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Abstract

Medicine is evolving toward personalized care and this
development entails the integration, amalgamation, and
synchronized analysis of data from multiple sources.
Multimodality fusion imaging refers to the simultaneous
visualization of spatially aligned and juxtaposed medical
images obtained by two or more image modalities. PET/
MRI scanners and MMFI platforms are able to improve
the diagnostic workflow in oncologic patients and pro-
vide exquisite images that aid physicians in the molecular
profiling and characterization of tissues. Advanced
navigation platforms involving real-time ultrasound are
promising tools for guiding personalized and tailored
mini-invasive interventional procedures on technically
challenging targets. The main objective of the present
essay was to describe the current applications and future
perspectives of multimodality fusion imaging for both
diagnostic and interventional purposes in the field of
abdominal and pelvic malignancies. We also outlined the
technical differences between fusion imaging achieved by
means of simultaneous bimodal acquisition (i.e., inte-
grated PET/MRI scanners), retrospective co-registration,
and multimodality fusion imaging involving ultrafast or
real-time imaging modalities.
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In the traditional model of radiology practice, imaging
studies were analyzed, interpreted, and reported using
hardcopy images displayed on view boxes. Until recently,
therefore, physicians used to combine morphological,
functional, and metabolic information obtained from
different imaging modalities, acquired at different times,
using a process called mental co-registration [1]. This
process consists of finding adequate spatial correspon-
dence between the pathological findings demonstrated by
the relevant images from different modalities. Currently,
softcopy digitalized images displayed on monitors are the
first step of analysis. The wide availability of dedicated
workstations for multimodality reading, interpretation,
and reporting (e.g., single- and dual-screen workstations)
allows diagnostic images from different modalities to be
visualized side-by-side on the same high-resolution
monitor display, thus making the process of mental co-
registration smarter and more immediate [1, 2]. Never-
theless, as it mainly relies on the reader’s skills and ex-
perience, it remains inexact and prone to human
inaccuracies, particularly when the reader has to assess
multiple lesions. The term multimodality ‘‘fusion imag-
ing’’ (MMFI, also called ‘‘image fusion’’) refers to the
simultaneous visualization of spatially aligned and jux-
taposed medical images obtained by two or more image
modalities [3]. This technique depends on the precise
spatial co-registration of different image sets and pro-
vides a single fused image that is more informative and
valuable than individual, separate assessment [4]. The
acquisition of image sets to be fused may be either si-
multaneous (i.e., integrated scanners) or sequential with
variable time intervals between the different modalities.Correspondence to: Francesco Paparo; email: francesco.paparo.ge@
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In this latter case, the fusion of previously acquired
imaging studies is defined as ‘‘retrospective’’ [3–6]. In
addition, by means of dedicated fusion imaging plat-
forms, it is possible to combine and integrate real-time
ultrasound with previously acquired cross-sectional
imaging, including computed tomography (CT), mag-
netic resonance imaging (MRI), and positron emission
tomography (PET) [7]. In the field of oncology, MMFI
has several clinical applications for both diagnostic and
interventional purposes. Non-invasive morphological
and functional information can be used not only for the
detection and staging of tumors, but also for personal-
ized, tailored, and targeted therapy and treatment
monitoring. From a diagnostic point of view, MMFI is
able to improve the molecular profiling of tissues, as-
sisting in their comprehensive and accurate non-invasive
characterization. From the interventional point of view,
MMFI can be successfully employed to assist percuta-
neous procedures for the biopsy or ablation of techni-
cally challenging targets, especially those characterized
by low conspicuity on unenhanced CT and B-mode ul-
trasound images [8, 9]. The main objective of the present
essay was to describe the current applications and future
perspectives of MMFI for both diagnostic and inter-
ventional purposes in the field of abdominal and pelvic
malignancies. We also outlined the technical differences
between fusion imaging achieved by means of simulta-
neous bimodal acquisition (i.e., integrated PET/MRI
scanners), retrospective co-registration, and MMFI in-
volving ultrafast or real-time imaging modalities (i.e.,
ultrasound and cone beam CT).

Technical overview

MMFI can be defined as the process of co-registering
and overlaying multiple images from single or multiple
modalities [10]. Therefore, MMFI encompasses a broad
range of techniques. An immediate example of fusion is
the direct overlaying of two different images from the
same modality that have been acquired during the same
examination. This is the case of the overlaying of a
functional color-coded map [e.g., the map of apparent
diffusion coefficient (ADC) values obtained from diffu-
sion-weighted MRI sequences] on a morphological se-
quence, thus allowing precise anatomical localization of
suspected areas (Fig. 1A, B). This is the smartest form of
fusion, since the two image series belong to the same
examination and have the same spatial reference system,
which is encoded in the digital imaging and communi-
cations in medicine (DICOM) files. Co-registration is the
preliminary technical step necessary to perform MMFI
and combine functional and metabolic information ob-
tained from different modalities at different times, and
ensures that the pixels from the various image sets rep-
resent the same volume with acceptable precision [11,
12]. It consists of the computational process that allows a

