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Coronary artery disease (CAD) is the leading cause of death worldwide. The diagnosis of
CAD relies on the clinical history, electrocardiographic changes, and imaging findings.
The available imaging methods include transthoracic echocardiography, computed
tomography (CT), cardiac magnetic resonance (CMR) imaging, and invasive angiogra-
phy. Over the last two decades, cardiac CT and CMR have emerged as promising
noninvasive modalities in the assessment of patients with suspected and established
CAD. Both the modalities have their own advantages and disadvantages which
complement each other in comprehensive evaluation of CAD aiding in the diagnosis,
guiding clinical decision-making, and improving risk stratification. In this article, we
provide an overview of the techniques and clinical applications of cardiac CT and CMR

imaging

Introduction

Coronary artery disease (CAD) remains the most common
cause of morbidity and mortality in developed countries.'
There has been an explosive growth in the cardiovascular
imaging technology in last decade presenting new opportu-
nities to the physicians to gain important information about
the patient’s condition. Among the armamentarium of the
noninvasive diagnostic tools, cardiac computed tomography
(CT), and cardiovascular magnetic resonance (CMR) imaging
have emerged as robust diagnostic tools guiding the clinical
decision-making. The scope of cardiac CT has widened from
calcium scoring and coronary computed tomographic angiog-
raphy (CCTA) to include newer applications, such as myocar-
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imaging in the assessment of patients with CAD.

dial perfusion imaging, dual-energy CT, and CT-derived
fractional flow reserve enabling integrated assessment of
cardiac morphology, function, perfusion, and viability.?>
CMR is a multiparametric, multiplanar imaging technique
which allows an accurate determination of biventricular func-
tion and precise evaluation of myocardial structure, perfusion,
and tissue characteristics in a single study of 35 to 40 minutes.*
The review presented here focuses on role of cardiac CT and
CMR in the evaluation of CAD. The first part describes the
clinical value and potential applications of cardiac CT in
detecting CAD, myocardial viability, and perfusion. In
the second part, the range of applications of CMR is discussed
in coronary artery imaging, acute coronary syndrome, and
chronic ischemic heart disease.
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Role of Cardiac Computed Tomography in
Coronary Artery Disease

The clinical utility of cardiac CT is rapidly improving due to
technical innovations addressing the current limitations of
the modality. This is especially true in context to CCTA which
has emerged as robust and widely embraced tool in clinical
practice guiding patient management,4 The emerging newer
applications like dual-energy CT, CT myocardial perfusion,
and CT-derived FFR have enhanced the domain of cardiac CT
by providing conclusive information about all aspects of CAD
including myocardial perfusion and viability.z’5 The evi-
dence-based data on the outcomes, prognosis, and cost-
effectiveness of cardiac CT are increasing exponentially. A
brief review about the clinical applications and their current
role in clinical practice is discussed below.

Coronary Artery Calcium Score

Calcification of coronary arteries occurs by means of an
active process of mineralization with deposition of hydroxy-
apatite crystals. It begins in the early stages of atherosclero-
sis. Since atherosclerosis is the major culprit factor for the
development of clinical CAD, it is important to identify high-
risk individuals harboring advanced atherosclerosis in early
stages. There is large body of evidence that coronary artery
calcium (CAC) determined with CT is an equivalent measure
for coronary atherosclerotic burden in adults. Study has
shown a direct relationship between CAC measured at CT
and histologically measured atherosclerotic plaque burden.
The first formal CT based CAC score was introduced in 1990,
followed by many different CAC scores with varying
strengths, weaknesses, and limitations. The traditional scor-
ing methods include Agatston’s score, volume score, mass
score, calcium coverage score, and visual score.® Agatston’s
score (AS) is the most widely used CAC score in clinical
practice. The score has been adapted to multi-detector
computed tomography (MDCT) using 120 KVp, and variable
mA according to the body weight with 3-mm slice thickness.
It considers the lesions with CT attenuation value >130 HU
and area >1 mm?. The individual lesion score is calculated by
multiplying the lesion area with density weighting factor.
The individual scores are then added irrespective of the
distribution and location to determine the total Agatston
score.” The research in the last decade has identified several
strategies to standardize the reporting of CAC to facilitate
clinical communications and implement appropriate patient
management. A new standardized reporting system, CAC-
data and reporting system (DRS), has been introduced re-
cently in 2018 by the Society of Cardiovascular Computed
Tomography (SCCT).

The purpose of CAC-DRS classification is to standardize
the reporting of coronary artery calcium. It is applicable on
both gated and nongated chest CT scans. It recommends
using Agatston’s or visual score. There are four categories in
this classification ranging from CAC-DRS of 0 to CAC-DRS of
3. In case the Agatston method is used, the total Agatston
score is assigned into one of the four CAC-DRS risk catego-
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ries, including CAC-DRS 0=Agatston’s score 0, CAC-DRS
1 =Agatston’s score 1-99, CAC-DRS 2=Agatston’s score
100-299, and CAC-DRS 3 = Agatston’s score >300. Similarly,
with the visual method, the none, mild, moderate, and severe
grades correspond to CAC-DRS 0, 1, 2, and 3 categories,
respectively. There are two modifiers in the CAC-DRS classi-
fication. The first modifier denotes the type of scoring
system: Agatston’s or visual estimation represented by A
and V letters, respectively. The second modifier represents
the number of vessels involved and is represented by letter N.
It varies from N1 to N4 depending on the number of coronary
arteries involved, namely, left main (LM), left circumflex
(LCx), left anterior descending (LAD), and right coronary
artery (RCA). Two multipliers are separated by symbol “/”
slash® (~Fig. 1).

