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Abstract: Coronary heart disease (CHD) is a leading cause of death and disability worldwide. International
guidelines recommend cardiovascular magnetic resonance (CMR) as an investigative option in those
presenting with chest pain to inform diagnosis, risk stratify and determine the need for revascularization.
CMR offers a unique method to assess global and regional cardiac function, myocardial perfusion,
myocardial viability, tissue characterisation and proximal coronary anatomy all within a single study. This
results in high diagnostic accuracy for the detection of significant coronary stenoses and an established role
in the management of both stable CHD and acute coronary syndromes (ACS). The growing evidence base
for the prognostic value of CMR, emerging advances in acquisition techniques, improvements in hardware
and the completion of current major multi-centre clinical CMR trials will further raise its prominence in
international guidelines and routine cardiological practice. This article will focus on the rapidly evolving role

of the multi-parametric CMR examination in the assessment of patients with stable and unstable CHD.
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Introduction

Coronary heart disease (CHD) is a leading cause of death and
disability worldwide. In the United States (US) 15.4 million
people have CHD costing the US economy $108.9 billion/yr (1)
and each year 715,000 have a myocardial infarctdon (MI) (2);
whilst in the United Kingdom (UK) there are an estimated
2 million people with angina costing £9.0 billion/yr (3). In a
typical hospital setting a variety of investigations may be used
to diagnose CHD, as well as risk stratify the individual and
determine the need for coronary revascularization. These
may involve anatomical imaging of the coronary arterial tree
with computed tomography coronary angiography (CTCA)

or invasive X-ray coronary angiography; or assessment for
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functionally significant coronary artery stenosis with single-
photon emission computed tomography (SPECT), stress
echocardiography, cardiovascular magnetic resonance (CMR)
or positron emission tomography (PET).

CMR produces high resolution images which can be
acquired in any plane and allows the assessment of global and
regional cardiac function, myocardial perfusion, myocardial
viability, tissue characterisation and proximal coronary
anatomy—all within a single study and without the use of
ionising radiation. This unique multi-parametric approach
leads to a high diagnostic accuracy for the detection of CHD
and an important role in the management of both the stable
and acute patient. In patients with stable CHD, CMR can
detect and localise ischemia, quantify ischemic burden and
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Figure 1 CMR techniques. Panels A and B are cine images (short-axis and 4-chamber views respectively) which give anatomical and

functional information. Panel C is a stress perfusion CMR showing an inferior perfusion defect (white arrow) in the mid-ventricular slice.

Panel D is LGE imaging showing inferior wall transmural myocardial infarction (white arrow). Panel E shows coronary MRA demonstrating

a mid right coronary artery stenosis. Panel F is an example of 3D volume rendered contrast enhanced MRA showing the right coronary

artery. CMR, cardiovascular magnetic resonance; LGE, late gadolinium enhancement; MRA, magnetic resonance angiography; 3D, three-

dimensional.

determine myocardial viability, all of which can be used to
risk-stratify patients and guide revascularization (Figure I).
In patients presenting with acute coronary syndromes (ACS),
CMR can accurately determine ischemia and infarction
and provide prognostic information such as the size and
location of MI, the area at risk (myocardial edema) and the
presence or absence of microvascular obstruction (MO),
intramyocardial hemorrhage (IMH) or sequelae such as left
ventricular (LV) thrombus (Figure 2).

CMR is therefore firmly established in both national
and international guidelines, which recommend a variety of
investigative strategies for the diagnosis of CHD (4-6). The
2013 European Society of Cardiology (ESC) guidelines on the
management of stable CHD (5) give a class I recommendation
for non-invasive stress testing and recommend CMR as an
imaging option for the initial diagnostic assessment of angina.
The American College of Cardiology Foundation/American
Heart Association (ACCF/AHA) guidelines give CMR a
class ITa recommendation for the investigation of those with
intermediate to high pre-test probability of obstructive CHD
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in those physically able to exercise but with an ECG which
would be un-interpretable during an exercise test; and class IIb
in those intermediate to high risk unable to exercise (4). There
is also a role for ischemia and viability testing with CMR in
those with known CHD and after MI, particularly in those
with multi-vessel disease (7). The ACCF/AHA gives CMR a
class I recommendation in those with known CHD of unclear
physiological significance considered for revascularization
and the ESC guidelines give non-invasive stress imaging Ila
classification for this indication (5).

