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Abdominal imaging has undergone a significant transformation in recent years, driven
by the rapid evolution of diagnostic technologies and their integration into clinical practice.
With an expanding range of advanced imaging techniques—such as MRI with hepatobiliary
contrast agents [1], diffusion and perfusion imaging [2], contrast-enhanced ultrasound [3],
and spectral imaging via dual-energy, multi-energy, and photon-counting CT [4,5]—there
has been a revolution in disease detection, staging, and treatment planning. These inno-
vations have greatly enhanced diagnostic accuracy and patient care, particularly in the
management of complex abdominal diseases.

Despite these advancements, significant gaps remain in our understanding of certain
disease processes and the optimal utilization of emerging imaging modalities. One of the
key challenges moving forward is the need for further validation and standardization of
newer techniques, such as perfusion imaging and spectral CT, across diverse clinical set-
tings. Additionally, while the potential of advanced imaging in assessing tumor vascularity
and predicting prognosis is promising, more research is required to fully leverage these
capabilities in personalized treatment planning [6].

The contributions to this Special Issue on Imaging Diagnosis in the Abdomen have ad-
dressed some of these gaps by presenting the latest advancements in imaging technology
and its application in the diagnosis of complex abdominal conditions. For example, studies
like Wang et al.’s exploration of multi-slice CT for predicting the pathological risk of gastric
stromal tumors [7] and Zaboriené et al.’s use of dynamic contrast-enhanced MRI for assess-
ing pancreatic cancer [8] highlight the ongoing progress in tumor characterization and risk
stratification. However, while these studies underscore the promise of advanced imaging
techniques, they also point to areas where additional research is needed, particularly in
improving the accuracy of tumor grading and enhancing non-invasive diagnostic strategies.

Looking forward, the future of abdominal imaging will likely be shaped by further
innovations in artificial intelligence (AI) and machine learning (ML) [9,10]. These tech-
nologies have the potential to automate image analysis, improve diagnostic accuracy, and
facilitate real-time decision-making. In particular, AI and ML algorithms could play a
critical role in integrating multimodal imaging data, enabling clinicians to generate more
holistic assessments of disease. Moreover, the increasing role of imaging in monitoring
therapeutic responses, particularly in immunotherapy [11,12], will require new frameworks
to assess treatment efficacy and tailoring interventions.

While this Special Issue highlights the progress made in abdominal imaging, it also
emphasizes the need for continued research to optimize imaging techniques for early
disease detection, enhance diagnostic workflows, and improve patient outcomes. Future
studies should focus on the development of more refined imaging biomarkers, the greater
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standardization of imaging protocols, and the potential applications of artificial intelligence
in clinical radiology. These efforts will undoubtedly be pivotal in advancing the field and
addressing the unmet needs in abdominal imaging.

The research presented in this Special Issue will continue to serve as a valuable
resource, laying the foundation for future investigations and shaping the direction of
abdominal imaging in the years to come.

Funding: This paper did not receive any specific grant from funding agencies in the public, commer-
cial, or not-for-profit sectors.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Using two different energy levels, dual-energy computed tomography (DECT) allows for
material differentiation, improves image quality and iodine conspicuity, and allows researchers the
opportunity to determine iodine contrast and radiation dose reduction. Several commercialized
platforms with different acquisition techniques are constantly being improved. Furthermore, DECT
clinical applications and advantages are continually being reported in a wide range of diseases. We
aimed to review the current applications of and challenges in using DECT in the treatment of liver
diseases. The greater contrast provided by low-energy reconstructed images and the capability of
iodine quantification have been mostly valuable for lesion detection and characterization, accurate
staging, treatment response assessment, and thrombi characterization. Material decomposition
techniques allow for the non-invasive quantification of fat/iron deposition and fibrosis. Reduced
image quality with larger body sizes, cross-vendor and scanner variability, and long reconstruction
time are among the limitations of DECT. Promising techniques for improving image quality with
lower radiation dose include the deep learning imaging reconstruction method and novel spectral
photon-counting computed tomography.

Keywords: dual-energy CT; spectral CT; liver disease; pancreatic disease; dual-source CT; fast kVp
switching; dual-layer detector CT; split-filter; image quality; photon counting

1. Introduction

Spectral or dual-energy computed tomography (DECT) has improved image contrast
resolution by means of acquiring data at two different X-ray tube energy levels, allowing for
the differentiation and quantification of tissue elements and materials with different attenu-
ation properties at different energy levels, including those displaying similar attenuation at
single-energy computed tomography (SECT), such as calcium and iodine [1,2].

