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Abstract

Purpose of review—This review is meant as a balanced summary of the current state of cardiac
magnetic resonance (CMR) perfusion imaging in assessing alterations in myocardial blood flow
due to coronary artery disease (CAD). We aim to provide first an accessible technical overview of
first-pass CMR perfusion imaging and contrast it with other conventional perfusion imaging
modalities, and then address the potential advantages of CMR for a qualitative assessment of
perfusion defects, as well as quantitative blood flow measurements. Most recent results from
clinical trials on the utility of CMR perfusion and novel directions will be explored.

Recent findings—Recent results of the first multicenter multivendor CMR perfusion study
demonstrated superior diagnostic utility in detecting CAD by CMR compared with conventional
nuclear single-photon emission computed tomography. Several large clinical trials provide
additional evidence indicating the strong prognostic implications when CMR perfusion was
performed in a clinical setting in patients with an intermediate clinical likelihood of CAD. A
negative adenosine stress CMR perfusion study conferred a favorable 3-year prognosis towards
nonfatal myocardial infarction or cardiac death.

Summary—CMR perfusion imaging during the first pass of gadolinium-based contrast agents
has undergone many technical improvements and levels of clinical validation. Rapidly increasing
clinical use worldwide over the last years in diagnosing chest pain syndromes supports the role of
CMR in a comprehensive and efficient noninvasive assessment of altered myocardial physiology
in CAD.
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Introduction

Healthcare practitioners looking after patients with suspected or known cardiac diseases are
often challenged by, first of all, the need to diagnose the presence and severity of coronary
artery disease (CAD) in patients with suspected symptoms, and second, patient risk
stratification, both of which are needed to decide on next-level invasive procedures. With
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the advent over the past 3 decades of various imaging technologies, extensive experience
had been gained in understanding the physiology and pathophysiology of CAD by assessing
myocardial blood flow (MBF) at different hemodynamic states. In many single-center
studies, and recently a multicenter study, cardiac magnetic resonance (CMR) perfusion
imaging has demonstrated high diagnostic utility for detecting angiographic significant
CAD, and also demonstrated strong noninvasive patient prognostic implications. This article
will serve to provide an up-to-date review of the technical aspects of CMR perfusion and its
current clinical values.

Imaging strategies and technical challenges

The in-vivo visualization of the coronary tree from the major proximal epicardial branches
down to the capillary level is beyond the reach of clinically applicable imaging modalities,
as it covers several orders of magnitude in vessel diameter [1]. Instead, the spatial resolution
limits of clinical imaging modalities such as CMR or echocardiography require strategies
that are either tailored to the direct evaluation of the coronary wall [2,3] and measurement of
flow in the epicardial vessels [4], or the indirect detection of flow in the intramural coronary
microcirculation by perfusion imaging. In the latter case, one uses injected tracers or
indicators whose distribution in tissue is flow-dependent and allows external detection [5].
The principles of indicator-dilution theory, originally introduced by Stewart in 1893 for
estimating cardiac output from the circulation time of an injected indicator, were extended to
estimate blood flow in tissue, and they form an essential underpinning of myocardial
perfusion imaging.

There are several reasons for assessing coronary flow at different levels in the coronary tree.
Luminal narrowing, in particular in the presence of diffuse arterial narrowing [6], is not a
good predictor of the functional severity of epicardial lesions. Collateral vessels can
effectively help in preserving tissue blood flow at baseline. Conversely, microvascular
dysfunction can precede the appearance of flow-limiting epicardial lesions, for example, in
hypertensive patients [7,8]. Although complementary tests may be useful for risk
stratification, performing multiple imaging tests can be cumbersome on the patient and may
entail an increased burden of radiation exposure. CMR is one of the most versatile
modalities allowing a combined assessment of myocardial perfusion, coronary flow, and
ventricular function, with proven benefits of combining some of these complementary tests
for the diagnosing coronary heart disease [9e+¢], without any exposure to ionizing radiation.
We discuss here which specific imaging strategies based on CMR are increasingly being
viewed as optimal for the assessment coronary blood flow in patients with CAD.