CAC-DRS has been validated in multiple studies. Large
retrospective studies conducted by Dzaye et al have shown a
direct correlation between all-cause mortality rate and CAC-
DRS score.? Another large retrospective study done by Osawa
et al has shown that CAC-DRS is independently associated
with the incidence of major adverse cardiac events (MACEs)
and MACEs or all-cause death.'°

Computed Tomography Coronary
Angiography

The catheter angiography is the gold-standard technique for
the evaluation of CAD. However, the risk of serious compli-
cations associated with catheter angiography, together with
economic deliberations and inconvenience to the patient,
has prompted for the search of a noninvasive modality. CT
coronary angiography has emerged as the most promising
alternative to catheter angiography for assessing coronary
arteries. The diagnostic performance of CCTA has been
validated by large number of studies. CCTA has shown a
high sensitivity and high negative predictive value (NPV) for
detecting morphologically significant CAD, compared with
catheter angiography. The reported sensitivity of CCTA for
detecting hemodynamically significant CAD is 95% or higher,
and the NPV is as high as 99 to 100%.""'3 These results have
significantly encouraged the use of CCTA in daily clinical
practice worldwide. The implementations of the guidelines
and recommendations of various national and international
societies have further enhanced its role in diagnosing and
excluding CAD."#~"® The most common indication for CCTA is
the evaluation of chest pain with intermediate pretest prob-
ability of CAD and uninterpretable electrocardiography
(ECG), or if the patient is unable to do exercise. Patients
with high pretest probability are ideal candidates for cathe-
ter angiography. The role of CCTA in patients with low pretest
probability is uncertain.'’

The interpretation of CCTA images can be done visually or
by using digital tools. The quantification of luminal stenosis
(area and diameter) assists in interpretation and conveys a
quantitative information to the clinician. Studies have dem-
onstrated a good correlation between CCTA-derived maxi-
mum diameter stenosis and invasive angiography or
intravenous ultrasound but with a large standard deviation.
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Lesions Volume /! mm® Equiv. Mass / mg

Fig. 1 (A, B) CAGDRS A3/N3 and V3/N3. CAC is severe (534.6) on Agatston (A3) and visual (V3) analyses. Three vessels are involved (N3).
Calcium in LAD, RCA and LCx are represented by yellow, red and sky-blue color respectively. CAC, coronary artery calcium; DRS, data and
reporting system; LAD, Left anterior descending artery; LCx, Left circumflex artery; LM, left main artery; RCA, Right coronary artery.
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The comparative studies suggest that CCTA derived values
correlates with invasive angiography to within 25% at the
best.’®2" The commonly recommended stenosis grading
scale is as follows.

* 0, normal: absence of plaque and no luminal stenosis.
* 1, minimal: plaque with <25% stenosis.

» 2, mild: 25 to 49% stenosis.

* 3, moderate: 50 to 69% stenosis.

* 4, severe: 70 to 99% stenosis.

* 5: occluded.

Multiple societies in the cardiology and radiology have
introduced the CAD-Reporting and Data System (CAD-
RADS) as a collaborative effort. The purpose of CAD-RADS
is to provide a standard classification of CAD integrated with
patient-specific clinical care. There are six CAD-RADS cate-
gories ranging from CAD-RADS 0 (no plaque) to CAD-RADS 5
(at least one total occlusion). CAD-- 4 is further divided into
4A and 4B. The category is assigned on the basis of highest
grade of stenosis. CAD-RADS 0 corresponds to no athero-
sclerotic disease in any coronary artery; CAD-RADS 1 corre-
sponds to a single maximum stenosis of 1 to 24%; CAD-RADS
2 corresponds to a single maximum stenosis of 25 to 49%;
CAD-RADS 3 corresponds to a single maximum stenosis of
50 to 69%; CAD-RADS 4A corresponds to single or two vessel
stenosis of 70 to 99%; CAD-RADS 4B corresponds to three
vessel stenosis of 70 to 99% or a single 50 to 99% stenosis in
left main artery (LM); and CAD-RADS 5 represents total
occlusion of at least one vessel. CAD-RADS also provides the
information about image quality (N), stents (S), plaque
characteristics (V), and coronary artery bypass grafts
(G; =Figs. 2-4). The final CAD-RADS category provides an
interpretation of the imaging findings together with recom-
mendations for further cardiac workup and management.?

Fig.2 CAD-RADS 3. (A) Coronary CT angiography curved multiplanar
reconstruction of the RCA shows normal caliber without any athero-
sclerotic disease. (B) Proximal LAD shows moderate stenosis (60-70%)
in proximal part (red arrow) due to mixed plaque. (C) LCx is normal.
CAD, coronary artery disease; CT, computed tomography; LAD, left
anterior descending artery; LCx, left circumflex artery; RADS,
reporting and data system; RCA, right coronary artery.
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Fig. 3 CAD-RADS 5/S. (A) Coronary CT angiography curved MPR image of
RCA shows multiple calcified and noncalcified plaques causing minimal
stenosis. (B) Coronary CT angiography curved MPR image of LAD shows a stent
in proximal part with total luminal occlusion. (C) Coronary CT angiography
curved MPR image of LCx shows normal course and caliber. CAD, coronary
artery disease; CT, computed tomography; LAD, left anterior descending
artery; LCx, left circumflex artery; MPR, multiplanar reconstruction; RCA, right
coronary artery.

Fig. 4 CAD-RADS 5/G. (A) LIMA-LAD graft shows good opacification with
normal proximal and distal anastomotic sites. (B) SVG-distal RCA graft

shows wall calcification and total thrombotic occlusion. LCx was nondom-
inant and normal (not shown). LAD, left anterior descending artery; LCx; left
circumflex artery; RCA, right coronary artery; SVG; saphenous vein graft.

CCTA is helpful in the evaluation of stents. Coronary stents
are broadly classified into two categories; metallic and
bioabsorbable (BVS). The improved hardware configuration
of latest generation CT scanners allows direct visualization of
the metallic stent struts, while nonmetallic BVS are identi-
fied by the dot-like platinum markers at proximal and distal
ends (=Fig. 5). The common stent-related complications
include in-stent restenosis (ISR), thrombosis and stent frac-
ture. Earlier studies using 16- and 64-slice MDCT have shown
a greater difference in the sensitivity for detecting ISR, 54% in
stents with a diameter of <3 mm to 86% in stents >3 mm.?
However, the recent third-generation dual-source CT ena-
bles accurate diagnosis of ISR in all size stents with preserved
image quality and low radiation dose.”* There are few
challenges in the CT imaging of coronary stents. These
include blooming artifacts, geometric effects due to cardiac
anatomy, motion artifacts, and intravascular contrast



CT and MRI in Diagnosing Coronary Artery Disease

Fig. 5 Types of stents. (A) Coronary CT angiography curved multi-
planar reconstruction of the LAD shows a patent metallic stent in
proximal part identified by metallic struts (black arrow). (B) Coronary
CT angiography curved multiplanar reconstruction of the LAD shows a
BVS stent in mid part identified by two radiopaque platinum markers
proximally and distally (black arrows). BVS, bioabsorbable; CT, com-
puted tomography; LAD, left anterior descending artery.