precise correspondence to be found between the reference
system (i.e., spatial coordinates) of an image set and that
of another image set. In the co-registration process, a
‘‘floating’’ image is moved and/or deformed in order to
obtain adequate matching and juxtaposition with a
‘‘reference’’ image [13]. Registration can be rigid or
elastic (deformable) [5, 14]. Only translation and rotation
are possible with rigid co-registration, whereas rotation,
translation, and localized stretching are available with
elastic co-registration, which improves the matching of
anatomical structures [4]. Elastic co-registration tech-
niques are useful when MMFI involves anatomical re-
gions that may show substantially different dynamic
physiological conditions (e.g., degree of filling of the
urinary bladder, distension of bowel loops) among dif-
ferent imaging studies [15] (Fig. 1C, D). The computa-
tional techniques dedicated to compensation for shift/
deformation of internal organs and breathing-related
movements of peridiaphragmatic structures represent
ongoing challenges to improve co-registration and fusion
[8, 9, 16]. Three main forms of MMFI can be identified
on the basis of the technique of acquisition of the image
sets that are used as primary inputs for co-registration:
simultaneous acquisition, retrospective fusion, and
MMFI involving ultrafast or real-time modalities (i.e.,
virtual navigation).

Simultaneous acquisition and retrospective
fusion imaging

Until recently, PET and MRI were considered mutually
exclusive imaging techniques, not eligible for simultane-
ous acquisition owing to incompatible hardware re-
quirements. Recently, however, hybrid PET–MRI
systems, either simultaneous or sequential, have been
developed in order to bring these imaging principles to-
gether [17, 18]. New combined PET/MRI scanners pro-
vide the simultaneous acquisition of both imaging
modalities by performing an automated co-registration
process with perfect temporal correlation of dynamically
acquired datasets and MRI-based attenuation correction
[19]. A PET detector ring placed within a 3.0T magnet is
the hardware core of fully integrated single-gantry sys-
tems. Significant technical improvements to these scan-
ners include the design and implementation of MRI-
compatible PET photodetectors, techniques for main-
taining magnetic field homogeneity and novel MR-based
attenuation correction of PET data [19, 20]. MRI may
substantially improve the reconstruction, interpretation,
and analysis of PET data and this new integrated tech-
nique is expected to provide some advantages over PET–
CT, which is a well-established modality in the field of
oncological imaging. Compared with CT, MRI provides
a better functional analysis for soft tissue characteriza-
tion, which mainly relies on diffusion-weighted imaging
(DWI), spectroscopy, and dynamic perfusion studies
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[21, 22]. Another major advantage of PET/MRI over
PET/CT systems is the absence of radiation burden.
Moreover, the simultaneous acquisition of PET and
MRI data enable proper co-registration of dynamic and
moving physiological conditions, and this is especially
important in the assessment of the abdomen and pelvis,
where the relative positions of organs may be altered
owing to peristaltic motion and filling of the urinary
bladder [4, 15]. Therefore, simultaneous PET/MRI ac-
quisition is able to offer exquisite structural and func-
tional/metabolic images. However, these expensive
systems are not widely available, being mainly limited to
research facilities [14–17]. Retrospective MMFI allows
the co-registration of two or more image sets acquired at
different times [9, 11]. It can be performed by means of a
large variety of dedicated software platforms that employ
either rigid or elastic co-registration techniques and can
be installed on common radiological workstations
(Fig. 2). Table 1 summarizes the advantages and limita-

tions of simultaneous acquisition with PET/MRI scan-
ners vs. retrospective fusion. Currently, the main
potential future role of combined PET/MRI scanners
seems to be the integration of local, nodal, and whole-
body staging of tumors in a single ‘‘one-stop shop’’
modality, while avoiding the use of ionizing radiation
[23]. On the other hand, dedicated software platforms for
retrospective fusion are a low cost and valid alternative
that allow us to bring MMFI out of research facilities
and into routine clinical practice.

Virtual navigation

The last form of MMFI involves real-time or ultrafast
imaging techniques (i.e., ultrasound and fluoroscopy)
[24, 25]. It finds its main application in the field of mini-
invasive percutaneous interventional procedures, in-
cluding biopsy and tumor ablation. In recent years,
MMFI guidance for interventional procedures has been

Fig. 1. 79-year-old woman who had undergone surgery
2 years earlier for an adenocarcinoma of the upper third of the
rectum. The T2-weighted axial image A shows a presacral hy-
pointense solid nodule suspect for local cancer recurrence. The
ADC map juxtaposed and fused on the T2-weighted image B
well demonstrates that the nodule is characterized by restricted
water diffusion (arrow). The 18F-FDG PET axial image C
demonstrates a focal accumulation of the tracer (arrow) with a

