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abstract | Advances in cardiovascular imaging have resulted in the development of multiple noninvasive 
techniques to evaluate myocardial perfusion and coronary anatomy, each of which has unique strengths 
and limitations. For example, CT angiography can directly visualize the presence of atherosclerosis, 
but the hemodynamic effect of many lesions identified by this technique is unknown. Alternatively, 
myocardial perfusion imaging enables a physiological assessment, but it may underestimate the extent of 
atherosclerosis in patients with multivessel disease. Dual-modality simultaneous imaging or multimodal 
sequential imaging techniques facilitate integration of information on both myocardial perfusion and 
coronary anatomy, and thus have the potential to improve diagnostic and prognostic evaluation, which 
could translate into improved care of patients. This Review discusses the strengths and limitations of 
the currently available individual noninvasive techniques for imaging coronary anatomy and myocardial 
perfusion. Approaches to integration of these imaging modalities are described, followed by an exploration 
of the clinical utility and future directions of hybrid imaging.
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Introduction
Despite many improvements in treatment and preven-
tion, coronary artery disease (CAD) remains preva-
lent and represents a substantial health-care burden 
in industrialized and developing countries. Coronary 
heart disease is estimated to cause about one in every 
five deaths in the US and to result in an estimated total 
annual cost of US $165.4 billion.1 The profound burden 
of this disease has led to the development of new thera-
pies and non invasive detection techniques. Imaging 
developments have focused on anatomical evaluation of  
the coronary arteries and physiological assessments 
of myocardial perfusion (Figure 1). While remarkable 
progress has been made in both approaches, intense 
debate is ongoing about the strengths and weaknesses 
of the various technologies and the appropriateness of  
their clinical use. Furthermore, the development  
of PET–CT and SPECT–CT techniques, which combine 
nuclear imaging and multidetector CT devices, has led 
to renewed interest in the development of approaches to 
integrate anatomical and perfusion imaging.

The many advances in anatomical and myocardial 
perfusion imaging, as well as the growth of hybrid 
imaging techniques that use different modalities to 
acquire data in the same setting, make a review of these 
developments and a discussion as to their potential com-
plementary use particularly timely. This Review, there-
fore, aims to inform clinicians and researchers about 
techno logical developments to explore the advantages 
and dis advantages of the different, currently available 
indivi dual techniques and discuss the rationale for integ-
rating these techniques. Finally, we discuss potential 
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learning objectives
Upon completion of this activity, participants should be able to: 
1 Describe implications of coronary artery calcium scores for 

long-term risk for myocardial ischemia.
2 Describe the accuracy of coronary computed tomographic 

(CT) angiography in predicting coronary artery disease. 
3 Describe the pros and cons of myocardial perfusion imaging.
4 Describe the advantage of positron emission tomography 

(PET)-CT over other perfusion tests.
5 Identify the limitations of cardiac magnetic resonance 

imaging (MRI) for assessing coronary risk factors.
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clinical applications of hybrid imaging as well as future 
directions of such approaches.

Anatomical imaging techniques
assessment of coronary artery calcium
non-contrast-enhanced, electrocardiographically gated 
scanning for coronary artery calcium (CAC) offers a 
reproducible, inexpensive, and easy-to-perform method 
of reliably determining whether coronary calcification is 
present or absent. When present, the extent of calcifica-
tion can be quantified by validated scoring techniques 
(a score of 0 means no calcification and minimal risk 
of a cardiovascular event in the next 5 years, a score of 
≥100 equates to medium calcification and risk, while a 
score of ≥400 indicates severe calcification and increased 
risk),2 which reflect the burden of atherosclerosis in 
coronary arteries. Patients require no preparation and 
the examination can be performed with most types of 
stand-alone CT scanners as well as hybrid SPECT–CT 
and PET–CT platforms. With appropriate techniques, the 
radiation dose associated with CAC scanning is minimal 
(~1–2 mSv), which makes this test a low-risk option.3

CAC scores provide useful prognostic data.4 The 
multi-Ethnic Study of Atherosclerosis (mESA) involved 
6,722 individuals with no known cardiovascular disease 
(median follow-up ~4 years). In comparison to partici-
pants without calcification (CAC score 0), those with a 
score >300 had a nearly sevenfold higher adjusted risk 
of a major coronary event.5 Importantly, the presence 
of coronary calcification provided predictive informa-
tion beyond that derived from the Framingham risk 
score. In a meta-analysis conducted by Sarwar et al., a 
CAC score of 0 was associated with an excellent long-
term prognosis: cardiovascular event rates were 0.56% 
for asymptomatic and 1.80% for symptomatic patients, 
respectively, during follow-up (mean 51 months).6 A 
point worthy of note is that the literature supporting use 
of CAC scores is primarily based on screening popula-
tions. The use of CAC score alone as a diagnostic tool 
in symptomatic patients has not been advocated, as it is 
not specific for the diagnosis of obstructive CAD7 and, 
in younger patients, may miss the presence of exclusively 
noncalcified plaques.8

