and multinuclear spectroscopy at this field strength is pending approval. The three main
vendors of clinical MR scanners-GE, Philips, and Siemens-all have clinical 3T whole-body
platforms available.
While 3T platforms have demonstrated a clear advantage over 1.5T and lower fields in
many neuroimaging and neurospectroscopy applications, pulse sequences and strategies for
cardiac imaging and spectroscopy at the higher field strength are under active development.
Merely transporting sequences that were effective at lower fields will not be sufficient. Rather,
pulse- and gradient-sequence design and implementation must take into account the
characteristics and physics of the higher field.
Signal to noise improves at higher field, due to the increased polarization of the nuclear
spins present in the magnetic field, and the transverse relaxation rates are increased.
Unfortunately, motion, flow, and susceptibility effects also increase; these problems are intrinsic
to cardiac imaging and spectroscopy. The interactions of the radio-frequency wavelengths that
are required and the impact of the magnetohydrodynamic effects on electrocardiogram triggering,
which has not been important at 1.5T, may need to be addressed. Standing waves due to body
dielectric resonances pose new challenges for the design of receiver coils. And increased T1
relaxation times of blood, myocardium, and epicardial fat must be considered with black blood
sequences or in fat-saturation schemes.
Despite the difficulties inherent in imaging at 3T, there are significant benefits. The higher
field (greater than or equal to3T) scanners will improve a number of areas related to clinical
cardiac studies: spatial resolution, fast imaging speed, myocardial tagging techniques, perfusion
imaging, development of cardiac blood oxygen level-dependent (BOLD) imaging, MR-guided
catheter placement, and cardiac spectroscopy.
ADVANTAGES OF 3T CARDIOVASCULAR IMAGING
The improved signal to noise can be used to increase either the speed of the imaging
protocols or the spatial resolution. This has been done with extraordinary results in
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neuroimaging, with brain structures identifiable at 3T that could not be identified at lower fields.
Improvement in spatial resolution comes at the price of speed, however, and the specific goals of
the study must be identified so that the improved signal can be used most effectively. In general,
spatial resolution can be increased by up to 40% (compared with 1.5T using the same imaging
time and signal-to-noise ratio). Areas in which additional spatial resolution may be useful in
cardiac studies include perfusion imaging, viability imaging, coronary imaging (Figures 1 and 2),
and cardiac spectroscopy (Figure 3).
With the introduction of variable density sampling methods, and generalized parallel
imaging and reconstruction methods such as SENSE and SMASH, signal to noise can be freely
traded off for imaging speed. This approach may be of particular benefit to ventricular function
and wall motion imaging, especially under stress conditions requiring frame rates of at least 24
images per second.
Single breath-hold cardiac imaging has largely eliminated respiratory motion artifacts,
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producing high-quality images of the heart. In order to achieve the short data acquisition times
associated with fast imaging sequences at 1.5T, small flip angles are used. As a result, motion
artifacts are reduced in the images, but this improvement in image quality also lowers the SNR.
3
The shift to higher fields improves the SNR. Increased speed reduces motion and flow artifacts,

allowing real-time acquisition and display of cardiac images. Studies for the analysis of wall
motion abnormalities can be completed in a single breath-hold with excellent signal to noise. In
addition, the longer longitudinal (T1) relaxation times seen at 3T are useful in measurements of
regional myocardial wall motion analysis. Myocardial tagging relies on RF interference patterns
that are generated to noninvasively label tissue position and allow point-tracking of the
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myocardial wall throughout the cardiac cycle. The increased T1 relaxation rates result in
increased RF tag line persistence at higher fields, simplifying the analysis of regional wall motion
by ensuring that the tag lines continue throughout the cardiac cycle.
Measurements of myocardial tissue perfusion can be classified into two broad categories:
those that require administration of an exogenous contrast agent and those that rely on
noninvasive, or spin, labeling. Administration of contrast relies on examination of the upslope of
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the tissue intensity during the first pass of the contrast agent. Higher magnetic field may result
in a greater dynamic range in the tissue intensity enhancement and, combined with reduced scan
times for the fast imaging sequences, greater temporal resolution in quantitating the increase in
tissue intensity.