This article will focus on the rapidly evolving role of the
multi-parametric CMR examination in the assessment of
patients with stable and unstable CHD.

CMR for the investigation of stable CHD

CMR is an established method for demonstrating
myocardial ischemia and in some UK and European centres
has become the preferred investigation for patients with
suspected stable angina. A CMR study for this purpose
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Figure 2 CMR in acute MI. The top row shows mid-ventricular
short-axis images from a patient on day 3 following an acute septal
STEMI. Myocardial edema i.e., the ‘area-at risk’ is seen as high-
signal intensity on T2 weighted imaging (arrow, A) and a central
core of reperfusion hemorrhage is seen as low signal intensity on
T2* imaging (arrow, B). The middle row shows mid-ventricular
short-axis images images from another patient with an occlusion of
the proximal left anterior descending artery. Both EGE and LGE
imaging show a core of non-contrast uptake i.e., microvascular
obstruction (large arrows, C and D) within a transmural septal
wall MI which is outlined by hyperenhancement on LGE imaging
(small arrows, D). The bottom row shows 4-chamber images from
a 55-year-old man with a recent LAD territory MI. EGE and
LGE imaging show a non-enhancing (and therefore avascular)
mass typical of LV thmrobus. LGE imaging demonstrates that
the thrombus overlies mid to apical antero-septum infarction seen
as hyperenhancement (small arrows, F). CMR, cardiovascular
magnetic resonance; MI, myocardial infarction; EGE, early
gadolinium enhancement; LGE, late gadolinium enhancement; LV,

left ventricular.

takes between 30 and 60 minutes and typically includes cine
images in multiple planes for assessment of LV volumes and
function, stress and rest perfusion for myocardial ischemia
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and late gadolinium enhancement (LGE) for delineation of
scar and assessment of viability.

Stress assessment with CMR for myocardial ischemia
can be performed with vasodilatory or inotropic stress
agents. Vasodilatory stress with adenosine, regadenoson
(and less commonly dipyridamole or nicorandil) uses
gadolinium based contrast agents to demonstrate
myocardial hypoperfusion. Dobutamine stress CMR, like
stress echocardiography, induces wall motion abnormalities
in the presence of functionally significant coronary stenoses
without the need for a gadolinium based contrast agent
(although first pass perfusion can be performed at peak
stress for additional value). Typical multi-parametric CMR
protocols can be seen in Figure 3.

Vasodilatory stress CMR has high diagnostic accuracy
for the detection of CHD and a recent meta-analysis of 37
studies demonstrated a combined sensitivity of 89% (95%
CI: 88-91%) and specificity of 76% (95% CI: 73-78%) (8).
The largest prospective randomized controlled trial, the
CE-MARC study, which was not included in the meta-
analysis, demonstrated similar results and comprehensively
established superiority over SPECT with a higher sensitivity
(87% wvs. 67%, P<0.0001) and negative predictive value
(91% wvs. 79%, P<0.0001) but similar specificity (83% uvs.
83%, P=0.916) and positive predictive values (77% vs. 71%,
P=0.061) (9,10). A recent pre-specified CE-MARC gender
sub-analysis has shown that in terms of sensitivity, CMR
outperformed SPECT in both males and females, whereas
the sensitivity of SPECT in females was significantly worse
than in males (11).

Like CE-MARC, the subsequently published multi-centre
MR-IMPACT 1I trial also showed a greater sensitivity of
CMR compared to SPECT (67% vs. 59%, P=0.024) but
a lower specificity (61% vs. 72%, P=0.038) (12). However
in this trial only the perfusion components of the CMR
examination were analysed and as a result, diagnostic accuracy
was comparatively lower. This may also be explained by the
multicenter, multivendor, non-standardized pulse sequence
trial design of MR-IMPACT II with reporting performed
by an independent core laboratory without clinical details,
and emphasizes the incremental value of reporting imaging
studies in their clinical context and with experience and
knowledge of the techniques used.

