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Abstract
Assessment of myocardial ischemia in symptomatic patients remains a common and challenging
clinical situation faced by physicians. Risk stratification by presence of ischemia provides
important utility for both prognostic assessment and management. Unfortunately, current
noninvasive modalities possess numerous limitations and have limited prognostic capacity. More
recently, ischemia assessment by cardiovascular magnetic resonance (CMR) has been shown to be
a safe, available, and potentially cost-effective alternative with both high diagnostic and
prognostic accuracy. Cardiovascular magnetic resonance has numerous advantages over other
noninvasive methods, including high temporal and spatial resolution, relatively few
contraindications, and absence of ionizing radiation. Furthermore, studies assessing the clinical
utility and cost effectiveness of CMR in the short-term setting for patients without evidence of an
acute myocardial infarction have also demonstrated favorable results. This review will cover
techniques of ischemia assessment with CMR by both stress-induced wall motion abnormalities as
well as myocardial perfusion imaging. The diagnostic and prognostic performance studies will
also be reviewed, and the use of CMR for ischemia assessment will be compared with other
commonly used noninvasive modalities.
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The assessment of patients presenting with symptoms suspicious for myocardial ischemia
remains one of the most common and challenging clinical scenarios faced by physicians.
Over the past decades, there has been a significant reduction in the 30-day mortality for
patients presenting with an acute coronary syndrome (ACS).1 Despite this considerable
advancement in treatment, more than 50% of cardiac mortality from acute myocardial
infarction (MI) occurs before reaching the cardiac catheterization laboratory,2 highlighting
the important role of risk stratification in averting cardiac events. Although several clinical
risk indices are available, imaging different aspects of ischemia by nuclear scintigraphy and
echocardiography individually has been shown to have incremental but not powerful
prognostic value.3–6
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Noninvasive options available to assess patients suspected to have ischemia include exercise
treadmill testing, nuclear myocardial perfusion imaging (MPI), positron emission
tomography (PET), and stress echocardiography. Each has their own respective merits and
technical limitations. The accuracy of nuclear scintigraphy may be limited by low spatial
resolution and soft tissue attenuation artifacts.7,8 Stress echocardiography is less accurate in
those with baseline wall motion abnormalities and left ventricular dysfunction.9,10 In
addition, specific patient groups may pose additional challenges, such as persons with
diabetes who have a propensity for diffuse coronary disease and women who require higher
spatial resolution because of smaller heart size.11,12 The technical capabilities of
cardiovascular magnetic resonance (CMR) can overcome some of these limitations. CMR is
the current reference standard technique in assessing cardiac structure and function. In
recent years, tissue characterization by CMR has shown strong association with patient
prognosis. Likewise, ischemia assessment by stress CMR has undergone considerable
technical advancement and now represents a safe, available, and potentially cost-effective
clinical tool with both high diagnostic and prognostic accuracy.13

This review will discuss the utility of stress CMR for the assessment of myocardial ischemia
and contrast and compare the relative attributes and limitations of CMR in comparison with
other available modalities.

Acute coronary syndromes
Approximately 6 million patients in the United States present annually with chest pain to
emergency departments (EDs)14 Although only a small fraction of these patients have a
cardiac etiology for their pain, more than 50% of these patients will be admitted to a
hospital, leading to $10 to 12 billion in wasted expenditure per year.15 A significant source
of this inefficiency stems from the difficulty physicians experience in diagnosing ACS in the
ED, with 2% to 4% of patients with an ACS being inappropriately discharged from the
ED.16 These factors underscore the need for novel diagnostic tests, such as CMR, that may
be used to further investigate patients with suspicion of an ACS and who do not have
electrocardiographic (ECG) findings diagnostic of ischemia or elevation of cardiac
biomarkers.

