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  Review

Noninvasive cardiovascular imaging in 
coronary artery disease

Despite a reported reduction in age-adjusted car-
diovascular disease death rates in the USA of more 
than 58% between 1972 and 2004, the WHO 
estimates that coronary heart disease (CHD) con-
tinues to account for 7.2 million deaths per year 
worldwide [1,101]. There continues to be an imper-
ative to develop and incorporate innovative tools, 
such as noninvasive cardiovascular imaging, to 
prevent, diagnose and guide intervention in CHD 
and, in turn, to improve patient outcomes. 

With the advent of myriad imaging tech-
nologies in cardiovascular medicine, clinicians, 
patients and healthcare systems are challenged 
to appreciate the clinical and cost implications 
of incorporating such technologies into practice. 
Despite the accelerating dissemination of imaging, 
such as SPECT‑PET perfusion scans, cardiac CT 
angiography (CTA), stress echocardiography and 
cardiovasular magnetic resonance (CMR), the 
relative diagnostic merits of each test, how they 
should be applied and how they can complement 
each other to improve patient outcome are only 
starting to be elucidated. The immense number 
of potential applications of these technologies to 
coronary artery disease (CAD) reflects the com-
plexity of atherosclerotic heart disease itself, which 
encompasses several phases, including a subclinical 
phase of plaque build-up, where screening imaging 
modalities may be useful, and acute chest pain 
syndromes, where imaging tests used to confirm 
acute plaque rupture, may facilitate patient care.

In the assessment of CAD, a common algo-
rithm includes confirmation of the diagnosis of 
coronary disease, prognostication with risk strati-
fication and evaluation of therapy. This article uses 

an evidence-based approach to summarize the role 
of echocardiography, PET/SPECT, cardiac CT 
and CMR in the diagnosis and prognostication 
for both stable and unstable CAD.

Coronary calcium score
Coronary calcification is seen predominantly in 
the context of atherosclerosis. Within a coronary 
artery, the quantity of calcification is closely 
related to the extent of atherosclerotic plaque 
burden. Although the burden of coronary cal-
cium tends to be greater in persons experiencing 
acute coronary syndromes (ACSs) compared with 
controls, coronary calcification occurs in more 
advanced lesions and the site of its accumulation 
does not seem to predict lesion vulnerability.

To detect and quantify coronary calcification 
by CT, high-resolution cross-sectional data of the 
heart are acquired without contrast enhancement. 
Both electron beam CT and an electrocardiogram 
(ECG)-gated multidetector row CT (MDCT) can 
be used to detect coronary artery calcium (CAC). 
Areas of calcification are defined as contiguous 
pixels (>1 mm2) with a density of 130 Hounsfield 
Units or more and most commonly quantified 
with the Agatston score. To obtain the Agatston 
score, the area of each calcified coronary lesion is 
measured and is multiplied by a coefficient from 1 
to 4 (according to the highest attenuation within 
the lesion). The Agatston score equals the sum 
of all of these areas. Other scores such as volume 
score and mass score are alternative scoring meth-
ods that may be more accurate than Agatston 
scores [2]. However, the Agatston score has the 
most extensive and robust prognostic data to date.

Coronary heart disease accounts for 7.2 million deaths per year worldwide. Noninvasive imaging modalities 
have the potential to provide important diagnostic and prognostic information while avoiding the potential 
risks of invasive coronary angiography. The ideal imaging modality should provide the optimal combination 
of patient safety, anatomical, functional, diagnostic and prognostic information (i.e., the ‘one-stop-shop’). 
Exciting new developments in cardiac imaging, including hybrid SPECT/PET‑CT technology, refinements 
in MRI angiography and vulnerable plaque imaging, may make this ‘ideal’ modality achievable. However, 
continued refinements and further prospective data to validate the use of such new technologies are 
required, particularly in the context of limited healthcare resources and economic constraints.
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�� Coronary calcium score for diagnosis 
of CAD in symptomatic & 
asymptomatic populations
Although CAC is not specific for obstructive 
coronary disease and is found in both non-
obstructive and obstructive atherosclerotic 
plaques, evidence indicates that the extent of 
coronary artery calcification can predict the 
extent of angiographically determined CAD. 
One study examined 308 symptomatic patients 
with suspected but previously unknown CAD 
who were also undergoing selective coronary 
angiography. The study found that the total 
CAC scores were better independent predic-
tors of the number of coronary segments with 
at least 50% stenoses than SPECT variables and 
risk factors defined by the National Cholesterol 
Education Program [3].

�� Coronary calcium score for 
prognostication in CAD
Global risk calculators use traditional risk fac-
tors, such as sex, age, blood pressure, smok-
ing, cholesterol levels and diabetes, to esti-
mate a patient’s risk of cardiovascular disease. 
However, these calculations are based on popu-
lation estimates and may not directly apply to 
the individual being evaluated [1,4]. Coronary 
calcium scoring has been demonstrated to 
predict coronary events independently of stan-
dard risk factors and scores [4–6]. For example, 
Detrano et al. demonstrated that, in a popula-
tion-based sample of subjects of various ethnic 
origins, the addition of coronary calcium score 
to standard risk factors significantly improved 
the prediction of major coronary events [5]. 
Similarly, in an asymptomatic population 
with at least one traditional cardiac risk fac-
tor excluding diabetes, the addition of CAC 
scores allowed better prediction of future car-
diac events than the Framingham Risk Score 
alone [6]. Thus, the degree of CAC is useful in 
predicting future cardiovascular events in both 
asymptomatic and symptomatic patients with 
suspected CAD. 

The diagnostic and prognostic implications 
of a CAC score of 0 in symptomatic or asympto
matic intermediate-risk patients are clinically 
relevant. A recent systematic review evalu-
ated the prognostic relevance of the absence of 
CAC [7]. This included 13 studies assessing the 
relationship of CAC with adverse cardiovascu-
lar outcomes in 64,873 asymptomatic patients. 
In this cohort, 146 of 25,903 patients without 
CAC (0.56%) had a cardiovascular event dur-
ing a mean follow-up period of 51  months. 