Despite the powerful prognostic data afforded by 
CAC scores, evidence that the use of such imaging bio-
markers leads to improved outcomes is limited.9 This 
lack of substantiation is related to the fact that studies 
addressing this question would be complex, unethical 
(they would require random allocation of patients with 
elevated CAC scores to less aggressive therapy, or even 
to no treatment), and would require a long follow-up 
period. nevertheless, the literature suggests that identifi-
cation of coronary atherosclerosis by CAC scanning 
does lead to lifestyle changes and the intensification of 
medical therapies.10–12

cT angiography
Within the past 10 years, advances in technology have 
enabled contrast-enhanced, electrocardiographically 
gated coronary CT angiography to visualize both calci fied  

Key points

Cardiac CT can directly visualize the presence of atherosclerosis and, if images  ■
are of sufficient quality, determine whether obstructive anatomical stenosis is 
present

Cardiac CT is an excellent technique for excluding obstructive coronary artery  ■
disease, but has a limited capacity to identify the presence of ischemia

Each of the techniques used for myocardial perfusion imaging has specific  ■
strengths and limitations, but PET is currently considered to be the most robust 
method for identifying and quantifying ischemia

The combination of coronary imaging and myocardial perfusion imaging offers  ■
many advantages, including the potential to improve diagnosis and predictions  
of prognosis

Although use of hybrid imaging techniques may improve therapeutic decision- ■
making, issues relating to selection of patients, radiation exposure, and cost-
effectiveness remain to be addressed

Rapid technical advances will further improve multimodality imaging and will  ■
pave the way for targeted molecular imaging

and noncalcified plaques, as well as to estimate the sever-
ity of any stenosis present (Figure 2). During the pro-
cedure, intravenous contrast is administered and image 
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Figure 1 | Examples of images obtained by techniques used to assess coronary 
anatomy and myocardial perfusion. Anatomical assessment is possible with  
a | coronary angiography and b | CT angiography. Myocardial perfusion imaging can 
be performed with c | SPECT and/or PET and d | cardiac MRI. e | The venn diagram 
illustrates that coronary anatomy and myocardial perfusion imaging predominantly 
provide unique information. The data provided by these techniques do overlap to a 
small extent, but combinations of imaging modalities have the potential to offer 
complementary information. Abbreviation: SPECT, single-photon emission CT.
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acquisition is carefully timed to occur while contrast 
opacifies the coronary arteries. The best- quality images 
of the coronary arteries that can currently be obtained 
have a spatial resolution of ~0.6 mm and a temporal 
resolution of 83–175 ms. To reduce motion-related arti-
facts, β-blockers are administered to achieve a heart rate 
of about 60 bpm. The resulting high-resolution, three-
dimensional data sets permit visualization of the coronary  
arteries in any plane.

Coronary CT angiography cannot be used in all 
patients. This modality is contraindicated in patients with 
renal dysfunction or who have allergies to intra venous  

iodinated contrast. In patients with elevated heart rates 
or when excessive motion is present during scanning, 
poor image quality often limits the usefulness of this 
technique.13 In elderly patients or those with multiple 
cardiovascular risk factors, extensive calcifications can 
lead to calcium blooming artifacts. In such cases, areas of 
calcification appear larger than their actual size and can 
result in false-positive findings (that is, over estimation 
of the presence of obstructive CAD) or to coronary 
artery segments being nonevaluable. When anatomical 
obstructive disease is identified by CT angiography, the 
functional relevance of many lesions cannot be assessed 
in terms of the ischemic burden. Stenosis of ≥50% on 
CT angiography has a low positive predictive value (29–
58%) for predicting myocardial ischemia on SPECT or 
PET (Figure 3).14–19 Although using a higher threshold 
(namely ≥70% instead of ≥50% stenosis) would prob-
ably improve the positive predictive value with regard 
to predicting myocardial ischemia, many lesions that 
show only moderate stenosis on CT angio graphy can be  
clinically challenging to manage.

Data on the accuracy of CT angiography for detection of 
coronary artery stenosis relative to that of invasive angio-
graphy have been reported in three multi center studies 
(Table 1).20–22 on a per-patient basis, the average sensi-
tivity and specificity, weighted by number of patients, of 
CT angiography for detecting at least one coronary artery 
with ≥50% stenosis were 93% and 78%, respectively. The 
corresponding weighted average positive predictive and 
negative predictive values were 82% and 93%, respectively. 
In one study, however, specificity was reduced from 87% 
to 53% among patients with high calcium scores (>400).20 
An important caveat is that the diagnostic accuracy of CT 
angiography reported in these trials refers only to disease 
in vessels of ≥1.5 mm diameter.

