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Abstract
Purpose Multimodal cardiac imaging by CTA and quan-
titative PET enables acquisition of patient-specific coronary
anatomy and absolute myocardial perfusion at rest and during
stress. In the clinical setting, integration of this information
is performed visually or using coronary arteries distribution
models. We developed a new tool for CTA and quantita-
tive PET integrated 3D visualization, exploiting XML and
DICOM clinical standards.
Methods The hybrid image tool (HIT) developed in the pres-
ent study included four main modules: (1) volumetric regis-
tration for spatial matching of CTA and PET data sets, (2) an
interface to PET quantitative analysis software, (3) a derived
DICOM generator able to build DICOM data set from quanti-
tative polar maps, and (4) a 3D visualization tool of integrated
anatomical and quantitative flow information. The four mod-
ules incorporated in the HIT tool communicate by defined
standard XML files: XML-transformation and XML MIST
standards.
Results The HIT tool implements a 3D representation of
CTA showing real coronary anatomy fused to PET-derived
quantitative myocardial blood flow distribution. The tech-
nique was validated on 16 data sets from EVINCI study pop-
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ulation. The validation of the method confirmed the high
matching between “original” and derived data sets as well as
the accuracy of the registration procedure.
Conclusions Three-dimensional integration of patient-
specific coronary artery anatomy provided by CTA and quan-
titative myocardial blood flow obtained from PET imaging
can improve cardiac disease assessment. The HIT tool intro-
duced in this paper may represent a significant advancement
in the clinical use of this multimodal approach.

Keywords CAD · Hybrid imaging ·
Myocardial flow reserve · XML · 3D visualization

Introduction

The integration of myocardial perfusion information, as
imaged by positron emission tomography (PET), and cor-
onary artery anatomy, obtained using computed tomography
angiography (CTA) technology, is an useful and validated
method to improve the noninvasive diagnosis of coronary
artery disease (CAD) [1–5]. Indeed, the multimodal integra-
tion of CTA and PET imaging gives the opportunity to com-
bine complementary data such as the anatomical degree of
stenosis with the regional information on functional defects,
under both rest and stress conditions, improving the ability
to characterize the functional consequences of anatomical
pathology onto myocardial perfusion [6]. The merged visu-
alization of complementary information is based on the accu-
rate temporal and spatial registration of the two involved data
sets. This goal can potentially be achieved using the hybrid
PET/CT tomographs that are capable to collect multimodal
cardiac data using a single-session acquisition protocol with
sequential CTA and PET imaging without the patient to be
drawn out from the scanner. In this way, the misalignment
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Fig. 1 Example of three-dimensional fusion of CTA and “raw” PET
obtained using the GE AWS-2.0-5.0 (Advantage WorkastationTM

Server). The processing of CTA and PET images produces a 3D visu-

alization of coronary arteries anatomy and qualitative myocardial per-
fusion, respectively. The 3D fused representation is also obtained. The
quantitative analysis of PET data produces a polar map visualization

between the two cardiac data sets is reduced, even if it is
not completely solved due to the patient’s movement and
breathing during the examination. For this reason, even for
single-session hybrid scanner, an alignment correction could
be necessary [7]. Alternatively to this approach, a multi-ses-
sion acquisition protocol can be considered using either a
hybrid scanner or separate devices. In this case, the integra-
tion of complementary information by software techniques
[8] is always required to match the cardiac data sets.

Independently on the method used to align the image
data, a multistage image analysis protocol should be used
to obtain the relevant clinical information. As shown in
Fig. 1, the acquired CTA data set is segmented and visu-
alized in 3D to allow diagnosis and localization of coronary
stenosis. The PET data set is segmented and visualized in
3D as well, leading to a representation of the “raw” PET

signal that assesses semiquantitatively the myocardial perfu-
sion.