SUVmax of 16.8. The 18F-FDG PET axial scan has been co-
registered with elastic modality and fused with the T2-weighted
axial image. The bimodal fused PET/MRI image D shows a
precise spatial correspondence between the focal accumulation
of the tracer 18F-FDG and the presacral solid tissue (arrow). All
images obtained with SmartFusion (Camelot Biomedical Sys-
tems, Genoa, Italy).
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assessed in several medical specialties and in various
anatomical regions and organ systems [3]. Software
modules for co-registration of real-time ultrasound im-
ages with pre-procedural contrast-enhanced CT, MRI,
or PET/CT studies are implemented in several high-end
multipurpose ultrasound machines [9]. By incorporating
ultrasound into fusion imaging guided interventions, it is
possible to combine the value of real-time, radiation-free
intra-procedural monitoring with the peculiar advan-
tages offered by panoramic cross-sectional imaging
modalities, which are able to show the critical structures
surrounding the target lesion [5, 7]. In addition, MMFI
guidance enables target lesions with absent or low con-
spicuity on B-mode ultrasound images to be depicted, as
happens in the case of some PET-positive lesions [8, 9].

Datasets that are used to generate fused images have
first to be spatially aligned in order to achieve correct
juxtaposition. The process of co-registration involving
real-time ultrasound can be manual, semiautomatic, or
automatic, with rigid or elastic methods being used to
match a pre-procedural image set to intra-procedural or
post-procedural B-mode ultrasound images [5, 7, 14].
Automatic methods analyze the intensity of voxels and

pixels of the image sets to be fused, in order to find the
orientation that minimizes the difference between them
(e.g., by calculating the standard deviation of the ratio of
voxel intensities) [11]. Automatic methods have been
variably defined in the literature as voxel similarity mea-
sures, mutual information, or correlation ratios [3]. By
contrast, manual methods require the operator to define,
on bothmodalities, a series of reference registration points
or matching landmarks, whichmay be either external (i.e.,
fiducial markers placed on the patient’s skin) or internal
(i.e., common anatomical structures, such as large vessels)
[3, 9]. While manual methods may be more accurate, they
are more time-consuming than automated ones (Fig. 3).
Somemanufacturers combine bothmethods bymeans of a
first-pass rough automation followed by manual fine-
tuning. Electromagnetic (EM) tracking enables us to
monitor, in real-time, the position of the ultrasound probe
in the virtual tridimensional workspace created by an EM
field generator, thus creating the technical environment
for the spatial alignment and co-display of B-mode ultra-
sound images with a second modality (i.e., virtual
navigation) [7]. In EM tracking, a generator creates a
magnetic field that represents a virtual work volume of

Fig. 2. 76-year-old man affected by biochemical recurrence
14 months after external beam radiation therapy for prostate
cancer Gleason 8 (4 + 4). Signs of a previous TURP are also
present. Current PSA value of 5 ng/mL with PSA doubling
time <6 months. The T2-weighted axial image A demon-
strates a hypointense nodular thickening of the right lobe of
the prostate gland (arrow). The bimodal fused 18F-choline
PET/MRI axial image B demonstrates a clear accumulation of

the tracer in the right lobe of the prostate (arrow). On the ADC
map C, a nodular area of restricted water diffusion is well
appreciable (arrow). On the perfusion map D, the suspect
area is hypervascular (arrow) with a dynamic perfusion curve
of type 3 (wash-out after initial upslope on the time/intensity
graph), which is highly suggestive of cancer (E). Images ob-
tained with the QuantaProstate (Camelot Biomedical Sys-
tems, Genoa, Italy).
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approximately 500 mm 9 500 mm 9 500 mm [14, 26]. A
coil within this magnetic field produces a weak detectable
electrical current, whose signal strength is related to the
coil’s position within the virtual workspace. The coil’s
location can be precisely mapped within a Cartesian co-
ordinate system in a way similar to common GPS-based
satellite navigation systems. Several coils can be tracked
simultaneously [14, 26]. The coils are integrated in ultra-
sound probes, medical instruments, and fiducial skin
patches. MMFI-guided interventions can be optimized
and made less dependent upon the individual operator’s
experience using EM instrument tracking techniques in
combination with real-time virtual navigation [5]. There-
fore, EM tracking can be employed to determine the pre-
cise position of instruments and medical devices, such as
biopsy needles and ablation catheters, during MMFI-
guided interventional procedures and to display it in real-
time over the multimodal fused images. Cone beam CT
(CBCT)-based navigation technology relies on the co-
registration between an intra-procedural three-dimen-
sional CBCT dataset, generated in the angiography/
fluoroscopy C-arm suite, and live fluoroscopy. Other
cross-sectional imaging modalities, such as CT,MRI, and
PET/CT, can be co-registered with intra-procedural
CBCT, thereby allowing the operator to reference the
multimodal fused images during live fluoroscopy and
combineMMFI guidance with the advantages of ultrafast
x-ray monitoring [27, 28]. CBCT navigation has been used
to guide ablation procedures in oncological patients, but
to date, this technique needs to be more extensively
validated in the field of abdominal oncology.