Several clinical studies have investigated the diagnostic utility of CMR in urgent assessment
of patients presenting with acute chest pain to the ED. In a single imaging session, CMR can
assess for a range of abnormalities caused by an ACS, including wall motion abnormalities
by cine imaging, abnormal coronary flow by resting first-pass perfusion deficits, acute
myocardial edema by T2-weighted technique, or infarction by late gadolinium enhancement
(LGE). The combined assessment of myocardial physiology and anatomical data, consisting
of identification of the ischemic coronary territory and determination of the transmurality of
infarction, by these CMR techniques forms a powerful tool in evaluating the spectrum of
ACS for any given patient from threatened coronary occlusion without myocardial necrosis
to frank infarction.17 In 1 prospective clinical study of 161 patients presenting to an ED with
acute chest pain, Kwong et al18 reported a sensitivity of 84% and specificity of 85% for the
detection of ACS based only on resting function and infarct detection using LGE-CMR. The
diagnostic utilities of resting function and LGE were found to be complementary in this
study, underscoring the importance of CMR capturing evidence of myocardial stunning and
injury in coregistered scan planes within a single imaging session. Another study by Cury et
al19 not only followed a similar imaging protocol but also included T2-weighted imaging.
The results of this study provided strong evidence in support of the additional role of T2-
based edema imaging in differentiating acute from chronic infarction and thus enhancing the
diagnostic specificity in detecting ACS20 as well as identifying the total area of myocardium
at risk.19–21
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The diagnostic performance of stress CMR was examined by Plein et al22 in 68 patients
presenting to the ED with suspected ACS. For each patient, a comprehensive CMR
assessment was performed assessing left ventricular function, rest and stress perfusion,
LGE, and coronary magnetic resonance angiography. The comprehensive CMR analysis
demonstrated a sensitivity of 96%, with a specificity of 83% using quantitative coronary
angiography (QCA) as the reference standard. The comprehensive analysis was more
accurate than analysis of any individual CMR method.22 Ingkanisorn et al23 evaluated the
prognostic value of stress perfusion CMR in 135 patients presenting acutely to the ED with
chest pain but no elevation of troponin I. Stress perfusion CMR had a sensitivity of 100%
and specificity of 93% for detecting adverse cardiac outcomes at 1-year follow-up and was
the most accurate predictor of adverse outcome in receiver operator characteristic (ROC)
analysis.23 For those patients with infarction, resting perfusion CMR may reveal areas of
microvascular obstruction within the infarct that have been shown to independently portend
a worsened prognosis.24 Finally, CMR may be particularly helpful in the ED setting by
excluding other etiologies of cardiac chest pain, such as myocarditis, pericardial disease, or
stress-induced apical cardiomyopathy.25,26

With accumulating data regarding the high diagnostic accuracy of CMR for the assessment
of acute chest pain, the cost-effectiveness of this approach was recently evaluated in a
prospective, randomized, controlled trial comparing stress perfusion CMR to standard
inpatient evaluation. The study population included 110 patients presenting to the ED with
chest pain at intermediate or high probability for ACS, but without ECG or biomarker
evidence of an MI. The patients assessed with CMR had significantly lower median
hospitalization costs, and 79% were managed without hospital admission. There were no
adverse clinical outcomes at 30 days in either randomized groups, suggesting that CMR
assessment in this setting was cost-effective.27

Dobutamine stress CMR imaging
Although exercise stress CMR may be performed with nonferromagnetic treadmill or supine
bicycle testing, this approach is seldom used because of technical difficulties related to
achieving target heart rate at the time of imaging. More commonly, pharmacologic stress
CMR may be performed with dobutamine, an inotropic agent, or a vasodilator. The various
vasodilators used include adenosine (adenoscan, generic), dipyridamole (persantine,
generic), and regadenoson (lexiscan; Astellas Deerfield, Illinois) (Table 1). Recently, most
high-volume institutions use regadenoson owing to its ease of administration as a single,
small-volume intravenous bolus as opposed to an infusion.

Stress CMR has been shown to be extremely safe,28,29 with a comparable safety profile to
nuclear MPI30 and dobutamine stress echo (DSE).26 Despite the inability to monitor ST-
segment changes at the time of stress because of the magnetohydrodynamic effect on ECG
surface voltages, the development or worsening of regional wall motion abnormalities,
which precede ECG changes, may be immediately detected. Furthermore, all patients
undergo monitoring of heart rate and blood pressure. A physician skilled in the
administration of cardiopulmonary resuscitation must always be present at all times during a
stress CMR scan.

Stress CMR may be performed with 1.5 or 3.0 T scanning systems. Cine imaging is
typically performed with steady-state free precession (SSFP) with acquisition accelerated by
parallel imaging. Retrospective ECG gating is performed with multichannel ECG (vector
ECG). Cine sequences typically have 20 to 30 phases per cardiac cycle with breath holds of
4 to 6 seconds for heart rates up to 200 beats per minute. In-plane spatial resolution is
typically 1.5 × 1.5 mm with a slice thickness of 8 mm. The feasibility of stress CMR with
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real-time imaging, without the requirement for breath holding or a regular cardiac rhythm,
has been demonstrated in a small study of 22 patients.17 Although a similar diagnostic
accuracy was found to standard imaging, this method has both lower spatial and temporal
resolution.

