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Abstract

Proper assessment of the physiologic impact of coronary artery stenosis on the LV myocardium can affect patient prognosis and
treatment decisions. Cardiac magnetic resonance imaging (CMR) assesses myocardial perfusion by imaging the myocardium
during a first-pass transit of an intravenous gadolinium bolus, with spatial and temporal resolution substantially higher than
nuclear myocardial perfusion imaging. Coupled with late gadolinium enhancement (LGE) imaging for infarction during the same
imaging session, CMR with vasodilating stress perfusion imaging can qualitatively and quantitatively assess the myocardial extent
of hypoperfusion from coronary stenosis independent of infarcted myocardium. This approach has been validated experimentally,
and multiple clinical trials have established its diagnostic robustness when compared to stress single-photon emission computed
tomography. In specialized centers, dobutamine stress CMR has been shown to have incremental diagnostic value above stress
echocardiography due to its high imaging quality and ability to image the heart with no restriction of imaging window. This paper
reviews the technical aspects, diagnostic utility, prognostic values, challenges to clinical adaptation, and future developments of

stress CMR imaging.

Introduction

Myocardial ischemia is an imbalance between oxygen
consumption and oxygen supply at the cellular level. It is
accompanied by inadequate removal of metabolites because of
reduced blood flow or perfusion—differentiating it from hypoxia,
which is related to reduced oxygen supply with adequate perfusion
as encountered in severe anemia, or carbon monoxide poisoning.
Oxygen consumption is driven by metabolic demands, which are
in turn affected by many factors including heart rate, contractility,
systolic wall tension, direct metabolic effect of catecholamines,
and fatty acid uptake. In the normal heart, coronary blood flow is
controlled by a combination of endothelial function and myogenic
control. In response to metabolic requirements, as occurs during
physical exertion, coronary blood flow may be increased by a factor
of between three- and five-fold.

In patients with coronary stenosis, autoregulatory dilation of the
resistance vessels compensates for reductions in perfusion pressure
distal to the stenosis. Thus tissue perfusion distal to the stenosis
is usually adequate at rest; however, with increased demand and
epicardial blood flow limited by the stensosis,! distal perfusion is
compromised and tissue ischemia occurs. Stenoses of intermediate
severity by angiographic criteria have been shown to have widely
disparate functional significance as assessed by fractional flow
reserve or quantitative analysis of blood flow using positron
emission tomography (PET).! Therefore, in the clinical setting,
functional studies may be necessary to ascertain the potential for
myocardial ischemia.

Ischemia may also occur due to endothelial dysfunction
without significant stenosis at the epicardial level, and endothelial
dysfunction may occur throughout the coronary vasculature, from

the epicardial level right down to the microvasculature. Because
blood flows in the direction of subepicardium to subendocardium,
and oxygen requirements are greater in the subendocardial layers,
the subendocardium is more vulnerable to ischemia, creating a
transmural gradient of ischemia.

Imaging Ischemia

The detection of ischemia in chronic stable coronary disease
requires that a stimulus be applied to expose regional differences
in coronary flow reserve (flow heterogeneity) and/or induce
an imbalance between oxygen demand and supply (ischemia).
Exercise is the simplest and most physiological stress, producing
regional perfusion abnormalities and ischemia. Inotropic agents
such as dobutamine increase the metabolic demand through
increased heart rate (chronotropy) and contractility coupled
with some vasodilator activity. Vasodilator stressors, such as
dipyridamole, adenosine, or the selective A2a receptor agonist
cause coronary vasodilation. Coronary blood flow increases three-
to five-fold in normal arteries but cannot increase to the same
extent in arteries with significant stenosis, therefore producing
flow heterogeneity in hemodynamically significant coronary
obstruction and ischemia when the obstruction is severe.?