Clinical value of diagnostic
multimodality fusion imaging in
abdominal and pelvic malignancies

Both PET and MRI are well-established imaging mod-
alities that find many clinical applications in the field of

oncology. The combination of PET with unenhanced CT
for attenuation correction and anatomical localization
has brought hybrid imaging into routine clinical practice
[17]. The diagnostic advantages provided by integrating
anatomical, functional, and metabolic information have
led to the development of combined PET/MRI scanners
and MMFI platforms. Nearly, a decade after the intro-
duction of PET/CT, PET/MRI scanners for simultane-
ous acquisition have become commercially available [18].
These new scanners combine the high sensitivity of PET/
CT in the detection of cancer with the unique features
offered by MRI in the characterization of soft tissues;
these include excellent contrast resolution, options for
multiparametric and functional imaging techniques (e.g.,
dynamic contrast-enhanced perfusion studies and DWI),
and the absence of ionizing radiation [21–23]. The clin-
ical value of retrospective fusion imaging has already
been assessed in various types of tumors and anatomical
regions/organ systems, while the individual value of si-
multaneous PET/MRI in specific oncologic diseases in
the abdomen and pelvis is still under investigation.
Therefore, in this section, we will address both simulta-
neous PET/MRI and retrospective fusion imaging
separately, but we will use the generic term PET/MRI
fusion when addressing issues and concerns that may be
considered common to both modalities. Simultaneous
PET/MRI can be an effective imaging tool for accurate
T-staging of those tumors in which MRI is routinely
employed, in that it offers the benefit of comprehensive
whole-body N- and M-staging in a single examination
[21].

General advantages of multimodal fusion
imaging in TNM staging

Peculiar advantages are expected in the post-surgical
follow-up of patients; in this setting, PET/MRI may be

Table 1. Simultaneous and retrospective image fusion

Simultaneous acquisition (PET–MRI scanners) Retrospective image fusion (dedicated software platforms)

Advantages Limitations Advantages Limitations

‘‘One-stop shop’’ modality Expensive Elaboration and analysis of
previously acquired image
datasets

More time-consuming

Combination of whole-body
MRI and PET

Not widely available Not requiring the physical
presence of MRI, CT and
PET/CT scanners

Partial compensation for different
physiological conditions (bowel
peristalsis and different degrees of
filling of the urinary bladder)

Less time-consuming Less expensive
Acquisition of the two modalities in the

same physiological conditions
Widely available

Automatic compensation for bowel
peristalsis and different degrees of
filling of the urinary bladder

Whole-body MRI and PET

Advantages and limitations of simultaneous acquisition with PET/MRI scanners vs. retrospective image fusion by means of dedicated software
platforms
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used to distinguish a local recurrence of rectal cancer
from fibrous scar tissue by combining the morphological
and functional information of contrast-enhanced MRI
and DWI with the metabolic information of 18F-FDG
PET [23] (Fig. 4). With regard to N-staging, 18F-FDG
PET/CT has improved the anatomical localization of
PET abnormalities and reduced the number of equivocal
PET interpretations, gradually becoming the reference
modality for detecting metastatic lymph nodes in various
types of cancer [29, 30]. However, 18F-FDG activity is
not specific to cancer, since macrophages involved in
inflammatory and infectious diseases can also accumu-
late in this tracer [29]. MRI is superior to CT in the
characterization of the internal architecture of lymph
nodes, since it can reveal the fatty hilum, borders, and
presence of necrosis with high-contrast resolution. By
combining the morphological, functional, and metabolic
features of suspected lymph nodes, PET/MRI fusion
reduces the false-positive rate of stand-alone PET [29]. In

addition, PET/MRI fusion can be of great value in de-
tecting metastatic lymph nodes when they are not dis-
cernible on morphological imaging, including CT and
MRI [4, 30]. Indeed, only morphological and size criteria
are commonly adopted to distinguish between benign
and malignant lymph nodes (i.e., short-axis diameter
>10 mm for an oval lymph node and >8 mm for a
round lymph node in the pelvis) [4, 31] (Fig. 5). With
regard to M-staging, PET/MRI may provide higher di-
agnostic accuracy than PET/CT in peculiar anatomical
sites, including the brain, liver, and bone, where MRI is
able to overcome the limitations of 18F-FDG PET [21].
One straightforward indication for PET/MRI fusion is
the detection of metastases in the liver. Owing to the
relatively high background 18F-FDG uptake of the liver
parenchyma on PET/CT, the detection of liver metas-
tases with low 18F-FDG activity is often impaired,
especially in the case of lesions <1 cm in size [23, 32, 33].
Iodinated contrast medium in PET/CT (i.e., ceCT/PET)