In the seven studies assessing the prognostic 
value of CAC in a symptomatic population, 
1.8% of patients without CAC had a cardio-
vascular event [7]. However, the American 
Heart Association (AHA)/American College 
of Cardiology Foundation (ACCF) guide-
lines suggest that there is insufficient evidence 
to reduce the intensification of treatment in 
intermediate-risk patients with a CAC score 
of 0. Recent data corroborate the contention 
that the absence of coronary calcification is 
not sufficient to exclude significant coronary 
stenosis or the need for revascularization [8]. In 
a substudy of the Coronary Evaluation Using 
Multidetector Spiral Computed Tomography 
Angiography Using 64 Detectors (CORE64) 
study in which patients underwent calcium 
scoring up to 30 days prior to 64-detector car-
diac CT and/or conventional angiography, 72 
of the 291 patients had a calcium score of 0. Of 
these patients, 14 (19%) had at least one or 50% 
stenosis. The sensitivity of a calcium score of 0 
to predict the absence of at least 50% stenosis 
was only 45%. Furthermore, 12.5% of patients 
with a calcium score of 0 underwent revas-
cularization within 30 days of calcium score 
testing [9]. By contrast, Budoff et al. demon-
strated that a cohort of asymptomatic patients 
with little or no CAC are at very low risk of 
future cardiovascular events [10]. Minimal 
CAC was associated with a threefold risk of a 
hard CHD event [1–9,101] compared with those 
with no CAC [10]. However, the difference in 
results between the latter two studies may have 
been modified by the fact that the CORE64 
trial had a large proportion of symptomatic 
patients while only asymptomatic individuals 
were included in the study by Budoff et al. The 
effect of symptomatic status on the significance 
of a 0 calcium score was addressed in a group 
of 210 consecutive patients referred for CAC 
scoring. Sensitivity, specificity, positive predic-
tive value and negative predictive value of CAC 
in the symptomatic population for detection 
of obstructive CAD were 86, 42, 28 and 92%, 
respectively. In the asymptomatic group, sensi-
tivity, specificity, positive predictive value and 
negative predictive value were 100, 32, 18 and 
100%, respectively. Based on these results, a 
CAC score of 0 has a much better negative pre-
dictive value to exclude obstructive CAD in 
asymptomatic individuals than symptomatic 
individuals [11]. Thus, the symptomatic status 
of the patient must be taken into account before 
drawing conclusions regarding the implications 
of a coronary calcium score of 0.



www.futuremedicine.com 273future science group

Noninvasive cardiovascular imaging in coronary artery disease   Review

�� Clinical decision-making based on 
CAC scores
Although CAC has been found to have prognos-
tic value in both symptomatic and asymptomatic 
patients [12,13], the implications of how the clini-
cian should act on positive results, particularly 
in asymptomatic patients, are uncertain. Arad 
et  al. randomized asymptomatic individuals 
between 50 and 70 years of age with coronary 
calcium scores in at least the 80th percentile for 
age and gender to atorvastatin 20 mg or placebo 
[14]. Despite a significant reduction in total cho-
lesterol in patients randomized to atorvastatin, 
treatment did not reduce clinical events [14]. In 
another study, randomization of hypercholesterol-
emic postmenopausal women to aggressive versus 
moderate lipid-lowering therapy did not translate 
into reproduced progression of coronary calcifica-
tion as measured by electron-beam tomography 
[15]. These results were confirmed in a subsequent 
study in which asymptomatic patients with a CAC 
score of at least 30 were randomized to either 80 
or 10 mg of atorvastatin daily over a period of 
12 months. There was no relationship between on-
treatment low-density lipoprotein levels and CAC 
progression [16]. The results of these trials suggest 
that, although CAC confers prognostic value in 
asymptomatic individuals, the decision to employ 
primary preventative strategies should be based on 
other clinical risk factors rather than CAC alone. 

�� Risks of coronary calcium scoring
Scans used to determine calcium scores are rela-
tively low risk. The technique is noninvasive, 
requires no contrast dye and radiation exposure 
ranges from 1.0 to 2.0 mSv [9].

�� Guidelines
In 2007, the ACCF and the AHA published a 
consensus document on the application of CAC 
scoring on risk assessment and evaluation of 
patients with chest pain [8]. This comprehen-
sive, evidence-based document concludes with 
recommendations for the utility of CAC scoring 
in several different patient population categories. 
For global risk assessment, the AHA/ACCF sug-
gest that, in intermediate-risk, asymptomatic 
patients, a high CAC score adds incremental 
prognostic value and may allow clinicians to 
reclassify patients into higher risk status. On the 
other hand, they suggest that a CAC score of 0 
in such patients should not prompt the clinician 
to reduce the intensity of risk reduction treat-
ment. Furthermore, they caution against the use 
of this modality to screen low-risk, asymptomatic 
patients or in patients who are already considered 

at a high risk of CHD as they are candidates 
for intensive risk-reduction therapy. The writing 
committee recommend that although the use of 
CAC scoring has been validated in non-Hispanic, 
Caucasian men, more data are required to under-
stand the implications of CAC score results with 
regards to white women and ethnic populations.

Cardiac CT
Although CAC scoring provides a low-radia-
tion method to assess risk of future cardiovas-
cular events, calcified plaque only represents 
approximately 20% of total plaque volume and 
may not be present early in the atherosclerotic 
disease process [17]. Coronary CTA (CCTA) 
is being increasingly used in the diagnosis of 
CAD (Figure 1).

Two types of CT scanners – MDCT and elec-
tron beam CT – have been studied for CCTA. 
MDCT scanners are most widely available and 
clinically used. 

Electron beam CT scanners, which use an 
electron beam in stationary tungsten targets, 
can acquire images at a very high imaging speed 
(50–100  ms) and can be ECG-triggered [18]. 
Electron beam CT permits quantification of 
calcium deposition using the Agatston method. 
With contrast-enhancement, electron beam CT 
allows visualization of the coronary artery lumen 
at a significantly lower spatial resolution but bet-
ter temporal resolution than currently available 
MDCT scanner technologies. 

Multidetector row CT scanners use mechani-
cally rotating gantries that allow for acquisition 
of multiple slices simultaneously. Sufficient reso-
lution without motion artifact can be achieved 
using MDCT if the heart rate is both regular 
and slow (ideally less than 65 beats per min). 
Many patients undergoing MDCT require oral 
or intravenous b‑blockers to achieve such heart 
rates. Temporal resolution in MDCT depends 
on several factors including gantry rotation 
times and the use of acquisition and reconstruc-
tion algorithms [19]. MDCT scanner technology 
is rapidly evolving and scanners that acquire 
64–320 slices in one gantry rotation are now in 
clinical use. Dewey et al. recently demonstrated 
that 320‑row CT can maintain excellent diag-
nostic accuracy compared with cardiac catheter-
ization while achieving a significantly smaller 
effective radiation dose [20].

�� Cardiac CT for diagnosis of CAD
Several multicenter trials have assessed the 
diagnostic performance of CCTA [21]. The 
Assessment by CCTA of Individuals Undergoing 
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Invasive Coronary Angiography (ACCURACY) 
trial prospectively evaluated 230 subjects with 
chest pain without known CAD in 16 different 
sites who underwent both CCTA and invasive 
coronary angiography. The prevalence of obstruc-
tive CAD in this population was 25% [21]. The 
sensitivity and specificity of CCTA for the detec-
tion of at least 50% stenoses were 95 and 83%, 
respectively. The study noted that 64‑multidetec-
tor row CCTA was particularly effective in rul-
ing out obstructive CAD, conferring a negative 
predictive value of 99% for both 50% or more 
and 70% or more coronary stenoses on a per-
patient basis. Similarly, a recent multicenter trial 
by Meijboom et al. with very high prevalence of 
CAD (68%) noted a high sensitivity and negative 
predictive value for diagnosis of obstructive CAD 
in patients without known prior CAD presenting 
with chest pain [22]. Miller et al. evaluated the 
performance of 64‑multidetector row CCTA to 
diagnose obstructive coronary disease (stenoses 
of ≥50%) in 291 patients with suspected symp-
tomatic CAD [23]. This study population had 

an intermediate prevalence of CAD (56%) and 
found that CCTA had a sensitivity of 85% and a 
specificity of 90% in detecting obstructive CAD 
compared with conventional invasive coronary 
angiography. These three studies suggest that 
CCTA may effectively rule out significant coro-
nary obstruction, however, variability between 
centers likely exists. The results also indicate that 
CCTA may overestimate coronary stenoses.