Whilst both CE-MARC and MR-IMPACT II assessed
the ability for CMR and SPECT to detect inducible
myocardial perfusion deficits with adenosine stress, CE-
MARC also evaluated the incremental value of the addition
of infarction detection with LGE, cine imaging for regional
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Figure 3 Multi parametric CMR protocols in coronary heart disease. (A) Typical multi-parametric CMR protocol for the assessment of

acute coronary syndromes involving T2w imaging demonstrating edema, stress and rest perfusion for hypoperfusion (ischaemia), cine

imaging for regional and global ventricular function, EGE for thrombus and MO and LGE for viability assessment and demonstration of

scar; (B,C) typical multi-parametric CMR protocols for the assessment of stable coronary artery disease with adenosine stress perfusion (B)

or high dose dobutamine stress (C). CMR, cardiovascular magnetic resonance; EGE, early gadolinium enhancement; LGE, late gadolinium

enhancement; MO, microvascular obstruction; T2w, T2 weighted.

ventricular function and magnetic resonance angiography
(MRA) for coronary artery anatomy. The value of combining
such components in one single multi-parametric CMR
examination added to the increased specificity in the
CE-MARC trial. Indeed this issue has been examined in
small scale studies with ventricular function and LGE
improving the specificity and diagnostic accuracy above the
stress perfusion examination alone. The clinical utility of
imaging coronary artery anatomy by MRA within already
lengthy protocols however still remains to be established (13).
In CE-MARC the overall diagnostic accuracy did not alter
whether or not the results of the MRA were included in the
analysis. Other investigators have evaluated the effect of
adding coronary MRA to stress perfusion CMR on diagnostic
performance; when compared to invasive pressure-wire
derived fractional flow reserve (FFR) at 1.5 T there was no
significant improvement in diagnostic accuracy (14).

Whilst the CE-MARC study proved the superiority
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of CMR over SPECT in terms of diagnostic accuracy of
CHD detection, questions were raised over the availability
and cost benefit of the technology (15). Subsequent health
economic analysis demonstrated that a diagnostic strategy
which includes CMR is cost effective falling between the
lower and upper limits thresholds (£20-30,000) per quality
adjusted life year (QALY) as defined by National Institute
for Health and Care Excellence (NICE) (16). Furthermore
the cost effectiveness of CMR has been corroborated in
other international models against both direct to invasive
coronary angiography and SPECT, although direct referral
to invasive coronary angiography may be more cost
effective in those with a high pre-test probability of having
underlying CHD (17,18).

Inotropic stress CMR with dobutamine for the detection
of significant CHD relies on the induction of wall motion
abnormalities and therefore evaluating a later stage of the
ischemic cascade than perfusion imaging. Nevertheless
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Figure 4 High-resolution perfusion CMR. A 48-year-old lady with suspected angina underwent stress perfusion CMR at 1.5 T using a high-

resolution (1.4 mm in-plane) technique facilitated by 5-fold k-t-BLAST. Stress-induced perfusion defects were seen in all three coronary

territories (arrows, A), some of which are clearly subendocardial. Subsequent X-ray angiography revealed significant three-vessel disease

(arrows, C and D). This case highlights the ability of high-resolution acquisition to overcome the potential effects of balanced ischemia in

multi-vessel disease by detecting transmural perfusion gradients and subendocardial ischemia. (Reprinted with permission from: Motwani et a/.

Circ Cardiovasc Imaging 2013;6:339-48) (29). CMR, cardiovascular magnetic resonance; BLAST, broad linear speed-up technique.

dobutamine stress CMR also has a high diagnostic accuracy
for the detection of CHD with one meta-analysis of 14
studies showing a pooled sensitivity of 0.83 (95% CI: 0.79-
0.88) and specificity of 0.86 (95% CI: 0.81-0.91) (19). One
single centre study demonstrated dobutamine stress CMR
to be superior to dobutamine stress echocardiography (DSE)
with sensitivity of 86% vs. 74%, P<0.05 and specificity 86%
vs. 70%), P<0.05, although this benefit of dobutamine stress
CMR above DSE was limited to those with suboptimal
echocardiographic images (20). In terms of prognostic value,
those with a negative DSCMR have an excellent prognosis
with an event rate of only 1.2% in the first year after the
test (21-23), which is similar to that published annual event
rate of 1.3% of a negative DSE (24). Dobutamine stress
CMR has been demonstrated to be extremely safe with a
comparable safety profile to DSE (25,26).