Although DECT was first described in the mid-1970s, its introduction into clinical
practice was only possible in 2006 due to technological advances [1,2]. There are different
DECT platforms available: dual-source systems, consisting of two independent X-ray tubes
operating at different energy levels which are then coupled with two independent detectors
mounted orthogonally within the rotating gantry; and systems with a single source. The
latter group includes systems with a source capable of rapidly switching between two
energy levels, those with spectral separation at the level of a specialized detector composed
of two layers with different energy sensitivity, and those with a filter that divides the
spectrum into high- and low-energy beams at the source [1-3]. These systems have variable
hardware requirements and diagnostic performances, subject to continuous improvement.
Recently, photon-counting detector computed tomography (CT) imaging was introduced
into clinical practice. This method is capable of counting and measuring the energy of
individual photons, enabling improved material decomposition and image quality [4].

The postprocessing of DECT images offers a myriad of opportunities. These include
improved contrast-to-noise ratio (CNR) and iodine conspicuity, both of which are capable of
ameliorating diagnostic performance and confidence. Additionally, iodine dose reduction
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is possible, as is a reduction in radiation dose by the creation of virtual non-contrast (VNC)
images [1-3]. These and many other advantages of DECT have resulted in the method’s
widespread use in various clinical applications that keep evolving. In liver imaging, its
use is particularly helpful for lesion detection and characterization, accurate staging and
treatment response assessment, non-invasive quantification of fat or iron liver deposition
and fibrosis, thrombi characterization, and a number of other applications.

The main objective of this article is to review the current applications and challenges
of DECT in liver diseases.

2. Materials and Methods

We conducted a comprehensive narrative review of the literature on the most relevant
current applications of DECT in liver pathology. We searched MEDLINE and Embase
databases for English or Portuguese papers published from January 2010 until December
2022, using the search terms “((((dual energy) OR (spectral)) AND ((computed tomogra-
phy) OR (CT))) AND ((liver) OR (hepatic))) AND ((((((((((disease) OR (pathology)) OR
(diagnosis)) OR (abnormalities)) OR (applications)) OR (advantages)) OR (drawbacks)) OR
(limitations)) OR (future)) OR (advances))”. Out of 1358 articles, we excluded 1 retracted
and 985 duplicates. Out of the remaining 372 papers, those which were most relevant in
relation to the search terms were chosen by means of title and abstract analysis, as well as
article content when justified.

Representative images were obtained using a single-source twin-beam DECT scanner
at 120 kVp (SOMATOM Go.Top, Siemens Healthineers) in the supine position (spiral
pitch factor: 0.3; revolution time: 0.33 s; collimation: 38 x 0.6 mm; reconstruction kernel:
Qr40; noise reduction iterative reconstruction algorithm: SAFIRE strength 3). Scanning
was performed in a dual-energy mode during the late arterial phase or portal venous
phase at a fixed delay of 35 and 70 s after the initiation of IV contrast medium injection,
respectively. Patients received 150 mL of an intravenous nonionic contrast medium with an
iodine concentration of 300 mg I/mL (Iopromide, Ultravist® 300, Bayer AG, Leverkusen,
Germany). This was injected into an antecubital fossa vein at a flow rate of 3 mL/s using a
power injector (MEDRAD® Salient, Bayer AG, Leverkusen, Germany). The post-processing
of the data was performed using Syngo.via® software (Siemens Healthineers, Erlangen,
Germany). Figure editing and schematic representations were performed using Microsoft
Corporation software (Paint S, Version 7.0.3).

3. Results
3.1. Postprocessing Techniques

The postprocessing of dual-energy data can generate a wide range of useful informa-
tion by means of material decomposition algorithms, which produce material-selective
(decomposition images, mapping atomic number and density) and energy-selective images
(reflecting attenuations at a particular photon-energy level). The use of effective atomic
number and electron density maps (Figure 1) allow for semiquantitative assessment of
materials, providing the calculated concentration of a specified material in units of mass
per volume through measurements from a region of interest (ROI). The visual perception
of qualitative differences may be improved via color overlay [5]. Different preselected
materials (e.g., iodine, fat, calcium) may be quantified, color-coded, or subtracted. For
instance, iodine may be superimposed onto grayscale images with a color gradient, gener-
ating iodine maps, or it may be subtracted, generating VNC images (Figure 2) [1,6]. The
number of “decomposed” materials (usually two or three) depends on each manufacturer’s
mathematical model and their density values at different energy levels [7].
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Figure 1. Rho/Z map application. Effective atomic number (Z.) and electron density (Rho) maps
allow for the semiquantitative assessment of materials through measurements drawn within a
region of interest (ROI), providing Z.¢ and HUgy,, measurements which can be used to calculate
the electron density relative to water (pe). In the Siemens platform, the electron density values
(HURp,) are converted into the Hounsfield unit scale, in which water has a value of 0 HU and air
has a value of —1000 HU. The effective atomic number (Z) is presented in units of 1. The numbers
provided in the measured ROI in this figure refer to the attenuation at the Aul120 filter /attenuation at
Sn120 filter /Rho value/Z value.