Several single-center studies have also evalu-
ated the role of CCTA for triage of patients pre-
senting to the emergency room with acute chest 
pain. The Rule Out Myocardial Infarction using 
Computer Assisted Tomography (ROMICAT) 
trial was an observational cohort study used to 
evaluate the value of CCTA in predicting ACS 
during index hospitalization and major adverse 
cardiac events in the following 6 months [24]. 
The study enrolled 368 patients presenting to the 
emergency department with chest pain, normal 
initial serum troponin levels and nondiagnostic 
ECGs. Prior to admission, all patients under-
went 64‑slice CCTA to detect coronary plaque 
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Figure 1. Representative example of functional information provided by SPECT myocardial perfusion imaging and 
anatomical correlation. (A) Normal technetium SPECT scan in a 61‑year‑old male presenting with Canadian Cardiovascular Society 
class IV symptoms. CT angiography performed 48 h later showed a subtotally occluded ramus intermedius artery (arrow, (B)), which was 
subsequently confirmed on conventional angiography (arrow, (C)). The patient underwent percutaneous coronary intervention on this 
lesion and his symptoms were completely resolved. 
Rst: Rest; Str: Stress.
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and stenosis greater than 50%. When CAD was 
absent on CCTA, sensitivity and negative predic-
tive values for ACS were excellent (both 100%). 
However, specificity for the presence of plaque 
and stenosis for ACS was 54 and 87%, respec-
tively. Similar results were reported in two smaller 
single-center studies [25,26]. Thus, in low-to-inter-
mediate risk patients presenting with nondiagnos-
tic biomarkers and ECG, CCTA is an excellent 
tool for ruling out ACS. However, in a real-world 
setting, specificity may be limited by the inabil-
ity to determine the physiological significance of 
lesions of intermediate severity (<50%) and when 
quality images are not obtainable.

Although conventionally valued for character-
izing coronary anatomy, CCTA may be useful in 
assessing the hemodynamic relevance of coronary 
artery lesions [27]. Global left ventricular function 
can be quantified using software capable of defin-
ing the endocardial border in the end-systolic and 
end-diastolic phases from short-axis reconstruc-
tions and deriving end systolic and systolic vol-
umes by the Simpson’s method [28]. Furthermore, 
regional wall-motion abnormalities (defined as 
normokinetic, hypokinetic or akinetic/dyski-
netic) may be evaluated by displaying images in 
cine-loop format and using a using a 17‑segment 
model [29]. Studies have demonstrated a good 
correlation between left ventricular ejection frac-
tion (LVEF) measured using 64‑slice CT and 2D 
echocardiography [30] and MRI [31].

Recently, several studies have confirmed the 
feasibility of adenosine-induced stress CT myo-
cardial perfusion imaging (MPI) [32,33]. Areas of 
hypoenhancement immediately after contrast 
administration correspond to perfusion defects. 
Conversely, delayed imaging after contrast 
administration may show hyperenhancement 
and correspond to areas of myocardial necrosis 
or scar [32]. Two recent studies demonstrated that 
adenosine stress CT can identify stress-induced 
myocardial perfusion defects with sensitivities 
and specifities similar to SPECT MPI [32,33].

CT has also demonstrated promise in the 
detection of microvascular obstruction post-
myocardial infarction [34]. Regions of microvas-
cular obstruction by MDCT are characterized 
by hypoenhancement on early imaging, despite 
restoration of normal flow in the infarct-related 
artery. In areas of microvascular obstruction, 
contrast material is precluded from entering the 
core of the damaged region owing to blockage 
of intramyocardial capillaries by necrosed cel-
lular debris. Nieman et al. demonstrated that, 
in patients who were within 5 days of a myo-
cardial infarction, microvascular obstruction, as 

detected by early hypoenhancement on MDCT, 
showed excellent correlation to that detected by 
CMR imaging [35].

Therefore, cardiac CT has become an impor-
tant alternative to invasive coronary angiography 
for anatomical delineation of CAD, particularly 
under favorable conditions for imaging, includ-
ing an adequately low heart rate and sufficiently 
low calcification, to accurately estimate stenoses. 
The role of adjunctive functional information 
derived from cardiac CT, including perfusion 
imaging, continues to evolve and more studies 
are required to further define their utility in 
clinical practice. 

�� CCTA for prognostication in CAD
Recent data suggest that CTA also confers incre-
mental prognostic value over traditional risk fac-
tors [36]. Ostrom et al. found that, in symptom-
atic patients without known CAD, the diagnosis 
of significant (≥50% luminal narrowing) steno-
sis on electron beam CCTA was an independent 
predictor of mortality in a multivariable model 
adjusted for age, gender, cardiac risk factors 
and CAC [36]. The CTA diagnosed presence of 
three-vessel obstructive disease independently 
conferred a 2.6-fold hazard ratio for death com-
pared with those without CAD [36]. Similarly, in 
a group of 331 patients with suspected CAD and 
an intermediate pretest probability for significant 
CAD, van Werkhoven et al. demonstrated that 
multislice CCTA is useful at restratifying patients 
into either low or high post-test risk groups [17]. 
The presence of significant CAD as assessed by 
multislice CCTA was associated with a hazard 
ratio of 3.46 (p = 0.03) for a combined end point 
of major adverse cardiac events after controlling 
for other high-risk variables. Hadamitzky et al. 
prospectively assessed the incremental prognostic 
value of multislice CCTA over the Framingham 
risk score in 1668 patients with known CAD [37]. 
They reported that the rate of all cardiac events 
in patients without obstructive CAD was signifi-
cantly lower than predicted by the Framingham 
risk score (p < 0.01) [37]. Thus, in the intermedi-
ate-risk patient with or without symptoms, CTA 
serves not only to diagnose CAD, but may also 
be useful in risk-stratifying patients indepen-
dently of traditional risk factors. Specifically, a 
CTA that rules out obstructive CAD identifies a 
population with a very low risk of future cardiac 
events. Therefore, CTA may play an important 
role as a ‘gatekeeper’ in a strategy that aims to 
reserve cardiac catheterization to those who may 
derive the greatest benefit with the least amount 
of risk. 
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Recently, Chow et al. demonstrated that, in 
addition to the prognostic value of CAD sever-
ity as determined by cardiac CT, incremental 
prognostic value by cardiac CT could be gained 
by assessment of LVEF and total plaque score 
[38]. Importantly, this study was the first to assess 
the prognostic value of these parameters with 
64-slice CT using hard clinical outcomes. In a 
population of both symptomatic and asymptom-
atic patients who had predominantly intermedi-
ate or high pretest probability of CAD, LVEF 
conferred a hazard ratio of 1.47 (p < 0.05) of 
major adverse cardiac events, while total plaque 
score provided incremental value (hazard ratio: 
1.17; p < 0.05) over CAD severity and LVEF 
for all-cause mortality and nonfatal myocardial 
infarction [38].