Fig. 6 Visibility of coronary stent lumen with different convolution
filters. The most appropriate filter should be chosen to achieve
balance between the visibility of low-contrast structures and the
quantity of image noise. (A) Coronary CT angiography curved multi-
planar image of LCx reconstructed with a smooth convolution filter
(B38f) shows barely visible stent lumen. (B) The image reconstructed
with a dedicated edge-enhancing kernel (B45f) allows good visuali-
zation of stent lumen. CT, computed tomography; LCx; left circumflex
artery.

enhancement. Blooming describes an effect where the stent
struts appear to be thicker, leading to underestimation of the
stent lumen. It is more pronounced in bifurcation lesions
(Y, V, or T techniques) and in the presence of overlapping
stent placements. The commonly used technique to decrease
blooming artifacts are high kV imaging and sharp convolu-
tion kernels (=Fig. 6). Motion artifacts due to breathing or
cardiac motion pose another problem making study non-
diagnostic. It causes blurring and disproportionally exacer-
bates the blooming artifacts. Decreasing the heart rate and
increasing the temporal resolution are the standard
approaches toward this issue. It has been seen in several
phantom studies that the angulation of stent from the scan
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plan has a potential effect on the visibility of stent lumen. The
lumen is best visible if the stent is located at 0 or 90 to the z-
axis. The course of coronary arteries is typically angulated
except for the midpart of RCA. This angulated anatomy also
added to the difficulties in the stent evaluation. A sufficient
contrast enhancement is the prerequisite for CCTA. This is of
even more importance in stents evaluation as sharp convo-
lution filters and beam hardening negatively affect contrast-
to-noise ratio. Increasing the rate of contrast administration
and appropriate voltage selection allows good intravascular
attenuation to permit delineation of neointima hyperplasia
or ISR inside the stent.?”

CTA is an accurate method for assessing coronary artery
bypass grafts (CABG) patency also. The commonly used grafts
are internal mammary artery, radial artery, and saphenous
venous grafts. The graft is usually divided into following
three different segments: (1) the proximal anastomosis, (2)
the body of the graft, and (3) the single (or sequential) distal
anastomosis. The graft patency is assessed for regular shape
and border of graft wall with homogeneous, contrast-en-
hancement of the graft lumen. The common graft-related
complications include graft stenosis, occlusion, spasm, and
aneurysm. There is extensive evidence that CCTA is highly
accurate in the evaluation of CABG. In the meta-analysis
study, Barbero et al reviewed 959 patients’ CABG operations
with 1,586 arterial and venous grafts. These patents were
evaluated using 64-slice MDCT scanners of different vendors.
Both the sensitivity and specificity of CCTA in detecting
complete graft occlusions were 99% in comparison to inva-
sive coronary angiography.2®

Another important advantage of CCTA is plaque imaging.
Although, intravenous ultrasound (IVUS) is the imaging
reference for characterizing coronary artery plaques, but it
is an invasive technique and not justifiable in asymptomatic
patients. CCTA, beyond its ability to quantify luminal steno-
sis is helpful in detection and characterization of coronary
atherosclerotic plaques.?’” The plaques are classified into
calcified, mixed, and noncalcified types. The qualitative
and quantitative assessment of plaques is targeted at plaque
size, plaque composition, and plaque remodeling. The pla-
ques of potential clinical importance tend to be larger in size,
often located in proximal coronary arterial segments, and
have a sizeable necrotic core. The so called vulnerable or
high-risk plaque refers to the atherosclerotic lesions with
features associated with future acute coronary events. There
are four main features of vulnerable plaque on CCTA as
follows: (1) positive remodeling defined as outer vessel
diameter at the plaque >1.1 times that of adjacent unin-
volved vessel; (2) low attenuation defined as <30 HU; (3)
napkin-ring sign defined as peripheral higher attenuation of
the noncalcified portion of the plaque; and (4) spotty calci-
um defined as calcific foci <3 mm in any direction (~Fig. 7).
The prognostic value of the suspected CT features of the
vulnerable plaque have been validated in multiple retrospec-
tive and prospective studies. The first prospective observa-
tional study by Motoyama et al has reported that both
positive remodeling and low attenuation plaque are inde-
pendent predictors for the occurrence of MACE in short-term
Vol. 1
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Fig. 7 Types of plaques. (A) Coronary CT angiography curved MPR image of LAD shows a noncalcified plaque in proximal part. (B) Coronary CT
angiography curved MPR image of LCx shows calcified (red arrow) and mixed plaques (yellow arrow). (C) Curved MPR CT angiographicimage and
(D) corresponding axial reformatted image of RCA shows a vulnerable plaque with napkin-ring sign. Axial reformatted CT angiographic image
perpendicular to the vessel lumen (1, CT number = 380 HU) shows central low-attenuation core (2, CT number = 25 HU) and outer
circumferential high-attenuation area (3, CT number = 98 HU) representing napkin-ring sign. CT, computed tomography; LAD, left anterior
descending artery; LCx; left circumflex artery; RCA, right coronary artery.

follow-up, whereas spotty calcification was not.?® Another
prospective study with 895 patients and a mean follow-up of
2.3 years has shown that the napkin-ring sign in addition to
low attenuation plaque and positive remodeling is indepen-
dently associated with a composite end point of acute coro-
nary syndrome and cardiac death.?® The Rule Out Myocardial
Ischemia/Infarction Using Computer Assisted Tomography
(ROMICAT-II) trial investigated the patients presenting to the
emergency with acute chest pain having negative initial
troponin and ECG by CCTA imaging. It was concluded that
the presence of any of the vulnerable plaque features is an
independent predictor for the presence of acute coronary
syndrome (ACS).3 This data suggests that CCTA might have a
prognostic role in patients with ACS.