Cardiac magnetic resonance perfusion imaging techniques

The assessment of contrast enhancement during the first pass of a contrast bolus constitutes
one of the most widely used approaches to detect regional MBF deficits with MRI [10-12].
It involves a bolus injection of contrast agent during rapid imaging of the heart to allow a
visual or quantitative assessment of the transit of an extracellular contrast agent through the
chambers of the heart and myocardial tissue. A conceptual illustration of an MRI “first-pass
perfusion study is shown in Fig. 1. Areas with reduced signal enhancement during the first
pass of the blood-borne contrast agent reveal hypoperfusion, at least with respect to other
territories. Comparison of the myocardial contrast enhancement between baseline and stress
states is used to evaluate the myocardial perfusion reserve [13-15]. The feasibility of
evaluating the myocardial perfusion reserve by MRI has by now been firmly established,
including through validation by comparison with invasive measures of the coronary flow
reserve [16]. Epicardial, flow-limiting lesions cause the most pronounced reduction of MBF
in the endocardial layer of the heart muscle. The ability to detect hemodynamically relevant
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coronary lesions is therefore determined by the spatial resolution of the imaging technique to
resolve flow reductions in the endocardial layer. The imaging techniques used for magnetic
resonance perfusion imaging yield an in-plane spatial resolution on the order of 2-3 mm,
which makes it feasible to evaluate tissue blood flow in the endocardial layer. Novel fast
imaging techniques can afford an in-plane spatial resolution of approximately 1mm [17],
while preserving adequate temporal resolution.

Cardiac and respiratory motion rank high among the technical challenges for the assessment
of coronary flow and myocardial perfusion. Solutions, common to most tomographic
approaches for perfusion imaging, are the use of gating to synchronize the image acquisition
with the cardiac cycle, and shortening the image acquisition time. In the field of MR, so-
called parallel imaging and novel data sampling schemes have been developed to allow
image acquisitions times on the order of 100 ms or shorter [18]. Parallel imaging involves
the use of receiver coil arrays, which reduce the number of spatial encoding steps because
each receiver array element has a localized and well characterized spatial sensitivity profile
with only partial overlap with neighboring coil profiles [19]. Combining information about
the spatial sensitivity profiles of the coil array elements with the conventional spatial
encoding with magnetic field gradients allows an overall reduction of the image acquisition
time. For myocardial perfusion imaging, this creates the opportunity to image more slices
during each heart cycle while maintaining the in-plane spatial resolution, thereby
overcoming limits in anatomical coverage that initially stymied myocardial perfusion
studies.

Parallel imaging involves a reduction of the spatial encoding steps for acquisition of each
image, but further gains in acquisition speed can be achieved in a perfusion study by
extending sparse sampling from the spatial to the spatial-temporal (‘k-t) domain [17,20-
22]. In other words, the same spatial encoding steps need not to be repeated for each image
acquisition, because contrast enhancement is limited to certain regions of the image,
implying some redundancy if complete image acquisitions are performed during each heart
beat. With sparse sampling in ‘k-t’ space, missing spatial encoding steps are estimated from
equivalent encoding steps in other images using a reconstruction filter that is based on the
contrast changes measured in lower-resolution ‘training’ data sets. A recent study by Jahnke
et al. [23] with such a temporal and spatial acceleration technique (‘BLAST’ — k-space and
time broad-use linear acquisition speed-up technique) reported sensitivity, specificity, and
diagnostic accuracy of 86, 78, and 83%, using only visual analysis, which compares
favorably with studies using nonaccelerated techniques [24,25¢¢], but requiring longer image
acquisition times.

Similarly to developments in the catheterization laboratory, such as measurement of the
fractional coronary flow reserve [26], there is increasing interest in the field of myocardial
perfusion imaging to obtain quantitative, largely observer-independent measures of coronary
function in the microcirculation. Quantitative approaches for the estimation of the perfusion
reserve [15], and absolute myocardial flow were validated successfully in animal models
[27-30] and are now increasingly being used in CAD patients [31,32¢¢]. Using the initial
rate of myocardial contrast enhancement (‘up-slope’ parameter), it was shown by
noninvasive magnetic resonance perfusion imaging in patients with single-vessel disease
that the perfusion reserve in ischemic segments improved significantly after successful
angioplasty but did not normalize in comparison with remote segments [32e¢].