Although VNC images have shown reliability in multiple studies and may obviate the
need for a true unenhanced acquisition (reducing radiation exposure and scan time), the
attenuation values may vary among vendors and with different patient sizes and acquisition
phases [2,8,9]. In fact, several studies have shown incomplete iodine subtraction in several
abdominal organs, and attenuation differences vary among scanners, software applications,
enhancement phase, body tissue, and patient size [10,11]. Additionally, calcifications may
appear smaller or be unintentionally subtracted, and pre-existing hyperdense material
containing iodine such as lipiodol chemoembolization material may be subtracted and
consequently mistaken for contrast enhancement [2,8,12].

Low- and high-energy images may be reconstructed into 120-kilovolt peak (kVp)-
like images to simulate the standard SECT scans, but these are less affected by beam-
hardening artifacts [1]. Furthermore, the blended energy values may be chosen by the
user (Figure 3), balancing the greater conspicuity of differences in contrast to enhancement
(at the cost of higher image noise) with low energy values with the opposite effect of
high-energy images [7].
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Figure 2. Jodine subtraction and overlay. Iodine may be subtracted, generating virtual non-contrast
images (upper image), or superimposed onto grayscale images, generating iodine maps, at a config-
urable percentage of overlay (50% and 100% in the middle and bottom images, respectively).
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Figure 3. Blended dual-energy image reconstruction. The blended energy values may be chosen
by the user, balancing the greater conspicuity of differences in contrast enhancement (at the cost of
higher image noise) with low energy values, with the opposite effect of high-energy images. In this
example from a TwinBeam DECT scanner (Siemens Healthineers), low- and high-energy beams are
derived from a split-filter of gold (Au) and tin (Sn) at the X-ray tube.

Virtual monochromatic images (VMIs) mimic scans obtained at a single energy (Figure 4),
described in terms of kiloelectronvolt (keV). Low-keV images improve iodine contrast and
lesion conspicuity at the cost of greater noise, whereas high-keV images have less contrast
but reduced beam hardening artifacts (Figure 5) and are susceptible to photon-starvation
artifacts [6,8]. At70keV, these images have shown better objective and subjective image quality
compared to conventional polychromatic 120-kVp images at the same radiation dose [13,14].

Spectral attenuation curves (Figure 6) are plots of X-ray beam attenuation measure-
ments across a range of monochromatic energy levels (from 40 to 190 keV). These may be
helpful in the characterization of specific materials based on the curve morphology [5].
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Figure 4. Virtual monochromatic images (Monoenergetic Plus advanced noise-optimized algorithm)
from 40 keV to 190 keV in the axial plane (portal venous phase) and mixed 120-kVp-equivalent
image (120-Eq). Window settings were kept constant for a more realistic comparability. Note the
greater noise with low-keV images and the similarity of the 70 keV VMIs with the blended 120-kVp-
equivalent image (120-Eq).
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Figure 5. Metal artifact reduction with high-energy VMIs. Virtual monochromatic images (Monoen-
ergetic Plus advanced noise-optimized algorithm) at 70, 100 and 120 keV in the axial plane (portal
venous phase) show improved luminal depiction of a metallic biliary stent (arrow) with higher
monoenergetic levels due to metal artifact reduction.
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Figure 6. Spectral attenuation curves obtained from iodinated blood in aorta (1), liver parenchyma
(2), bile in the gallbladder lumen (3), and abdominal wall fat (4). These are plots of X-ray beam
attenuation measurements across a range of monochromatic energy levels, which may be helpful
in the characterization of specific materials based on the curve morphology. Note the increasing
attenuation of iodine (high atomic number material) at lower energies, as opposed to water materials
(stable) and fat (decreasing).
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3.2. Liver Diseases
3.2.1. Lesion Detection and Characterization
Hypervascular Lesions

Iodine is better depicted at lower-energy states given its low K-edge of 33.2 keV
(material-specific minimum energy above which the attenuation peaks) and predomi-
nance of photoelectric interaction [2,15]. Therefore, the use of low tube voltage (80 kVp)
can improve the visualization of hypervascular focal liver lesions, with lower radiation
dose than exhibited by other methods. However, this comes at the cost of greater image
noise [15]. Low-keV VMIs derived from DECT (from 40 to 70 keV) improve the detection of
hypervascular liver lesions, including hepatocellular carcinoma (HCC) and hypervascular
metastases [2,16,17]. Still, the selection of the optimal monoenergetic level is limited by the
nonlinear behavior of noise with lowest-energy keV and by the patient body size [3,18].
These limitations were overcome with the development of an advanced noise-optimized
VMIs reconstruction algorithm which combines the greater iodine attenuation at low virtual
energies with the lower image noise at higher energies, providing improved diagnostic
accuracy for detection of hypervascular lesions (Figures 7 and 8) [19]. Optimal monochro-
matic image sets have been determined in multiple studies (mostly 40 to 50/55 keV, the
latter often preferred due to less image noise) [19-23].