In addition to perfusion imaging performed with contrast agents, noninvasive perfusion
measurements made using spin-labeling techniques have been applied with some success in the
9-12
heart.
The increase in signal to noise at higher field, coupled with the increased transverse
(T1) relaxation times of the tissue, benefit quantitative perfusion imaging. This technique relies on
inversion of the spins within the imaging plane, followed by a delay equal to the T1 relaxation time
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of the tissue and subsequent imaging.
Images are acquired with and without the inversion
pulse, and regional perfusion maps are constructed from the data.
Viability testing in the myocardium using delayed contrast enhancement has been
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exploited at 1.5T.
Gadolinium chelates persist in the border areas of myocardial infarcts, and
testing in these regions agrees well with viability measurements made in animals using triphenyl
tetrazolium chloride staining. Since the contrast-based enhancement is based on the shortening
of the T1 relaxation rates of the surrounding tissue, the prolongation of T1 relaxation rates at
higher field promises to deliver an increase in the dynamic range that can be measured. Further
investigations into the mechanism of delayed contrast enhancement at 3T are warranted.
MRI-guided placement of intravascular catheters relies on real-time imaging and sufficient
dynamic range in the image sensitivity to spin-spin relaxation to visualize the catheter. Low flip
angle, short repetition times (TR), and increased sensitivity to susceptibility suggest that these
applications will benefit from the shift to 3T. Catheter-based MR receiving coils will also benefit
from higher field, as the increase in signal to noise will aid in both the high-resolution imaging of
the vessel wall and attempts to characterize atherosclerotic plaque by spectroscopic means.
Measurements of regional oxygen concentration performed at high field strength offer an increase
in sensitivity by exploiting the BOLD effect, which has been used in the brain to yield new
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information regarding neuronal activation.
The relationship between deoxyhemoglobin content
10,12,23-28
and image intensity also exists in the heart.
BOLD imaging is based on the observation
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that while oxyhemoglobin is diamagnetic, deoxyhemoglobin is paramagnetic. The heme groups
in deoxyhemoglobin act like tiny bar magnets, disrupting the magnetic field of nearby nuclei,
which then do not align as well with the external magnetic field, and the net magnetization of the
tissue decreases. This translates into a decrease in image intensity that is proportional to the
amount of deoxyhemoglobin present. Susceptibility effects are more pronounced at higher fields,
and therefore susceptibility-based imaging sequences acquire increased sensitivity to
oxygenation changes. Several groups are working to quantitate the deoxyhemoglobin effect. This
work will be aided by a shift to higher fields and may make imaging of the regional oxygenation
12,27,28
status of the myocardium possible.
DISADVANTAGES OF 3T CARDIOVASCULAR IMAGING
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Literature values of tissue dielectric constants allow calculation of the RF wavelength
within the body to be about 25 to 30 cm at 3T; this is approaching the size of the receiver coil and
human body dimensions. Besides the B1 field pattern of the RF transmit coil, body dielectric
resonances or standing wave phenomena may influence the electromagnetic field distribution
inside the body,30 making receiver coil design more difficult than at lower field strengths. For
cardiac imaging, phased-array coils consisting of two to four elements have strongly improved
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image quality from surface coils.
Bottomley et al reported an optimum design of phasedarray coils for cardiac imaging at 1.5T. Similar optimization will be needed for phased-array coils
at 3T, due to the shorter RF wavelength.
RF penetration decreases at higher fields, and RF power deposition increases for pulse
sequences, since the amount of energy required to tilt the nuclear spins out of alignment with the
magnetic field increases. This precludes the use of some sequences, such as multislice fast spinecho-the power required for the sequence of 180 degrees refocusing pulses would effectively
cook the tissue under study. Refocused steady-state free precession (SSFP) sequences, also
known as true fast imaging with steady-state precession (TrueFISP), or fast imaging employing
steady-state acquisition (FIESTA), which often use high flip angles and short TR, will also require
careful design so as to not exceed specific absorption rate (SAR) limits. SSFP sequences that
are highly sensitive to off-resonance frequencies will require shorter TRs to avoid banding
artifacts.