Limitations & risks of CCTA
There are several technical considerations that 
may limit the utility of CCTA, especially in 
patients with coronary calcification, increased 
heart rates, arrhythmias and coronary stents.

Significant attention has recently been given 
to the radiation exposure associated with CTA. 
With the advent of 64‑slice multidetector CTA, 
associated radiation doses (6–8 mSv) are com-
parable to technetium (Tc) MPI and even lower 
than those associated with thallium MPI. Dewey 
et al. recently reported promising preliminary 
results with 320‑row CCTA [39]. Compared 
with conventional coronary angiography, they 
achieved a per-patient sensitivity and specific-
ity for the diagnosis of coronary artery stenoses 
with at least 50% diameter obstruction of 100 
and 94%, respectively, while exposing patients 
to much lower effective radiation doses and 
volumes of contrast [39]. Application of other 
known dose-reduction techniques have been 
demonstrated to be effective in reducing radia-
tion doses from CCTA. Such techniques include 
minimization of the scan range, heart-rate reduc-
tion and prospectively triggered ECG gating [40]. 
In prospectively triggered CCTA, radiation is 
only administered at prespecified time points of 
the cardiac cycle and is ideal in patients with low 
and regular heart rates. Blankstein et al. demon-
strated that, compared with retrospective gating, 
prospective ECG triggering resulted in a 73% 
decrease in radiation dose in selected patients [41]. 
Prospective ECG gating may be particularly use-
ful in reducing radiation dosing when attempting 
to incorporate stress perfusion CT imaging to 
CCTA. One study demonstrated that a protocol 
involving retrospectively ECG-gated adenosine 
stress CT perfusion imaging with subsequent 

prospectively gated rest CT imaging added to 
CCTA resulted in improved sensitivity and spec-
ificity for the diagnosis of significant CAD. This 
was achieved with mean total effective radiation 
exposure of 11.8 ± 4.5 mSv [42].

�� Guidelines
In 2008, the AHA released a scientific statement 
on noninvasive coronary imaging with a spe-
cific focus on magnetic resonance angiography 
(MRA) and MDCT angiography [43]. Based on a 
thorough review of available evidence, the guide-
lines highlight that CCTA should not be used to 
screen for CAD in asymptomatic patients. They 
suggest that the utility of noninvasive coronary 
angiography is most likely in the assessment 
of symptomatic, intermediate-risk patients for 
initial risk stratification. Finally, CTA was not 
recommended for assessment of patients at high 
risk as they often require invasive angiography 
for definitive diagnosis and intervention [43]. 

Cardiovasular magnetic resonance
Cardiovascular magnetic resonance may play an 
emerging role in the diagnosis and management 
of both stable and unstable CAD. Factors that 
render this modality an attractive option is its 
ability to provide excellent spatial and temporal 
resolution of cardiac structures (Figure 2) in any 
plane and the lack of associated exposure to ion-
izing radiation and iodinated contrast medium. 
Since it provides quantitative measures accu-
rately and reproducibly, MRI has been estab-
lished as the reference standard in assessment of 
left ventricular function, mass and geometry [44]. 
Its unique ability to confer both functional and 
anatomical information and further refinements 
in improving resolution of the coronary tree may 
make this modality a ‘one-stop-shop’ for clini-
cal decision-making in CAD. Specifically, late 
gadolinium enhancement, stress myocardial 
perfusion capabilities and free-breathing 3D 
gradient-echo coronary MRA have expanded 
the potential application of magnetic resonance 
in the diagnosis of ischemic heart disease.

�� CMR for diagnosis of CAD
Ischemia can be detected with first-pass contrast 
enhanced MRI after pharmacological stress. 
Areas of myocardial ischemia enhance at a 
slower rate compared with normal myocardium 
and such areas may be visualized with superior 
spatial resolution to that of SPECT imaging 
[45]. A recent meta-analysis suggested excellent 
test characteristics with stress perfusion MRI 
with a sensitivity for detecting ischemia of 91% 
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and specificity of 91% [45]. Furthermore, owing 
to its ability to detect diffuse subendocardial 
ischemia, stress MRI may be less prone to miss 
multivessel disease than SPECT [46]. Stress mag-
netic resonance perfusion imaging may also have 
advantages over stress echocardiography for the 
detection of myocardial ischemia. Dobutamine 
stress cine MRI allows assessment of regional 
wall-motion abnormalities in all segments of the 
left ventricle with excellent spatial resolution. In a 
meta-analysis, Nandalur et al. demonstrated that 
dobutamine stress cine MRI has a sensitivity of 
83% and a specificity of 86% for the detection 
of significant CAD [45]. 

Techniques to visualize coronary anatomy 
with MRA are undergoing refinement. Unlike 
CCTA, MRI coronary angiography may allow 
visualization of the lumen of the coronary artery 
with heavy calcification. However, coronary 
MRA is technically challenging and is prone 
to motion artifacts from cardiac contraction 
and respiration. Owing to its slower acquisition 
time compared with 64-slice MDCT, it is dif-
ficult to obtain high resolution MRA images 
that cover the entire coronary tree with a single 
breath hold. The emerging technique of free-
breathing 3D gradient-echo coronary MRA may 
circumvent the effect of motion artifacts and 
allow better arterial tree visualization [47–50].

Evidence suggests a potential role of CMR 
in the evaluation of patients presenting to the 
emergency department with chest pain. The 
utility of CMR for this purpose was evaluated 
in 161 subjects within 12 h of chest pain last-
ing at least 30 min. MRI parameters evaluated 
included perfusion, left ventricular function and 
gadolinium-enhanced myocardial infarction 
detection [51]. MRI had a sensitivity and speci-
ficity of 84 and 85%, respectively, for detecting 
ACS, compared with 80 and 61%, respectively, 
for abnormal ECG and 40 and 90%, respec-
tively, for peak troponin  I. The addition of 
T

2
‑weighted imaging and assessment of left ven-

tricular wall thickness to the CMR protocol in 
another study was demonstrated to improve the 
specificity, positive predictive value and overall 
accuracy for the diagnosis of ACS from 84 to 
96, 55 to 85, and 84 to 93%, respectively, com-
pared with the conventional CMR protocol [52]. 
Further evaluation of CMR, in a greater variety 
of settings, is required to establish its role for the 
diagnosis of patients presenting with chest pain 
to the emergency department. 

MRI has significant promise in enhancing 
the clinicians diagnosis, prognosis and ability 
to assess treatment effects in CAD. Improved 

accessibility and further technical improvements 
to allow for improved visualization of the arterial 
tree will hopefully allow the potential of MRI in 
routine clinical use to be realized.

�� CMR for prognosis in CAD
Recent studies have demonstrated that stress per-
fusion MRI may be valuable for the prognosis of 
CAD. For example, Jahnke et al. demonstrated 
that myocardial ischemia in patients with known 
or suspected CAD detected by stress CMR pro-
vides an incremental predictive value for cardiac 
death and nonfatal myocardial infarction over 
traditional clinical risk factors and resting wall-
motion abnormalities [53]. These findings were 
corroborated by other studies [54,55]. As with 
PET, stress perfusion MRI can be performed 
in most patients with pharmacological stress 
and does not provide prognostic information 
based on the patient’s hemodynamic response 
to exercise and functional status.