The high negative predictive value of CT angio graphy 
means that a normal scan result effectively excludes 
obstructive CAD and abolishes the need for further 
investigation. The limited capability of this technique 
to determine the severity of stenosis and to predict 
ischemia can make abnormal scan results difficult to 
interpret, however, especially in terms of determin-
ing whether a need exists for invasive angiography or  
coronary revascularization.23–25

Myocardial perfusion imaging
A considerable body of evidence supports the use of 
myocardial perfusion imaging to identify obstructive 
CAD, quantify the amount of myocardium at risk, assess 
the extent of viable tissue, and guide patients’ manage-
ment with regard to the need for revascularization or 
aggressive medical therapies. myocardial perfusion 
imaging is typically accomplished by SPECT or PET, but 
cardiac mRI and CT have also been used to visualize 
myo cardial perfusion under stress and at rest.26 Despite 
widespread use and acceptance of the former two tech-
niques for assessing perfusion, however, they generally 
only reveal ischemia in myocardial territories supplied 
by the most severely stenosed vessels. Another draw-
back of myocardial per fusion imaging is that it cannot 

a b

Figure 2 | Images obtained by cardiac CT. a | A coronary artery calcium scan from a 
45-year-old man with a family history of premature coronary heart disease. In this 
noncontrast CT scan with electrocardiographic gating, the arrow points to the 
presence of calcified plaque in the proximal LAD. b | Coronary CT angiography in a 
48-year-old woman with chest pain on exertion. In this contrast-enhanced scan 
with electrocardiographic gating, the arrow points to a large, noncalcified plaque in 
the proximal LAD. Abbreviation: LAD, left anterior descending coronary artery.
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Figure 3 | Frequency of ischemia in vessels with ≥50% stenosis by CT angiography. 
All patients in each of the six studies shown underwent both perfusion imaging 
(SPECT or *PET) as well as CT angiography. Abbreviations: NPv, negative predictive 
value; PPv, positive predictive value; SPECT, single-photon emission CT.
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detect or quantify sub clinical atherosclerosis.14,19 This 
limitation is not un expected, since myocardial per fusion 
imaging methods are optimized for identification of 
flow-limiting stenoses.

sPecT
SPECT is the most frequently performed myocardial per-
fusion imaging procedure in the US. An intra venously 
injected, radiolabeled tracer is taken up from the blood 
by viable myocytes in proportion to regional myocardial 
perfusion. Detection of the tracer enables tomographic 
images of myocardial perfusion to be obtained that show 
areas of normal and abnormal tissue perfusion.

The mean sensitivity for detection of ≥50% angio-
graphic stenosis achieved with SPECT is 87% (range 
71–97%) and the specificity is 73% (range 36–100%).27 
This specificity value is low due to the known effects of 
verification bias,28 whereby a study that only included 
patients who underwent post-test catheterization would 
have decreased numbers of true and false negatives.29 
moreover, if not properly recognized, attenuation arti-
facts (typically from breast tissue or the diaphragm) 
can lead to equivocal or false-positive findings. The 
use of attenuation correction methods and analysis of 
wall motion from gated studies reduces the rate of false-
positive results and improves the specificity of the test.27 
Rarely, false-negative findings can result from a global or 
balanced reduction in myocardial perfusion, typically in 
patients with extensive, obstructive CAD.

Robust data support the prognostic value of SPECT 
myocardial perfusion imaging.30–33 The basic premise 
underlying use of this technique for prognostic assess-
ments is that clinical risk increases with myocardial 
abnormality size, which reflects the extent of obstruc-
tive CAD, and severity, which reflects the hemodynamic 
effect of underlying coronary stenoses. Specifically, 
patients with no history of CAD who have normal myo-
cardial per fusion imaging findings during exercise gen-
erally have a low annual event rate (<0.7% for cardiac 
death or non fatal myocardial infarction).27 The clinical 

risk of cardiac events increases in a linear fashion with 
increasing magnitudes of perfusion abnormality.27 Risk is 
further raised in patients with diabetes or chronic kidney 
disease.34–36 The results of myocardial per fusion imaging 
represent a clinically relevant and cost-effective approach 
to guiding patients’ management, as individuals who have 
moderate to severe myocardial ischemia on SPECT are 
likely to benefit from coronary revascularization.37,38

Compared with invasive angiography, SPECT is a 
relatively insensitive technique that cannot accurately 
delineate the extent of obstructive CAD, especially in 
patients with multivessel disease. For example, Berman 
et al.39 reported that SPECT identified high-risk disease 
with moderate to severe perfusion defects (>10% of 
the myocardium on quantitative analysis) in only 59%  
of 101 patients who had ≥50% angiographic stenosis of 
the left main coronary artery. Conversely, 15% of these 
patients showed no substantial perfusion defects (>5% 
of the myocardium).39