Dobutamine stress CMR (Ds-CMR) is performed with a similar protocol to DSE.
Myocardial thickening and contraction of the 17-segment left ventricular model are
evaluated at rest and while achieving 85% of age-predicted maximal heart rate (220-age) or
higher to evaluate changes in contractility and wall thickening.31 A standard dosing regimen
of 10, 20, 30, and 40 µg/kg per minute of dobutamine is used, with increases at 3-minute
intervals to attain target heart rate. Adjunctive atropine is administered for those patients
who do not achieve target heart rate with dobutamine. Imaging of the left ventricle is
performed in short-axis and radial long-axis views.

It has been reported that the sensitivity of Ds-CMR may be improved with the addition of
myocardial tagging. Myocardial tagging permits the creation of either horizontal or vertical
dark taglines or a grid over the myocardium by spatially selective saturation of the
magnetization at the beginning of the cardiac cycle. The lines of saturated magnetization—
appearing as dark lines—persist throughout the cardiac cycle as long as the heart interval
duration is not much longer than the T1 relaxation time. The distortion of the tagging grid,
for example, at end-systole, can arguably help to visually detect subtle wall motion
abnormalities not readily apparent by visual estimation of wall thickening alone. Kuijpers et
al31 demonstrated that the use of myocardial tagging improved the diagnostic accuracy of
Ds-CMR as compared with standard SSFP imaging. Despite these promising results, the
relatively small incremental value of tagging over visual interpretation, the additional efforts
related to postprocessing tagged CMR cine studies, and the T1-dependent fading of
myocardial tags over the duration of the cardiac cycle have curtailed more widespread
uptake of this technique. More recently, however, tagging was used to evaluate ischemia by
quantification of myocardial strain during intermediate stress. This approach demonstrated
similar diagnostic accuracy to standard Ds-CMR and may potentially lead to even shorter
and safer imaging protocols in the future33. The use of tagging may benefit from 3.0 T CMR
where myocardial tagging can persist throughout the entire cardiac cycle as well as further
automation of myocardial strain analysis with rapid display of strain maps.

Multiple studies have reported excellent diagnostic performance of Ds-CMR using QCA as
the reference standard34 (Table 2).

Early studies demonstrated the feasibility of Ds-CMR and comparable diagnostic accuracy
to nuclear perfusion imaging.35–37 However, these studies were limited based on their
relatively small patient numbers and single-center experience. Two landmark studies in the
1990s helped to establish the clinical utility of Ds-CMR. The first by Nagel et al40 directly
compared the diagnostic performance of Ds-CMR with DSE in 172 patients using QCA as
the reference standard. They reported much higher diagnostic accuracy for Ds-CMR than
DSE, which they largely attributed to superior image quality at peak stress with Ds-CMR.
Almost 70% of Ds-CMR cases were graded as “good” image quality compared with less
than 20% of DSE cases. Furthermore, less than 2% of Ds-CMR were found to be
“nondiagnostic,” whereas almost 10% of DSE cases could not be evaluated. The second
study by Hundley et al41 evaluated the diagnostic accuracy of Ds-CMR in 153 patients with
a nondiagnostic DSE and reported a sensitivity and specificity of 83%. A recent meta-
analysis pooling data from 735 patients reported a sensitivity of 83% and specificity of 86%
for the detection of obstructive coronary stenosis greater than 50% using QCA as the
reference standard.46 Dobutamine stress CMR has also shown high reproducibility and low
interobserver variability in a study of 150 cases read independently by 4 blinded readers.47
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The diagnostic utility of combined wall motion and myocardial perfusion during peak
dobutamine stress was evaluated in a study of 455 patients by Gebker et al.45 They
demonstrated improved sensitivity (91% vs 85%, P = .001), but no difference in specificity
for the detection of 70% or more obstructive coronary disease by QCA. Further work by this
group demonstrated that the addition of first-pass perfusion imaging improved the diagnostic
performance of Ds-CMR in patients with concentric left ventricular remodeling.48 Because
of the presence of left ventricular hypertrophy, subtle regional wall motion abnormalities
may be more difficult to interpret visually. The addition of first-pass perfusion imaging for
these studies may be performed without significantly augmenting total examination
duration.