CMR Detection of Regional Wall Motion Abnormalities

CMR offers several theoretical and practical advantages over
both stress echo and nuclear perfusion. It provides substantially
better temporal (<45 msec as standard for assessment of
ventricular function) and spatial resolution (1.5 mm x 1.5 mm
in plane resolution) to nuclear imaging without the limitations
associated with poor echo windows. Thus it is an ideal tool for
investigating wall motion and/or wall thickening in response to
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stress. Early work that demonstrated the feasibility of dobutamine
stress CMR and encouraging results for diagnostic accuracy has
been confirmed.? In the 15 years following, at least 14 further
studies were published using regional wall motion abnormalities
on stress CMR to detect angiographically significant coronary
disease, reporting sensitivities of 78% to 91% and specificities of
75% to 100%. A recent meta-analysis reports summary estimates
of sensitivity and specificity of 85% and 86%, respectively.* During
this time, there have been significant improvements in cine

CMR imaging that have made an important contribution to the
robustness of the technique, with fast gradient echo sequences
largely superseded by cine steady-state free precession at the most
common 1.5T environment, allowing for superior myocardial to
blood pool contrast.

Further advances in stress CMR include a more quantitative
approach to the analysis of wall motion through the use of tissue
tagging. Tagging involves the placement of selective saturation
bands at regular intervals through the slice of interest at the
onset of image acquisition. Myocardial motion in circumferential,
longitudinal, and radial dimensions throughout the cardiac cycle
can then be tracked and quantified by analyzing the deformation
of the saturation bands. Tagging correlates well with tissue Doppler
measures of longitudinal and radial strain,® and analysis of tagging
improves the sensitivity of dobutamine CMR.® Analysis of tagged
images is time-consuming, but commercially available software
allows semi-automated analysis of tagging and has improved
significantly on the post-processing time.

In relation to the stress applied, exercise has been employed
as a stressor,” but the logistics of achieving a sufficient level of
exercise to provoke ischemia are difficult within the confines of the
magnet, and pharmacological stress is almost universally employed
in clinical practice. As flow heterogeneity does not lead directly
to ischemic wall motion abnormalities except in cases of more
severe perfusion abnormality, where real ischemia is generated,
it is not surprising that cine imaging during vasodilator stress
tends to be associated with lower sensitivity® and higher specificity
for detecting coronary disease compared to inotropic drugs. In
one study that directly compared adenosine and dobutamine,
sensitivities and specificities for detection of coronary disease by
cine CMR imaging were 40% and 96% for adenosine and 89% and
80% for dobutamine.’

The impact of detecting only severe stenoses with vasodilator
stress when wall motion rather than perfusion is observed may
partly explain the importance of dipyridamole-induced wall
motion abnormalities in predicting prognosis. In a large study of
the prognostic impact of stress MR, the presence (and extent) of
wall motion abnormality with dipyridamole stress was shown to
be the CMR variable most predictive of subsequent clinical events
during follow-up of 420 days.!

Recently, two studies have highlighted the clinical utility of
dobutamine cine CMR in cardiac stress testing. Nagel et al.!
compared ischemia-induced wall motion abnormalities between
dobutamine cine CMR and dobutamine stress echocardiography
with harmonic imaging in 208 consecutive patients with suspected
CAD prior to cardiac catheterization. Dobutamine cine CMR
provided better sensitivity (89% vs. 74%) and specificity (86% vs.
70%) than dobutamine stress echocardiography for detecting
>50% coronary artery stenosis. Similarly, Hundley et al. performed
dobutamine cine CMR on 163 patients with poor echocardiographic
windows and demonstrated 83% sensitivity and specificity
in detecting >50% coronary stenosis on quantitative coronary
angiography.!?

In addition, dobutamine cine CMR was associated with a
negative predictive value of 97% for cardiac events over the
subsequent 8-month period.”® Stress CMR can therefore be used
as both a diagnostic tool and an aid to prognostic evaluation of
patients with known or suspected coronary disease. In addition, as
with stress echo, dobutamine CMR is useful not only for detecting,
localizing, and quantifying ischemia but also for identifying the
effects of ischemia on valvular function.

MR Myocardial Perfusion

MR myocardial perfusion, having evolved considerably in the
past decade, is now a clinically useful tool rather than a research
investigation, with significant advantages for assessing chronic
ischemia and viability. In particular, the comprehensive nature
of assessment, whereby function, perfusion, and viability can be
optimally assessed in a single sitting, is attractive for patients
and healthcare providers alike. The following sections outline the
principles of MR myocardial perfusion imaging, the sequences and
contrast agents employed in the clinical arena, the analysis of the
results, the clinical utility of the test, and the challenges posed by
the technique. Wider developments in the field of MR perfusion
and imaging of ischemia will also be discussed.