Figure 7. Hypervascular liver metastasis from a pancreatic neuroendocrine tumor, better depicted
with low-energy VMIs (70, 50 and 40 keV) obtained from contrast-enhanced DECT in the arterial
phase. Postprocessed low-energy VMIs (Monoenergetic Plus advanced noise-optimized algorithm)
show the improved conspicuity of the lesion (arrow) compared to the blended 120-kVp-equivalent
image (120-Eq) at the cost of increased image noise.

11



Diagnostics 2023, 13, 1673

Figure 8. Multifocal hepatocellular carcinoma, better depicted with low-energy VMIs (70, 50 and 40 keV)
obtained from contrast-enhanced DECT in the arterial phase. Postprocessed low-energy VMIs (Mo-
noenergetic Plus advanced noise-optimized algorithm) show improved conspicuity of the larger lesion
(arrow) compared to the blended 120-kVp-equivalent image (120-Eq) and allow the depiction of a smaller
and more subtle lesions at lower keV (arrowhead) at the cost of increased image noise.

Low-energy VMIs also improve the detection of delayed enhancement in tumors
with abundant desmoplastic reaction or fibrosis such as cholangiocarcinoma or combined
hepatocellular carcinoma-cholangiocarcinoma [24].

Spectral attenuation curves may allow for an accurate discrimination between benign
and malignant liver lesions [3,25,26], as well as for the differentiation of primary and
metastatic liver neuroendocrine tumors [27].

Early recognition of portal vein and microvascular invasion from HCC is crucial for
treatment decisions. Conventional CT only depicts larger vessel invasion, but several
DECT parameters can accurately predict microvascular invasion [28]. Iodine quantification
correlates with microvessel density and is strongly related with perfusion SECT parameters
in HCC, with significantly lower radiation dose [29,30]. Combined with perfusion analysis,
DECT predicts microvascular invasion, capsular invasion, and tumor grade, although it
does so with a higher radiation dose exposure [31]. Peritumoral and intratumoral volumet-
ric iodine concentration (IC), when used during the arterial phase (Figure 9), are useful for
predicting microvascular invasion due to the significantly higher peritumoral normalized
iodine concentration (NIC) [32]. Higher values of preoperative NIC in the arterial phase pre-
dict early recurrence after resection, meaning it can be a valuable predictive biomarker [33].
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Figure 9. Iodine quantification of hepatocellular carcinomas (HCC). Intratumoral iodine concen-
tration (left image) and normalized iodine concentration (right image) of HCC in two different
patients, measured in the arterial phase. Higher values of preoperative iodine concentrations
in the arterial phase predict early recurrence after resection, meaning that they can be valuable
predictive biomarkers.

Hypovascular Lesions

The detection of hypovascular liver lesions is also improved with DECT, namely with
the use of low kVp data, blending techniques, and monoenergetic imaging [3]. At low-keV
images, these lesions show lower attenuation compared to the parenchyma in the portal
venous phase (Figure 10) [34]. Optimal reported energy levels for lesion detectability have
mostly ranged 40 and 50 keV [35-37], but may also be as high s 70 keV [38,39]. A study
also reported highest CNR at 190 keV [40]. The improved definition of margins is useful in
assessing the extent of diffuse infiltrative lesions [34].

Iodine maps are helpful in characterizing small hypoattenuating liver lesions, either
found incidentally or in patients with a primary malignancy, thus allowing for the distinc-
tion between cysts and metastasis based on the absence or presence of iodine within the
lesion (Figure 11) [41]. A threshold of 1.2 mg/mL in IC during the portal venous phase
(at a fixed delay of 70 s after administration of 150 mL of iopamidol with a concentration of
300 mg I/mL at a flow rate of 3 mL/s) has been found to allow for better differentiation
between benign and malignant small hypoattenuating lesions compared to the results
obtained from conventional attenuation measurements [42]. In addition, the analysis of
the spectral attenuation curve helps to confirm the presence of enhancement in equivocal
cases, revealing an exponential increase in attenuation at lower-energy levels, as opposed
to pseudoenhancement, which exhibits a flatter curve (Figure 12) [5]. Complex cysts may
be also distinguished from simple cysts by means of subtle enhancement depiction [43].
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Figure 10. Improved depiction of a hypovascular liver lesion with low-energy VMIs. Contrast-
enhanced DECT images in the portal venous phase show a hypovascular liver lesion (arrows). Post-
processed low-energy VMIs (Monoenergetic Plus advanced noise-optimized algorithm by Siemens
Healthineers) show improved conspicuity of the lesion margins compared to the blended 120-kVp-
equivalent image (120-Eq) at the cost of increased image noise.