Pushing the boundaries: improving technology

Since the inception of the CE-MARC and MR-IMPACT
IT studies, which used perfusion sequences with an in-
plane spatial resolution of 2-3 mm, there have been major
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advances in CMR technology. Notably, there have been
improvements in acquisition techniques such as highly
accelerated pulse sequences based on spatio-temporal
undersampling [for example k-7 sensitivity encoding
(SENSE) and highly constrained back projection (HYPR)]
and improvements in hardware, such as higher field
strengths and improved cardiac phase-array coils for higher
signal-to-noise (27). Perfusion CMR at 1.5 Tesla (T) using
k-t SENSE acceleration to achieve an in-plane spatial
resolution of 1.6 mm has been demonstrated to have a
greater overall diagnostic accuracy than standard resolution
(2.5 mm) for identifying both single (P<0.001) and multi
vessel disease (P=0.002), with an area under the curve
(AUC) of 0.93 vs. 0.83; P<0.001 (27). Similarly, diagnostic
performance at 3.0 T exceeds that at 1.5 T for both single-
vessel disease (AUC: 0.89 vs. 0.70; P<0.05) and multivessel
disease (AUC: 0.95 vs. 0.82; P<0.05) (28). Using similar
high resolution techniques at 3.0 T  can regularly achieve an
in-plane spatial resolution of <1.5 mm, which is the basis for
improved detection of subendocardial ischemia (Figure 4),
and this advance is now beginning to make the transition
into clinical practice (30).
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Conventional stress perfusion CMR images are typically
acquired in three short axis slices to assess 16 of the 17
segments in the AHA/ACC model (excluding the apical
cap). Faster image acquisition also allows 3-dimensional
(3D) whole heart myocardial perfusion imaging with full LV
coverage and therefore overcomes assumptions made about
the myocardium between slices seen with the conventional
approach (Figure 5) (27). An additional advantage of 3D
perfusion CMR is that all the data are acquired in one shot
and thus in the same cardiac phase. Two recent studies have
validated 3D perfusion CMR against FFR and shown high
diagnostic accuracy (31,32). Manka et 4/. demonstrated 3D
perfusion CMR at 1.5 T was found to have a sensitivity,
specificity and diagnostic accuracy of 90%, 82% and 87%
respectively (31). Jogiya et al. found similar figures of 91%,
90% and 91% respectively at 3.0 T (32). Both of these
studies also verified the feasibility and reproducibility
of myocardial ischemic burden quantification from 3D
data using volumetry of myocardial hypo-enhancement
expressed as a percentage of total myocardium. 3D
myocardial stress perfusion CMR is therefore a highly
promising development with high diagnostic accuracy, with
a potential additional role in the assessment and follow-up
of total myocardial ischemic burden.

Future clinical direction: current multicenter studies

We are now in an era of comparative effectiveness
research. Whilst diagnostic accuracy studies have a role,
as clinicians we are more interested in studies that change
patient management, outcomes or quality of life. There are
several currently recruiting large prospective, multicenter,
randomized controlled trials, which are likely to shape the
future clinical guidelines, diagnostic pathways and utility of
CMR in clinical practice.

The MR-INFORM study is a non-inferiority trial
designed to compare the role of adenosine stress perfusion
CMR versus that of routine coronary angiography with
invasive FFR to guide revascularization decisions in patients
with stable angina and intermediate to high likelihood of
CHD. The primary outcome measure is the occurrence of
major adverse cardiovascular events (MACE) at 1 year and
it will establish the safety of using stress perfusion CMR as
the sole determinant of patient management (33).

CE-MARC-2 is a multicenter, three-arm parallel group,
randomized controlled trial designed to compare the
management strategy of CMR wvs. NICE CG95 guidance (6)
vs. AHA/ACC SPECT appropriateness criteria (34), for the
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investigation of patients with stable chest pain of suspected
cardiac origin. Patients with a pre-test likelihood of between
10-90% are randomized to have either multi-parametric
CMR, SPECT or follow NICE guidance (patients with low
pre-test probability of underlying CHD (10-29%) undergoing
CTCA; intermediate (30-60%) non-invasive investigation
with SPECT and high pre-test probability (61-90%) direct
to coronary angiography). This trial is designed to assess the
impact of each of the three strategies in reducing the rates
of unnecessary invasive angiography, which is important
from a clinical, economic and patient preference perspective.
The primary outcome measure is FFR defined unnecessary
angiography (FFR >0.8) with the important safety secondary
outcome measure of MACE at 1 and 3 years.