The contrast between blood and myocardium with MR depends
largely on the proton concentration and longitudinal (T,) and
transverse (T,) relaxation times. This inherent contrast may be
modulated through the use of MR contrast agents or different pulse
sequences weighted to emphasize T, or T, effects. For myocardial
perfusion, imaging efforts have concentrated on expanding the
contrast between areas of normal and relative hypoperfusion
by introducing contrast agents that increase or decrease signal
intensity depending on coronary blood flow.

First-Pass Gadolinium Perfusion Imaging

While research is hoping to refine and develop alternative
methodologies to assess myocardial perfusion, the technique that
has achieved greatest clinical prominence is first-pass perfusion
imaging using gadolinium-based extracellular contrast agents in
combination with T -sensitive pulse sequences. A major factor in
the success of this technique has been the advent of extremely fast
sequences capable of acquiring sequential images of each of several
myocardial slices, each capturing the relative differences in signal
intensity throughout the myocardium at multiple closely spaced
time points. While T, weighting may be introduced by a saturation,
inversion recovery, or a notched saturation prepulse, a saturation
prepulse is most commonly applied to null the myocardium. For
readout, fast imaging techniques such as fast spoiled gradient-
echo, echo planar imaging (EPI), and balanced steady-state free
precession have been used in combination with parallel imaging
techniques! to further increase the speed of acquisition with
the least compromise to spatial resolution. The relative lack of
standardizing sequences for perfusion across vendors and centers
has, until relatively recently, limited the comprehensive study of
MR perfusion’s clinical utility.

Gadolinium-based agents shorten both T, and T,, but the
predominant effect at low dose is T, shortening, thus areas of
contrast uptake are seen as hyperintense (bright) on T, weighted
images. For myocardial perfusion imaging, dynamic imaging is
conducted as the contrast agent is injected through the circulation
in a compact bolus. Up to 60 phases are acquired for each slice to
capture the myocardium and blood pool pre-contrast, then as the
contrast fills the right ventricle (RV), and then the left ventricle
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(LV), before perfusing the myocardium, thereby enhancing the
myocardial walls. On the first pass through the capillary bed, up
to 50% of circulating Gd-DTPA diffuses from the intravascular
compartment to the extravascular compartment.’> Therefore,
although recirculation is imaged, the most important portion
of the acquisition for both visual and quantitative analysis is
during the initial “first pass,” when the contrast enters and
washes out of the myocardium for the first time. Differences in
signal intensity between areas of myocardium reflecting areas
of perfusion heterogeneity can be detected visually or analyzed
semiquantitatively or quantitatively using the resultant time-
intensity curves (Figure 1).

Requirements and assumptions that must be met for MR

myocardial perfusion to produce an accurate and clinically
meaningful result are outlined below.

Image parameters:

* Adequate temporal resolution; i.e., at least one image per slice
location per heart beat during hyperemic stress state

* Acquisition window as short as possible to reduce blurring
from cardiac motion

* Acceptable spatial resolution (approximately 2 mm in-plane, to
allow discrimination of transmural perfusion gradient)

¢ Constant magnetization to ensure similar T,-weighting across
slice locations

* Coverage of the left ventricle maximized as far as possible
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Figure 1. (A) Qualitative interpretation of a first-pass myocardial perfusion study as a bolus of gadolinium contrast transits through the heart. Note that

an anterior subendocardial perfusion defect appears starting at image no. 18 and persists at peak contrast enhancement (image no. 26) and later. (B)
Time-intensity curves measured from a first-pass CMR perfusion study. The open green circles were measured in the right ventricular cavity. The dark
green circles were measured in the left ventricular cavity. The blue triangles were measured in a sector representing normal vasodilated myocardium,
while the red triangles came from a region of the myocardium with severely reduced perfusion (anterior subendocardium in this case). (C, D, E) Methods
for semiquantitative analysis of perfusion. Common semiquantitative parameters in measuring myocardial perfusion include peak contrast enhancements,
upslopes of the time-intensity curves, and upslope integrals. Courtesy of Andrew Arai, M.D., National Heart, Lung, and Blood Institute, National Institutes of Health,

Bethesda, Maryland

MDCVJ | IX (3) 2013

debakeyheartcenter.com/journal 125



¢ Contrast-to-noise and signal-to-noise ratios should be
sufficient to discriminate between normal and hypoperfused
myocardium