�� CMR in assessing myocardial viability
Late gadolinium-enhanced cardiovascular 
MRI can be used to assess myocardial viabil-
ity – information that may be important when 
trying to predict improvement in LVEF and 

Figure 2. MRI appearance of myocardial infarction. Short-axis T
1
‑weighted 

inversion-recovery gadolinium image performed 10–20 min after gadolinium 
injection. The infarcted myocardium is bright in comparison to the dark viable 
myocardium. The distribution of the abnormality is in the left circumflex coronary 
artery territory.
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survival after revascularization. Although 
infarcted nonviable regions enhance late after 
gadolinium administration, a normal pattern 
of late gadolinium enhancement is seen in dys-
functional but viable myocardium. As expected, 
low-dose dobutamine infusion improves con-
tractility in areas of dysfunctional but via-
ble myocardium, while areas of transmural 
enhancement show no contractile response to 
a dobutamine infusion [56]. In one study, the 
ability of contrast-enhanced CMR to predict 
whether regions of abnormal ventricular con-
traction would improve following revasculariza-
tion, either with percutaneous coronary inter-
vention (PCI) of coronary artery bypass surgery, 
was tested in a cohort of 50 patients with left 
ventricular dysfunction [57]. The authors found 
that improved contractility after revasculariza-
tion decreased progressively as the degree of 
transmural hyperenhancement increased [57]. 
Similar results were seen in a group of patients 
exclusively undergoing coronary artery bypass 
surgery. In this study, there was a strong corre-
lation between the transmural extent of hyper-
enhancement and recovery in regional function 
6 months after bypass surgery [58]. Data dem-
onstrating the effectiveness of late gadolinium-
enhanced CMR versus standard management 
of patients with severe ventricular dysfunction 
and CAD are lacking.

�� Risks & limitations of CMR
Although CMR imaging is subject to less false 
positives or negatives caused by calcification 
of coronary vessels, the utility of coronary 
MRA is largely limited by its lower spatial 
resolution and the need to average data from 
several cardiac cycles [43]. The recent advent 
of 3D navigator free-breathing imaging has 
been demonstrated to be associated with an 
82% sensitivity and 91% specificity of coro-
nary MRA to detect angiographically signifi-
cant CAD. However, MRA has limited spatial 
resolution and coronaries with a diameter of 
less than 1.5 mm are not well visualized [59]. 
Several factors, including motion artifacts 
resulting from both cardiac and respiratory 
motion, the limited availability of coronary 
MRA in nonacademic settings, the relatively 
high frequency of claustrophobia, and the need 
to exclude many patients with implanted car-
diac devices, mean that coronary MRA is still 
very much in its developing stages and requires 
further refinements to improve its accessibility 
and to render it suitable for widespread clinical 
use. With continued refinements in technology 

and, in particular, improvements in the abil-
ity to visualize the coronary tree, MRI has the 
potential to provide a radiation-free method to 
obtain structural, functional and prognostic 
information with one test. 

�� Guidelines
A consensus statement released by the AHA 
in 2008 emphasizes that the utility of whole-
heart coronary MRA requires further, multi-
center validation [43]. The guidelines also state 
that CTA offers a better diagnostic profile than 
MRA for the assessment of symptomatic, inter-
mediate-risk patients. Recent guidelines also 
suggest that significant caution should be used 
if considering magnetic resonance examina-
tion of patients with cardiac devices, including 
avoidance of magnetic resonance examination 
in pacemaker-dependent patients and those 
with implantable cardioverter-defibrillators 
unless the benefits clearly outweigh the risks of 
CMR in such patients [60]. 

SPECT & PET
Nuclear MPI allows for the visualization of a 
radiopharmaceutical that is dispersed within 
the myocardium proportionally to coronary 
blood flow. Both SPECT and PET perfusion 
imaging are established modalities for the 
functional evaluation of CAD (Figure 3). 

�� SPECT & PET for the diagnosis 
of CAD
Published data suggest that the average sensi-
tivity and specificity of SPECT for the detec-
tion of at least 50% angiographic stenosis is 87 
and 73%, respectively [61]. In clinical practice, 
thallium-201, Tc-99m-labeled sestamibi and 
Tc-99m-labeled tetrofosmin are the most com-
monly used radiotracers in SPECT. A study ran-
domizing 2560 patients to one of these radio-
tracers found no significant difference between 
the sensitivity and specificity for detecting sig-
nificant coronary disease [62]. SPECT MPI scan-
ning has become a mainstay of diagnostic evalu-
ation and risk stratification of CAD in many 
community and academic centers.

PET MPI has been demonstrated to be very 
accurate in the diagnosis of CAD. In one ana
lysis, PET provided an average sensitivity and 
specificity of 91 and 89%, respectively, for the 
detection of at least 50% angiographic stenosis 
[61]. In another meta-analysis that evaluated the 
accuracy of PET MPI, PET demonstrated a sen-
sitivity of 92% and a specificity of 85% at the 
patient level, and sensitivity and specificity of 81 
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and 87%, respectively, at the coronary territory 
level [63]. The superior sensitivity and specific-
ity of PET can be ascribed to several technical 
characteristics, including better resolution and 
attenuation correction (although some SPECT 
systems do incorporate attenuation correction) 
and higher photon energy (Figure 3). Additionally, 
PET is capable of flow quantification in absolute 
terms during stress and rest [64]. Coronary flow 
reserve (CFR) can, therefore, be determined by 
calculating the ratio of flow during stress and 
rest. CFR may be able to reveal the presence of 
multivessel obstructive CAD and detect micro-
vascular dysfunction in the context of apparently 
normal perfusion imaging [65]. 

�� SPECT & PET for prognostication 
in CAD
Nuclear MPI has been demonstrated to have an 
important role in prognostication after a diag-
nosis of CAD has been made. High-risk char-
acteristics of MPI include transient ischemic 
dilatation of the left ventricle, a large defect size 
(>20% of the left ventricle), defects in more than 
one coronary territory and a decreased resting 
LVEF. In a study involving over 5000 patients, 
Hachamovitch et al. were able to demonstrate 
that, over an approximately 2‑year period of 
follow-up, patients with a normal SPECT 

myocardial perfusion scan had a less than 0.5% 
risk per year of myocardial infarction or cardiac 
death [66]. The investigators also determined the 
prognostic value conferred by the summed stress 
score (SSS). The SSS in their study was obtained 
by adding the scores of the individual myocar-
dial segments. They used a 20‑segment model 
that divided the myocardium into regions based 
on the apical, mid and basal cuts on short axis 
views, and the apical region of the parasternal 
long axis view. An SSS under 4 was considered 
normal; 4–8, mildly abnormal; 9–13, mod-
erately abnormal; and more than 13, severely 
abnormal. They found that patients who had 
an SSS greater than 13 and were revascularized 
had a significantly lower rate of death compared 
with those who had an SSS greater than 13 and 
were treated with medical therapy. Thus, in 
most circumstances, patients with a normal 
study or a small defect after SPECT imaging 
have a reassuringly excellent short-term progno-
sis, while those with high-risk features, includ-
ing large defects should be followed carefully as 
they are at increased risk of subsequent cardiac 
death and myocardial infarction or considered 
revascularization. 