Hundley et al49 evaluated the prognostic significance of Ds-CMR in a population of 279
patients with poor echocardiographic windows and found a significant, independent
association with major adverse cardiovascular outcomes (MACE) and ischemia for patients
with a left ventricular ejection fraction (LVEF) greater than 40%. Single-center studies have
demonstrated that an abnormal Ds-CMR portends a higher risk of cardiac death and MI
independent of traditional risk factors.50,51 Conversely, patients with a normal Ds-CMR and
LVEF of 60% or greater have shown an excellent prognosis with no events over a 2-year
follow-up. More recently, larger studies, including 1 study with more than 1490 patients,
reported an independent association with adverse cardiac outcomes in multivariate analysis
for patients with an abnormal Ds-CMR52 and more than 99% event-free survival in patients
with no evidence of ischemia over a 36-month follow-up.53,54

Dobutamine stress CMR has also shown clinical utility for preoperative cardiac risk
assessment before noncardiac surgery. In the subgroup of patients with intermediate clinical
predictors of future cardiac events, a positive Ds-CMR proved to be an independent factor
for predicting perioperative MI, cardiac death, or congestive heart failure.55 Conversely,
those patients with a normal Ds-CMR preoperatively had extremely low event rates.
Dobutamine stress CMR has also demonstrated an independent association with adverse
cardiac outcomes in 200 patients with baseline left ventricular dysfunction (LVEF ≤55%)
followed up for a mean of 5 years.56

Vasodilator stress CMR
The initial vasodilators used for pharmacologic stress CMR were adenosine and
dipyridamole (Table 1). Adenosine is an endogenous vasodilator that works via the
adenosine 2a receptor. Adenosine may induce wall motion abnormalities, which is specific
but relatively insensitive for ischemia. Therefore, vasodilator stress CMR is used with
perfusion imaging to denote relative perfusion defects on first-pass perfusion of the
myocardium.42,57 Although most patients achieve an adequate hemodynamic response to
standard adenosine dosing, high-dose adenosine infusions, to a maximum of 210 µg/kg per
minute, has been shown to be both well tolerated and effective in those patients who do not
achieve an adequate response with standard dosing.58 The specificity of perfusion
abnormalities may be enhanced by adding LGE imaging to denote areas of prior infarction
and rest perfusion to reduce artifacts.59

Cardiovascular magnetic resonance perfusion imaging is accomplished with the use of a
contrast agent that permits visualization of the relative level and extent of perfusion between
adjacent myocardial segments as well as a determination of the absolute perfusion of a
particular segment. Gadolinium-based contrast agents (GBCAs) are highly attractive
exogenous contrast agents owing to their relatively high T1 relaxivity due to 7 unpaired
electrons and their safety profile in patients with normal or mildly impaired renal function.
An intravenous GBCA bolus takes approximately 15 to 20 seconds for its first-pass
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perfusion through the cardiac chambers, and the flow-sensitive phase of myocardial contrast
enhancement (“wash-in”) occurs approximately within this time frame. Areas of perfused
myocardium appear bright owing to GBCAs T1-shortening effects, whereas areas that are
hypoperfused have lower signal intensity and appear dark (er). The relative intensity
enhancement (eg, the rate of enhancement and maximal enhancement) may be contrasted to
adjacent myocardial segments or by comparison of the contrast enhancement during
vasodilation against its level at baseline (ie, during resting perfusion). This allows both
estimated relative and absolute perfusion and also perfusion reserve, respectively (Fig 1).

Perfusion may be assessed qualitatively, semiquantitatively, or by fully quantitative
methods. Signal-intensity changes measured during the first pass of contrast bolus through
the myocardium may be quantitated by various methods, including the rate of contrast
enhancement (“signal upslope”), the “upslope integral,” calculated from the area under the
upslope up to time point where contrast enhancement peaks in the blood pool, and the ratio
of peak signal intensity normalized by baseline (ie, precontrast) signal intensity.60,61

Quantitative perfusion methods have been shown to vary inversely with the degree of
coronary stenosis by QCA.62 For assessment of the perfusion reserve, a ratio of the
myocardial upslope parameter values for rest and stress, normalized by the respective
upslope of the signal intensity in the blood pool, is calculated to adjust for hemodynamic
changes between rest and stress. More recently, anatomical assessment of perfusion as a
criterion standard has come under criticism, with more physiologic invasive methods, such
as fractional flow reserve (FFR), demonstrating not only more accurate flow assessment, but
also improved clinical outcomes.63 Both quantitative and qualitative perfusions as assessed
by CMR have shown high correlation with FFR using a cutoff value of less than 0.75.57,64

Studies have found that qualitative assessment of perfusion may be performed with a 0.1
mmol/kg GBCA bolus to optimize visualization,65 whereas quantitative analysis was
evaluated in a prospective, single-center trial, which found that 0.05 mmol/kg bolus
maintained a linear relationship between signal from the blood pool and concentration of
gadolinium.66