Contrast dosage and administration:

e Direct linear relationship between contrast dose and SI; true at
low dose contrast but not high dose (>.12 mmol/kg)

¢ Compact bolus of contrast facilitated by saline “chaser”

e Contrast injection rate of (5-7 mL/sec)

Experimental models of first-pass perfusion employ left atrial
catheter placement for contrast injection,! but it is neither possible
nor necessary to reproduce such conditions for clinical scans.
Peripheral intravenous cannulation, preferably in the antecubital
fossa, is sufficient for delivery of contrast. More important is the
rate of contrast delivery, >3 mL/sec, preferably >5 mL/sec, and the
coadministration of a saline bolus immediately after the contrast
to ensure a compact bolus to facilitate both visual and quantitative
analysis. Perfusion imaging to quantify ischemia is generally
performed at rest and during stress for comparative purposes
and to allow calculation of the myocardial perfusion reserve,
although stress-only protocols have been validated.’® A sample
protocol is shown in Table 1. Vasodilator stress using adenosine or
dipyridamole is most commonly used due to the excellent safety
profile and tolerability of these agents,” but dobutamine may be
used as an alternative. However, dobutamine perfusion imaging
with MR is complicated by the increase in heart rate that may limit
adequate coverage of the left ventricle during stress perfusion, as
the number of slices that can be prescribed is inversely related to
the patient heart rate. For patients undergoing vasodilator stress,
depending on the sequence used, 3 to 6 short-axis slices may be
combined with one or more long-axis views of the left ventricle
to facilitate assessment of apical perfusion. If a notched pulse
preparatory sequence is employed, the combination of long- and
short-axis planes is not possible. However, this disadvantage may
be somewhat offset if coverage of the left ventricle is maximized by
prescribing as many short-axis slices as can be accommodated in
the available time within the cardiac cycle.

Consideration should be given from the outset to the type of
analysis to be undertaken as the dose administered will affect
quantification of perfusion. At low doses, the relationship between
contrast dose and signal intensity is approximately linear, but at
higher doses (>0.12 mmol/kg) this relationship no longer holds
true. A potential conflict exists between the requirements for
quantitative or visual analysis. Greater contrast-to-noise ratio is
available with the use of higher doses (0.1-0.15 mmol/kg), thus
facilitating detection of perfusion defects by visual analysis, but
signal saturation may render quantitative analyses less reliable
at higher doses. For clinical purposes, qualitative visual analysis
yields very acceptable diagnostic accuracy. In the Non-ST Elevation
Myocardial Infarction (NSTEMI) study, the sensitivity and
specificity of visual assessment of perfusion alone (using a dose
of 0.05 mmol/kg) was 88% and 83%, respectively.!® In the same
study, comprehensive assessment of MR information including
late enhancement increased the sensitivity to 96%. In another
study in which fewer than 50% of the population had prior MI,
the sensitivity and specificity of visual assessment of perfusion
(using a dose of 0.1 mmol/kg) for detecting coronary disease was
93% and 85%, respectively.!* However, quantitative or at least
semiquantitative techniques are desirable for both clinical and
research purposes.

1) Localizers (2 minutes)

2) Pharmacological stress infusion (5 minutes)

a. Adenosine at 140 mcg/kg/min for 4 minutes (or other
vasodilating stress agent). Perfusion imaging at the last
minute of adenosine infusion (or at the anticipated maximal
hyperemic state from another agent).

b. IV size: 18- to 22-gauge antecubital vein. Contrast injection
at 4 to 5 mL/sec (5 mL/sec preferred).