The basic concept behind quantitative contrast-enhanced MRI perfusion techniques lies in
the analysis of the myocardial contrast enhancement kinetics, using the arterial contrast
enhancement (e.g. the enhancement in the left ventricular cavity or the ascending aorta) as
reference. For example, the rate at which the signal intensity increases during the initial
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stage of contrast transit through the myocardium is an indirect measure of blood flow in a
given myocardial region. The rate of contrast enhancement during the first pass, often
referred to as the ‘up-slope parameter’, normalized by the rate of enhancement in the blood
pool, was shown to be a sensitive index to detect coronary disease and assess the benefit of
coronary interventions [14,33].

For quantitative studies, it was until recently necessary to use low-contrast dosages to avoid
signal saturation in the arterial input, which is used to estimate the MBF. Low-contrast
dosages render a visual evaluation of myocardial perfusion studies more difficult. Two
technical developments have helped to overcome this divergence of requirements for
quantitative and qualitative studies: In the dual bolus technique, a smaller contrast dosage
[29] is used akin to a “test’ bolus to characterize the arterial input of contrast, whereas a
larger dosage bolus is injected shortly afterwards to measure myocardial enhancement with
optimal contrast-to-noise settings. The larger bolus injection is also well suited for a
qualitative, visual evaluation. As an alternative, a recently developed image acquisition
technique combines a low-resolution arterial input scout image, taking approximately 30-50
ms during every heart beat, with high-resolution myocardial imaging with a dual contrast
weighting that largely overcomes saturation effects [34]. With these developments, it can be
foreseen that quantitative perfusion imaging will no longer remain the realm of research
studies that impose special conditions for the image acquisition and contrast injection.

The contrast-based perfusion MRI techniques are well suited for detecting microvascular
obstruction [35,36]. The extent of microvascular obstruction observed with MRI was
recently found to correlate well with invasive Doppler coronary flow measurements [37]. In
addition, late gadolinium enhancement (LGE) can be used to image myocardial infarcts.
Viability imaging with MR, although based on techniques quite similar to those used for
imaging perfusion during the first pass, can be carried out at considerably higher spatial
resolution as the contrast distribution has reached steady-state equilibrium [38]. A time
window starting as early as 5 min after the contrast injection extending to approximately 20
min can be used to map out nonviable myocardium with a spatial resolution that allows
detection of small or microinfarcts [39]. The relation between a disturbance of
microcirculatory function and distal myonecrosis was recently elucidated by a combination
of magnetic resonance perfusion and viability imaging [31]. The combined assessment of
myocardial perfusion, microvascular obstruction, and LGE in a single CMR examination of
a patient with CAD is illustrated in Fig. 2.

Other cardiac magnetic resonance techniques in quantifying myocardial
blood flow: phase-contrast imaging

A robust and well validated technique for measuring blood flow velocities relies on the
measurement of the phase of the MRI signal in combination with flow-sensitive spatial
encoding to quantify for each pixel location the velocity component(s) perpendicular or
within the image plane. This so-called phase-contrast technique can be used not only for
measuring flow in the great vessels, but also for determining the coronary flow reserve
[40,41] and thereby allow detection of restenosis after percutaneous coronary
revascularization [42], and also to check patency in coronary bypass grafts [43]. Both high-
spatial resolution and the absence of artifacts from respiratory motion remained significant
challenges, until the introduction of navigator techniques [44,45]. The navigator techniques,
first devised to compensate for breathing motion in coronary magnetic resonance
angiography [46], consist of rapidly and periodically measuring (~20 ms) signal intensity
profiles along thin cylindrical regions perpendicular to the diaphragm to monitor respiratory
motion. Image data are acquired continuously, but only those data acquired during periods
of respiratory motion quiescence are retrospectively selected for the image reconstruction.
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The image acquisition is also cardiac gated to obtain velocity data for a defined number of
cardiac phases. This navigator-guided, retrospectively gated phase-contrast technique can be
used to measure coronary blood flow velocities in the proximal portions of the left or right
coronary artery. Although not suitable for localizing a coronary lesion, this technique
nevertheless allows detection of flow reserve reductions. It is in a sense the noninvasive
equivalent to coronary blood velocity as measured by a Doppler flow catheter during cardiac
catheterization.