Several commercial software tools used in clinical routine
permit to import the PET and CTA cardiac data sets, even-
tually adjusting the matching if needed, and allow to obtain
the fused and three-dimensional visualization of real coro-
nary artery anatomy and semiquantitative myocardial perfu-
sion function. This fused visualization has an added value
for CAD assessment, giving the possibility to overcome the
limitation imposed by the fixed assignment of left ventri-
cle myocardial segments to the vascular territories (left ante-
rior descending coronary artery: LAD; left circumflex: LCX;
right coronary artery RCA) following the American Heart
Association (AHA) standard segmentation [4,9]. Available
software tools for registration and fusion application uti-
lize semiquantitative PET data sets. It means that a regional
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Fig. 2 Example of typical output of the software used for the quantita-
tive analysis of PET data. The stress, rest, and myocardial flow reserve
(stress/rest values) polar maps are segmented using the AHA standard

segmentation. The MunichHeart software has been used for quantitative
analysis of PET data

reduction in myocardial perfusion will be well visualized,
while a global reduction in perfusion that could be associated
with several cardiac diseases as balanced three vessel disease
or dilatative cardiomyopathy [10] might be not detected.

Luckily enough, PET imaging allows quantitative mea-
surement of myocardial blood flow. Indeed, from the dynamic
PET data sets, absolute (ml/min/g) myocardial blood flow
at rest and during stress can be determined by appropri-
ate modeling [6,11,12], and myocardial flow reserve (MFR)
can be computed as the ratio between the stress and rest
quantitative values. Quantitative perfusion evaluation is gen-
erally performed by a dedicated image analysis tools that
provide a polar map representation (i.e., bull’s eye) of abso-
lute flow and MFR, following AHA guidelines [9]. Figure 2
shows the typical output of the PET quantitative analysis.
It is important to note that in this representation, the rela-
tionship between coronary anatomy and myocardial perfu-
sion is defined following AHA standardization and cannot be
referred to the patient-specific coronary anatomy provided by
CTA.

Accordingly, while the assessment of CAD and its func-
tional effects on myocardial perfusion could be definitely

improved by using 3D integration and visualization of
quantitative cardiac perfusion and coronary anatomy, avail-
able software tools do not allow this representation. Stolz-
mann et al. [13] demonstrated the added clinical value of
combined CTA anatomy with magnetic resonance (MR)
cardiac perfusion imaging. However, the 3D integrated
visualization of real coronary artery anatomy with quan-
titative myocardial blood flow from PET imaging, still
considered the gold-standard of absolute perfusion, has
higher potential. An example of such integration for CAD
evaluation is described by Kajander et al. [14] and
Knuuti et al. [15] where an absolute scale was used to
obtain the standard display of myocardial perfusion infor-
mation.

The purpose of this paper is to describe a new method
(hybrid image tool–HIT) developed to integrate the anatom-
ical and functional quantitative data coming from CTA and
PET, respectively. The aim of this method is to obtain the 3D
fused visualization of real coronary anatomy and quantita-
tive myocardial perfusion stress, myocardial perfusion rest,
and myocardial flow reserve for the accurate evaluation of
cardiac diseases.
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Fig. 3 Schema of the
developed Hybrid Image Tool

Material and methods

Population and image acquisition

Eight patients randomly extract from EVINCI study pop-
ulation underwent a multimodal imaging protocol con-
sisted of consecutive acquisitions of cardiac PET at rest
and during stress for the assessment of MFR and CTA for
the visual evaluation of coronary anatomy. Both PET and
CTA acquisitions were performed using a PET/CT device
(Discovery VCT, GE Healthcare, Milwaukee, Wisconsin—
USA).

The PET data sets were acquired after intravenous injec-
tion of 13NH3 (7.4 MBq/kg body weight −0.2 mCi/kg,
in 20–30 s). Dynamic acquisition in 2D-mode was started
simultaneously with tracer injection (20 frames × 6 s, 6
frames × 30 s and 3 frames × 300 s), followed by a final
static acquisition in 3D-mode (1 frame × 600 s). After
completion of the baseline study (administered activity:
416.17±49 MBq) and waiting additional 15 min to allow for
radioactive decay, patients underwent intravenous dipyrid-
amole (0.56 mg/Kg in 4 min) stress testing and the 13NH3

PET imaging was repeated as previously described (admin-
istered activity: 432.33±103.27 MBq) [16]. In all cases, the
transaxial images (47 slices) of 128 × 128 pixels with voxel
size 2.73 mm × 2.73 mm × 3.27 mm were obtained.