3) Stress perfusion imaging (2 minutes)
a. Sat-recovery FLASH

i. Recommended TR/TE/ETL/slice thickness: 5 to 7
msec, 2 to 3 msec, 1 (no echo train), 10 mm

ii. Matrix 128x128, FOV 35 to 40 cm (pixel: 2.7-3.2 mm)

iii. Parallel acceleration = 2X

iv. 1 RR for at least 3 slices

v. 0.075 to 0.1 mmol/kg injected at 4 to 5 mL/sec.

vi. Prescribe (from a diastolic 2-chamber long-axis cine)
3 slices of equally spaced short-axis cuts centered on
the proximal head of papillary muscles. Basal slice and
the distal slice should be at least 1 cm from the mitral
ring and apex. Add a long-axis cut if heart rate allows.

b. SSFP
i. Recommended TR/TE/ETL/slice thickness: 3 to 4
msec, 1 to 1.5 msec, 1 (no echo train), 10 mm
ii. Same as 3a ii through 3a v

4) Top-off contrast to make up a total of 0.1 mmol/kg if
necessary (1 minute)

5) Rest cine function (5 minutes)
a. Cine SSFP short axis
i. Recommended TR/TE: 3 to 4 msec, 1 to 1.5 msec
ii. Matrix 160x160, FOV 32 to 36 cm (pixel: 2-2.25 mm)
iii. Parallel acceleration = 2X
iv. Short-axis stack: 6-mm slice thickness and 0-mm
interslice gap

6) LGE imaging
a. Start Tl scout at 10 minutes after the last contrast injection
b. Fast GRE
i. Recommended TR/TE: 5 to 7 msec, 3 to 4 msec
ii. Matrix 192x192 or higher, FOV 32 to 36 cm (pixel:
1.7-1.9 mm)
iii. Parallel acceleration = 2X
iv. Short-axis stack: 6-mm slice thickness and 0-mm
interslice gap matching cine short-axis stack

Table 1. Sample stress MR perfusion study protocol.

Quantification of Perfusion

Most semiquantitative techniques involve regional analysis
of the time-intensity curve. Using an accepted model of LV
segmentation (such as the 17-segment AHA model), the LV
wall can be divided into regions corresponding to those used
to analyze wall motion abnormality or late enhancement. A
region of interest is placed within the myocardial segment (or
within the different layers of the myocardium, subepicardium
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to subendocardium, if so desired) during sequential phases; this
should be done with care, to track a consistent portion of the LV
wall notwithstanding the presence of ectopic beats or respiratory
movement and to avoid blood pool contamination and/or other
potential causes of error. The signal intensity (SI) within the region
of interest is depicted as a function of time, and from this a number
of parameters may be measured that can be related to perfusion,
including: (1) the rate of increase in signal intensity or upslope after
the bolus of contrast; (2) the maximum signal intensity increase;

(3) the time to maximum increase in signal intensity; (4) the time
from contrast appearance in the LV cavity to contrast appearance in
myocardium; (5) time to 50% maximal signal intensity; (6) the rate
of decrease in signal intensity after peak; and (7) the mean transit
time using an exponential fit.

Of these, the upslope or rate of increase in signal intensity is
emerging as the most suited semiquantitative analysis to clinical
application due to the depth of data validating its robustness
and diagnostic accuracy.? A recent dose-ranging study using
myocardial upstroke as the semiquantitative measurement
parameter found that doses of 0.1 and 0.15 mmol/kg were superior
to 0.05 mmol/kg for detection of coronary disease, with pooled
sensitivity and specificity of 93% and 75%.!° Using the upslope of
the curve renders calculation of the myocardial perfusion reserve
index (MPRI) relatively straightforward: MPRI = upslope of SI
curve during hyperemia/upslope of SI curve at rest.

Absolute quantification of myocardial blood flow is possible,
but requires considerably more complex modeling and is subject
to several important confounders. These include nonlinearity
in the relationship between SI and contrast most pronounced at
higher contrast dose, temporal differences between images in the
saturation pulse that creates T, weighting, uncertainty that the
rapid exchange condition is met, and regional variation in the
main magnetic field (BO) or radiofrequency field (B1). Measurements
of absolute regional myocardial blood flow (in mL/g/min) can be
made by mathematical deconvolution of the time-intensity curve
using one of several models, including the Fermi?! or modified Kety
techniques.”? Deconvolution modeling requires a measured arterial
input function (AIF), usually from the left ventricular cavity or
ascending aorta (Figures 2, 3). Measurement of the true AIF is affected
by short T;s and T,* effects that occur with high-contrast agent
concentrations during bolus contrast agent passage in the blood pool.
Two different strategies have been proposed to overcome this problem:
the “dual-bolus” method,? 2 or the “dual-sequence” method.2+%
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Figure 2. Absolute myocardial blood flow quantitation has been well
validated in experimental models.
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Clinical Utility of MR Myocardial Perfusion