36-39
Fast imaging techniques such as interleaved spiral scans
and interleaved echo40-43
planar imaging
are commonly used for real-time cardiac imaging at lower magnetic field
strengths. These techniques are particularly sensitive to susceptibility artifacts, especially near
the heart-lung boundary; field inhomogeneities; and low T2* values within the heart, especially
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adjacent to the coronary sinus (the posterior vein of the left ventricle). These may lead to signal
losses and image distortions that are more pronounced at higher field strengths.
Increased T1s will also require timing adjustments in inversion recovery-based imaging
sequences such as double-inversion black blood imaging and inversion recovery fat suppression.
Both techniques will require longer inversion times to achieve the desired contrast. The longer
T1s will be beneficial in other cases, such as selective inversion recovery and myocardial tagging
sequences, which depend on an RF saturation or inversion tag that persists for some time.
Longer T1s allow a significantly longer imaging period after initial contrast preparation.
Gradient switching to accommodate fast imaging sequences at 3T also poses a problem:
The magnitude of the gradients and the ramp times required may cause peripheral nerve
stimulation. GE, Philips, and Siemens have addressed this by incorporating shorter gradient sets,
thereby decreasing the power requirements and minimizing peripheral nerve stimulation.
3T CARDIOVASCULAR SPECTROSCOPY
Higher fields in spectroscopy offer major benefits that are important for the cardiologist.
Increased signal to noise allows signals that could not be observed at 1.5T to be reliably detected
at 3T. This has important implications for cardiac phosphorus-31 nuclear MR spectroscopy, in
which routine identification of the intracellular inorganic phosphate peak is not possible at 1.5T.
The ratio of inorganic phosphate (Pi) to phosphocreatine (PCr) is a more sensitive indicator of
myocardial ischemia than the ratio of PCr to adenosine triphosphate (ATP).
The higher field increases our ability to distinguish between adjacent peaks in the NMR
spectrum. Improvement in spectral resolution allows peaks that overlap at 1.5T to be resolved at
the higher field, which would assist, for example, in the separation of 2,3 diphosphoglycerate from
Pi. The narrower line widths in higher fields also improve resolution of the frequency of peaks that
can be observed. Improved frequency assignment of the Pi peak, for example, should lead to
higher resolution in the measurement of intracellular pH, calculated from the frequency shift of the
Pi peak relative to PCr.
Increased field strength leads to stronger coupling between nuclei, and techniques that
improve the detection of relatively weak nuclei, such as carbon-13, will benefit from the shift to
the higher field. One such technique, cross-polarization transfer, transfers the signal from the C13 nuclei to adjacent protons for detection.45-48 Higher field increases the signal to noise of the
proton nuclei directly, but the coupling between the proton and the carbon is also increased at
higher field, resulting in additional benefit.
As with imaging, the higher SNR can be used to increase the speed with which
spectroscopic data are acquired or to decrease the area from which the data are acquired. A
decrease in the area that is queried is of paramount importance to cardiovascular spectroscopy,
since issues regarding signal contamination from adjacent tissue (ventricular blood pool, skeletal
muscle, or liver) are real concerns. Combination of 3D chemical shift imaging and spatial

localization with optimal pointspread function (SLOOP) should permit localization of spectra from
the ventricular wall with minimum contamination.
Traditional spectroscopic localization methods do not use gradients during the data
acquisition, due to the risk of contamination from signals outside the volume of interest. Even
commonly used spectroscopic volume selection methods such as ISIS and DRESS that employ
gradients do so only to select the region from which spectra are acquired. Gradients are turned
off for the data acquisition. Additional acquisition speed can be gained, however, by more closely
linking spectroscopic and fast imaging methods. By relaxing the requirement not to employ
gradients during the acquisition, rapid imaging strategies such as echo-planar imaging can be
incorporated to increase the speed of data acquisition for spectroscopic imaging. Advances in
scanner hardware have made such strategies possible.
