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Abstract

The debate on the role of anatomy and function in the assessment of coronary artery disease has been progressing

for decades. While each imaging modality brings its own strengths and weaknesses, a multimodality image fusion

approach combining an anatomical acquisition with a functional one has the potential of providing all the

complementary information necessary to select the proper treatment. The technology has been available to

physicians for a decade, but the recent introduction of positron emission tomography-derived absolute

myocardial blood flow has further advanced the case for an image fusion diagnostic approach.
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D
espite the significant improvements achieved in the last

decades, coronary artery disease (CAD) remains one of

the leading causes of death in the United States. The recently

published annual report (1) from the American Heart

Association estimated that more than 130 million adults of the

US population will have some form of cardiovascular disease

by 2035 with healthcare costs expected to reach $1.1 trillion.

Accordingly, the field of cardiovascular imaging has

experienced a continuous growth determined by the constant

technological enhancements of imaging devices and fostered

by the clinical need of more sophisticated and reliable

diagnostic techniques. In fact, a large proportion of patients

(roughly 2/3) scheduled for elective invasive coronary

angiography (ICA) do not ultimately exhibit obstructive

disease (2, 3). While ICA may remain the gold standard for

CAD assessment, its invasive nature greatly limits its

application to broad populations and strengthen the need for

efficient noninvasive techniques.

The most common noninvasive techniques for CAD

diagnosis can be divided in anatomical-primarily coronary

computed tomography (CTA) and magnetic resonance (MR)-

and functional-single-photon emission computed tomography

(SPECT), positron emission tomography (PET) and MR-

depending on whether they allow a precise evaluation of the

morphology of coronary and myocardium or they assess the

presence and extent of myocardial ischemia (4). This

classification ultimately embodies the scientific debate that

has been conducted over the last decades aimed at identifying

which aspects of CAD are decisive in assessing disease

severity and should be the focus of treatment (5). While

traditionally only morphological considerations were used, the

development of fractional flow reserve (FFR) (6) and results

from pivotal clinical trials (7) have shown the importance of

considering the functional significance of a lesion before any

decision on treatment can be made, originating a new

paradigm shift in approaches and assumptions.

Multimodality image fusion

While the discussion on anatomy versus function as key

players in guiding patients’ management remains crucial in

clinical practice, it has also motivated the introduction of a

diagnostic strategy that integrates into a single display

anatomical/functional information independently extracted

from separate acquisitions and yields a comprehensive

description of disease. Since each imaging technique

possesses unique strengths and weaknesses, multimodality
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image fusion (MIF) provides complementary diagnostic and

prognostic information and enhances physicians’ ability to

select the appropriate treatment (8). The use of multiple image

acquisitions to diagnose is not unusual for clinicians,

especially if the first diagnostic test is inconclusive. Physicians

have learned to mentally fuse the information contributed by

each dataset and provide a global assessment. In a study

conducted by Santana et al. (9), the authors specifically

investigated the added diagnostic value provided by fused

SPECT/CTA display in CAD evaluation compared to the side-

by-side reading. They showed that in 28% of the cases the

physicians modified their decision when provided with

software-integrated images. The availability of fused images

facilitated image interpretation in common situations of

degraded image quality, showed a trend of improved

sensitivity in the detection of multivessel disease and generally

enhance physicians’ confidence in common situations of

intermediate lesions. Additionally, the mental allocation of a

given artery to its corresponding myocardial segments relies

on standard vascular territories definition, which is known to

be frequently inaccurate due to patients’ anatomy variability,

resulting in the erroneous identification of the culprit vessel.

Same trends towards improved accuracy were reported by

other groups (10, 11).