Coronary flow reserve (CFR) may be estimated by CMR by calculating the difference in
perfusion measured during stress and rest.67 Coronary flow reserve assessment was
compared in 48 patients with coronary artery disease (CAD) and 18 healthy volunteers by
dypridamole stress CMR. Using PET as the reference standard, CMR had a sensitivity and
specificity of 91% and 94%, respectively, for CAD detection in this study.34 Dypiridamole
CMR has similar diagnostic performance to adenosine CMR and allows estimated CFR with
comparable diagnostic accuracy to PET.34

Similar to Ds-CMR, stress perfusion CMR has also demonstrated excellent diagnostic
performance for the detection of obstructive CAD (Table 3). Initial single-center studies
reported both the feasibility of the technique as well as high diagnostic accuracy with QCA
as the reference standard. Ishida et al68 examined 104 consecutive patients and found a
sensitivity of 90% and specificity of 85% for coronary stenosis 50% or more. Nagel et al67

reported similar diagnostic performance in a study of 84 consecutive patients. After several
single-center studies with similar findings, the utility of stress perfusion CMR was evaluated
in several multicenter studies. Wolff et al66 performed a dose-ranging prospective
multicenter study of gadolinium and reported an overall sensitivity of 93% and specificity of
75%. In the same year, Giang et al65 reported similar diagnostic accuracy for a multicenter
study of 94 patients evaluating a semiquantitative method of interpretation. These studies
were followed by the much larger Comparison of Perfusion-cardiac Magnetic Resonance
with Single-photon Emission Computed Tomography for the Detection of Coronary Artery
Disease (MR-IMPACT) trial,74 a prospective, multicenter diagnostic performance study
evaluating 234 patients in 18 centers with a standard CMR perfusion protocol using a 0.1
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mmol/kg bolus dose of gadolinium designed to assess the real-world diagnostic performance
of CMR perfusion compared with single-photon emission computed tomography (SPECT).
The MR-IMPACT reported a superior diagnostic performance for stress CMR perfusion as
compared with SPECT with QCA as the reference standard (ROC 86% vs 67% for nuclear
MPI, P = .01). Subgroup analysis of patients with multivessel disease demonstrated even
higher diagnostic performance for stress perfusion CMR as compared with nuclear MPI
(ROC 89% vs 70%, P = .006). In 2007, a meta-analysis pooled data from 24 studies with
more than 1500 patients. They reported a sensitivity of 89%, with a specificity of 80% for
the detection of obstructive coronary stenosis greater than 50% in patients with high
prevalence of CAD (57%).46 More recently, a meta-analysis of more than 2100 patients
from 26 studies demonstrated similar findings with a sensitivity of 89% and specificity of
80% for CAD prevalence of 57%.78

Myocardial perfusion imaging at 3.0 T may be advantageous for diagnostic assessment of
ischemia because of superior signal to noise and contrast to noise ratios in addition to higher
peak enhancement, which may allow greater differentiation between perfused and non-
perfused myocardium as compared with 1.5 T.79 Cheng et al80 compared the diagnostic
performance of 3.0 vs 1.5 T scans in 61 patients with exertional chest pain using QCA as the
diagnostic standard. They found the ROC analysis for 3.0 T demonstrated significantly
higher area under the curve (AUC; 0.89 vs 0.70; P < .05) for detecting coronary stenosis
50% or more. The sensitivity of 3.0 T was 98% vs 90% for 1.5 T, with specificity of 76%
compared with 67%. CMR assessment by 3.0 T imaging does have limitations, including
greater B1 inhomogeneity, which may compromise suppression of background tissues,
higher T2* effects, which may require a reduction of gadolinium dose, and greater
susceptibility to off- resonance artifacts, which may necessitate steps in adjusting imaging
parameters and prolong scan times. Many of these issues can be resolved by performing
shimming in improving the homogeneity of the magnetic field as well as modifications of
pulse sequences and protocols. These factors, however, currently limit the use of 3.0 T CMR
to more experienced centers.

Newer techniques focusing on enhanced spatial resolution with 3.0 T have also
demonstrated clinical feasibility with stress perfusion imaging.81 Using acceleration
techniques based on k-space and time sensitivity– encoded CMR, high spatial resolution
scans may be performed for stress perfusion imaging. However, concerns regarding
temporal blurring effects associated with higher acceleration factors have limited more
widespread adoption of this technique. Manka et al81 evaluated a time sensitivity–encoded
CMR method using parallel imaging resulting in 8-fold scan acceleration with in-plane
spatial resolution during stress perfusion imaging of 1.1 by 1.1 mm2 in 20 patients referred
for diagnostic angiography. Compared with QCA as the criterion standard, this method
achieved a ROC curve with an AUC of 0.94 for detecting coronary stenosis of 50% or
more.81 More recently, high spatial resolution stress perfusion imaging with 3.0 T was
evaluated by comparison with FFR in 127 patients with known or suspected CAD. For a
threshold FFR value less than 0.75, the ROC curve for high spatial resolution CMR had an
AUC of 0.92 (P < .0001) with a sensitivity of 0.82 and specificity of 0.94.64 Larger
diagnostic performance studies may further improve the generalizability of high spatial
resolution stress perfusion studies.