The ISCHEMIA trial is a worldwide multicentre
randomized controlled trial of >8,000 patients with at
least moderate ischemia demonstrated with non-invasive
imaging (SPECT, stress echocardiography or CMR). The
study is designed to test the hypothesis that in patients with
moderate or severe ischemia, a routine invasive strategy
with early cardiac catheterisation and revascularization plus
optimal medical therapy (OMT) is superior to a conservative
management strategy of OMT; with cardiac catheterisation
and revascularization reserved for those with an acute ischemic
event or refractory anginal symptoms. The primary outcome
measure is time to cardiovascular death or non-fatal MI.

Taken together these three studies will influence future
clinical guidelines by determining the safety and efficacy
of CMR as the primary investigation strategy, potentially
reducing rates of unnecessary angiography and establishing
whether an invasive strategy (in those with demonstrable
significant ischemia) is superior to optimal medical
management.

CMR after ACS

The pathophysiology and prognosis of both acute and
chronic MI are highly variable. Multi-parametric imaging
with CMR has high diagnostic accuracy for the detection
of CAD in the assessment of both ST-segment and non-
ST-segment elevation ACS (35,36). CMR can uniquely
determine the likelihood of functional recovery after
revascularization, assess the area of myocardium at risk
(and myocardial salvage), differentiate acute from chronic
infarction, and demonstrate MO and IMH, as well as being
able to detect several sequelae of MI. These individual
features may be more powerful surrogate markers of
outcome than the traditionally used LV ejection fraction.
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Figure 5 3D whole heart perfusion CMR. A 45-year-old man with previous PCI to the LAD presented with significant angina. (A) shows
3D perfusion CMR (12 slices) at stress; (B) shows LGE imaging and (C) shows high-resolution (1.1 mm in-plane) stress perfusion CMR—
all performed at 3.0 T. 3D perfusion CMR shows stress-induced hypo-perfusion throughout the anterior wall from base to apex—i.e., well
beyond the area of scar seen in the mid-anterior wall on LGE imaging. This example shows the benefit of whole-heart coverage with the 3D
acquisition, as the 3-slice high-resolution techniques did not demonstrate any significant ischemia beyond the established scar in the mid-
ventricle. X-ray angiography confirmed a sub-total occlusion of a large diagonal branch, accounting for the anterior ischemia (black arrow)
(Reprinted with permission from: Motwani ez 4/. Circ Cardiovasc Imaging 2013;6:339-48) (29). 3D, three-dimensional; CMR, cardiovascular

magnetic resonance; VLA, vertical long axis.
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Acute MI

After an acute coronary syndrome, LGE imaging confirms
the presence of MI, which is seen as hyperenhancement,
and can determine its size and location. In acute MI, the
distribution volume of extracellular gadolinium-based
contrast agents is increased within myocardium due to
the destruction of sarcolemmal membranes and abnormal
washout kinetics. Similarly, in chronic MI, the presence
of replacement fibrotic tissue increases the contrast
distribution volume. The resulting differences in contrast
distribution between normal and injured myocardium can
therefore be used to delineate MI (whether it be acute or
chronic) using a T'1-sensitive inversion-recovery sequence
performed 10-15mins after contrast injection—i.e., LGE
imaging (Figures 1,2,5).

Mpyocardial edema

Following acute MI T2-weighted imaging can be used in
ACS to identify myocardial edema (inflammation), which
occurs in reversibly ischemic injured myocardium (37).
Contrast agents are not required as the myocardial free
water content affects paramagnetic properties of the tissue
providing intrinsic image contrast, although with relatively
low signal-to-noise ratio (SNR) and requires experience to
interpret. T2-weighted edema imaging is both sensitive (38)
and specific (39) to the timing of an event, thereby
differentiating acute from chronic infarction (Figure 2). It
therefore also allows delineation of the ‘area-at-risk’ (AAR)
in acute infarction and the area of ‘myocardial salvage’
calculated by subtraction of the infarcted area determined
by LGE (38). The high signal on edema imaging is
persistent for up to 2 weeks after the reversible ischemic
insult, the AAR can therefore be measured hours or days
after a primary PCI, which makes it an ideal research tool
for studies assessing novel antithrombotics and adjuvant
techniques for mechanical revascularization.