Preliminary reports of the clinical feasibility of the first-pass
technique in patients! have been followed by multiple studies
confirming its feasibility, documenting technical advances in
terms of sequence design, and demonstrating highly satisfactory
diagnostic performance indices. In 2000, Al Saadi et al. reported
coronary sensitivity and specificity of 90% and 83% for the
detection of coronary stenosis >75% in a population with suspected
coronary disease (n=40) using an inversion recovery single-shot
turbo gradient echo technique with dipyridamole stress.” Ishida et
al. reported per-patient sensitivity of 90% and specificity of 85% in
a similar but larger population (n=104) using qualitative analysis,
dipyridamole stress, and fast echoplanar readout with a notched
interleaved saturation preparatory pulse.”® In the same year, Nagel
et al. reported sensitivity and specificity of 88% and 90% in a cohort
of 90 patients using adenosine stress.”? Similar excellent results
have been reported more recently for adenosine perfusion imaging
in a larger patient cohort (n=176), showing 96% sensitivity and
83% specificity for the detection of stenosis >70% using hybrid fast
gradient echo and echo-planar imaging.3

In a meta-analysis that pooled data from 14 studies of perfusion
tested against coronary angiography as the gold standard, the
summary estimates for sensitivity and specificity were 91% and
81% respectively:* The studies included in this meta-analysis were
relatively small single-center studies, and diagnostic accuracy was
assessed only in terms of detection of angiographic stenosis, thus
the widespread applicability of the technique in a clinical context
based solely on these results would be questionable. However,
there is substantially more evidence supporting the utility of
myocardial perfusion. Single-center results have been reproduced
in multicenter settings," 332 and MR perfusion compares well
with other available noninvasive methods of assessing perfusion.
Comparative studies with existing nuclear perfusion techniques
suggest MR perfusion imaging could realistically be used as an
alternative, with superior performance relative to SPECT and
excellent agreement with PET perfusion data reported.®3* In the
recent single-center CE-MARC study that directly compared stress
MR perfusion with SPECT, stress MR was found to have higher
sensitivity but similar specificity as SPECT, using angiographic
stenosis as a study endpoint (Figure 4).> Comparisons with
invasive physiological measurements such as fractional flow
reserve (FFR) have also yielded favorable results. Two studies have
shown that calculation of the myocardial perfusion reserve index or
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Figure 3. MRI perfusion measured by absolute myocardial blood flow
quantitation during rest and hyperemia. This patient has a normal LAD coronary
flow reserve of 1:3.4
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visual assessment of myocardial perfusion data enabled detection
of hemodynamically important stenoses, as determined by the
usual FFR cutoffs of >0.75 or 0.8 (Figure 5).%* % With the cardiology
community increasingly focused on physiological data to aid
appropriate selection of lesions for percutaneous intervention,

and evidence that FFR calculation may improve selection, %
noninvasive preprocedural assessment of perfusion by MR is likely
to prove beneficial.

Beyond diagnosis, and prediction of the hemodynamic
significance of stenoses, MR myocardial perfusion has been shown
to be an important method to determine prognosis. In a population
with chest pain presenting to the emergency department, MR
perfusion has been shown to have a sensitivity of 100% and a
specificity of 93% in predicting subsequent death from myocardial
infarction or detection of coronary stenosis over a 1-year
follow-up4°

In another study of 218 patients followed for 2 years after
having negative perfusion studies, there were no deaths or
infarction, one percutaneous intervention, and one coronary artery
bypass operation.!! Jahnke et al. used both adenosine myocardial
perfusion and dobutamine MR for wall motion abnormalities
to study 493 patients who were subsequently followed up for 3
years.?? In this study, stress MR, either perfusion or wall motion,
contributed incremental value over traditional factors such as
age, gender, tobacco smoking, and diabetes in risk stratification,
although combining both techniques did not further increase the

1-specificity

Figure 4. Results of the CE-MARC study. Stress MR perfusion had higher diagnostic sensitivities
for both single and multivessel coronary stenosis than SPECT.%> MR: magnetic resonance; CMR:
cardiac magnetic resonance; SPECT: single-photon emission computed tomography; LAD: left anterior
descending; LCx: left circumflex; RCA: right anterior descending; CE-MARC: clinical evaluation of magnetic
resonance imaging in coronary heart disease.