Stress perfusion CMR has shown strong prognostic association with adverse cardiac
outcomes. From an acute perspective, the study already presented above in 135 patients
presenting to the ED for evaluation of acute chest pain revealed no events in patients with
normal stress perfusion CMR after 1 year of follow-up.23 Other studies found that stress
perfusion CMR contributed incremental value over traditional risk factors in patients with
stable chest pain. Pilz et al82 found that patients with a normal stress perfusion imaging had
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more than 99% freedom from MACE in 218 patients followed for 1 year. Steel et al83

evaluated the prognostic value of stress perfusion CMR and LGE in 254 patients with stable
chest pain symptoms. They found a 3-fold increased risk of cardiac death and MI for
patients with ischemic deficits on stress perfusion CMR, which was the strongest variable in
multivariate analysis of adverse outcome. Conversely, patients with no evidence of ischemia
or LGE had more than 98% annual freedom from death or MI.83 Stress CMR has also
demonstrated the ability to further prognosticate risk of future cardiac events in higher risk
populations with established CAD. In a study of 513 patients who underwent both Ds-CMR
and stress perfusion CMR with adenosine, the presence of ischemia by stress perfusion
CMR was associated with a 12-fold increased risk of MACE after 2.3 mean years of follow-
up. This was the only independent association in a multivariable analysis accounting for
conventional coronary risk factors and resting left ventricular function. Dobutamine stress
CMR demonstrated the same association with a 5-fold increased risk of MACE.44,54

Beyond ischemic assessment, CMR is capable of providing a quantitative, multicomponent
examination that may be repeated serially to assess disease progression or response to
therapy. The ability to characterize whether ischemic tissue is viable is an important
component of the decision to subject patients to the risks of revascularization by
percutaneous coronary intervention or coronary artery bypass grafting. The recently
published Surgical Treatment for Ischemic Heart Failure trial 84 underscored the difficulty in
treating patients with an ischemic cardiomyopathy who are at much higher risk of
perioperative mortality and surgical complications based on left ventricular dysfunction.85,86

However, within this higher risk cohort, revascularization of viable myocardium has been
associated with functional recovery,87,88 prevention of adverse left ventricular remodeling,89

and reduction of MACE.84,90,91

Cardiovascular magnetic resonance vs other modalities
Stress CMR has several advantages over existing tests, including an excellent safety profile,
high sensitivity, relative absence of artifacts induced by unfavorable body habitus, and
superior spatial resolution. These technical factors permit ischemia assessment with high
diagnostic accuracy in patients who may be challenging for other modalities. Standard
techniques using SSFP imaging provides for a high signal-to-noise ratio with excellent
contrast between myocardium and ventricular blood pool. In addition, the high spatial
resolution of this technique provides outstanding endocardial border definition, without the
need for any additional contrast agents, such as may be required with DSE. This provides
ideal imaging conditions for assessment of inducible wall motion abnormalities that is prone
to the visual limitations of DSE. Therefore, stress CMR may be used to assess patients with
poor echocardiographic windows, such as obese patients, those with thoracic chest wall
deformities, or low body mass index.40,41 Single-center studies have revealed superior
diagnostic performance of stress CMR to DSE,40 particularly in those with resting wall
motion abnormalities.43

Stress CMR has several advantages in comparison with nuclear MPI as well. Stress CMR is
not limited by attenuation artifacts, does not use potentially harmful ionizing radiation, and
has 3- to 4-fold higher spatial resolution than nuclear scintigraphy. A comprehensive CMR
assessment is more time efficient than nuclear MPI, with the capability to perform stress and
rest perfusion, cardiac function, and myocardial viability in 30 to 50 minutes, which
compares favorably with the duration of a nuclear scintigraphy examination. Furthermore,
stress CMR perfusion does not suffer from the plateau effects in first-pass extraction seen
with commonly used radioactive nuclear tracers and, therefore, has been shown to
characterize the magnitude of myocardial perfusion more completely than SPECT during
maximal vasodilatation.61 The absence of harmful ionizing radiation allows serial stress
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CMR examinations that may be clinically required to reassess disease progression or to
evaluate response to therapy. The high spatial resolution and endocardial border definition
of stress CMR perfusion may allow appreciation of the extent and coronary distribution of
the myocardial segments involved, thus providing evidence that allows differentiation of
small vessel from epicardial coronary disease in patients presenting with chest pain.92,93

Patients with diffuse small vessel disease often have a concentric and circumferential
distribution of perfusion defects during vasodilatation.