Microvascular obstruction (MO)

In acute MI, despite successful revascularization therapy,
perfusion is not completely restored in up to 30% of
patients due to MO. This is seen angiographically as the
‘no-reflow’ phenomenon and is the consequence of capillary
necrosis, clogging of small myocardial arterioles with
embolic debris, acute inflammation, platelet aggregation
and vasospasm.
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Contrast enhanced CMR allows accurate depiction
of areas of microvascular damage within the core of the
infarcted myocardium the extent of which correlates with
biochemical markers of infarction (40). In MO gadolinium
penetration is impaired and limited to diffusion (41,42)
and results in contrast devoid low-signal intensity regions
within the high-intensity infarcted areas (Figure 2). This
may be imaged with several imaging techniques: first-pass
perfusion, early gadolinium enhancement (EGE) imaging at
1 to 2 minutes after contrast injection (Figure 2) and LGE
(10-15 mins after injection) (43). Studies have shown that
the presence and extent of MO (on EGE or LGE imaging)
after acute MI is a strong predictor of adverse ventricular
remodelling and clinical outcome, independent of infarct
size or LV ejection fraction (LVEF) (44-48). Notably, the
presence and extent of MO imaged with LGE imaging (so
called ‘persistent’” MO) is the strongest predictor of worse
outcomes (49). After acute MI, MO slowly shrinks over the
following weeks (rarely persisting beyond 1 month) and is
therefore not a feature of chronic infarction.

Intramyocardial baemorrbage (IMH)

Reperfusion of severely ischemic myocardium can lead to
IMH within the infarct core caused by extravasation of
red blood cells through large gaps in damaged endothelial
walls. Deoxyhemoglobin is oxidised to methemoglobin,
which causes shortening of the T2 relaxation time due to its
paramagnetic properties and magnetic susceptibility effect
and therefore, hemorrhage can be detected as areas of dark
hypointense signal surrounded by edema (bright signal) on
T2-weighted imaging. Several studies have validated the
use of T2-weighted CMR imaging to identify IMH in acute
MI against histopathological findings (50,51). Furthermore,
T2* CMR has also shown potential to detect IMH in the
setting of acute MI, with the advantage of better distinction
from MO (which is also seen as hypointensity on standard
T2-weighted imaging) (52) (Figure 2).

Other sequelae of MI

CMR is superior to echocardiography for the identification
of ventricular thrombi, which appear as dark filling defects
on EGE or LGE imaging, typically on the endocardial
surface of infarcts (53) (Figure 2). CMR is also able to detect
other complications of MI including ventricular aneurysm,
pseudoaneurysms, ventricular septal perforation and mitral
regurgitation. Furthermore the high spatial resolution of CMR
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allows assessment of right ventricular involvement in acute MI.

Assessment of myocardial viability after
myocadial infarction

Ischemic myocardial injury is characterised by the presence
of scar in predominantly a subendocardial distribution
extending towards the epicardium reflecting the transmural
gradient in the vulnerability of the myocardium. The
transmural extent of hyperenhancement forms the basis
upon which LGE can be used to assess tissue viability.
The value of LGE CMR imaging for viability assessment
in patients with a chronic CAD or a remote history of MI
was established in the landmark study by Kim ez 4/. which
demonstrated the relationship between transmural extent
of hyper-enhancement and the likelihood of functional
recovery after revascularization (54). They established that
hyper-enhancement <25% of transmural extent was most
likely to confer functional recovery, whilst those segments
with hyperenhancement >75% of transmural extent were
unlikely to benefit from revascularization-importantly
this finding was consistent whether the affected segments
were hypokinetic, akinetic or dyskinetic. These findings
have subsequently been reproduced and a recent meta-
analysis of eleven studies enrolling 331 patients using a
50% transmurality cutoff on LGE reported a sensitivity of
95% (95% CI: 93-97%) and specificity of 51% (40-62%)
for predicting functional recovery (55). In the acute phase
after MI, interpretation of viability is more difficult as some
of the hyperenhancement on LGE imaging may relate to
myocardial edema (due to increased extracellular volume)
rather than non-viable ‘scar’. Nonetheless, the transmural
extent of hyperenhancement on LGE imaging has still
been shown to accurately predict contractile recovery after
MI and revascularisation even when imaging is performed
acutely within the first 7 days (56).