Technical background: image registration

From a technical perspective, MIF employs methodologies

from the image registration field to spatially align two or more

datasets so that anatomical and functional features can be co-

localized point-by-point in each dataset or in the newly created

fused representation. Two strategies are currently available to

perform MIF. In its most general formulation, called software-

based, MIF works on images acquired at different times and

with different devices and is achieved by a sequence of image

processing operations that transform one image into another

by maximizing a mathematically defined index of similarity

between the two datasets (12, 13). In Figure 1 an example is

shown of PET/CTA fusion. In this case, the fusion was

obtained by using the left ventricle (LV) extracted from both

datasets as the common feature for the initial alignment that is

then optimized with mutual information techniques (14) by

including the right ventricle (RV). Image registration has

become a very active area of research in biomedical image

processing with more sophisticated algorithms being constant-

ly introduced. A description of this field is beyond the scope of

this manuscript and we refer the readers to specific reviews

(12, 13). The second approach is hardware-based and allows

MIF by means of hybrid devices, such as PET/CT, SPECT/CT

or PET/MR (15, 16). The patient is sequentially acquired with

the two modalities during one imaging session with no

registration theoretically needed. In practice, the presence of

respiratory and cardiac motion or unexpected body motion

often requires the use of software tools to correct for the

misalignment and avoid artifacts.

For the scope of the present review, we will primarily focus

on CTA as source of anatomy and SPECT/PET as source of

physiology, as the fusion of these modalities is the most

commonly implemented and tested in CAD assessment.

Multimodality image fusion implementations and clinical

results

Coronary anatomy and myocardial relative perfusion

Fusion techniques for SPECT (PET)/CTA have been

available to scientists for almost a decade. Coronary arteries

are extracted from the CTA and merged to a map of relative

perfusion obtained from the nuclear modalities. Gaemperli and

collaborators (10) developed a hybrid display of the CTA-

derived coronary and LV epicardium color-coded with the

SPECT-derived perfusion map by means of volume-rendering

techniques. The technology was validated on a cohort of 180

patients: the fusion display allowed to properly classify about

half of the lesions deemed equivocal with a side-by-side
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Fig. 1 A) LV myocardium retrieval from CTA, B) LV myocardium retrieval from PET, C) fused image display.



reading adding diagnostic power in one third of the analyzed

patients. In Rispler et al. (17), the authors used a hybrid

SPECT/CT to investigate 56 patients with suspected CAD and

demonstrated an increased specificity and positive predictive

value compared to stand-alone CTA; they specifically

envisioned a role for MIF for subgroups of patients

characterized by questionable abnormalities at CTA. In

Slomka et al. (18), authors performed automated software-

based SPECT/CTA image registration, evaluated its feasibility

in clinical settings and used the coronary anatomy to adjust the

standard vascular territory classification. This resulted in

improved receiver-operating-characteristics (ROC) curves for

the LCX and RCA territories. MIF has been an important

research area in our laboratory (12) and we recently published

a multi-center validation of our 2
nd
generation image fusion

technique (14, 19). Pivotal in our approach is the concept of

quantitative fusion to move beyond a simple display of fused

images. Our fusion technique relies on precise 3D modeling of

the biventricular myocardium, coronaries with lesions location

and quantification of perfusion defects. Myocardial mass at

risk (MAR) was computed based on the single acquisitions in

terms of physiological MAR (MAR
p
), anatomical MAR

(MAR
a
) and based on fused representation (MAR

f
). Our study

showed a significant increase in diagnostic performance of the

MAR
f
compared to stand-alone analysis (19).

Larger studies have also investigated the benefits of MIF

with conflicting results. In the EVINCI study (20) a more

reliable identification of culprit lesions, vascular territory

reclassification and improved diagnostic specificity were

evidenced with respect to single modalities; other studies

showed that overall diagnostic improvements may be limited

when compared with FFR (21). Surprisingly, in a recent study

(22), hybrid imaging did not improve diagnostic accuracy.