Liver abscesses can be difficult to differentiate from liver metastasis that develops
central necrosis or cystic changes. Quantitative analysis performed by DECT has proven
to be helpful as metastasis exhibits higher density, effective atomic number and iodine
concentration, and lower fat concentration compared to abscesses. Additionally, the IC in
the lesion wall in the venous and delayed phases is significantly higher for abscesses [44]. It
is also helpful for differentiating liver abscesses from necrotic HCC [45] or small intrahepatic
mass-forming cholangiocarcinomas [46].
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Figure 11. Iodine maps for characterization of hypodense liver lesions. Blended and iodine overlay
images from contrast-enhanced DECT images in the portal venous phase in three different patients
show small hypodense lesions with iodine densities of 2.6 mg/mL (a) and 1.2 mg/mL (b) in the cases
of liver metastasis from carcinoid tumor and colorectal cancer, respectively, as opposed to simple
liver cysts in the bottom images (c), which present less than 1 mg/mL of iodine concentration.
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Figure 12. Spectral attenuation curves to confirm the presence of enhancement. Iodine overlay
images from contrast-enhanced DECT images in the arterial phase show two small hypodense lesions
with iodine density of 1 mg/mL. The superior lesion shows an exponential increase in attenuation at
lower energy levels (white curve and circle), as opposed to pseudoenhancement from a cystic lesion,
which exhibits a flatter curve (blue curve and circle). The yellow curve and circle correspond to liver

parenchyma measurement and is shown for reference.
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3.2.2. Treatment Response Evaluation

Sized-based tumor classification systems used to evaluate treatment response, such as
version 1.1 of the response evaluation criteria in solid tumors (RECIST 1.1), are limited by
variability in lesion target selection or measurement and by the non-consideration of lesion
perfusion or composition (lesions with necrosis or myxoid degeneration may remain stable
or increase in size despite successful treatment response) [5,6]. This is particularly prob-
lematic with emerging immunotherapy agents associated with unconventional response
patterns (i.e., pseudo-progression) [6]. Antiangiogenic drugs can also be used to reduce
vascularity without changing tumor size. Given its improved capability of vascularity
assessment, DECT may serve as a reliable biomarker for tumor viability [5]. The evalu-
ation of HCC angiogenesis with iodine quantification from DECT has shown promising
results in animal models [6,47]. Volumetric iodine uptake changes from DECT iodine
maps are also valuable for therapy response assessment in advanced HCC patients treated
with sorafenib [48].

When evaluating HCC submitted to radiofrequency ablation (RFA), IC allows for
accurate differentiation between residual or recurrent HCC, inflammatory reaction zone,
and RFA lesions [49]. These parameters have shown the ability to predict the value of HCC
progression well within 12 months [50].

In the early assessment after microwave ablation of HCC, 50 keV VMIs provide
improved image quality and diagnostic confidence at determining technique efficacy.
Additionally, IC is significantly higher in residual tumor compared to the reactive hyper-
emic rim [51,52].

Transarterial chemoembolization (TACE) is usually performed with a mixture of
chemotherapeutic agents and lipiodol, followed by the administration of an embolic agent.
Lipiodol deposition within the tumor correlates well with necrosis and predicts tumor
recurrence and survival rate. It is not well observed in magnetic resonance imaging
(MRI) [53], and its density impairs the detection of enhancing tumor on SECT [54]. Dual-
energy CT is capable of lipiodol quantification, allowing more accurate detection of residual
or recurrent disease [53-55]. Before TACE, NIC values in the arterial phase closely correlates
with the grade of lipiodol accumulation in tumors, meaning it may be a parameter used
for the selection of patients who are more likely to benefit from the treatment [56]. After
TACE, the arterial phase spectral curve is steeper in the active tumor areas compared
to necrotic areas, and the arterial iodine fraction is very good for differentiating tumor
active area and adjacent normal hepatic parenchyma (Figures 13 and 14) [57]. Iodine
overlay images are capable of discriminating between enhanced viable lesions and iodized
oil accumulations [58].

A novel embolic bead has been proposed which would use bismuth as the radiopaci-
fier, distinguishable from iodine on DECT, allowing for the identification of non-targeted
delivery or undertreated tumors despite the presence of iodinated contrast agent. Fur-
thermore, iodine-based and bismuth-based beads have the capacity to be loaded with
different chemotherapy or immunotherapy drugs, allowing dual drug delivery. In vivo
safety studies are still needed [59].