Cardiac magnetic resonance perfusion in diagnosing clinical coronary
artery disease and patient risk prognostication

Compared with conventional nuclear scintigraphy, the reduced burden of image artifacts and
substantially higher spatial resolution contributed to the ability of acquiring highly
reproducible quantitative MBF measurements. It is therefore not surprising that over the
years many clinical and preclinical studies had utilized CMR perfusion as surrogate in
studying pathophysiology and potential beneficial effects of novel treatments, in which
large-scale clinical outcome studies are not feasible. In our opinion, though nuclear
scintigraphy has played a dominating role of clinical patient care in the last decades, CMR
perfusion imaging can provide a more precise and complete characterization of alteration of
cardiac physiology by qualitative and quantitative assessment of MBF [32¢¢], ventricular
function and reserve, and the extent of myocardial scar from CAD (Fig. 3). The Magnetic
Resonance Imaging for Myocardial Perfusion Assessment in Coronary Artery Disease Trial
(MR-IMPACT) study is the first multicenter multivendor clinical trial that direct compared
the diagnostic performance of CMR perfusion imaging with nuclear single-photon emission
computed tomography (SPECT) imaging with X-ray angiography as a reference [25e¢]. A
dose-finding study was prospectively performed before the beginning of the multicenter
study to conclude the use of 0.1 mmol/kg of first-pass contrast. With 234 patients from 18
centers studied, overall CMR perfusion performed favorably compared to SPECT by
receiver operating characteristic analysis (area under the curve 86x6 vs. 67+5%). This study
was limited by suboptimal SPECT results, which was in part due to a lack of gated SPECT
data and as a result, led to poor specificity of SPECT in this comparison. Nevertheless, this
is the first study, which demonstrated that CMR perfusion is a technology that maintains its
high diagnostic utility in a multicenter multivendor setting, which provides incremental
information to the numerous single-centered studies in the past decade showing excellent
sensitivity for detection of significant CAD.

There is increasing evidence that CMR perfusion provides strong patient prognostic
implication at a clinical setting. Jahnke et al. [9++] assessed the prognostic implication of
CMR perfusion with adenosine stress and dobutamine stress CMR performed in a
concurrent imaging session, in 513 patients who were suspected to have significant CAD
(Fig. 4). With an intermediate prevalence of CAD in this cohort, the authors demonstrated
strong differentiating characteristics by CMR perfusion in patients who subsequently
suffered a nonfatal myocardial infarction (MI) or cardiac death (cumulative event rate in the
first 12 months after CMR was 0.7% with normal CMR stress perfusion vs. 9% with
abnormal stress perfusion). The authors found that prognostic potential was similar between
adenosine stress CMR perfusion and dobutamine stress CMR function. This study is the first
large single-center study that established the excellent negative predictive value of CMR
perfusion in risk stratifying patients with an intermediate likelihood of CAD and provided
strong adjunctive evidence for the role of CMR perfusion in aiding clinical decision making.

In addition, the growing interests in high field CMR such as 3T imaging can potentially
strengthen the clinical application of CMR perfusion. With a higher reserve for signal noise
ratio at 3T compared with 1.5 T, accelerated data acquisition by parallel imaging can
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improve perfusion application by reducing breatholding time, increasing cardiac coverage,
or improved contrast noise ratio. Cheng et al. [47] compared the diagnostic utility of 3T
CMR with 1.5T in 61 patients who had a clinical indication for X-ray angiography and
found improvement in both sensitivity and specificity by 3T CMR imaging (sensitivity 90
vs. 82% and specificity 98 vs. 90%). Recently, Lanza et al. [48] demonstrated CMR
evidence of myocardial hypoperfusion in patients and reduced coronary flow reserve in
patients a clinical diagnosis of syndrome X. This provides additional evidence to prior
literature that owing to a high-spatial resolution, CMR perfusion can characterize the
abnormal endo-MBF due to microvascular dysfunction.