In a different day, patients underwent a MSCT coro-
nary angiography with the following scan parameters: ret-
rospective ECG gating; 912 channel detectors along the
gantry and 64 channel detectors along the z-axis (radiation
dose: 14.83±3.3 mSv). Nonionic iodinated contrast medium

(Iomeprol 400, Bracco, Italy) was injected and followed by a
saline flush via a peripheral vein using a programmable injec-
tor. Scans were performed during breath hold. Beta-blocker
was used depending on the patient’s heart rate. The CTA data
set consisted of transaxial images (range 202:235 slices) of
512 × 512 pixels with voxel size 0.33 mm × 0.33 mm ×
0.62 mm.

The study complied with the Declaration of Helsinki. All
subjects gave written informed consent to the study.

Hybrid image tool

The acquired PET and CTA cardiac data sets were used as
input to the hybrid image tool (HIT) graphically represented
in Fig. 3.

The purpose of the developed tool is to allow a multi-
modal standard storing and transfer of both header DICOM
and image information, such as the myocardial geometri-
cal information and the regional quantitative values, with the
final goal to reach an accurate 3D integrated visualization and
correspondence between coronary anatomy and myocardial
function.

Four main modules can be identified on Fig. 3:

1. the volumetric registration tool for spatial matching of
reference (anatomical) and floating (functional) data
sets;

2. the quantitative analysis of functional data sets using val-
idated software normally used in the clinical routine;

3. the generator of the derived functional data sets;
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4. the 3D visualization tool of integrated anatomical and
quantitative functional information.

The four modules will be discussed in detail below. The
communication between the different modules has been
established using a common interface based on the stan-
dard eXtensible Markup Language (XML) protocol [17]. The
development of the whole process, including modules and
XML communication interface, was based on the use of IDL
(version 8.0, Exelis Visual Information Solutions, Boulder,
CO, USA).

Volumetric registration module

The volumetric registration tool was necessary for the spatial
alignment of reference and floating data sets. For the purpose
of this paper, the CTA data volume, showing the anatomical
cardiac information, has been set as reference data set, and
both static stress and rest PET data volume have been used
as floating data sets. Two XML files (XML-transformation),
containing the rotational and translational matching param-
eters, were defined in order to store and transfer the result of
the performed alignment processes.

Quantitative analysis module

The acquired functional data sets have been used as input to
the quantitative analysis module. The purpose of this module
is to create a high resolution quantitative polar map (as shown
in Fig. 2) and to save it using a XML file. This standard file
has been proposed and created in order to guarantee the multi-
modal image storage and transfer of quantitative information
(XML MIST : XML Multimodal Image Storage and Trans-
fer). For this reason, an “interface” between the quantitative
analysis tool and the secondary DICOM generator (Fig. 3)
has been developed in order to include into the XML MIST
file the high resolution polar map, described by the quanti-
tative values and by the geometrical position of each sector
included in the polar map. Figure 4 illustrates the structure of
the XML MIST file. A polar map XML root element includes
a “General DICOM Information” tag, with the appropriate
DICOM header information elements. Each ring of the polar
map, corresponding to a short axis PET slice, is codified as a
XML tag. For each polar map sector, the geometrical coor-
dinates in the patient’s space and the corresponding value of
the quantitative perfusion are reported.

The analysis of the stress and rest dynamic PET cardiac
data sets produced two XML MIST files. An additional pro-
cessing of stored data could be also performed in order to cal-
culate the derived quantitative parameter, such as the MFR
defined as the ratio between the stress and rest quantitative
values. Hence, the XML MIST file containing the derived
quantitative values could be also saved.