Computed Tomography Viability Imaging
and Perfusion

CCTA plays an important role in anatomical and morpholog-
ical assessment of coronary artery plaques and stenosis but it
does not provide information about the hemodynamic sig-
nificance of the lesion. The commonly available diagnostic
modalities for functional imaging include stress echocardi-
ography, single-photon emission CT (SPECT), positron emis-
sion tomography (PET), and magnetic resonance imaging
(MRI). CT myocardial perfusion is a newer technique that
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provides functional assessment of the myocardium and is
commonly referred as “one-stop-shop” for a comprehensive
assessment of CAD.>'

There are two approaches for performing CT myocardial
perfusion,’ static arterial first-pass imaging and? dynamic
time-resolved imaging. Static arterial first-pass imaging
provides a single-phase snapshot of myocardial attenuation
during early arterial phase. It can be done using single-
energy or dual-energy CT (DECT). Dynamic CT myocardial
perfusion imaging uses serial acquisitions of the myocardi-
um throughout the cardiac cycle to track the kinetics of
contrast media distribution during the initial pass, arterial
phase, and microcirculation, and provides absolute quanti-
tative measurements of myocardial blood flow and vol-
ume.3? The protocol of CT myocardial imaging includes
stress and rest acquisitions similar to cardiac MRI and
nuclear imaging. It is essential to perform the scan during
the early portion of first-pass circulation, as there occurs
rapid wash-out of contrast agent due to diffusion into
extravascular space. The contrast injection rate should be
kept higher, at least 5mL/s, for optimizing the strength of
enhancement in the first-pass arterial phase. There are two
different protocols named according to sequence of scan
acquisitions, rest/stress or stress/rest. The commonly used
pharmacological stress agents are adenosine, regadenoson,
dipyridamole, and dobutamine. An interval of 10 to
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15 minutes between the two sequences is necessary for the
optimal contrast wash-out. The best approach is chosen
depending on the type of patients’ risk. The rest first protocol
is reserved for the patients with low-to-intermediate pertest
probability of CAD, while stress first is chosen for patients
having high pretest probability of lesions associated with
ischemia.® The different types of CT myocardial perfusion
techniques are summarized below.

Static Single Energy Computed Tomography
Myocardial Perfusion

The static CT myocardial perfusion imaging is based on
acquisition of one single phase during the first-pass of
contrast. The challenges involving the maximum contrast
enhancement and optimal contrast delivery must be met.
The assessment is done using visual qualitative method.
Perfusion defects appear as hypodense regions in subendo-
cardial or transmural distribution (=Figs. 8 and 9). Thick
multiplanar reconstructions (5—8-mm slice thickness) are
recommended for assessing perfusion defects due to im-
proved contrast-to-noise ratio. An integrated review of stress
and rest images allows differentiation between ischemic and
nonischemic myocardium, and if ischemia is present, the
combined assessment can mark off viable and nonviable
myocardium by characterizing fixed and inducible perfusion
abnormalities. Hypoperfusion in stress with normal perfu-
sion in rest indicates ischemia; hypoperfusion in stress
persisting with same extent in rest indicates necrosis; hypo-
perfusion in stress that persists with lesser extension in rest
indicates peri-infarct ischemia.3* Multiple studies have
established the clinical feasibility and accuracy of single-
energy static myocardial perfusion imaging. Nasis et al con-
ducted a study to determine the diagnostic accuracy of
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Fig. 9 Static short-axis single energy myocardial perfusion imaging.
(A) Short-axis and multiplanar images show transmural
hypoattenuating perfusion defects (black arrows) in apical anterior,
septal and inferior segments. (B) Curved multiplanar image of LAD
shows total occlusion in the proximal part (red arrow). ; LAD, left
anterior descending artery.

combined 320-detector row CCTA and adenosine stress CT
myocardial perfusion imaging in detecting perfusion abnor-
malities caused by obstructive CAD. Invasive angiography
and SPECT myocardial perfusion were used as reference
standard. The sensitivity, specificity, positive predictive val-
ue (PPV), and NPV of combined CCTA and CT myocardial
perfusion was 94, 98, 94, and 98%, respectively.>> George et al
compared the diagnostic performance of CT myocardial
perfusion imaging and SPECT perfusion imaging in the
diagnosis of anatomically significant CAD. The sensitivity
of CT perfusion imaging was higher than that of SPECT, with

Fig. 8 Static single energy myocardial perfusion imaging. (A) Short-axis multiplanar images show no hypoattenuating areas suggestive of
perfusion defects in myocardium. (B-D) Coronary CT angiography curved multiplanar reconstruction of the RCA, LAD and LCx show normal
course and caliber. CT, computed tomography; LAD, left anterior descending artery; LCx; left circumflex artery; RCA, right coronary artery.
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Fig. 10 Static retrospectively ECG gated dual-energy myocardial perfusion imaging. (A) Myocardial short axis color-coded iodine distribution
map shows no perfusion defects. (B) Coronary CT angiography curved multiplanar reconstruction of the RCA shows normal caliber

without any atherosclerotic disease. (C) LAD shows diffuse mixed disease in proximal and mid part causing minimal luminal stenosis. (D) LCx
shows normal caliber without any atherosclerotic disease. CT, computed tomography; ECG, electroencephalography; LAD, left anterior
descending artery; LCx; left circumflex artery; RCA, right coronary artery.

sensitivities for left main, three-, two-, and one-vessel dis-
eases of 92, 92, 89, and 83%, respectively, for CT perfusion
imaging, and 75, 79, 68, and 41%, respectively, for SPECT.3®