PeT
PET is often considered the gold standard for non invasive 
assessment of myocardial perfusion and viability.40 
Although the adoption of PET has been hampered by the 
limited availability of devices and complex issues related 
to the production and delivery of radio pharmaceuticals, 
the FDA approval of PET radiolabeled tracers in 1995 
and 2003 led to commercial marketing of agents based on 
82Rb and 18F-fluorodeoxyglucose. These developments, 
together with technological advances, have made clinical 
application of this technology possible in large-volume 
clinical centers.40,41

PET has many advantages over SPECT, including 
improved spatial and temporal resolution and a robust, 
quantitative nature that allows for measurement of abso-
lute myocardial blood flow (in ml·min–1/g). In addition, 
reliable attenuation correction improves the specificity of 
the technique, because it reduces the number of artifacts 
leading to false-positive perfusion defects.42 Another 
noteworthy consideration is that radiation exposure is 

Table 1 | Multicenter trials that compared CT angiography with invasive angiography in the detection of ≥50% stenosis

study (year) Patients centers cac score 
exclusion threshold

sensitivity 
(%)

specificity 
(%)

PPv 
(%)

nPv 
(%)

Prevalence 
(%)

Per-patient analysis

ACCURACY (2008)18 230 16 None 95 83 64 99 25

Meijboom et al. (2008)19 360 3 None 99 64 86 97 68

CORE64 (2008)20 291 9 <600 85 90 91 83 56

Average (weighted by 
number of patients)

NA NA NA 93 78 82 93 53

Per-vessel analysis

ACCURACY (2008)18 910 16 None 84 90 51 99 10

Meijboom et al. (2008)19 1,440 3 None 95 77 59 98 26

CORE64 (2008)20 886 9 <600 75 93 82 89 31

Average (weighted by 
number of vessels)

NA NA NA 86 85 63 96 23

Abbreviations: CAC, coronary artery calcification; NA, not applicable; NPv, negative predictive value; PPv, positive predictive value.
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generally lower with PET than with SPECT,43 owing to the 
short half-life of the radiolabeled tracers. The reported 
average sensitivity of PET perfusion imaging for detecting 
angiographic stenosis of ≥50% is 91% (range 83–100%) 
and the specificity is 89% (range 73–100%).44 Similarly to 
myocardial perfusion imaging performed with SPECT, 
PET-based imaging has incremental value for predict-
ing future cardiovascular events and death; increasing 
percentages of ischemia on PET myo cardial perfusion 
imaging are associated with increased risk.45–47

Since functional assessment can be performed during 
peak vasodilator-induced (or dobutamine-induced) 
stress, the patient’s left ventricular ejection fraction 
(lvEF) reserve can be quantified and used to exclude 
the presence of high-grade multivessel disease (that 
is, multivessel or left main coronary artery stenosis).48 
PET, however, has lower sensitivity for the detection of 
multivessel disease than does invasive imaging.48 Two 
quantitative approaches may help to mitigate this limita-
tion. First, PET enables quantification of peak stress left 
ventricular function.48 In patients without severe disease, 
lvEF increases during peak stress, whereas in those with 
obstructive CAD, it drops even in the absence of appar-
ent perfusion defects. The size of the decrease is inversely 
related to the extent of obstructive CAD. Accordingly, 
incorporating information on the change in lvEF from 
baseline to peak stress improves the sensitivity of PET 
from 50% to 79% for correctly ascertaining the presence 
of multivessel disease.48

Second, PET can measure absolute myocardial 
blood flow and, in turn, coronary vasodilator reserve. 
In patients with balanced ischemia or diffuse CAD, 
assessment of this latter feature might reveal coronary 
disease that could otherwise be missed if only a relative  
assessment of myocardial perfusion is performed.49

cardiac mri
Cardiac mRI can be used to assess myocardial perfusion 
during an injection of gadolinium contrast. Qualitative 
or quantitative analysis of rapidly acquired, sequential 
images (a ‘cine loop’) obtained during the first pass of 
contrast into the myocardium can identify perfusion 
defects present at rest or under pharmacologically 

induced vasodilatation. An advantage of cardiac mRI is 
that other valuable information can be obtained during 
the scan: late-enhancement imaging can identify areas 
of prior myocardial infarction, scar tissue, or infiltra-
tion, and cine imaging can be used to quantify right and 
left ventricular size and function. other advantages of 
cardiac mRI include high spatial resolution—typically 
1–3 mm—and no exposure to ionizing radiation. This 
imaging modality cannot, however, be used in patients 
who are claustrophobic or who have implanted ferro-
magnetic objects, such as pacemakers, defibrillators 
and metallic clips. moreover, administration of gado-
linium is contraindicated in patients with a creatinine 
clearance rate ≤30 ml/min/1.73 m2 to prevent the rare 
but devastat ing complication of nephrogenic systemic 
fibrosis.50 The complexity of cardiac mRI limits its use 
to centers that possess technical expertise and have the 
necessary equipment.