The degree of enhancement uptake after yttrium-90 radioembolization has proven
to be a valuable tumor response marker [60]. The volumetric iodine uptake changes in
intermediate-advanced HCC can predict response and correlate with overall survival [61].

An excellent correlation has also been demonstrated between DECT parameters and
the Choi criteria for treatment response evaluation in liver metastasis from gastrointestinal
stromal tumor [62]. This task is particularly difficult due to the presence of treatment-
related changes including hemorrhage and calcification, which may have less influence
on iodine concentration. A recent study introduced DECT vital iodine tumor burden
criteria for posttreatment evaluation in these patients; these outperform RECIST 1.1 and
mChoi criteria [63].
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Figure 13. Iodine quantification and spectral attenuation curve analysis obtained from DECT during
the arterial phase after transarterial chemoembolization of hepatocellular carcinoma with doxorubicin-
eluting microspheres in two different patients. Top images show a hypodense area with iodine density
of —0.4 mg/mL and a flat spectral attenuation curve (white curve and circle), consistent with necrotic
area. The bottom images show a hypodense area with iodine density of 0.9 mg/mL and a flat spectral
attenuation curve (blue curve and circle), with a peripheral thick rim exhibiting iodine density of
4.1 mg/mL and a steep descending spectral attenuation curve (white curve and circle), indicative of
active tumor. Yellow curves and circles correspond to liver parenchyma measurements, for reference.
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Figure 14. Spectral attenuation curve analysis obtained from DECT during late arterial phase after
transarterial chemoembolization (TACE) of hepatocellular carcinoma (HCC) with doxorubicin-eluting
microspheres. Recurrent HCC in the left lobe (1) exhibits a steep descending spectral attenuation
curve, as opposed to the liver parenchyma (2) and the necrotic area of previous TACE (3).

3.2.3. Diffuse Liver Diseases

Although biopsy is still the reference standard for diagnosing diffuse liver disease,
it is invasive and not adequate for monitoring its progression. Regarding non-invasive
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techniques, MRI is still the most accurate but is contraindicated in some patients [6],
expensive and not widely available [64,65].

Fat Deposition

Liver steatosis is associated with metabolic syndrome and non-alcoholic fatty liver
disease (NAFLD), which affects 30% of the American and European population [66]. It
may progress to steatohepatitis and is currently the main reason for cirrhosis develop-
ment [6,8]. This occurs in about 20% of patients with NAFLD, making early detection of
liver fat and implementation of control measurements essential [6]. Chemotherapy also
contributes to the increasing incidence of liver steatosis [67]. It may induce a specific form
of steatohepatitis and worsens patient prognosis [68].

Dual-energy CT can provide reliable material composition estimation without the
need for unenhanced acquisitions (Figure 15) [6,69,70]. However, it has shown lower
performance for fat quantification compared to SECT and has a moderate correlation with
MR spectroscopy [66]. Still, a significant correlation has been found between liver fat
percentage obtained from a multi-material decomposition algorithm and attenuation mea-
surements. A 10% threshold of liver fat was highly sensitive and specific for predicting the
non-contrast CT attenuation indicative of moderate to severe steatosis [65]. Others found a
strong correlation between hepatic fat fractions obtained from DECT and those obtained
from MRI, without observing significant differences across different scanning phases [71].

For VNC images, a liver attenuation of <40 Hounsflied units (HU) is highly specific
and positively predictive for moderate to severe steatosis using unenhanced SECT criteria,
supporting their reliability despite the mild overestimation of liver attenuation compared to
true unenhanced images (by 5.4 UH) [72]. A recent study performed using proton density
fat fraction MRI as the reference standard found only a moderate correlation between VNC
attenuation values and liver fat content with 57-68% sensitivity, but discovered high (>90%)
specificity for diagnosis of steatosis [73]. Others found comparable diagnostic performance
of CT parameters measured in VNC and true unenhanced images for diagnosing liver
steatosis [74-76]; however, further studies are needed if we are to be able rely on VNC
values for the diagnosis of liver steatosis.

On the opposite side, hepatic fat quantification of low-dose unenhanced DECT (vol-
umetric CT dose index of 2.94 mGy) strongly correlates with MRI proton density fat
fraction and provides an excellent diagnostic performance for diagnosis of the fatty liver
with a cutoff value of >4.61%. This method could be an option for specific workup of
hepatic steatosis [77].

Early studies have also used attenuation differences and curves from low- and high-
energy VMIs to grade the severity of fat infiltration. Given its unique property of greater
attenuation of high-energy X-rays compared to low-energy X-rays, fat would appear
brighter on subtracted images (lower-keV image subtracted from higher-keV image) [67].