Static Dual Energy Computed Tomography Myocardial
Perfusion

DECT myocardial perfusion imaging provides additional
information about myocardial composition compared with
single-energy CT myocardial perfusion and improves the
limitations of single energy CT such as blooming artifacts
and beam-hardening artifacts. The assessment of dual ener-
gy myocardial perfusion images is done in two different
ways:' (1) monochromatic analysis, and? (2) material de-
composition analysis.>” The images obtained during the scan
are “mixed images” which are equivalent to standard CT
images at intermediate energy. DECT decomposes the ac-

= d

Fig. 11 Static retrospectively ECG gated dual-energy myocardial
perfusion imaging. (A) Myocardial short axis and color-coded iodine
distribution map shows perfusion defects in anterior, anteroseptal
and anterolateral segments (black arrows). (B) Coronary CT angiog-
raphy curved multiplanar reconstruction of the LAD shows total
occlusion in proximal part (red arrow). CT, computed tomography;
ECG, electroencephalography; LAD, left anterior descending artery.
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quired datasets and can reconstruct the simulated (“virtual”)
monochromatic images ranging from 40 to 140KeV. The
images at 140 KeV resembles a noncontrast acquisition and
commonly called as “virtual noncontrast image.” The semi-
quantitative analysis of monochromatic images is done
similar to single-energy static perfusion. Different studies
have postulated various parameters like absolute contrast
enhancement, perfusion index (myocardial contrast en-
hancement relative to left ventricular enhancement), and
transmural perfusion ratio to analyze the monochromatic
images; however, visual assessment is still commonly used
and has superior diagnostic performance. The material de-
composition is the main principle of DECT. This technique
allows generation of material specific images. In myocardial
perfusion, iodine acts as a surrogate of myocardial blood
pool. The generation of iodine maps allows calculation of
iodine per mm? (iodine density) of the myocardium which
represents a semiquantitative estimate of myocardial blood
flow, allowing differentiation between normal, ischemic, and
infarcted myocardium>® (~Figs. 10 and 11). A myocardial
segment with low iodine density on stress, and normal
density on rest images represents reversible perfusion defect
indicating ischemia. A persistent low-iodine density on both
stress and rest images represents a fixed perfusion defect
indicating necrosis. Studies have shown that the combined
analysis of CCTA and DECT myocardial perfusion imaging
outperform the purely anatomic test of CCTA alone in
detecting morphologically and hemodynamically significant
CAD and reduces the number of false positives in high-risk
population.39-41

Dynamic Computed Tomography Myocardial
Perfusion Imaging

Dynamic CT myocardial perfusion imaging is based on serial
acquisitions of the myocardium after contrast administra-
tion. The kinetics of contrast media is tracked during the
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Fig. 12 Dynamic CT perfusion imaging. The color-coded maps of myocardial blood flow (A), blood volume (B), extraction fraction (C) appear
normal. The colors of the myocardium are coded according to the flow values with red, green, and yellow representing higher flow

values than blue. (D-F) Coronary CT angiography curved multiplanar reconstruction of the RCA, LAD and LCx show normal course and caliber.
CT, computed tomography; LAD, left anterior descending artery; LCx; left circumflex artery; RCA, right coronary artery.

initial pass, arterial phase, and microcirculation. This has
become feasible with the introduction of wide detector CT
scanners (256 or 320) which provide full heart coverage with
stationary table, or by using shuttle mode in second genera-
tion Dual Source scanners in which the table shuttle back and
forth between two anatomic positions. The shuttle mode
extends the anatomic coverage from 38 to 73 mm. The third-
generation DECT scanners provides a larger coverage of
105 mm which allows myocardial perfusion imaging even
in dilated hearts as well. End systole (250 ms after the R peak)
is the optimal phase for image acquisition. There are two
advantages of end systolic phase. First, during systole the
myocardial thickness is maximum and apical-to-basal length

is shorter which allows whole heart to be scanned. Second,
the duration of systole is constant (~200ms) which
decreases the need of contrast and hence the beam-harden-
ing artifacts. The data analysis is done by using semiquanti-
tative and quantitative method. In semiquantitative method,
the time attenuation curves are generated which are used to
derive various parameters like peak enhancement, time to
peak, area under the curve, and attenuation slope. In quan-
titative method, functional analysis of myocardial blood flow
input and output is done and various perfusion parameters
like myocardial blood flow (MBF), MBF ratio, and myocardial
blood volume (MBV) are derived (=Figs. 12 and 13). Various
semiautomated softwares are now available which show
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Fig. 13 Dynamic CT perfusion imaging. The color coded maps of
myocardial blood flow (A), blood volume (B), show extensive perfu-
sion defect in anterior, anteroseptal and anterolateral myocardium.
The colors of the myocardium are coded according to the flow values
with red, green, and yellow representing higher flow values than blue
(C) Coronary CT angiography curved multiplanar reconstruction of
the LAD shows total occlusion of proximal part (arrow). CT, computed
tomography; LAD, left anterior descending artery.

similar accuracy to manual analysis.*? Multiple studies have
evaluated the diagnostic performance of dynamic CT myo-
cardial perfusion compared with different non-invasive mo-
dalities. Bastarrika et al have compared stress dynamic CT
myocardial perfusion with CMR. The sensitivity, specificity,
PPV and NPV were found to be 86.1, 98.2, 93.9, and 95.7%,
respectively.*> Ho et al compared dynamic CT-MPI on a 128-
slice DECT using dipyridamole to SPECT. The reported sensi-
tivity, specificity, PPV, and NPV were 83, 78, 79, and 82%,
1'espectively.44

Computed Tomography Fractional Flow
Reserve

Fractional flow reserve (FFR) is a technique to evaluate the
hemodynamic significance of CAD. It is defined as the ratio of
maximum flow achievable in stenotic artery to the maxi-
mum flow achievable if the same artery is normal. It is
routinely calculated during invasive catheter (ICA). The tech-
nique involves placing a pressure wire across the stenosis,
inducing the hyperemia by injecting adenosine and calculat-
ing the pressure gradient across the stenosis. This transle-
sional pressure ratio during maximum flow defines the
“functional significance” of a coronary lesion.*> Studies
have indicated that a FFR <0.8 can be used as a reliable
cut-off for hemodynamic-relevant stenosis.*®