Stress CMR has demonstrated superior diagnostic performance to SPECT imaging and high
correlation with PET perfusion studies.34 The MR-IMPACT trial described above found a
significantly higher diagnostic performance for stress CMR as compared with SPECT
imaging, particularly for patients with multivessel disease.74 Assessment of patients with
multivessel disease is a known limitation to SPECT imaging because of the phenomenon of
balanced ischemia. Larger studies of stress perfusion CMR have shown similar diagnostic
performance to PET perfusion, with a sensitivity of 87% and specificity of 85%.34 To
address the diagnostic accuracy of stress CMR in comparison with SPECT imaging, the
Clinical Evaluation of Magnetic Resonance Imaging in Coronary Heart Disease prospective
clinical trial will evaluate 750 patients and monitor cardiac outcomes for 3 years. It will
include prognostic and economic cost-effective analysis of the 2 modalities.94 The
diagnostic performance results of this study were recently presented and reported an overall
sensitivity and specificity of 86% and 83%, respectively, for CMR compared with 67% and
83%, respectively, for SPECT. The difference in sensitivity reached statistical
significance.95 The forthcoming economic and prognostic data will provide important cost
effectiveness data that will likely be integral to use of noninvasive diagnostic modalities in
the future.

Stress CMR has demonstrated excellent diagnostic performance in patient subgroups that
have shown limited diagnostic accuracy with alternative imaging modalities, including
women.11,12 Women, on average, tend to have less typical symptoms of angina than men
and are less amenable to diagnosis by exercise treadmill testing thus making non–imaging-
based methods for assessing ischemia more challenging. SPECT imaging may be limited by
breast attenuation artifact that can lead to false-positive tests and further unnecessary
invasive imaging. Women also are exposed to substantially higher radiation than men when
assessed by any cardiac imaging modality that involves the use of ionizing radiation.
Likewise, DSE may also be limited because of poor acoustic windows in women with larger
breasts that can obscure the apical views. Stress CMR, on the other hand, does not suffer
from these limitations and may image the heart in any 2- or 3-dimensional plane.
Dobutamine stress CMR has shown similar diagnostic performance in women and men.
Gebker et al48 recently found similar diagnostic performance for Ds-CMR in 745
consecutive patients (204 women and 541 men) and furthermore reported no difference in
regional accuracy for all 3 coronary vascular territories in patients with single-vessel
disease. Dobutamine stress CMR has also shown significant prognostic value in women with
a 4-fold increased risk of cardiac death and MI in women with an inducible wall motion
abnormality vs those with no evidence of ischemia.96 In a recent study, our group found that
CMR stress perfusion could be an effective method in assessing and prognosticating women
suspected to have ischemia without the use of any ionizing radiation. (Filho et al, in press,
2011). Filho et al assessed 424 patients with intermediate risk of CAD and found that the
annual combined event rate of cardiac death or acute MI was low at 0.3% in women without
evidence of ischemia, which compared with a high annual event rate of 15% in those with
evidence of ischemia.

Another significant advantage of stress CMR is the capability for highly accurate adjunctive
myocardial viability assessment, particularly useful in patients being evaluated for an
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ischemic cardiomyopathy. The coupling of physiologic myocardial perfusion with
anatomical information regarding transmural extent of myocardial scar by LGE can aid in
establishing not only the extent of ischemia, but also quantitating the relative proportion of
hibernating myocardium that may potentially benefit from revascularization. In addition,
Ds-CMR has shown excellent diagnostic performance for prediction of functional recovery
after coronary revascularization.50,97 This method can complement standard viability
assessment by LGE to evaluate the extent of myocardial scar.