Fig. 3. 31-year-old healthy volunteer. Examples of real-time
co-registration of B-mode ultrasound with a previously ac-
quired fat-suppressed FIESTA MRI sequence by means of
the Virtual Navigator platform implemented on the MyLab
Twice ultrasound system (Esaote Biomedica, Genoa, Italy).
The B-mode ultrasound scan A shows the three supra-hepatic
veins (arrowheads). These vascular landmarks (arrowheads)
are well appreciable also on the MR image B that is displayed
by the software platform in the same dimension and cut-plane
as the B-mode ultrasound image. The bimodal fused MRI/
ultrasound image C demonstrates a precise juxtaposition of

the internal vascular landmarks between the two modalities
(arrowheads). The ultrasound image with the color-Doppler
module D demonstrates the right branch of the portal vein
(asterisk) and two small intrahepatic portal branches (arrows).
These vascular landmarks are also displayed on the fat-
suppressed FIESTA MR image (E). The bimodal fused MRI/
ultrasound image (F) demonstrates precise juxtaposition of
the internal vascular landmarks used as reference points for
the real-time co-registration between the two imaging mod-
alities.
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can improve the detection rate of liver lesions, but,
generally, contrast-enhanced MRI with hepatobiliary-
specific gadolinium-based contrast agents is considered
superior [23, 32, 33]. PET/MRI offers better lesion con-
spicuity and diagnostic confidence than PET/CT. In a
study by Reiner et al. on the detection of liver metastases,
PET/MRI displayed significantly higher diagnostic con-
fidence than ceCT/PET [34]; the higher accuracy of PET/
MRI was mainly observed in small lesions without in-
creased 18F-FDG uptake. By contrast, the PET compo-
nent of PET/MRI enables the detection of lesions with

absent or low conspicuity on morphological imaging [9]
(Fig. 6).

Peculiar applications of multimodal fusion
imaging in abdominal and pelvic malignancies

In abdominal applications, the use of specific non-FDG
tracers, including radiolabeled somatostatin analogs
(68Ga-DOTATOC) and radiolabeled choline derivatives
(18F-fluorocholine and 11C-choline), is required for pe-

Fig. 4. 67-year-old man who had undergone total mesorectal
excision 6 months earlier for an adenocarcinoma of the ex-
traperitoneal rectum. The T2-weighted axial image A shows an
inhomogeneous area in the presacral space with a semisolid
appearance (arrow), which was initially interpreted as cancer
recurrence. The solid component of the lesion is marked with
an asterisk. The ADC map fused and juxtaposed on the T2-
weighted image B demonstrates that the left lateral portion of
the lesion is characterized by restricted water diffusion (as-
terisk). The 18F-FDG PET axial image C demonstrates a focal
accumulation of the tracer in the presacral space with a

SUVmax of 2.2 (asterisk), which was not considered suggestive
of malignancy. The 18F-FDG PET axial scan co-registered with
elastic modality and fused with the T2-weighted axial image D
shows a precise spatial correspondence between the 18F-FDG
accumulation and the presacral lesion (asterisk). On the basis
of the information provided by MMFI, the presacral lesion was
interpreted as a post-surgical collection with granulation tissue
and was managed conservatively. This finding was dimen-
sionally reduced on a follow-up MRI 1 month later. All images
obtained with SmartFusion (Camelot Biomedical Systems,
Genoa, Italy).
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culiar tumor types [4, 23]. In the assessment of early liver
metastases in neuroendocrine tumors, 68Ga-DOTATOC
PET/MRI has shown high diagnostic potential [32].

Fusion imaging between 18F-choline PET and multi-
parametric MRI has also yielded promising results in
prostate cancer patients with biochemical failure after
first-line treatment [4, 35–41] (Figs. 7, 8). In a recent
paper, Piccardo et al. assessed the diagnostic perfor-
mance of retrospectively fused 18F-choline PET/MRI in
detecting the site of recurrence (i.e., local, lymph nodal or
skeletal) in prostate cancer patients who had undergone
external beam radiation therapy [4]. On lesion-based
analysis, accuracy, sensitivity, and negative predictive
value of 18F-choline PET/MRI were significantly higher
than those of both multiparametric MRI and CT [4].
Regarding local and lymph node relapse, a significant
inverse correlation between ADC and SUVmax was no-
ticed [4, 31]. The ADC value measured on DWI se-
quences and the SUV of 18F-choline PET are imaging
parameters that provide quantitative functional and
metabolic data that can be effectively combined with the
morphological information provided by T2-weighted
MRI sequences. The development of size-independent
quantitative parameters to assess the metastatic in-
volvement of lymph nodes has great value in patients
with prostate cancer, in whom up to 80% of lymph node
metastases can be located in normal sized (<8 mm)
lymph nodes [31]. However, a major limitation in the
clinical application of DWI is the lack of a reliable ADC
cut-off value for distinguishing between benign and
malignant lymph nodes [4, 31]. The value of retrospec-
tively fused 18F-FDG PET/MRI has also been explored
in the field of gynecological malignancies. MRI is rou-
tinely performed for accurate T-staging in the preop-
erative work-up of patients with uterine cervical cancer
[29, 30]. In a recent study, Kitajima et al. compared the