Recently, CT angiography has developed as a new nonin-
vasive technique for the calculation of FFR. A complex
mathematical model incorporating fluid dynamics is used
to derived the FFR values across a stenotic lesion.*’ There is
high per-patient and per-vessel agreement between CT
derived FFR values and invasive FFR using the threshold of
0.80 for both techniques. A poststenotic CT-FFR value less
than or equal to 0.80 indicates the possibility of hemody-
namic significance while a value greater than 0.80 indicates
that the lesion is unlikely to be hemodynamically significant
which can be managed with medical therapy without any
downstream testing.>
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Three large prospective studies, such as the Diagnosis of
Ischemia-Causing Stenoses Obtained Via Noninvasive Frac-
tional Flow Reserve (DISCOVER-FLOW), Determination of
Fractional Flow Reserve by Anatomic Computed Tomograph-
ic Angiography (DeFACTO), and Analysis of Coronary Blood
Flow Using CT Angiography: Next Steps (NXT), have evaluat-
ed the diagnostic accuracy of CT derived FFR measure-
ments.*>" DISCOVER-FLOW reported that the use of
FFRcrimproves the per-vessel accuracy from 59% (sensitivity,
91% and specificity, 40%) for CCTA alone to 84% (sensitivity,
88% and specificity, 82%) with the addition of CT-FFR.
DEFACTO trial reported an improvement in the diagnostic
accuracy from 64% (sensitivity, 84% and specificity, 42%) for
CCTA alone to 73% (sensitivity, 90% and specificity, 54%) with
the addition of CT-FFR_ The third NXT trial evaluated 310
patients with both CCTA and CT-FFR and achieved the best
precision of the available prospective studies. The results
showed an improvement in diagnostic accuracy from 65%
(sensitivity, 83% and specificity, 60%) for CCTA alone to 86%
(sensitivity, 84% and specificity, 86%) with the addition of CT-
FFR.

In summary, CT-FFR has ability to overcome one of the
major limitation of CCTA, a low specificity in detecting
myocardial ischemia. However, the current use of CT-FFR
is limited by challenging workflow, higher cost and limited
data on the cost-effectiveness of CCTA alone, and CCTA with
functional tests.

Limitations of Cardiac Computed
Tomography Imaging

The current restrictions in spatial and temporal resolution
make CCTA frequently falls short in assessing the
precise degree of stenosis as compared with ICA. The accu-
racy of CCTA to detect and quantify atherosclerotic plaque is
also largely unknown. In comparison to IVUS, the sensitivity
of CCTA for identifying plaques have been reported to be
approximately 85 to 95% with high interobserver agreement.
This high sensitivity is mainly driven by its ability to detect
calcified plaque, whereas noncalcified plaque is more diffi-
cult to delineate.®’ Similarly, the imaging of coronary stents
with CCTA is difficult. The reported positive predictive values
of CCTA for in-stent restenosis is low, resulting in a high
number of false-positive results. Although, newer technolo-
gy may offer some improvement, but the evaluation is largely
restricted to single stents with a larger diameter (e.g.,
>3.0mm).>>>3 Furthermore, CT myocardial perfusion is
limited by high radiation dose, artifacts, and large interob-
server variability and lack of large-scale multicenter studies
demonstrating its clinical value.

Role of Cardiac Magnetic Resonance in
Coronary Artery Disease

CMR has emerged as a very useful tool in the evaluation of
CAD. It provides valuable and comprehensive information on
anatomical and functional assessment of CAD. There is a
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growing evidence that CMR is useful in each step of CAD
assessment, ranging from establishing the diagnosis, guiding
the treatment and risk stratification.”® Steady-state free
precession (SSFP) is the workhorse of the CMR imaging. It
is primarily used for volumetry, functional analysis and
myocardial mass calculation. T2-weighted turbo spin-echo
(SE) sequences are used to detect myocardial edema which is
useful in differentiating between acute and chronic myocar-
dial infarction. Single-shot, turbo gradient-echo (GRE) and
echo-planar imaging sequences are used for myocardial
perfusion imaging. T1-weighted inversion-recovery (IR) se-
quence with gadolinium administration is used for contrast-
enhanced myocardial imaging. T1 and T2 mapping are newer
techniques allowing calculation of absolute values of T1 and
T2 relaxation times. The benefits of mapping technique
include better myocardial characterization with quantitative
assessment and decreased intraobserver and interobserver
variability. MRI tagging allows visual assessment and quan-
tification of regional myocardial motion. Strain-encoding
(SENC) is another magnitude-based technique for assessing
regional myocardial motion. Similar to tagging, it is also
based on applying parallel planes of saturated pulsed but
thorough-plane motion is measured compared with in-plane
motion in tagging. SENC has the advantages of higher reso-
lution, faster image acquisition, and generation of color
coded strain maps.”> CMR-feature tracking (CMR-FT) is a
newer technique for quantitative evaluation of myocardial
function by directly evaluating myocardial fiber deforma-
tion. The CMR-FT derived strain parameters can identify
subtle myocardial abnormalities before the overt clinical
manifestation sets in.>®

Cardiac Magnetic Resonance for Coronary
Imaging

Coronary arteries are difficult to image by CMR for few
reasons. These include small vessel caliber, tortuous course,
the surrounding signal from myocardium and epicardial fat,
continuous motion-related to the cardiac and respiratory
cycles, and limited acquisition time in diastole. The develop-
ment of three-dimensional (3D) acquisition techniques have
allowed better image quality. In an international multicenter
trial published by Kim et al, the diagnostic accuracy of 3D
CMR angiography was compared with ICA. Overall, 84% of the
proximal and mid-coronary artery segments were interpret-
able with a reported sensitivity and specificity of 93 and 42%,
respectively, for >50% luminal stenosis.>’ CMR angiography
can be used in CABG assessment as grafts are less affected by
cardiac and respiratory motion. The artifacts from clips may,
however, limit their assessment. CMR is helpful in both
anatomic and functional assessment of CABG. The diagnostic
accuracy has increased with the introduction of flow velocity
mapping techniques but its application in clinical practice is
still limited.>8->°

Coronary stents appear as signal void on CMR angiogra-
phy making the visualization of stent lumen difficult. How-
ever, the flow velocity mapping techniques have shown
promising results as with CABG.?® CMR angiography is an
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accepted gold standard to assess congenital coronary anom-
alies. Although, these are rarely seen in general population
but are a common cause of sudden cardiac death in ath-
letes.®" Beside luminography, CMR is also useful for charac-
terization of atherosclerotic plaques. The black blood
imaging appears to be promising technique for assessing
plaque formation and coronary vessel wall remodeling.®?