The presence of LGE as detected by CMR provides evidence of prior infarction and
powerful prognostic data. Late gadolinium enhancement has been shown to be the strongest
predictor of subsequent cardiac events in 2 studies with collectively more than 1000 patients
with suspected CAD, but no known ischemic heart disease.98,99 Late gadolinium
enhancement was the strongest multivariable predictor while taking into account
conventional clinical, angiographic, and echocardiographic risk factors. In addition to
regional assessment of fibrosis, novel T1 mapping techniques with CMR allow quantitative
assessment of diffuse myocardial fibrosis from accumulation of collagen and extracellular
material.100 Diffuse fibrosis may result from ischemic or hypertensive heart disease, among
other cardiac conditions, and increase propensity for arrhythmias and both diastolic and
systolic dysfunction.101,102 Our group has recently demonstrated a method for assessing the
extent of extracellular matrix remodeling through quantification of the extracellular volume
fraction, termed the fibrosis index.103 These promising techniques may elucidate powerful
diagnostic and prognostic markers in patients with CAD. Standard CMR assessment also
provides for highly accurate structural and functional assessment now considered the
criterion standard. This additional data may be quite helpful and limit further diagnostic
testing in patients undergoing ischemic assessment, which may be required with other
modalities that are limited to ischemic assessment alone.

Limitations of CMR
Cardiovascular magnetic resonance has several limitations that currently restrict its utility
for assessing patients with possible ischemia. The usual list of biomedical metallic devices
that represent contraindications to magnetic resonance imaging still applies, although a
pacemaker model, compatible with magnetic resonance imaging at 1.5 T, is now Food and
Drug Administration approved and commercially available.104 Stress CMR perfusion
imaging for clinical assessment currently involves the use of GBCAs that have been
associated with a serious complication known as nephrogenic systemic fibrosis (NSF).105

Since the original description of this association in 2006, it is now known that NSF is a rare
complication that occurs primarily in patients with end-stage renal disease or rapidly
deteriorating renal function and those with concurrent acute illnesses.106,107 The risk of NSF
appears to be substantially lower with newer cyclic-structured gadolinium compounds. Most
institutions now use serum estimated glomerular filtration rate in at-risk patients and either
perform imaging studies with reduced contrast dose or avoid the use of gadolinium
altogether. As a result, new cases of NSF from gadolinium exposure have been extremely
rare in recent years.

Conclusion
Cardiovascular magnetic resonance can provide comprehensive diagnostic and prognostic
assessment of myocardial ischemia for patients presenting with chest pain, stable angina, or
for myocardial viability. Stress CMR is a highly accurate and safe diagnostic modality that
has widespread patient applicability and has proven advantageous for certain patient
subgroups, including those with poor echocardiographic windows, baseline left ventricular
dysfunction, and resting wall motion abnormalities. The high temporal and spatial resolution
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of stress CMR permits not only accurate identification of CAD, but also the extent of
myocardial ischemia and has shown to be a powerful prognostic marker of adverse cardiac
events. Future cost-effective analysis may reveal more widespread indications to use stress
CMR as a first-line diagnostic modality for myocardial ischemia assessment.

Abbreviations and Acronyms

ACS acute coronary syndrome

AUC area under the curve

CAD coronary artery disease

CFR coronary flow reserve

CMR cardiovascular magnetic resonance

Ds-CMR dobutamine stress cardiovascular magnetic resonance

DSE dobutamine stress echo

ECG electrocardiographic

ED emergency department

FFR fractional flow reserve

GBCA gadolinium-based contrast agent

LGE late gadolinium enhancement

LVEF left ventricular ejection fraction

MACE major adverse cardiovascular outcomes

MI myocardial infarction

MPI myocardial perfusion imaging

MR-IMPACT Comparison of Perfusion-cardiac Magnetic Resonance with Single-
photon Emission Computed Tomography for the Detection of Coronary
Artery Disease

NSF nephrogenic systemic fibrosis

PET positron emission tomography

QCA quantitative coronary angiography

ROC receiver operator characteristic

SPECT single-photon emission computed tomography

SSFP steady-state free precession
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Fig 1.
Demonstration of a myocardial stress perfusion study in a patient who had a prior
anteroseptal MI with residual ischemia in the anterior wall. This patient had subsequent
cardiac catheterization that demonstrated a significant obstructive lesion in the left anterior
descending artery. Panel A demonstrates a midventricular slice of both the left ventricle and
right ventricle during stress and rest perfusion imaging. The images progress through time
from left to right as gadolinium is being injected during the stress perfusion study. The
arrow demonstrates a relative reduction of perfusion in the midanterior wall during the stress
phase (top row) but not during the rest phase (bottom row), suggesting midventricular
anterior ischemia. Panel B demonstrates LGE in the anteroseptal segment, because of the
prior MI, but no LGE in the midanterior segment, suggesting complete viability of this
segment. Panel C demonstrates quantification of the relative signal intensities during the
stress myocardial perfusion images between the anterior and inferior segments. The graph
shows lower signal intensity within the anterior segment because of the ischemic defect.
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