Stress MPI with Tc-99m-labeled sestamibi 
has also been demonstrated to be useful in 
assessing the efficacy of optimal medical therapy 
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versus PCI plus optimal medical therapy in 
reducing ischemic burden in patients with stable 
angina [67]. In the Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug 
Evaluation (COURAGE) study, 314 patients 
out of 2287 underwent SPECT myocardial 
before and after randomization to either treat-
ment arm. Those enrolled in the PCI plus 
optimal medical therapy group had a greater 
reduction in ischemia than the optimal medical 
therapy only group. Patients who had significant 
ischemia reduction had lower unadjusted risk for 

death or myocardial infarction. Although this 
finding was no longer statistically significant 
after risk-adjustment in the overall group, there 
was a trend towards a statistically significant 
risk-adjusted reduction in death or myocardial 
infarction in patients with moderate-to-severe 
baseline ischemic burden. This study raises the 
possibility that targeting medical and/or PCI 
therapy to achieve reduction in ischemic bur-
den of at least 5% as measured by SPECT may 
translate into a better long-term outcome.

The ability of PET to assess CFR in addi-
tion to perfusion findings has recently been 
demonstrated to confer independent prognostic 
value over SPECT MPI [64]. Herzog et al. dem-
onstrated that, in patients with normal perfu-
sion, abnormal CFR (defined as a CFR <2) is 
independently associated with a higher annual 
event rate over 3 years compared with normal 
CFR for major adverse coronary events (1.4 vs 
6.3%; p < 0.05) and cardiac death (0.5 vs 3.1%; 
p  <  0.05) [64]. A similar independent prog-
nostic value of CFR was reported in patients 
with abnormal perfusion. While gated SPECT 
assesses changes in left ventricular ejection 
function at rest and post-stress, gated PET can 
assess changes in LVEF from rest to peak stress. 
A decrease in LVEF at peak stress, even in the 
absence of perfusion defects, identifies multi
vessel or left main CAD, conferring greater 
sensitivity of PET to detect multivessel disease 
[61]. One drawback of current PET technology is 
that the very short half-life of the current tracers 
in clinical use (82-rubidium and 13N‑ammonia) 
precludes the use of exercise as a stressor in most 
clinical centers. 

�� PET for viability imaging
Revascularization of patients with severe 
left ventricular systolic dysfunction can be 
associated with high rates of morbidity and 
mortality. This provides the rationale for 
using methods including myocardial viability 
imaging to determine which patients would 

most significantly benefit from revasculari-
zation. FDG‑PET imaging is an established 
modality for determining myocardial viability 
[68,69]. The use of FDG‑PET imaging in assess-
ing viability is based on the principle that in 
the setting of chronic ischemia, segments of 
myocardium that show contractile dysfunc-
tion are still metabolically active and have the 
potential to regain contractile function upon 
revascularization. Since ischemia preferen-
tially shifts myocyte metabolism from fatty 
acid to glucose metabolism, uptake of the glu-
cose analog, FDG, by myocytes in an area of 
dysfunctional myocardium suggests viability. 
In PET viability imaging, segmental myocar-
dial perfusion as assessed by 13N‑ammonia or 
82‑rubidium uptake is compared with myocar-
dial FDG uptake. Hibernating myocardium 
correspond to areas of mismatch between the 
degree of uptake of the perfusion tracer (very 
little uptake) and that of FDG (moderate to 
significant uptake) by the myocardium. Scar 
corresponds to myocardium showing little 
or no perfusion tracer and little or no FDG 
uptake. Beanlands et  al. developed a model 
that demonstrated that improvement in ejec-
tion fraction with revascularization is inversely 
related to the extent of scar determined by 
FDG‑PET perfusion viability imaging [70]. 
They subsequently demonstrated that, when 
revascularization recommendations based on 
this FDG‑PET viability imaging model were 
adhered to, there was a significantly lower haz-
ard ratio for cardiac events, including cardiac 
death, myocardial infarction or recurrent hos-
pital stay for a cardiac cause [71]. In a post-hoc 
analysis of this study, patients with ischemic 
cardiomyopathy with larger amounts of mis-
match were shown to have improved outcome 
with revascularization [72]. Additional, head-to-
head studies are required to determine whether 
PET viability imaging-based treatment strate-
gies lead to better patient outcomes over those 
based on other established modalities for myo-
cardial viability imaging, including SPECT, 
dobutamine echocardiography and CMR. 

�� Guidelines
In 2003, a consensus statement on the use of 
cardiac radionuclide imaging was released by 
the American College of Cardiology/AHA/
American Society of Nuclear Cardiology [73]. 
Guidelines pertaining to the assessment and 
management of CAD were set forth for differ-
ent clinical scenarios. First, in patients present-
ing to the emergency room with suspected ACS, 
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radionuclide cardiac imaging was recommended 
as a class I indication for assessment of myo-
cardial risk and for the diagnosis of CAD in 
patients with nondiagnostic ECGs and cardiac 
serum biomarkers. However, radionuclide MPI 
was not recommended for diagnostic purposes 
in patients whose ECG or biomarkers were suf-
ficient to provide the diagnosis of ACS. In the 
setting of non-ST‑elevation ACS, the guide-
lines give a class I recommendation to the use 
of stress MPI to identify inducible ischemia in 
‘culprit’ lesions in low- and intermediate-risk 
patients with a diagnosis of unstable angina or 
non-ST‑elevation ACS.

After an ST-elevation myocardial infarction, 
the guidelines suggest that stress MPI with 
ECG-gated rest and/or stress SPECT should 
be used for post-thrombolytic patients who 
have not undergone cardiac catheterization. 
However, these recommendations may be less 
applicable in a contemporary clinical context 
where ST‑segment elevation myocardial infarc-
tion management standards of care encourage 
primary PCI and/or early cardiac catheterization 
post-thrombolytics. 

Echocardiography
As with SPECT MPI, echocardiography has 
been used in combination with different forms 
of stress, including exercise and dobutamine, 
for diagnosis and prognosis in patients with 
suspected or known CAD. The characteristic 
feature of echocardiography for the purpose of 
diagnosing coronary disease is the inducibility 
of wall-thickening or motion abnormalities [74]. 
The incorporation of ultrasound contrast agents 
results in the enhancement of endocardial bor-
ders and has been demonstrated to increase the 
number of interpretable wall segments and to 
improve diagnostic accuracy [74]. In addition to 
its diagnostic utility, stress echocardiography 
can be used to assess myocardial viability prior 
to revascularization and to risk-stratify patients 
with known or suspected CAD.