Derived DICOM module

The saved XML MIST files have been used as input to the
derived DICOM module. The purpose of this module is to
create a derived DICOM data set, representing the quanti-
tative polar maps, using the information coming from the
saved XML files. As also emphasized by Knuuti et al. [15],
the visualization of quantitative perfusion images for clinical
purposes should be standardized using a fixed scale. For this
reason, a fixed scale was set and used to represent the quan-
titative DICOM data set. The header DICOM fields related
to the visualization were consequently changed. To guaran-
tee the registration between CTA anatomy and quantitative
myocardial function data resulting from PET analysis, the
rigid transformations stored using the XML-transformation
files were applied to the corresponding floating rest and stress
quantitative data sets.

3D visualization

The transformed quantitative PET volumes and the CTA data
set were used as input to the 3D visualization module. The
purpose of this module is to visually integrate the high resolu-
tion quantitative functional information to the real coronary
anatomy. Any software allowing the three-dimensional seg-
mentation of coronary arteries anatomy and the fusion and
visualization with functional data set can be exploited and
included in the developed method.

Validation

Eight CTA and sixteen PET (rest and stress) data sets,
acquired using the imaging protocol previously described,
were used for HIT validation. Image fusion between derived
quantitative PET data sets, obtained using the method
described above, and the corresponding “original” PET data
sets was performed and the resulting representations were
assessed by two expert observers. Each observer evaluated
whether a further registration between the two data sets was
needed using a two-point scale (1: no registration needed; 2:
registration needed). Moreover, the quality of the matching
between derived and “original” data sets was scored by a five-
point scale (1: not acceptable; 2: suboptimal; 3: acceptable;
4: good; 5: excellent).

A second validation step was also applied. The 3D inte-
gration of CTA and original PET (rest and stress) data
was obtained by spatial alignment of volumetric data sets
obtained by applying the registration method previously
described. The quality of the sixteen 3D integrated visu-
alizations was assessed by two expert observers using
the previously reported five-point scale. The calculated
CTA/original PET spatial transformations were also applied
to derive quantitative PET data sets in order to obtain a 3D
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Fig. 4 Example of XML MIST file. A detail of geometrical and quan-
titative information corresponding to the selected sector of slice 3 is
shown. The “midwall contours” field contains the x, y, z coordinates of

each sector composing each slice of the polar map. The “quantitative
information” field contains the corresponding quantitative values

integration of CTA and quantitative PET data. As previously
described, each 3D visualization was rated using a five-point
scale. Each observer examined the integrated data sets in
random order, blinded from the results of the other observer.
Agreement between obtained scores was evaluated by Wil-
coxon signed-rank test. P < 0.05 was considered statistically
significant.

Results

Volumetric registration module

The method described by Marinelli et al. [18], based on the
rigid transformation and on the mutual information metric

[19–21] to register multimodal data sets, was used to register
the reference CTA and the floating static stress and rest PET
data volumes. Figure 5 shows an example of fused transaxi-
al, coronal and sagittal views resulting from the application
of the calculated registration. In all cases, the translational
and rotational parameters describing the rigid transformation
have been saved using the XML-transformation files.

Quantitative analysis module

The “interface” developed to save the XML MIST standard
file has been integrated in a validated software for the analysis
of nuclear cardiac examinations: the MunichHeart software
[22]. The stress and rest dynamic PET data sets have been
uploaded in the MunichHeart software and analyzed using
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Fig. 5 Example of transaxial (a), coronal (b), and sagittal (c) views of fused CTA and original static PET

the three-compartmental model [23] for myocardial flow esti-
mation (ml/min/g). Two XML MIST files corresponding to
the stress and rest quantitative polar maps (15 total slices and
36 chords per slice) have been saved.

Additionally, the two XML MIST files were combined in
order to calculate the myocardial flow reserve (MFR) polar
map, defined as stress-to-rest ratio. The corresponding XML
MIST files was also saved. Figure 6 shows the resulting stress,
rest, and MFR quantitative polar maps segmented using the
standard coronary artery territories AHA segmentation [9].

Derived DICOM module

The quantitative stress, rest, and MFR PET derived DICOM
data sets have been built using the corresponding XML MIST
files, saved following the method previously described. The
fixed scale 0–3.2 ml/min/g was used to visualize stress, rest,
and MFR quantitative polar maps.