Conclusion

In our opinion, CMR is the technique that provides the most comprehensive quantitation of
myocardial physiology including MBF, infarction, and ventricular function. Strong
diagnostic utility is supported by excellent spatial resolution and resultant sensitivity of the
technique in detecting subtle reduction of endo-MBF. Growing results from outcome studies
demonstrated that these findings are concordant with the correspondingly strong prognostic
power of this novel technique.
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Figure 1. Schematicillustration of cardiac magnetic resonance data acquisition in myocardial
perfusion imaging during thefirst-passtransit of a tight intravenous bolus injection of
gadolinium-based contrast agent

Images are acquired with an electrocardiogram-triggered, multislice imaging protocol, for
example, in the short-axis orientation as in this example, and at a rate equal to the heart rate,
to achieve adequate temporal resolution. A visual or quantitative analysis of the signal
intensity changes in the myocardium allows the identification of hypoperfused areas. The
signal intensity changes shown in the graph of this figure were determined for a myocardial
region and a region in the center of the left ventricle (LV), with the latter serving as arterial
reference or input function. For a quantitative analysis, this arterial input is used as
‘reference’ for analysis of the myocardial enhancement.
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Figure 2. Depiction of a clinical case of a 55-year-old man who experienced recurrent chest pain
several years after suffering a ST-elevation myocardial infarction

Only matching short-axis location of adenosine stress CMR perfusion (left), diastolic frame
of cine function (middle), and late enhancement for infarction (right) were shown. The
patient had evidence of a full-thickness anterior myocardial infarction as demonstrated by
late enhancement (arrows in the right image) with thinned anterior wall (arrows in middle
image), during first-pass perfusion, there was an extensive subendocardial perfusion defect
matching the location of the infarction but also extended into surrounding segments with
preserved myocardial thickness and noninfarcted segments (arrows in the left image). This
patient had returned as a result of the attempt to stent the proximal LAD had failed and this
was confirmed on subsequent X-ray angiography. Matching locations of the different
components of CMR and the high spatial resolution of CMR perfusion contributed to this
study. CMR, cardiac magnetic resonance; LAD, left anterior descending artery.
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Figure 3. Case example from the MR-IMPACT study

A 47-year-old patient is shown 2 months after successful stenting of the LAD and
experienced mild angina. The perfusion CMR study during hyperemia (at 0.1 mmol/kg
gadolinium — DTPA) demonstrates a perfusion deficit in the subendocardium of the lateral
wall (b and c; arrow head) appreciated by all three readers. SPECT in this patient was
positive for the presence of CAD for one reader only. Coronary X-ray angiography
demonstrated a significant stenosis in the circumflex coronary artery. Perfusion in the
anterior wall was assessed correctly by both techniques (normal perfusion) despite a stent in
the LAD. CAD, coronary artery disease; DTPA, diethylenetriaminepentaacetic acid; LDA,
left anterior descending artery; MR-IMPACT, Magnetic Resonance Imaging for Myocardial
Perfusion Assessment in Coronary Artery Disease Trial; SPECT, single-photon emission
computed tomography. Reproduced with permission from [13].
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Figure 4. Kaplan—-Meier survival curvesillustrating the strong prognostic value of CMR
perfusion imaging in a study of 513 patients who wer e followed for a median of 2.3 years
Dobutamine stress CMR function and adenosine stress perfusion achieved similar

prognostic values. (a) ——, Normal DSMR; ----- , abnormal DSMR; ——, normal magnetic
resonance perfusion; ----- , abnormal magnetic resonance perfusion. (b) ----- , Normal DSMR;
——, normal magnetic resonance perfusion; ----- , abnormal DSMR; ——, abnormal

magnetic resonance perfusion. CMR, cardiac magnetic resonance; DSMR, dobutamine
stress magnetic resonance imaging. Reproduced with permission from [23].
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