Stress perfusion cardiac mRI has very good diag nostic 
accuracy for detecting anatomical stenosis. A meta-
 analysis of pooled data from 14 studies that involved 
1,516 patients who underwent stress perfusion imaging 
concluded that this technique had a per-patient sensi-
tivity of 91% and specificity of 81% for the detection of 
≥50% stenosis.51 The prevalence of disease in this popu-
lation was 57.4%; further studies are, therefore, needed 
to assess the accuracy of this modality in patients at low 
risk of disease. The multicenter mRI for myocardial 
Perfusion Assessment in Coronary Artery Disease Trial 
(mR-ImPACT)52 showed similar diagnostic accuracy for 
stress perfusion mRI and SPECT imaging in direct com-
parison with invasive coronary angiography. This study 
has several noteworthy limitations. Gated SPECT was 
not available for approximately half of the patients. The 
mRI technique used was also inconsistent, as patients 
were randomly allocated one of five different doses of 
gadolinium. When the patients who underwent per-
fusion cardiac mRI with the optimal gadolinium dose 
of 0.1 mmol/kg (n = 42) were compared with the entire 
SPECT population (n = 212), the receiver operator charac-
teristic analysis demonstrated a trend towards better 
performance for perfusion cardiac mRI (areas under 
the curve of 0.86 ± 0.06 for mRI versus 0.67 ± 0.05 for 

a cb

Figure 4 | CT myocardial perfusion images. The patient was a 63-year-old man with a history of hypertension and 
dyslipidemia who had experienced a syncopal episode. a | A contrast-enhanced image obtained during adenosine infusion 
revealed a perfusion defect (arrow) in the basal inferolateral wall. b | During a separate contrast-enhanced scan taken at 
rest, the subendocardial perfusion defect in the same territory (arrow) was minimal, which suggested that the defect was 
mostly reversible. c | Invasive angiography revealed a subtotal occlusion of the distal left circumflex artery (arrow) after the 
first diagonal branch.
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SPECT, P = 0.013). Although Schwitter et al.52 suggested 
that some comparisons demonstrated a trend towards the 
superior ity of cardiac mRI over SPECT, further studies 
that compare contemporary techniques are needed.

A current potential limitation of cardiac mRI per-
fusion assessments, which is unique to this modality, 
is that images may show false-positive defects related 
to transient dark rim artifacts in the subendocardium. 
Such artifacts may limit the specificity of cardiac mRI 
in relation to detection of small perfusion defects. These 
artifacts were thought to be caused by so-called Gibbs 
ringing at the blood–myocardial interface, magnetic 
susceptibility due to the rapid bolus injection of gado-
linium, banding movement artifacts, and partial volume 
effects between the left-ventricular blood pool and the 
myocardium.53 However, an experienced reader can 
often differentiate between a dark rim artifact and a real 
perfusion defect, as a true myocardial perfusion defect 
tends to have a constant appearance and remains visible 
for an extended duration.

cT
Preliminary studies indicate that contrast-enhanced CT 
might be useful to visualize myocardial perfusion. As 
with stress perfusion mRI, this technique is based on 
acquiring CT images during the first pass of iodinated 
contrast into the myocardium. When the myocardium 
is visualized appropriately, areas of hypoenhancement 
corres pond to perfusion defects. When seen under 
resting conditions, such defects represent areas of prior 
myocardial infarction, particularly if they are also associ-
ated with wall thinning or intramyocardial calcifica-
tion.54 By contrast, when CT images are acquired during 
administration of vasodilators, such as adenosine, areas 
of inducible ischemia can be visualized (Figure 4).55,56 
limitations of this technique include motion-related 
and beam-hardening artifacts that can mimic areas of 
myocardial hypoenhancement.

While the technique remains experimental, the pros-
pect of being able to perform a single scan that combines 
the anatomical information provided by CT angio graphy 
with assessment of CT myocardial perfusion during 
pharmacologic stress is intriguing.26,57 Analogous to mRI 

techniques, an electrocardiographically gated CT scan 
acquired 6–10 min after the administration of iodinated 
contrast (late-enhancement CT) can be used to visualize 
myocardial scar.58 CT-based perfusion imaging has been 
reviewed in detail elsewhere.59

Integrated imaging techniques
rationale for an integrated approach
Clearly, each imaging technique has unique advan-
tages. High-resolution imaging of cardiac and coronary 
anatomy with CT can identify subclinical coronary 
athero sclerosis, while perfusion imaging can identify 
abnormalities in myocardial blood flow or metabolism. 
The integration of data derived by these complementary 
techniques may thus offer improved diagnostic and prog-
nostic information.60–62 The currently available modalities 
can be combined in several different ways.