An example of transaxial views of the derived DICOM
data sets representing the quantitative myocardial stress per-
fusion, myocardial rest perfusion, and calculated MFR data
are shown in Fig. 7. The visual comparison between the origi-
nal static PET images and the corresponding derived DICOM
images is shown in Fig. 8.

To guarantee the spatial matching between the quantita-
tive PET data and the real CTA anatomy, the correspond-
ing header DICOM fields describing the geometrical posi-
tion were further processed applying the rigid transformation
saved using the XML-transformation files.

3D visualization

The quantitative derived DICOM data sets representing the
myocardial stress blood flow, the myocardial rest blood flow,
and the MFR were uploaded to GE AWS-2.0-5.0 (Advantage
WorkstationTM Server). The quantitative functional data sets

have been integrated to the CTA data sets representing the
coronary artery anatomy using the “CardIQ Fusion” tool. An
example of resulting three-dimensional fused visualizations
(stress, rest, and MFR) is shown in Fig. 9.

Validation

GE AWS-2.0-5.0 server was used for fusion visualization and
for 3D integration of anatomical and functional data sets. The
proposed method was feasible when applied to all 16 data
sets.

No statistically significant difference was found between
the ratings provided by the two observers in all trials. In the
comparison between derived and original PET data, the addi-
tional registration was performed by one observer in a single
data set (average score 1.03). The mean score for the match-
ing quality was 4.28 ± 0.89 (range 2:5). Matching quality
was slightly higher in rest studies (4.56 ± 0.72) in respect
to stress studies (4.00 ± 0.96), without reaching statistical
significance (P = 0.073).

The mean score for matching quality in CTA/original PET
data was 4.46 ± 0.70 (range 3:5). Matching score for CTA
/derived-PET data sets was 4.31 ± 0.83 (range 3:5) that
is not significantly different from CTA/original PET score
(P = 0.275). Moreover, no significant difference between
rest and stress data sets was assessed during CTA/PET data
evaluation.

Conclusion and discussion

The CTA and quantitative PET imaging modalities have
large potential in noninvasive CAD assessment giving the
possibility to evaluate the presence and severity of obstruc-
tive coronary artery disease [24–27] and related quantitative
information on downstream myocardial blood flow and flow
reserve [12]. Moreover, three-dimensional integration of real
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Fig. 6 Quantitative stress (a) and rest (b) and MFR (c) polar maps segmented using the standard coronary artery territories. The quantitative values
are in ml/min/g, and they are obtained using the analysis based on the three-compartmental model

coronary artery anatomy and quantitative myocardial blood
flow can improve the assessment of cardiac diseases giv-
ing an adequate visual representation of the correspondence
between anatomical pathology and their functional conse-
quences on left ventricular perfusion.

In the clinical setting, the accomplishment of this task
requires the use of two kinds of image analysis tools. Tools
for PET quantification are able to infer the absolute value
of blood flow from semiquantitative PET images by appro-
priate compartmental models and to display the myocardial
blood flow values by polar maps representation. Tools for
integrated 3D visualization allows to display DICOM data
sets from different modalities allowing the cardiologist to
interactively explore the relationship between coronary anat-
omy and regional myocardial perfusion. However, the use of
integrated 3D visualization tools is often limited to semi-
quantitative PET data.

In this paper, we presented a new method to obtain an inte-
grated 3D visualization of quantitative PET perfusion images
(i.e., absolute myocardial blood flow during stress, at rest and
MFR) with the corresponding coronary anatomy given by
CTA imaging. Because the development of both quantitative
PET images’ analysis tools and integrated 3D visualization
tools may require a long time and an extensive clinical val-
idation, we preferred to integrate the existing tools in the
HIT framework. As described above, the four main modules

composing the developed HIT method are able to commu-
nicate by defined standard files: XML-transformation and
XML MIST files. The first one has been developed to con-
tain the information about the rigid transformation useful
to align the multimodal data sets. This file allows to store
and transfer the parameter transformation and to apply it to
the original data set when necessary, without saving the reg-
istered DICOM data set. The proposed XML MIST stan-
dard file is the one the most relevant element composing the
HIT method. It permits to store and transfer, with minimal
file size, the information about the multimodal cardiac data.
Indeed, it has been developed in order to contain the most rel-
evant header DICOM information and the image information
such as the geometrical position of left ventricle myocardial
wall and the high resolution quantitative information. Both
saved information are necessary for building the quantitative
derived DICOM.