diagnostic accuracy of retrospectively fused PET/MRI
with that of both the separate and side-by-side inter-
pretation of MRI, 18F-FDG PET/CT, 18F-FDG PET/
ceCT, and pelvic contrast-enhanced MRI [30]. Fused
PET/MRI, side-by-side reading and stand-alone MRI
yielded the same diagnostic accuracy of 83.3%, which
was superior to that of 18F-FDG PET/ceCT (i.e., 53.3%)
[30]. In cervical cancer, 18F-FDG PET/CT is routinely
employed for N-staging; this is because it can often de-
tect tiny metastatic lymph nodes from 5 to 9 mm in size,
which may not be diagnosed by morphological imaging
[29]. In the detection of lymph node metastases, Kim
et al. reported sensitivity and specificity values of 44.1%
and 93.9% for PET/CT and 54.2% and 92.7% for retro-
spectively fused PET/MRI; in addition, fused PET/MRI
allowed six more metastatic lymph node groups to be
detected [29]. Retrospectively fused PET/MRI can also
be effectively employed for detecting intra-pelvic recur-
rence of gynecological tumors, including local relapse,
lymph node and bone metastases, and peritoneal dis-
semination (Fig. 9). A recent comparative study on the
diagnostic performance of unenhanced PET/CT, PET/
ceCT, contrast-enhanced MRI, and retrospective PET/
MRI image fusion demonstrated that the sensitivity of
fused PET/MRI in diagnosing local recurrence was sig-
nificantly better than that of unenhanced PET/CT
(p = 0.041) [42].

Percutaneous biopsy and ablation
therapies under multimodal fusion
imaging guidance

The role of imaging guidance in percutaneous minimally
invasive interventional procedures is to ensure the pre-
cise, effective, and safe placement of medical instruments
and devices (i.e., biopsy needles, probes, and catheters) in

Fig. 5. 76-year-old man who had undergone external beam
radiation therapy 11 months earlier for prostate cancer
Gleason 7 (3 + 4). Current serum PSA value of 10.1 ng/mL.
The T2-weighted axial image A shows two small left internal
obturator lymph nodes characterized by short-axis diameter
<7 mm (arrow and void arrow). The axial 18F-choline PET
image B shows an area of intense tracer accumulation in the
left aspect of the pelvis. The fused 18F-choline PET/MRI axial

image C demonstrates that only one lymph node (arrow) is
characterized by increased metabolic activity. In this patient,
who also had a local relapse, the lymph node metastasis was
not appreciable on the morphological images, and fusion
imaging significantly contributed to identifying another site of
recurrence. Images obtained with the co-registration tool of
the Virtual Navigator.
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the target lesion [43]. Therefore, imaging guidance is
commonly employed for purposes of pre-procedural
planning and intra-procedural targeting and monitoring,
and there is growing interest in guidance techniques that
are able to combine the advantages of different imaging
modalities [5, 7].

Advantages and limitations of conventional
techniques for image-guided percutaneous biopsy

In routine clinical practice, unenhanced CT and ultra-
sound are commonly used to guide percutaneous inter-
ventional procedures [9]. CT is not a ‘‘real-time’’
guidance modality and provides bi-dimensional axial
slices perpendicular to the z-axis. When oblique planes
are needed for percutaneous device insertion, gantry
angulation can often create adequate windows for safe
access to the targeted structure, but only steep angles
with respect to the z-axis are permitted in the ‘‘off-axis’’
approach [7]. CT fluoroscopy provides cross-sectional
CT images that are reconstructed at reduced spatial
resolution and updated continually at a rate of several
frames per second. However, this ultrafast technique of
acquisition potentially exposes both patients and op-
erators to considerable radiation [44]. Ultrasound is of-
ten considered the ideal tool in most solid organs of the
abdomen as it enables real-time monitoring of the in-
strument track to the target lesion (i.e., real-time tem-
poral resolution), is readily available, mobile, and avoids

ionizing radiation [5, 7–9]. However, ultrasound cannot
always be used to perform image-guided interventions on
abdominal lesions, often because of the lack of an ade-
quate access window, or when the target is small, deep,
and obscured by superimposed structures that com-
pletely reflect the ultrasound beam (i.e., bones or bowel
loops) [9]. In addition, the use of this imaging modality is
not always feasible owing to limitations in the clear de-
piction of either the target lesion (i.e., absent or poor
conspicuity on B-mode ultrasound images) or the sur-
rounding critical anatomical structures to be avoided
(i.e., lack of a comprehensive panoramic view) [9].
Therefore, in such conditions, the operator’s ability and
experience play a prominent role, and operators may
overcome the intrinsic limitations of ultrasound by
means of a ‘‘mental registration’’ of the topographical
and anatomical information provided by other offline
preoperative modalities, such as ceCT, MRI, or PET/CT
[9, 45].