cT with calcium scoring
While perfusion imaging is well suited to detection of 
obstructive atherosclerosis, it is not sensitive enough 
to detect subclinical disease; thus, the addition of CAC 
scoring can improve patients’ risk stratification. This 
issue may be particularly important for patients with 
normal perfusion findings, in whom the detection of sub-
clinical atherosclerosis might result in a more precise risk 
assessment than would otherwise be possible; approxi-
mately one-third of patients who have normal findings 
on SPECT or PET myocardial perfusion imaging have a 
CAC score >400 (Table 2).63–66 In otherwise intermediate-
  risk patients, a CAC score ≥400 is considered a coronary 
heart disease risk-equivalent; consequently, intermedi-
ate-risk patients with a CAC score above this threshold 
should be reclassified as being at high risk and considered  
for further therapies.7

Even among patients with perfusion abnormalities 
on SPECT or PET, the CAC score can improve risk 
stratification. In 621 patients who underwent stress PET 
perfusion imaging and CAC scoring,65 a comparison of 
risk- adjusted outcomes demonstrated that, for indivi-
duals with any degree of perfusion abnormality, a step-
wise increase in adverse events (death and myo cardial 
infarction) occurred with increasing CAC scores.

Table 2 | The prevalence of clinically important CAC in patients with normal myocardial perfusion imaging findings

study number  
of patients

average 
age 
(years)

Population studied 
(patients with caD)

mPi 
findings

Prevalence of calcification in 
individuals with negative mPi findings

negative Positive cac score ≥0 (%) cac score ≥400 (%)

He et al. (2000)62 411 58 87% asymptomatic* 330 81 NR 22

Berman et al. 
(2004)61

1,195 58 51% asymptomatic* 1,119 76 98 31

Schenker et al. 
(2008)63

621 61 Intermediate risk, 
referred for PET

442 179 99 47

Uebleis et al. 
(2009)64

260 60 Stable CAD 165 95 NR 34

Total 2,487 NA NA 2,056 431 NA 33‡

Only studies that involved more than 100 patients and included data on CAC scores >400 in patients with negative MPI findings are listed. *Risk level not 
specified. ‡Weighted average. Abbreviations: CAC, coronary artery calcification; CAD, coronary artery disease; MPI, myocardial perfusion imaging; NA, not 
applicable; NR, not reported; NPv, negative predictive value; PPv, positive predictive value.
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simultaneous dual-modality imaging
Technologies
The introduction of SPECT–CT and PET–CT machines 
enabled data to be acquired from both modalities in a 
single session (Box 1). In 1992, the first prototype to 
integ rate CT and PET within the same device enabled 
CT images to be used for attenuation correction.67 over 
the next few years, the advantages offered by such devices 
became increasingly clear, and today five dif ferent 

vendors offer PET–CT machines. Such an approach 
has many potential advantages but also introduces new 
challenges. Contemporary dual-modality (PET–CT and 
SPECT–CT) scanners utilize CT images for attenuation 
correction, which increases diagnostic certainty and 
reduces the number of equivocal findings.68,69 However, 
attenuation correction remains a notable challenge in 
cardiac imaging,70 and artifacts remain in 30–60% of 
SPECT–CT and PET–CT images.70,71 These artifacts are 
usually related to misalignment of the SPECT or PET 
(emission) and CT (transmission) data sets, caused 
by the patient’s movements and cardiac or respiratory 
motion.70,72 Such errors may lead to regional defects and, 
frequently, heterogeneity in quantitative tracer distribu-
tion.73 Appropriate quality control and use of registration  
software is, therefore, crucial in the interpretation of 
SPECT–CT and PET–CT images.

Selection of patients
one of the most compelling reasons for use of integrated 
imaging is its potential for improving decision-making in 
management of patients. In an era of rapidly escalating 
health-care costs, however, tests can only be justified if 
the results are capable of improving treatment outcomes. 
In addition, clinical risks and benefits must be taken 
into account. Although use of some imaging modalities 
might increase confidence in ruling out CAD, the risks 
associated with radiation exposure prohibit their wide-
spread use.74 Innovations in CT have, however, led to 
dramatic ally reduced radiation exposure.75–79 For selected 
popula tions of patients, the overall clinical value might, 
therefore, outweigh the risks. A noteworthy point is that 
the key to effective use of integrated imaging techno-
logies is to identify which patients will benefit from such 
combined approaches, as well as to understand which 
individuals do not require such testing.