The derived DICOM data sets have the peculiarity to
describe quantitative high resolution information of left ven-
tricle myocardial perfusion. The utilization of fixed scale
gives the possibility to perform an objective visual compari-
son of myocardial blood flow in different conditions (i.e., rest
and stress). This can be useful in several clinical applications,
such as during a follow-up study.

An important characteristic of the HIT process is the
potential to use it in order to integrate several imaging modal-
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Fig. 7 Example of transaxial views of derived DICOM data sets representing the quantitative information of myocardial blood flow during stress
(a), at rest (b) and MFR (c)

Fig. 8 Fused transaxial (a), coronal (b), and sagittal (c) views of original PET images and corresponding images resulting from the derived DICOM
data set representing the quantitative myocardial perfusion

ities. Indeed, the XML-transformation file can be used as out-
put from any registration software able to align multimodal
data sets. In the same way, any software for quantitative anal-
ysis of functional cardiac data sets could be “activated” in
order to save the XML MIST file.

The use of validated and/or commercial software guar-
antees the accuracy and reliability of the results coming
from the quantitative module, avoiding the need of a ded-
icated development and repeated clinical validation. Obvi-
ously, it needs the integration of the developed method into
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Fig. 9 Fused 3D views of quantitative PET data (stress, rest, and
MFR) and coronary artery anatomy. The integrated visualization has
been obtained using the “CardIQ Fusion” tool of GE AWS-2.0-5.0
(Advantage WorkstationTM Server). The stress-induced regional reduc-

tion in hyperemic flows, subtended to a flow-limiting epicardial lesion,
is observable in the territory of right coronary artery. This result has
been confirmed by invasive coronary angiography examination

the “black-box” software tools by a collaboration of software
owners.

The results of the validations carried out in the study con-
firmed the high matching between original and derived data
sets and also the good quality of the registration procedure
that is fully comparable in original and derived data.

Indeed, a key point in the HIT is the accurate spatial match-
ing between data sets involved in it. For this reason, a reg-
istration algorithm has been applied to match the stress and
rest PET to CTA images (Fig. 3, module 1) permitting to
have stress, rest, and derived quantitative data sets registered
to CTA anatomy.

123



Int J CARS (2013) 8:221–232 231

This registration algorithm is based on the mutual infor-
mation metric that is voxel-based method and does not
make any assumptions about the relationship between var-
ious image intensities [19–21]. For this reason, it has the
advantage to be applied for the alignment of multimodal car-
diac imaging. In all of the cases, the rigid transformation,
described by three translational and three rotational param-
eters, has been exploited due to its wide use in commercial
clinical software to align PET and CTA data sets. The even-
tual application of the nonrigid registration would require
the adjustment of XML-transformation file to the specific
purpose. From the saved XML files, the quantitative derived
DICOM data set can be created and imported in any soft-
ware for multimodal cardiac visualization and fusion. In this
paper, derived DICOM data sets representing quantitative
myocardial blood flow have been created, but further com-
plementary and quantitative data can be considered. This has
been demonstrated in a preliminary study integrating CTA
anatomy and quantitative myocardial motion assessed using
MR imaging [28]. Additionally, other data could be poten-
tially integrated such as the viability information evaluated
by 18FDG-PET [29] or by delayed enhancement of MR imag-
ing [30] and the myocardial contractility assessed using tag-
ging MR imaging [31].

In conclusion, in this paper, we presented a new method to
integrate and three dimensionally visualize coronary artery
anatomy obtained by CTA imaging and quantitative myo-
cardial blood flow resulting from PET imaging. This new
technique can provide significant improvement in clinical
assessment of cardiac diseases.
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