�� Stress echocardiography for the 
diagnosis of CAD
Stress echocardiography can be used when 
baseline ECG abnormalities hinder interpreta-
tion of exercise ECG testing. Evidence suggests 
that, compared with SPECT MPI, both exer-
cise and pharmacological stress echocardiog-
raphy has better specificity for the diagnosis of 
obstructive CAD. In a meta-analysis comparing 
the diagnostic performance of exercise echo-
cardiography to exercise SPECT imaging with 

thallium-201 or Tc-99m-labeled tracers, both 
modalities had similar sensitivities to detect 
significant CAD (85 and 87%, respectively). 
However, exercise echocardiography yielded a 
significantly greater specificity (77%) than exer-
cise SPECT imaging (64%), which, in turn, led 
to a greater incremental improvement in per-
formance for echocardiogram (3.43; 95% CI: 
2.74–4.11) than for SPECT (1.49; 95%  CI: 
0.91–2.08) over exercise stress testing alone 
[75]. A meta-analysis that included 82 studies 
of 10,817 patients for whom angiographic data 
were available, found that dipyridamole and 
adenosine perfusion imaging conferred the 
highest sensitivity (89 and 90%, respectively), 
dipyrimadole echocardiography conferred the 
highest specificity (93%), while dobutamine 
echocardiography conferred the best combina-
tion of sensitivity and specificity (80 and 84%, 
respectively) [76]. 

�� Prognosis with 
stress echocardiography 
Exercise echocardiography provides both exer-
cise and echocardiographic variables important 
for prognostication. The extent and severity of 
exercise-induced left ventricular wall-motion 
abnormalities is the main echocardiographic 
variable that confers prognostic value. In a 
meta-analysis comparing the prognostic value 
of normal exercise MPI tests and exercise echo-
cardiography tests, Metz et al. found that both 
provided similar high negative predictive values 
for event-free survival [77]. In an analysis that 
included 8008 subjects in the radionuclide MPI 
group and 3021 subjects in the stress echocar-
diography group, the negative predictive value 
for myocardial infarction and cardiac death was 
98.8% over 36 months for radionuclide MPI 
and 98.4% over 33 months for echocardiogra-
phy in both men and women [77]. Chua et al. 
followed 860 patients who had undergone dobu-
tamine stress echocardiography over 2  years 
and reported that, after multivariate analysis, 
a model that best predicted subsequent cardiac 
events included clinical and stress echocar-
diographic data [78]. Exercise stress echocar-
diography has also been demonstrated to add 
incremental prognostic value to the assessment 
of patients with an interpretable baseline ECG 
who have a normal exercise ECG testing. In a 
study that included 4004 consecutive patients 
who underwent treadmill ECG exercise testing 
and did not develop chest pain or ischemic ECG 
abnormalities, the development of new or wors-
ening wall motion abnormalities with exercise 
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remained a significant independent predictor 
of all-cause mortality and major cardiac events. 
The 5‑year mortality was 6.4% in patients 
without inducible wall-motion abnormalities 
compared with 12.1% in those with inducible 
wall-motion abnormalities [79]. Thus, in centers 
with experience in both exercise and pharmaco-
logical stress echocardiography, this modality 
has utility in conferring prognostic information.

Emerging techniques in stress echocardiogra-
phy in the assessment of coronary disease include 
speckle-tracking strain echocardiography and 
MPI. Speckle-tracking echocardiography uses 
shifts in frequency of ultrasound to calculate 
myocardial velocity and, thus, assess myocar-
dial motion [80]. Voigt et al. demonstrated an 
improvement in sensitivity and specificity for 
the detection of ischemic segments from 81 and 
82%, respectively, for conventional dobutamine 
stress echocardiography, to 86 and 90%, respec-
tively, when strain-rate imaging was added [81]. 
Speckle-tracking echocardiography also allows 
for the assessment of stress-induced diastolic 
dysfunction in the presence of CAD. It was 
recently demonstrated that detection of postisch-
emic regional left ventricular diastolic stunning 
after stress testing with strain imaging has excel-
lent sensitivity (97%) and specificity (93%) for 
detection of significant CAD [82]. While these 
techniques evolve and undergo standardization, 
conventional stress echocardiography continues 
to be an important option for the assessment of 
coronary disease in experienced centers and in 
a variety of clinical settings.

�� Limitations of 
stress echocardiography
Stress echocardiography offers some advantages 
over SPECT or PET MPI. The technique allows 
for the assessment of additional parameters, 
including valvular function, right ventricular 
systolic pressures and chamber sizes. These 
advantages are somewhat offset by the problem 
of poor image quality in a significant number 
of patients. Results often depend on the acqui-
sition of good echocardiographic windows, 
which may be difficult to obtain in patients 
with chronic obstructive pulmonary disease 
and obese patients. Thus, the choice of stress 
echocardiography versus radionuclide MPI for 
functional assessment may depend on patient 
characteristics. For example, stress echocardiog-
raphy may be more accurate in patients with left 
ventricular hypertrophy, whereas stress radio-
nuclide MPI may be preferable in patients with 
a high BMI. 

A potential impediment to the utility of stress 
echocardiography is the subjective nature of the 
technique as compared with radionuclide MPI, 
which is less prone to subjective interpretation 
owing to semi-automated computer quantifica-
tion. However, the problem of subjectivity can be 
circumvented in laboratories with extensive expe-
rience where interobserver variability appears to 
be minimal [78,83]. Furthermore, the use of ultra-
sound contrast agents that enhance endocardial 
border clarity has been demonstrated to improve 
the accuracy of less experienced readers [84,85]. 

�� Guidelines
The 2007 guidelines focused update on the 
management of patients with chronic stable 
angina [86] gives a class I recommendation for 
the use of stress echocardiography as an initial 
test for diagnosis or risk stratification in patients 
with known or suspected CHD in a variety of 
scenarios. As with radionuclide MPI, exercise 
echocardiography is recommend to identify 
the severity and location of ischemia in patients 
who have an intermediate pretest probability 
of disease and ECG abnormalities that could 
interfere with exercise ECG test interpretation. 
Stress echocardiography was also given a class I 
recommendation to assess the functional sig-
nificance of coronary lesions prior to revascu-
larization. Dobutamine echocardiography was 
given a class I recommendation for diagnosis in 
patients with an intermediate pretest probability 
of CHD and for assessment of the extent, severity 
and location of ischemia for prognostication in 
patients who are unable to exercise. 