Clinical value of real-time multimodal fusion
imaging in ultrasound-guided interventional
procedures

In selected cases, MMFI platforms can be used to com-
bine the anatomical information from cross-sectional
imaging modalities in ultrasound-guided interventional
procedures in order to achieve and adequate target/tissue
contrast with clear demarcation between the targeted

Fig. 6. 56-year-old man who was recently diagnosed with an
adenocarcinoma of the sigmoid colon. The FIESTA (fast
imaging employing steady-state acquisition) MR image in the
axial plane A demonstrates a small round slightly hyperin-
tense lesion in the V segment of the liver characterized by
very low conspicuity (arrow). The bimodal fused 18F-FDG

PET/MRI image B demonstrates a focal tracer accumulation
that corresponds to the subtle MRI finding (arrow), which was
completely undetectable on the other MRI sequences, in-
cluding fast spin echo T2-weighted and gadolinium-enhanced
LAVA MRI sequences (C). Images obtained with the co-reg-
istration tool of the Virtual Navigator.
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structure and the surrounding anatomy [3, 5, 7]. Using
an MMFI platform (Virtual Navigation System, Esaote
Biomedica S.p.A., Genoa, Italy), Mauri et al. performed
ablation procedures in 295 hepatic tumors detectable on
ceCT or MRI, but completely undetectable by unen-
hanced B-mode ultrasound and either totally unde-
tectable or poorly conspicuous on contrast-enhanced
ultrasound [9]. The rate of successful ablation in these
technically challenging targets was very high (90.2%) [9].
18F-FDG PET/CT is an increasingly important diag-
nostic tool in oncology; on the basis of PET findings,
oncologists are requesting an ever increasing number of
interventional procedures, including biopsies and tumor
ablations [46]. Recent studies have proposed the use of
PET-CT scanners equipped with CT fluoroscopic imag-
ing to assist biopsy procedures in PET-positive lesions
[47–49], but these integrated systems are not widely
available. Therefore, some authors have proposed the
use of MMFI guidance to assist biopsy and ablation

procedures in PET-positive targets with low conspicuity
on B-mode ultrasound [8, 50–53]. Fusion imaging in-
volving 18F-FDG PET, ceCT, and ultrasound can be
effectively used to sample the most metabolically active
portion of tumor masses that show uneven tracer accu-
mulation, or to target the most metabolically active le-
sion among multiple 18F-FDG-avid lesions (e.g., a
cluster of lymphadenopathies displaying uneven tracer
uptake) [8] (Figs. 10, 11). In the field of prostate cancer,
MMFI between multiparametric MRI and transrectal
ultrasound (TRUS) has also been used to guide targeted
biopsy procedures of suspect lesions detected on multi-
parametric MRI. According to a recent meta-analysis,
multiparametric MRI is characterized by a pooled
specificity of 0.88 (95% CI 0.82–0.92) and sensitivity of
0.74 (95% CI 0.66–0.81) for prostate cancer detection,
with negative predictive values ranging from 0.65 to 0.94
[54]. Currently, TRUS-guided biopsy is the reference
standard for prostate cancer detection, but the detection

Fig. 7. 75-year-old man treated with radical prostatectomy
7 years earlier for prostate cancer Gleason 7 (3 + 4). Current
serum PSA value of 3.5 ng/mL. The T2-weighted axial image
A shows hypointense nodular thickening of the remnant of the
left seminal vesicle (arrow), which is hypervascular on both
the gadolinium-enhanced LAVA sequence (B) and the wash-
in perfusion map C juxtaposed on the T2-weighted image.
The ADC map D demonstrates a focal restriction of water

diffusion in the remnant of the left seminal vesicle (arrow). The
axial 18F-choline PET scan E shows a focal accumulation of
the tracer adjacent to the left posterolateral wall of the urinary
bladder (arrow). The fused 18F-choline PET/MRI image F
confirms the spatial correspondence between the focal tracer
uptake and the remnant of the left seminal vesicle (arrow).
Images obtained with the QuantaProstate (Camelot Biome-
dical Systems, Genoa, Italy).
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rate of random TRUS-guided biopsies does not exceed
44% [55]. EM tracking and multiparametric MRI/TRUS
co-registration enable us to combine the real-time intra-

procedural monitoring of TRUS with the potential for
detection and tissue characterization of multiparametric
MRI. On the basis of the most recent literature, the de-

Fig. 9. 42-year-old woman who had undergone hystero-ad-
nexectomy due to an ovarian carcinosarcoma 6 months earlier.
The T2-weighted axial MR image A shows the upper extremity
of thevaginaasa low intensitymedian structurewith an irregular
appearance (arrow). The 18F-FDG PET axial scan B shows a
focal tracer accumulation in themid-lineof thepelvis (arrow) that
wasconsideredhighly suspect for local recurrence.Thebimodal

fused 18F-FDG PET/MRI axial image C well demonstrates that
the focal tracer uptake is located in the right aspect of the upper
portion of the vagina (arrow). The contrast-enhanced CT D of
the pelvis does not show any sign of disease recurrence.
Bimodal fused 18F-FDG PET/CT axial image (E). Images
obtained with the co-registration tool of the Virtual Navigator.