Clinical spectroscopic studies have used several isotopes to examine energetic status,
49-51
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lipid content,
lactate concentrations,
and ionic homeostasis. Reports using P-31 NMR
spectroscopy combined with handgrip stress suggest this technique may have clinical utility in the
diagnosis of myocardial ischemia.
Although the sensitivity of the carbon nucleus is much lower than that of phosphorus, the
relatively low natural abundance (~1.1%) makes this atom ideal for the study of intermediary
energy metabolism. Infusion of C-13-enriched substrates facilitates assessing incorporation into
metabolite pools with very little background signal. With a few exceptions, this nucleus has not
yet been used in clinical MR studies. With the introduction of higher fields for clinical magnets,
carbon spectroscopy may become feasible as a clinical tool.
Clinical phosphorus spectra from heart muscle can show up to seven peaks: the three
phosphates associated with ATP (a, b, and g), PCr, Pi, phosphomonoesters, and
phosphodiesters (Figure 3). The ATP and PCr have been used for clinical studies of myocardium
on conventional 1.5T clinical magnets. With the wider availability of clinical 3T magnets and FDA
approval for their application to body imaging, the visualization of Pi will become possible,
allowing improved assessment of changes in PCr and of intracellular pH.
The b-phosphate peak is used to estimate ATP concentration because this peak position
does not experience contamination by signals from adenosine monophosphate and adenosine
diphosphate. The myocardium exhibits tight control over the production and utilization of ATP,
with synthesis carefully matched to metabolic demand. Since the coronary circulation extracts a
high percentage of the oxygen that is present in the blood, increases in metabolic demand are
usually accompanied by increases in coronary blood flow.
Under normal conditions, more than 80% of the ATP produced is used for mechanical
contraction. Increased heart rate or left ventricular contractility is usually accompanied by an
increase in coronary blood flow. In the presence of a critical stenosis, however, the coronary
vasculature may already be maximally vasodilated. Only under conditions of increased workloadeither through mechanical activity or by pharmacologic means-does the PCr decrease to maintain
the ATP pool. It is this paradigm, the P-31 NMR stress test, that is employed in spectroscopy to
diagnose myocardial ischemia.
The ratio of PCr to the b-ATP peak is commonly used to provide insight into myocardial
energetics and to assess the severity of an ischemic event. It has been used to diagnose
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myocardial ischemia in the absence of overt epicardial coronary artery disease, suggesting the
potential for noninvasively assessing microvascular disease in the heart.
Pi also increases during ischemia, due to increased ATP hydrolysis that is not matched by an
increased ATP synthesis. Although the resonance position of the Pi relative to PCr can be used
to calculate pH, the magnetic fields used by most clinical platforms do not afford the sensitivity to
reliably detect this peak.
The increasing availability of higher field magnets for clinical use will allow a decrease in
the myocardial volume that is being interrogated. This will minimize the contribution of 2,3
diphosphoglycerate, which is present in red blood cells, from the left ventricular blood pool and
increase the likelihood of routine detection of Pi. These changes are summarized in the
accompanying table. The ratio of Pi to PCr may serve as a more sensitive index of myocardial
ischemia, since Pi should increase while PCr decreases.
The increase in field strength from 1.5T to 3T will require development of sequences that
have been tailored for the higher field, taking into account susceptibility, motion artifacts,

relaxation times, and SAR. The benefits of the higher field are readily apparent, with increased
signal to noise that can be used to increase spatial or temporal resolution. Areas of research that
depend on susceptibility for measurements, such as contrast-based and oxygen-sensitive
techniques, will gain from the higher field, as will techniques such as myocardial tagging and
spin-labeling perfusion measurements that can take advantage of the increased T1 relaxation. It
will not be long before 3T becomes the standard for cardiac MR studies.
Dr. Forder is an associate professor of medicine and director of NMR science in cardiovascular
medicine and Dr. Pohost is a professor of medicine and chief of cardiovascular medicine, both at
Keck School of Medicine at the University of Southern California in Los Angeles, CA. Dr. Nayak is
a lecturer and research associate in the Department of Electrical Engineering at Stanford
University in Stanford, CA.
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