Transmurality of LGE is a stronger predictor of
both regional and global functional recovery after
revascularization than myocardial wall thickness. Shah
et al. studied 201 consecutive patients with wall thinning
undergoing revascularization observing increased myocardial
wall thickness after revascularization in those segments
where the LGE was limited to <25% (4.4 mm increasing to
7.5 mm after revascularization, P<0.001) (57). Furthermore
in patients with chronic LV systolic dysfunction due to
CHD, the transmural extent of LGE has been shown
to be the most sensitive technique for the assessment of
viability compared to end diastolic wall thickness and
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wall thickening during low dose dobutamine stress (58).
Nevertheless myocardial viability can be assessed with low
dose dobutamine (5-10 mecg/kg/min) with any segment
considered viable if there is a 2 mm or more demonstrable
increase in systolic wall thickening (59). Inotropic reserve
assessed by low dose dobutamine has significantly higher
specificity (91%) (55) suggesting a combination of the two
techniques might improve diagnostic performance.

Prognostic value of CMR in CHD

Currently SPECT remains the most widely performed
non-invasive test for myocardial ischemia internationally
and provides a wealth of prognostic information gained in
over 30 years of experience with the technology. Emerging
evidence suggests CMR will be as good, at prognostication,
which is unsurprising since the technology assesses the
same stage of the ischemic cascade but with higher spatial
resolution allowing detection of more subendocardial
ischemia and infarction. One recent large meta-analysis
of 19 studies and over 11,000 patients showed a negative
CMR was associated with only 0.8% annual event rate at
32 months follow-up (vs. 4.9% event rate in those with a
positive test; P<0.0001) (60) which is consistent with the
reported annual event rate for a negative SPECT (61).
This benefit was observed equally whether undergoing
vasodilatory stress or dobutamine stress. More recent data
from a large prospective cohort of consecutive patients
undergoing adenosine stress perfusion have corroborated
this prognostic value at an intermediate term follow-
up period (4.2+2.1 years) showing that the presence of a
reversible perfusion defects was associated with a threefold
increase in cardiac death (P<0.0001) and nonfatal MIs
(P=0.001) (62).

The presence of LGE has been demonstrated to
be associated with an increased mortality risk in both
symptomatic (63) and asymptomatic patients (58) without
known previous MI. In patients with chronic ischemic
cardiomyopathy, LGE scar size independently predicts both
death and sustained ventricular arrhythmia in those with
preserved (64) and severely impaired LV function (65,66).
One meta-analysis demonstrated the presence of LGE in
CHD to be associated with a fourfold increase in the hazard
ratio of both mortality and MACE, with each incremental
gram of scar associated with a 4% increase in mortality and
a 5% increase in MACE (67).

Infarct size by CMR similarly predicts sudden cardiac
death (SCD) and arrhythmia after ST segment elevation
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MI independent of LVEF (68). The authors of that study
demonstrated that those with an LVEF of more than 30%
with significant scarring (>5% of LV mass) had a similar risk
of SCD and appropriate implantable cardiac defibrillator
(ICD) discharge than a cohort with LVEF <30%, whilst
those with LVEF >30% and minimal or no scarring had
a more favourable prognosis, suggesting scar could be
potentially used in risk stratification models for ICD
implantation in the future.

Furthermore, after STEMI the presence of MO is
recognised as an independent marker of subsequent adverse
LV remodelling and a strong predictor of MACE (69).
Whilst recent studies have shown the presence of IMH
identified by CMR is associated with other markers of
adverse outcome such as larger infarct size, greater MO and
lower LVEF, it may also be a strong independent marker
of adverse remodelling and 6 months MACE (52,70,71).
There is however a paucity of long term CMR outcome
data from large prospective, randomized controlled trials
and prognostic information from CE-MARC and MR-
IMPACT II trials are eagerly awaited.

Conclusions

CMR is a well-established non-invasive imaging technique
with major applications in the evaluation of patients with
CHD. In a single imaging session, CMR can assess cardiac
anatomy, function, myocardial perfusion and tissue viability,
without exposure to ionising radiation. Its use in both
stable CHD and ACS is supported by a strong and rapidly
expanding evidence-base. However the real challenge for
any cardiovascular imaging modality is how it can change
patient management and impact upon clinical outcomes. In
this regard major on-going clinical trials are likely to raise
the prominence of CMR in international guidelines and
routine cardiological practice.
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