Iodine concentration values during the portal venous phase may additionally improve
the diagnosis of steatosis in contrast-enhanced CT, being significantly lower in fatty livers
compared to healthy liver patients, which is possibly due to a lower interstitial distribution
of iodine [78].
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Figure 15. Liver fat quantification using dual-energy CT in two different patients. Fat fraction
color-coded maps generated from DECT images in the axial plane show no fat infiltration in the first
patient (a) and different fat fractions obtained from three regions of interest in another patient (b).

Iron Deposition

Iron deposition occurs in chronic liver diseases of multiple causes. This may lead to
liver damage and increases the risk of cirrhosis and HCC [6,8,12,79].

The difference between liver attenuation at high- and low-energy acquisitions has
shown strong linear correlation with MR R2* relaxometry techniques for estimating iron
deposition [6,80]. Virtual iron content determination (3-material decomposition algorithm)
has also shown a correlation with serum ferritin levels and displayed sensitivity and
specificity comparable to MR R2* relaxometry, but only for clinically relevant liver iron
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concentration thresholds [6,81]. Despite the good diagnostic accuracy for cases of moderate
to severe iron overload, DECT quantification results vary where MRI quantification is
limited due to extremely rapid signal decay [8,79], especially for low-grade deposition [8],
and a large cohort is still needed for validation to confirm the accuracy and robustness of
the method [6,24,82]. Furthermore, maximized spectral separation is important and patient
size may impact iron quantification [83].

The opposite effect of fat and iron deposition in CT attenuation limits the assessment
of their concurrent accumulation on SECT. Being capable of specific material quantification,
DECT may overcome such limitation [8]. However, significant fat deposition may lead to an
underestimation of iron accumulation [84]. Being based on a three-tissue decomposition al-
gorithm (iron, soft tissue, and fat), virtual iron content images has the potential to eliminate
the effect of fat on iron quantification, but this still requires further investigation [80,85].

Fibrosis

The staging of liver fibrosis is relevant for patient prognosis as early stages may
be reversed by treating or controlling the causative factor. The most commonly used
imaging tests for diagnosis are MRI and ultrasound elastography. Several CT methods
for staging fibrosis have been described but may require specialized software and high
radiation dose [8].

The extracellular space expansion induced by the deposition of collagen fibers is
strongly correlated with the degree of fibrosis and may be quantified [34]. The hepatic
extracellular volume fraction (fECV) on SECT, indicating the absolute contrast enhancement
at the equilibrium phase, requires two acquisitions, larger amounts of contrast media,
and is prone to misregistration errors. Dual-energy CT allows researchers to perform an
accurate quantification of iodine contrast material based only on the equilibrium phase.
Multiple studies have shown good results in estimating the degree of fibrosis [64,86].
Both equilibrium phase images at 180 s and 240 s have been used (the latter with slightly
greater correlation coefficient) [64]. A 10 min phase has also been proposed, theoretically
allowing for greater diffusion of contrast [87]. However, a different study obtained similar
results with equilibrium phase images at 180 s and 10 min [88]. Still, existent studies
are heterogeneous, with different scanners and protocols, and many rely on liver biopsy
specimens, predisposing these methods to staging misclassifications due to heterogeneous
fibrosis distribution [64]. Therefore, validation of the use of fECV calculation in DECT for
liver fibrosis quantification requires further investigation [8,24].

The hepatic fECV has also been obtained from iodine density maps [89]: liver fibrosis
leads to reduced portal flow, with a consequent drop in IC, and the hepatic arterial buffer
response increases the IC during the arterial phase (Figure 16) [90]. Several studies have
shown good correlation between IC and NIC and histologic fibrosis and cirrhosis, although
different scanning phases were used [89-92]. The ratio between IC at arterial and portal
venous phases is another promising quantitative parameter [90,93]. Iodine slopes calculated
from liver IC at the equilibrium phase, as well as either the arterial or portal venous phase,
also correlate positively with the model for end-stage liver disease (MELD) score [94].

A lower iodine washout rate, calculated from portal venous and 3 min delayed phases,
has also been reported in patients with clinically significant fibrosis and cirrhosis, providing
improved accuracy compared to fECV [95].
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Figure 16. Liver fibrosis staging with dual-energy CT. The extracellular space (ECS) expansion
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induced by fibrosis may be quantified by measuring iodine concentration (IC), which increases in
the delayed phase. Additionally, reduced portal flow with hepatic arterial buffer response in liver
fibrosis leads to reduced IC during portal venous phase and increased IC during the arterial phase.
NIC—normalized IC.

3.2.4. Trauma

The liver is the second most commonly injured abdominal organ in polytraumatic
patients. Important treatment decisions are often performed based on initial CT scans
in order to stratify patients who need immediate surgical or angiographic management.
Dual-energy CT methods can provide valuable information about the visceral enhance-
ment, vascular injury, and presence of active bleeding. They can accurately differentiate
between hemorrhage and calcification and reduce metal-related artifacts that may lead to
serious interpretation difficulties [96]. Low-keV images improve the detection of organ
lacerations [96,97].