Coronary Anatomy and PET-derived Myocardial Blood Flow

In recent years, the use of PET-derived quantification of

absolute myocardial blood flow (23) (MBF) as a more reliable

noninvasive technology to assess CAD for both initial and

advanced stages, and the use of invasive FFR as reference for

lesions stratification, resulted in the inclusion of MBF also

into MIF approaches. From a technical perspective, the image

registration is likely to use the same methodologies, but the

incorporation of MBF is expected to add diagnostic value to

the integration compared to the use of relative perfusion,

specifically in cases of balanced ischemia and triple-vessel

disease. Two recent studies (24, 25) tested hybrid imaging

of
15
O-water PET/CTA against angiographic findings and

invasive FFR. In both cases the investigators showed that MIF

can greatly reduce occurrences of false-positives. In Figure 2 a

case analyzed with MIF in our lab is depicted as an example of

quantitative fusion with MBF: a parametric map of MBF is

displayed on the 3D reconstruction of myocardium and

coronary centerlines; the decrease in hyperemic MBF in the

LAD territory is correlated to CTA images and angiographic

findings.

Finally, while PET-derived MBF quantification cannot

distinguish between epicardial and microvascular disease, the

fused approach and particularly the excellent negative

predictive value of CTA can help physicians to exclude focal

disease consequently diagnosing microvascular dysfunction

and avoiding unnecessary catheterization (23).
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Fig. 2 A) CTA-derived 3D surface model of the myocardium color-coded with MBF values with patient-specific

coronary centerlines, B) CTA images of the LAD, C) angiographic findings for the LAD. mLAD: mid Left Anterior

Descending.



Limitations of multimodality image fusion strategy

Despite the encouraging findings of pilot studies as well as

larger investigations, MIF has not entered clinical practice. A

number of technological and clinical challenges has limited its

routine application so far. One of the main technological

barrier deals with the anatomy retrieval, necessary for some

MIF implementations. While quantification of nuclear

perfusion studies is highly computerized, the detailed

segmentation of CTA images (coronary trees and myocar-

dium) has not reached the same level of automation and may

require time-consuming manual interactions, considerably

diminishing MIF feasibility. Mindful of the importance of this

step, our team has greatly worked on the development of

automated and time-efficient techniques for the segmentation

of cardiac CT with promising results (26), the aim being the

creation of fully-automated algorithms for the extraction of

relevant information from both image datasets and their

ultimate fusion within minutes and with limited user

interaction.

Currently software packages for MIF exist in the form of

research applications rather than fully developed and validated

modules. An additional effort is required to streamline the

process from the individual acquisitions, which according to

the most general framework are obtained from different

devices, to the final fused display readily available to the

physician. A comprehensive validation of our image seg-

mentation and registration techniques is presently being

performed in our lab on a database of CTA/SPECT datasets

acquired at different medical centers.

From the clinical perspective, a common criticism to MIF

relies on its need for two imaging sessions. It is worth

mentioning that the rationale behind the use of MIF as a

diagnostic strategy is not that all patients with suspected CAD

should undergo both imaging acquisitions, but rather that by

means of MIF and in the context of a sequential imaging

approach (i.e. a second test being ordered when the first is

equivocal) physicians could fully benefit from the synergistic

power of fused anatomy and function.

Another important limitation associated with the MIF

strategy is the radiation dose delivered to the patient (27). A

continuous effort is being supported to decrease radiation

burden for all modalities, particularly for nuclear acquisitions.

A case can be made for PET studies whose 2-4 mSv radiation

dose range is significantly lower than in SPECT, in addition to

PET’s ability to compute MBF. Even when accompanied by a

CTA (radiation dose 0.5-3 mSv) the global radiation burden

remains below the one that would be delivered during a

catheterization session, favoring a dual-modality strategy to

avoid unnecessary invasive procedures.

Conclusions

Multimodality image fusion represents a valid and

beneficial diagnostic strategy for CAD assessment, particular-

ly for subgroups of patients with abnormal findings at the

initial test. The recent introduction of PET-derived MBF

quantification into clinical practice has further enhanced the

diagnostic power of the fusion approach and recognized it as a

potential noninvasive mean to identify microvascular disease.
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