Fig. 8. 72-year-old man with biopsy-proven local recurrence
of prostate cancer after external beam radiation therapy. The
T2-weighted axial image A demonstrates a focal hypointense
nodular lesion in the peripheral portion of the gland, close to
the mid-line (arrow). The bimodal fused 18F-choline PET/MRI

images (B and C) demonstrate, with different degrees of
transparency, the precise spatial correspondence between
the nodular lesion and a focal accumulation of the 18F-choline
tracer (arrows). Images obtained with the co-registration tool
of the Virtual Navigator.
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tection rate of prostate biopsy under multiparametric
MRI/TRUS MMFI guidance seems to be considerably
higher than that of the standard sextant biopsy technique
(i.e., up to 80% for clinically significant cancers) [55–57].

Costs, logistics, and limitations

As discussed above, the simultaneous acquisition of MRI
and PET images has some intrinsic advantages over the
retrospective co-registration of previously acquired im-
age datasets. However, novel integrated PET/MRI sys-
tems cost between $5 million and $7 million U.S. (e4.6
million and e6.4 million) [1, 17, 18]. Part of the cost
burden is related to the clinical and technical require-
ments of the installation site. These requirements may
include advanced MR applications with dedicated coils
for clinical and research purposes and/or high-end PET
components, such as new time-of-flight photodetectors,
which offer great detection efficiency and excellent spa-
tial, energy, and timing resolution [17, 35, 36]. By com-
parison, a new-generation PET/CT scanner with 128
detectors costs between $1.5 and $2 million U.S. (e1.4
and e1.8 million) [1, 18]. PET/MRI is yielding promising
results in the clinical workflow related to oncological
patients. In this regard, PET/MRI may be considered a
one-stop-shop modality for the staging and restaging of
different types of cancers, while avoiding the risk of cu-
mulative ionizing radiation. The main logistic limitations

to the wide clinical implementation of this novel hybrid
technology are costs and space availability [1, 17, 36].
Indeed, PET-MRI systems require a slightly larger phy-
sical environment than commercially available 3T MRI
systems. Software platforms for the retrospective co-
registration of previously acquired image sets are a low
cost alternative to PET/MRI systems. Commercially
available software platforms for retrospective MMFI
cost between $10,800 U.S. (e10,000) and $54,000 U.S.
(e50,000). They need to be connected to a single or
multicenter PACS (Picture archiving and communication
system) in order to guarantee rapid download of the
input data required for the co-registration process [4, 41].
The main limitation of this MMFI technique is that
image sets have been acquired at different times, and thus
only partially compensate for different physiological
conditions [4, 15]. Software platforms for the real-time
co-registration of ultrasound images with previously ac-
quired cross-sectional imaging modalities are imple-
mented in various high-end multipurpose ultrasound
systems [8]. One of the least expensive systems equipped
with the virtual navigator technology costs ap-
proximately $100,000 U.S. (e95,000) [9]. It may be used
for all the conventional clinical applications of ultra-
sonography as well as for guiding ablation and biopsy
procedures on technically challenging targets, with par-
ticular regard to PET-positive lesions with absent or low
conspicuity on morphological imaging [8]. Without this

Fig. 10. 80-year-old man who had undergone surgery for an
adenocarcinoma of the left colon with liver metastasectomy
5 years earlier. The patient was subsequently treated for a
median incisional hernia. On follow-up contrast-enhanced CT
(A), a thick omental plaque was detected at the site of the
mesh repair of the incisional hernia (arrows). The 18F-FDG
PET/CT fused image B demonstrates uneven tracer accu-

mulation that is more evident in the right lateral aspect of the
plaque (arrowhead) with a SUVmax of 6.6. In the transverse
ultrasound scan C, the omental plaque has the same echo-
genicity as the surrounding soft tissues and is characterized
by some hypervascular signals on color-Doppler (D). Images
obtained with the Virtual Navigator.
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novel technology, many of these patients would have
been referred to more invasive treatments (such as sur-
gery); alternatively, more expensive and potentially
harmful imaging modalities (i.e., CT, MRI or
fluoroscopy) would have had to be used for guiding
ablative and biopsy procedures.

However, the co-registration process of real-time ul-
trasound scans with previous PET/CT and ceCT images
is not straightforward, requires well-trained operators
and may be time-consuming, particularly when different
image sets have been acquired in different phases of the
respiratory cycle [3, 8, 9].

Conclusions

Medicine is evolving toward personalized care and this
development entails the integration, amalgamation, and
synchronized analysis of data from multiple sources. A
common problem experienced by radiologists working in
clinical facilities is the time wasted on moving between
different applications and workstations to perform rou-

tine image analysis of multimodality diagnostic datasets.
PET/MRI scanners and MMFI platforms are able to
improve the diagnostic workflow in oncologic patients
and provide exquisite images that aid physicians in the
molecular profiling and characterization of tissues. Ad-
vanced navigation platforms involving real-time ultra-
sound are promising tools for guiding personalized and
tailored mini-invasive interventional procedures on
technically challenging targets.
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