Although, the recent advances such as use of contrast
agents, the application of higher field strength and parallel
imaging increasing the signal-to-noise ratio leading to better
image quality but there are several unresolved issues, like
field inhomogeneities, which render the technique prone to
several artifacts.®3

Cardiac Magnetic Resonance in Acute
Coronary Syndrome

CMR has a role in the detection of ACS in low-risk patients
presenting with chest pain, negative biomarkers, and normal
ECG prior to ICA. Study has shown the higher sensitivity and
specificity of resting CMR in comparison to ECG, peak
troponin-I, and thrombolysis in myocardial infarction
(TIMI) risk score >3, in patients with possible or probable
acute coronary syndrome. The sensitivity and specificity of
CMR using myocardial perfusion, left ventricular function,
and late gadolinium enhancement (LGE) was found to be 84
and 85%, respectively.®4 By adding edema imaging, the
diagnostic accuracy further increased up to 93%.%° In
patients with multivessel disease, myocardial edema imag-
ing is helpful in identifying the culprit vessel which is helpful
in targeted revascularization.®®

Cardiac Magnetic Resonance in Non-ST Segment
Elevated Acute Coronary Syndrome

CMR is an accurate tool to detect the presence of flow-
limiting stenosis in patients with a clinical diagnosis of
non-ST segment-elevated (NSTE) ACS. A study conducted
by Schroeder et al has reported that comprehensive CMR
imaging involving myocardial function assessment, perfu-
sion (rest and adenosine-stress), viability (by LGE), and
coronary artery anatomy has a sensitivity of 96% and a
specificity of 83% in predicting coronary stenosis. Further-
more, CMR was found to be more sensitive and accurate than
TIMI risk score.®” Approximately 7 to 15% of the patients with
ACS and raised troponin levels have no significant CAD on
ICA, representing diagnostic dilemma. There are a large
number of causes of an elevated troponin in the absence of
significant CAD which include infarction with spontaneous
recanalization, myocarditis, cardiac contusion, cardiomyop-
athy, congestive heart failure, and noncardiac causes includ-
ing sepsis, pulmonary embolism, and renal failure. The
presence of myocardial infarction (MI) in the absence of
obstructive CAD can be explained by embolism, coronary
spasm, and arterial recanalization. CMR provides detailed
myocardial tissue characteristics and is helpful in evaluating
the ACS with insignificant CAD. The high-contrast and spatial
resolution of CMR allow the identification of very small
infarcts which may be missed by SPECT. LGE is gold standard
Vol. 1
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Fig. 14 MR imaging findings in acute Ml in a 45-year-old man with sudden onset of chest pain, elevated cardiac enzymes, and ST-segment
elevation. (A) Short axis T2-weighted short inversion time inversion recovery (STIR) image shows high-signal-intensity edema in the anterior and
septal wall (white arrows), consistent with myocardial edema. (B) Short-axis dynamic perfusion image shows perfusion defects in

anterior and septal wall (black arrows). (C) Short-axis delayed-enhancement image shows a full-thickness transmural infarct in the anterior and
septal wall (black arrow). Within this area of scar, there is a nonenhancing dark focus (red arrow), consistent with acute microvascular
obstruction within an infarct and indicating an area of no-reflow phenomenon.

in detection of scarring associated with various ischemic and
nonischemic conditions. Study has shown that CMR can
identify the basis for troponin elevation in 65% of patients
presenting with ACS type symptoms with insignificant ste-
nosis on coronary angiography.68

Cardiac Magnetic Resonance in ST Segment Elevated
Acute Coronary Syndrome

The recent availability of multiparametric CMR has provided
detailed assessment regarding the pathophysiology of
STEML. The native T1, T2, T2*, and postcontrast T1-mapping
provides insights into the evolution of myocardial edema in
the first week post-STEMI, prognostic significance of micro-
vascular obstruction, chronic manifestation of intramyocar-
dial hemorrhage, and changes in the remote myocardial
interstitial space responsible for adverse left ventricle (LV)
remodeling (~Fig. 14).5° CMR also provides information on
the cardioprotective efficacy of various treatment method-
ologies therapies for reducing Ml size and prevent adverse LV
remodeling in reperfused STEMI patients.”®

Cardiac Magnetic Resonance in Complications of Acute
Coronary Syndrome

CMR is also a helpful tool in identifying the complications of
ACS-like ventricular thrombus, ventricular aneurysm, pseu-
doaneurysm, ventricular septal defects, and papillary muscle
infarction with subsequent mitral regurgitation.”’ Right ven-
tricle (RV) infarction occurs in approximately 50% patients
with inferior MI. It is associated with a poor prognosis. The
established methods are less sensitive in detecting it. CMR can
identify the RV infarctions and is a strong predictor of the
clinical outcome after reperfusion of acute STEML’?