The need for and choice of dual-modality imaging is 
likely to be highly dependent on the individual patient’s 
level of risk as well as the clinical question at hand. For 
instance, the majority of symptomatic, low-risk patients 
probably do not require dual-modality imaging. By con-
trast, symptomatic patients at intermediate to high risk 
of obstructive CAD might benefit from a dual-modality 
approach, whereby the extent (and, less reliably, the 
severity) of coronary atherosclerosis can be demon strated 
by CT angiography whereas the amount of ischemia—
and thus the need for coronary  revascularizion—can 
be identified by myocardial perfusion imaging. In 
patients with multivessel disease, the integration of 
both modalities could then help to determine which 
specific anatomical lesions are associated with ischemia 
and should be selectively targeted for revasculariza-
tion. When fixed per fusion defects are identified in the 
absence of substantial ischemia, metabolic imaging with 
18F- fluorodeoxyglucose PET could be used to assess the 
extent of viable myo cardium and determine whether  
the patient would benefit from coronary revasculari-
zation. In very-high-risk, symptomatic patients, CAC 
scoring and CT angiography are unlikely to provide useful 
diag nostic or prognostic information and proceeding 

Box 1 | Approaches to integration of multiple imaging modalities

simultaneous dual-modality acquisition
Two imaging modalities (SPECT or PET ± CT) are integrated into one platform to 
allow both data types to be collected during a single imaging session. CT is used 
for attenuation correction and can also be used in CT angiography, CAC, or both.

sequential multimodal acquisition
Sequential image acquisition using multiple modalities enables an initial 
assessment with one modality.

CT angiography (with or without CAC) may be a reasonable first test in low-risk  ■
populations, followed by SPECT or PET if plaque of uncertain physiological 
importance is identified.

SPECT or PET could be used as the initial test in high-risk populations, followed  ■
by either CT angiography (if myocardial perfusion findings are equivocal or 
abnormal) or CAC (if further risk assessment is needed).

Abbreviations: CAC, coronary artery calcium scanning; SPECT, single-photon emission CT.

a b

c

d

e

Figure 5 | PET and CT hybrid images obtained from a 60-year-old man with diabetes 
and hypertension undergoing investigation for chest pain. a | Coronary CT 
angiography demonstrated a mixed plaque in the proximal LAD ( arrow) that resulted 
in moderate to severe stenosis. b | A substantial noncalcified plaque is shown in the 
mid LCx (arrow). c | The RCA was free of disease. 82Rb PET perfusion images 
obtained during regadenoson administration were combined with volume-rendered 
CT images. d | The hybrid images reveal a perfusion defect in the basal and mid 
anterior wall, a myocardial territory directly supplied by the LAD (white arrow).  
e | In addition, a perfusion defect is also seen along the inferolateral wall, a 
myocardial distribution directly supplied by the distal LCx and/or obtuse marginal 
artery (black arrow). Abbreviations: LAD, left anterior descending coronary artery; 
LCx, left circumflex coronary artery; RCA, right coronary artery.
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directly to myocardial perfusion imaging or (in some 
cases) directly to invasive angiography is reasonable.

sequential multimodal imaging
An alternative approach to integration involves the 
sequential acquisition of perfusion and anatomical data 
(Box 1). one test is performed and completed, and the 
information collected dictates the need for and choice of 
the subsequent method. An advantage of this approach 
is that not all patients will require additional imaging 
studies, which could reduce overall costs. For example, in 
patients at low to intermediate risk, if CT angio graphy is 
performed first and has negative findings, the high nega-
tive predictive value of this imaging modality for exclud-
ing ischemia14–19 indicates that perfusion imaging is 
unlikely to be of use. Alternatively, patients with equivo-
cal SPECT findings might then undergo CT angiography 
to clarify whether obstructive coronary disease is present 
or absent,80 or might undergo CAC scoring to identify 
whether atherosclerosis is present. A disadvantage, 
however, is that each scan requires interpretation before 
further recommendations can be made, which (depend-
ing on the specific examination interpretation workflow 
followed) could result in a time delay to diagnosis.

myocardial perfusion and cT angiography
Combining the complementary information of coro-
nary anatomy and myocardial perfusion imaging seems 
advantageous, as the weaknesses of each modality can 
be offset by the strengths of the other. CT angiography 
cannot provide functional data and is unable to detect 
obstructive disease in calcified or very small vessels; 
however, these challenges are easily met by myocardial 
perfusion imaging. Similarly, the limitations of myo-
cardial perfusion imaging, namely a limited capability 
to detect the presence of subclinical atherosclerosis and 
a tendency to underestimate the extent of atherosclerosis, 
could be partially offset by anatomical imaging.