Future perspective
�� Comparative effectiveness

The future of noninvasive imaging in diagnosis 
and prognostication in ischemic heart disease 
will be affected by the two seemingly opposing 
forces – the rapid development of new technologies 
and their implementation before evidence-based 
guidelines can corroborate their cost–effectiveness 
and the limitations posed by healthcare economic 
realities. The advent of a multitude of imaging 
modalities presents the clinician with many choices 
for diagnosis and prognostication in CAD without 
adequate concomitant data on comparative effec-
tiveness to base these choices on. To address this 
issue, Hachamovitch et al. have initiated the Study 
of Myocardial Perfusion and Coronary Anatomy 
Imaging Roles in CAD (SPARC) project [87]. 
SPARC is a prospective, multicenter, observational 
registry trial that has enrolled 3019 patients who 
have undergone clinical SPECT, PET and CTA 
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testing. The goal of this study is to compare post-
test resource utilization in patients with an inter-
mediate probability of CAD but without a prior 
history of CAD, by measuring catheterization rate 
differences at 90 days between the three imaging 
modality arms. This study will also compare the 
prognostic value of the three imaging modalities 
in the aforementioned patients and in those with 
a known history of CAD [87]. The Prospective 
Multicenter Imaging Study for Evaluation 
of Chest Pain (PROMISE) was developed to 
compare the clinical outcomes of symptomatic 
patients without known CAD, randomized to 
either an anatomic imaging strategy (CTA) or 
to a functional testing strategy (usual care) [102]. 
This study will start enrolling patients this year 
and is anticipated to enroll 10,000 patients with 
a 2‑year follow-up. The results of these studies 
are highly anticipated in an era of accelerating 
expansion of cardiovascular imaging modalities 
and the uncertainty regarding their respective 
roles in clinical practice.

�� Hybrid technology
Perhaps the imaging modalities of choice will 
provide the optimal combination of patient 
safety, anatomical, functional, diagnostic and 

prognostic information. The ideal noninvasive 
imaging modality would provide complementary 
anatomical and functional information on ath-
erosclerosis and ischemia during a single imag-
ing session [88]. An emerging technology for such 
simultaneous functional and anatomical evalua-
tion of CAD is the hybrid technology – the inte-
gration of CTA with MPI from SPECT or PET 
[88]. Recent studies indicate that hybrid imaging 
provides added diagnostic accuracy beyond that 
of either modality alone in both low-risk popu-
lations and those with multivessel disease [89]. 
However, the actual clinical impact on treatment 
strategies and outcome with hybrid imaging 
requires further prospective, long-term studies.

�� Vulnerable plaque in imaging
Imaging in coronary disease has conventionally 
been directed at evaluating the degree of steno-
sis. However, vulnerable plaques (i.e., coronary 
plaques most prone to rupture and likely to cause 
the most devastating complications of CAD) are 
not necessarily those that are the most obstruc-
tive. Thus, a significant future challenge of CAD 
imaging is detection of the vulnerable coronary 
plaque. Since vulnerable plaques are charac-
terized by increased inflammatory infiltrates, 
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future imaging modalities should aim to pro-
vide insight into the biological characteristics 
of plaques. 18F‑FDG, a radioactively tagged 
glucose analog currently used to determine 
myocardial viability via PET, enriches in plaque 
macrophages. Thus, PET technology has the 
potential to identify inflammatory components 
of vulnerable plaques. CCTA has been dem-
onstrated to provide important information 
regarding atherosclerotic plaque composition. 
One study determined plaque characteristics 
of culprit lesions in patients with ACS in com-
parison to those in patients with stable angina 
using 16‑slice CT [90]. The study demonstrated 
that culprit lesions in patients with ACS had 
significantly higher plaque areas and remod-
eling indices compared with stable lesions. 
Furthermore, there was a higher prevalence of 
noncalcified plaque in the culprit lesions com-
pared with those in the stable lesions [90]. In a 
subsequent study of intermediate-risk patients 
with suspected significant CAD, patients with 
noncalcif ied plaques, identified by 64‑slice 
CT, had higher total cholesterol, low-density 
lipoprotein and C‑reactive protein levels [91]. 
Motoyama et  al. evaluated the feasibility of 

assessing characteristics of disrupted atheroscle-
rotic plaques in 38 patients with ACS [92]. In 
this study, the presence of spotty calcification, 
positive remodeling and noncalcified plaques 
was significantly more frequent than in patients 
with stable angina pectoris. Thus, the pres-
ence of the following plaque characteristics, as 
determined by contemporary contrast CCTA, 
are associated with adverse clinical outcomes: 
positive remodeling, larger plaque volume,  
noncalcified plaque components and mixed 
plaques [93]. Although high-resolution contrast-
enhanced MRI has been demonstrated to be 
useful in identifying atherosclerotic vulnerable 
plaque characteristics, such as a large lipid core 
and thin fibrous cap in carotid arteries, MRI 
currently lacks sufficient resolution for accurate 
measurement of coronary cap thickness and 
detailed evaluation of coronary atherosclerotic 
lesions [94].

Thus, several modalities, including FDG‑PET, 
CCTA and CMR show promise in identifying 
those atherosclerotic lesions that could poten-
tially be susceptible to rupture. How to act upon 
these findings, both in terms of intervention and 
risk stratification requires further research.
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Conclusion
In this era of limited resources, it is crucial 
that ongoing research is conducted to provide 
insight into the incremental value of new tech-
nologies on improving outcomes. Furthermore, 
much of the evidence suggests that the testing 
characteristics of most of clinically available 
modalities used to diagnose and risk stratify 
CAD are comparable. Indeed, each modal-
ity imparts certain strengths and limitations 
depending on patient characteristics (see Figures 4 

& 5) and the expertise of the particular institu-
tion. The use of any test continues to rely on 

clinical acumen and judicious use of resources, 
and the results of comparative effectiveness 
studies are eagerly awaited.
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Executive summary

Noninvasive imaging for the assessment of coronary artery disease
�� With the advent of numerous cardiovascular imaging modalities, clinicians have a wide array of tools that can serve as adjuncts to the 

clinical evaluation of ischemic heart disease.
�� Each modality has strengths and limitations. Efforts to develop the ‘ideal’ modality that provides simultaneous anatomical and functional 

information are ongoing.

Advances in CT
�� Improved resolution of the coronary tree and minimization of radiation exposure with 320-row CT coronary angiography, the ability to 

define plaque characteristics and the potential to assess perfusion defects with contrast-enhanced CT, may render this modality an ideal 
‘gatekeeper’ to invasive conventional catheterization.

Advances in MRI
�� MRI provides excellent spatial and temporal resolution of cardiac structures in any plane and is not associated with exposure to ionizing 

radiation and iodinated contrast medium. Although resolution of the coronary tree with MRI remains a challenge, ongoing efforts to 
overcome this limitation would render this the ideal ‘one-stop-shop’ for functional and anatomical assessment of coronary artery disease.

Advances in SPECT & PET
�� SPECT myocardial perfusion imaging has a well-established role in the noninvasive assessment of coronary artery disease. PET provides 

better resolution and correction for attenuation. Furthermore, the ability to measure absolute flow may enhance the diagnostic and 
prognostic prowess of PET technology.

Advances in echocardiography
�� Ongoing studies to assess the added utility of speckle-tracking and perfusion stress echocardiography are needed to determine if 

they will add to the clinical value of the well-established, relatively safe modality of stress echocardiography in the assessment of the 
functional and prognostic significance of coronary artery disease.

Future perspective
�� Promising results are already emerging with respect to hybrid imaging technology. Integration of modalities such as PET/SPECT and CT 

angiography may, one day, make it possible to evaluate the anatomy and functional significance of coronary artery disease in one test.
�� Imaging of the biological aspects of atherosclerotic plaques, in particular, the vulnerable coronary plaque, may become feasible with 

nuclear tracers that target inflammation and improved characterization of plaques with CT and MRI.
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