Cardiac Magnetic Resonance in Chronic
Ischemic Heart Disease

Ischemia-induced LV dysfunction is not always an irrevers-
ible process. Numerous studies have shown that ischemic LV
Vol. 1
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dysfunction may be reversible (myocardial stunning or hi-
bernation). Myocardial viability is a reflection of ischemia-
induced impaired contractility at rest that recovers after
revascularization. The assessment of myocardial viability is
the cornerstone in guiding the clinical management. Myo-
cardial viability was earlier defined on transthoracic echo-
cardiography (TTE) and PET by means of wall motion
abnormalities, LV wall thickness, and reduced metabolism.
This concept has been further expanded by CMR which
shows better sensitivity, specificity, and accuracy than SPECT
in predicting myocardial viability. The commonly used CMR
parameters for assessing myocardial viability are infarct
transmurality with LGE imaging, coronary reserve with
adenosine stress perfusion, and contractile reserve with
dobutamine stress.”3

LGE is based on a pulse sequence that allowed nulling of
normal myocardium and demonstrates bright signal in in-
farcted myocardium when imaged 10 to 20 minutes after
gadolinium administration. The fibrotic areas show in-
creased volume of redistribution of gadolinium, as well as
delayed washout, and hence appear bright. The evaluation of
the transmural extent of LGE has been shown to be a
predictor of LV function recovery with revascularization. In
a study done by Kim et al, the absence of LGE corresponded to
78% chances of recovery at 3 months, compared with 59%
with 1 to 25% LGE transmurality, falling to 2% with >75% LGE
transmurality.”* Another study reported 82% chances of
recovery with no preexisting LGE, 64% with 1 to 25% LGE
transmurality, and 37% with 26 to 50% LGE transmurality.”

Dobutamine stress CMR is aimed at detecting the con-
tractile reserve of the myocardium. Dobutamine is a syn-
thetic B, adrenergic catecholamine having positive inotropic
effect. The protocol for dobutamine stress CMR follows the
echocardiography protocol: dobutamine is administered at
increasing doses until target heart rate is achieved. The
infusion of dobutamine leads to increased myocardial oxy-
gen consumption which cannot be compensated by signifi-
cantly occluded coronary arteries, leading to ischemia and
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decreased myocardial contractility. If there is a flow limiting
stenotic lesion in coronary, the myocardium will display new
regional wall motion abnormality on cine images which is a
surrogate for ischemia. Conversely, any improvement in the
regional wall motion abnormality after low dose dobutamine
administration represents a marker for myocardial viability.
The image analysis is done by both visual and quantitative
methods and the findings are documented on the 17-seg-
ment model. The hibernating and stunned myocardium
(dysfunctional but viable) show improvement of systolic
contraction and wall thickening at low dose dobutamine
infusion (5-10pg/kg/min). High-dose protocols (up to 40 p-
g/kg/min) are used to demonstrate the biphasic response;
improvement in the contractile function at low dose and
worsening of the contractile function at high dose caused by
stress-induced ischaemia.’® The sensitivity and specificity of
dobutamine CMR in predicting functional recovery has been
reported in the range from 50 to 82 and 81 to 90%, respec-
tively. The adoption of quantitative assessment methods
further increase the sensitivity and specificity as high as
89 and 93%, respectively.’’

Adenosine stress perfusion CMR is aimed at detecting the
coronary flow reserve. The myocardial blood flow may
remain normal for up to approximately 85% stenosis of the
epicardial coronary artery at rest and get reduced during
maximal hyperemia unveiling underlying autoregulatory
decompensation at the level of the microvascular bed. A
variety of pulse sequences are currently available for perfu-
sion imaging including gradient-echo (GRE), hybrid GRE-
echo-planar imaging (EPI), and SSFP sequences. The selection
of correct sequence is critical in determining spatial resolu-
tion, image contrast, coverage, potential for quantification,
and presence of artifacts.’® Adenosine is most commonly
used vasodilator agent. The protocol involves both stress and
rest examinations. Adenosine is infused intravenously at the
rate of 140 ug/kg/min for at least 3 minutes to achieve peak
vasodilatation. Continuous monitoring of ECG, blood pres-
sure, and patients symptoms are done simultaneously.
Images are acquired at selected long- and short-axis planes
on every heartbeat (for 50 beats) while patients are holding
their breath. The infusion is then stopped and gadolinium is
administered. Subsequently, early postgadolinium imaging
is performed to demonstrate microvascular obstruction
which is seen as areas of low signal in subendocardial
distribution. The rest perfusion is done approximately
20 minutes after the completion of the adenosine infusion.
The combined assessment of rest and stress first-pass perfu-
sion images are used to differentiate induced perfusion
defects and ischemia.”® Multiple trials have compared the
CMR perfusion with PET and SPECT. In a meta-analysis of 12
studies using FFR as a reference standard, CMR perfusion has
shown a sensitivity of 89.1% and specificity of 84.9% on a
patient basis, as well as a sensitivity of 87.7% and specificity
of 88.6% on a coronary territory basis.?® A study done by
Nandalur et al has showed that perfusion CMR has a sensi-
tivity and specificity of 91 and 81%, respectively, in a per-
patient analysis for the identification of the ischemic seg-
ments.8! A large prospective randomized trial has shown
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superior sensitivity and negative predictive value of perfu-
sion CMR compared with SPECT.8?

Limitations of Cardiac Magnetic Resonance

Though CMR is increasingly being used in clinical practice, its
availability is still limited in many centers. There are many
contraindications to CMR including claustrophobia, severe
dyspnea, arrhythmia, and clinically unstable conditions.
Patients with non-MR conditional devices (neurostimulator,
intracranial clips, and metallic objects) must not be offered a
CMR. Recent advancements in technology allow the imaging
of patients with MR-conditional cardiac devices (pace-maker
and implantable cardioverter defibrillator [ICD]), though
under strict medical monitoring. Furthermore, the gadolini-
um-based contrast agents, although safer than iodine con-
trast, should be avoided in severe renal dysfunction due to
the risk of potentially fatal nephrogenic systemic fibrosis.

Conclusion

Cardiac CT and CMR imaging have emerged as the most
promising complementary imaging techniques in the prima-
ry diagnosis of CAD. The combined applications of cardiac CT
and CMR can exclude the CAD with a high probability. To
derive the most benefit from these technique, patient selec-
tion remains a key issue. The appropriate use largely depend
on patient characteristics and the clinical question. New
technologies and new applications are constantly being
explored and are widening the scope of both modalities for
the complete analysis of cardiac morphology, function, per-
fusion, and viability. One should consider cardiac CT and
CMR as a complementary tools for the noninvasive evalua-
tion of CAD, with inherent limitations but also unique
advantages.
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