Several studies support the notion that dual-modality 
imaging offers superior diagnostic information.18,81,82 
In a cohort of 56 symptomatic patients, Rispler et al.18 
reported that use of SPECT–CT angiography (versus 
CT angiography alone) significantly improved the accu-
racy of diagnosing obstructive CAD. The dual-modality 
approach had better specificity than CT alone (95% 
versus 63%) and a higher positive predictive value (77% 
versus 31%), but equivalent sensitivity and negative pre-
dictive value.18 Combining data on anatomical stenosis 
and myocardial perfusion also seems to result in an 
incremental improvement in the prediction of adverse 
cardiovascular events.62

Hybrid images
over the past 10 years, experience from the field of onco-
logy has highlighted the superiority of using multimodal 
techniques to create hybrid (merged) images for detec-
tion and staging of cancer. This concept has been applied 
to the evaluation of cardiovascular disease, but experi-
ence with such merged images of the heart (Figure 5) 
thus far is limited.

In a study by Santana and colleagues,74 50 patients 
underwent myocardial perfusion imaging (SPECT or 
PET) and CT angiography. Hybrid images provided 
incremental diagnostic value for detecting obstructive 
CAD confirmed on invasive angiography, compared with 
those obtained by myocardial perfusion imaging alone 
or separate images obtained by each technique viewed 
side by side. The incremental value of hybrid imaging 
seemed to be limited to patients with multivessel disease; 
in this subgroup, sensitivity increased by 17% when this 
technique was used.74

Hybrid images do not require data sets to be acquired 
on the same scanner or even in the same location. 
Currently, several software products enable the fusion of 
data sets; for example, stand-alone SPECT or PET images 
can simply be overlaid on cardiac CT scans.61 Although 
such ease of fusion facilitates the interpretation of infor-
mation,83 integration of some forms of myo cardial perfu-
sion imaging and coronary anatomy, such as fusion of CT 
angiography and perfusion mRI (Figure 6) may present 
different technical challenges.

Future directions
Technological advances
Imaging techniques continue to develop across all 
modalities. new generations of CT scanners are offer-
ing improved z-axis coverage,84 increased gantry rota-
tion speeds, which improve temporal resolution, and 
improved detectors,85 which increase spatial resolution. 

Figure 6 | CT and MRI hybrid image. The purple area shows 
an adenosine-induced stress perfusion defect along the 
anterolateral wall that corresponds with a high-grade 
stenosis of the first diagonal coronary artery (arrowhead). 
The hybrid image displayed incorporates perfusion data from 
cardiac MRI overlaid onto volume-rendered data obtained 
from cardiac CT. Permission obtained from Dr Hatem Alkadhi, 
Institute of Diagnostic Radiology, University Hospital Zurich, 
Zurich, Switzerland.
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Developments in iterative reconstruction algorithms 
have the potential to improve image quality and possibly 
lead to a decrease in tube current required, which would 
further reduce patients’ radiation exposure. In the field 
of nuclear imaging, advances in PET and increased avail-
ability of radiolabeled tracers are expected to broaden 
adoption of this modality.40 At the same time, hardware 
innovations in SPECT have led to new, small-footprint 
imaging systems that offer improved spatial resolution 
as well as increased comfort for patients.86

molecular imaging
A future application of hybrid imaging relates to the 
ability of CT or mRI to provide an anatomical ‘road map’ 
to show the location of molecularly targeted imaging 
agents. In cardiovascular imaging, such dual-modality 
imaging approaches could be especially useful in patients 
with atherosclerosis. For example, CT could help to 
delineate plaques and, with use of a targeted imaging 
probe, reveal the location of inflammation in relation 
to those plaques.87 In addition to identifying metabolic 
abnormalities, such as the presence of inflammation, this 
approach may be used to visualize specific molecular 
targets and pathways that underlie pathophysiological 
changes. For example, molecular imaging techniques 
could ultimately provide a reliable means of identifying 
vulnerable plaque, and thus aid the selection of patients 
who might benefit from future, highly selective, potent 
therapies.88 In turn, findings from hybrid imaging can be 
used to predict adverse outcomes or perhaps to estimate 
the likelihood of response to targeted therapies. The pro-
posed integration of PET and mRI might further expand 

the possibilities for combining anatomical and functional 
data while localizing molecular targets.89,90

Conclusions
The integration of coronary anatomy and myo cardial per-
fusion data enables dual-modality imaging approaches 
to detect and quantify anatomical features of CAD and 
to determine their physiological relevance. In turn, this 
information may improve risk assessment, diagnosis and 
management of patients with CAD. In the future, hybrid 
images that combine detailed anatomical information 
obtained from CT or mRI with high-sensitivity detection 
of radiolabeled agents targeted to specific pathways may 
have a central role in molecular diagnosis and therapy. 
many of these technological developments are exciting; 
however, important challenges such as cost-effectiveness 
and radiation exposure will be important to address. 
Emphasis should be placed on identifying which popu-
lations of patients will derive the greatest benefit from 
dual-modality techniques.
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