yield in a statistically significant manner. A normal perfusion
study was associated with an extremely low event rate—0.7% at
2 years, 2.3% at 3 years—while an abnormal perfusion study had
corresponding event rates of 12.2% and 16.3%. In multivariate
analysis, adjusting for other risks, detection of a perfusion
abnormality was associated with a 10-fold increase in risk of hard
events (death or myocardial infarction). In a study of 243 patients,
Steel demonstrated that reversible perfusion abnormality as a
marker of ischemia and presence of infarction, especially when
infarction was clinically unrecognized, provided complementary
prognostic value in patients with a clinical suspicion of ischemia.
Stress MR has substantially higher spatial resolution and
potentially less artifacts in imaging women, and it does not
involve ionizing radiation.® It has also been shown to have strong
prognostic value for imaging of CAD in women (Figure 6).4

In light of the convincing evidence supporting the diagnostic
and prognostic value of stress MR in the detection if ischemia,
it can no longer be considered an investigative technique but
recognized as a reasonable investigative tool in the appropriate
clinical setting.
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Figure 5. The sensitivity, specificity, and positive and negative predictive
values of stress MR perfusion imaging for the detection of significant
coronary artery disease by fractional flow reserve measurements using
various thresholds. Values in parentheses are 95% confidence intervals.36:37
MR: magnetic resonance; FFR: fractional flow reserve; DS: angiographic stenosis;
PPV: positive predictive value; NPV: negative predictive value.
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Future Directions in Perfusion MR

Developments in MR perfusion can be broadly categorized as
occurring in the imaging sequences or contrast agents. Goals in
sequence development are to further improve spatial resolution,
increase ventricular coverage, and limit artifacts. The potential
for increased signal-to-noise ratio and contrast enhancement used
to improve spatial resolution and image quality has already been
realized with the advent of clinical 3T systems, and preliminary
reports demonstrate promise for improved clinical diagnostic
accuracy (Figure 7).

Other investigators are pursuing methods of speeding image
acquisition, such as k space and time-sensitive encoding with
parallel imaging (kt SENSE), to improve spatial resolution to
the level achievable with cine or late-enhancement imaging

3T Stress 3T Rest

1.5T Stress

(<1.5 mm x 1.5 mm in-plane).*® Clinical benefits would include the
potential to image RV perfusion and to facilitate greater integration
of cine, perfusion, and late enhancement images.

Although, as discussed above, extracellular gadolinium-based
agents are the mainstay of myocardial perfusion imaging in
the clinical setting, assessment of myocardial perfusion may
be performed with both endogenous and exogenous contrast.
Exogenous contrast agents may be further classified according to
cellular distribution (intravascular, intracellular, or extracellular),
the effect on signal intensity (increase in signal intensity with
paramagnetic agents or decrease in signal intensity with
supermagnetic agents), or specificity for target tissue (e.g., ischemia
or necrotic tissue).

Coronary
Angiogram
; N\

1.5T Rest

1) 70% stenosis of the left anterior descending coronary artery
2) Right coronary artery and left anterior descending coronary artery disease (block arrows)

Figure 7. Cardiac magnetic resonance perfusion imaging at 3T for the detection of coronary artery disease: a comparison with 1.5T. 3T provides higher
signal-to-noise and contrast-to-noise ratios to allow a higher diagnostic accuracy.*®
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One example of endogenous contrast in CMR is blood oxygen
level dependency (BOLD) imaging, which operates on the principle
that deoxygenated hemoglobin is paramagnetic and causes signal
loss in T,*- or T -weighted images. BOLD has been used to assess
changes in myocardial venous blood oxygenation secondary to
perfusion changes in human as well as animal studies, and it
has demonstrated characteristics that capture the abundance of
deoxygenated hemoglobin downstream from a severe stenotic
coronary lesion. While BOLD is currently not at the stage of
clinical application, it has the advantage of characterizing a unique
physiologic consequence of coronary artery disease without any
need for endogenous contrast. Arterial spin-labeling is another
experimental method that uses endogenous contrast to assess
myocardial perfusion. Both BOLD and arterial spin-labeling may
be advantageous in a 3T environment given a higher signal-to-
noise level compared to 1.5T.
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