3.2.5. Vascular Applications

The use of low-keV VMIs allowed us to obtain better objective and subjective image
quality for the evaluation of hepatic vasculature [98-100]. These allowed for a 25.4%
reduction in iodine contrast load [101].

Several factors may impair the quality of liver enhancement, including chronic liver
disease, altered hemodynamics, inadequate timing of acquisition, and contrast dose savings
in patients with renal dysfunction. Low-energy VMIs showed significant CNR improve-
ment in images obtained with poor intrahepatic contrast enhancement (Figure 17) [102].

Iodine concentration in the portal venous phase is a promising noninvasive measure
for accurately assessing portal venous hypertension, showing strong correlation with direct
portal venous pressure [103]. Furthermore, it can be used to assess liver blood flow changes
after transjugular intrahepatic portosystemic shunt placement based on changes in the
quantitative indices of iodine density [104].

Up to 44% of patients with HCC develop malignant portal venous thrombosis (PVT),
worsening prognosis and limiting treatment options. Therefore, it is important to distin-
guish this from bland thrombosis. Thrombus enhancement in the late arterial phase is
the most specific sign which suggests a malignant nature. Iodine maps obtained from
DECT allow for an accurate noninvasive characterization of PVT, although the opti-
mal scanning phase for thrombus quantification and the optimal iodine threshold are
yet to be defined [6,105]. The use of low-keV VMIs (best at 40 keV) significantly im-
proved the diagnostic performance for the detection of PVT compared to other DECT
reconstruction algorithms [106].
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Figure 17. Improved vascular depiction with low-energy VMIs (Monoenergetic Plus advanced noise-
optimized algorithm) in a scan with poor intrahepatic contrast enhancement due to the inadequate
timing of acquisition.

3.3. Limitations

Current DECT technology is still limited by the significant inter-vendor variability
in material-specific decomposition methods, such as in terms of monochromatic data and
iodine quantification. Attenuation measurements in VNC images in different organs and
scanner settings also need to be compared among those of other vendors. Besides, iodine
quantification accuracy is also influenced by other factors related to the patient (e.g., body
habitus size) and scanner generation [6].

Dual-energy CT is prone to unique artifacts related with the image post-processing,
including subtraction-related artefacts (e.g., inadvertent subtraction of calcifications) [107].
Small lesions are susceptible to volume-averaging originating pseudoenhancement and
treated avascular lesions may resemble simple cysts [5].

Workflow limitations related to the increased reconstruction time have been improved
with multiple strategies, including the use of lighter workstations or integration of post-
processing software in remote workstations [6]. However, large amounts of data require
capacious storage systems and demand more interpretation time [73].

Clinical practice decisions, including patient and exam type selection for dual-energy
scanning and image reconstruction, have also been limitative. A multi-institutional consen-
sus suggested the use of standardized abdominopelvic CT protocols, recommending DECT
in specific scenarios [108].

3.4. Future Perspectives

Radiomics analysis uses advanced mathematical algorithms to extract information from
imaging data in order to generate patterns of pathological processes that are beyond visual im-
age interpretation. Although limited, promising results have been published for the potential
applications of DECT-based radiomics, including in areas of nodal metastasis prediction in

24



Diagnostics 2023, 13, 1673

several cancers, the differentiation of solid benign and malignant liver and pancreatic lesions,
or the discrimination of normal liver from steatosis and cirrhosis [6,109-111]. However, the
limited reproducibility of radiomic features from DECT has been reported [112].

Deep learning imaging reconstruction techniques performed using convolutional neural
networks improve CT image quality [8]. These algorithms have demonstrated improved con-
spicuity of hepatic lesions on DECT [113-115], and the automatic localization and classification
of liver lesions [116]. Artificial intelligence is also capable of improving liver segmentation
and fat quantification as well as predicting the occurrence of metastatic disease [117,118].

The capability of differentiating between contrast agents with different attenuation
properties at low- and high-energy has allowed researchers to perform simultaneous imaging
with two contrast agents, providing different vascular phases in a single acquisition [119].

Novel photon-counting detectors convert incident X-rays into individual moving
charges that create a current and a signal directly proportional to individual photon en-
ergy [6]. Providing more discrete information, photon-counting CT imaging enables
K-edge imaging and the differentiation of more than two materials, [4] improving the
conspicuity and delineation of tumors. Thinner slices at equivalent radiation doses reduce
partial volume averaging. Furthermore, the occurrence common deleterious image arti-
facts is markedly reduced with the elimination of electronic noise and dose efficiency is
improved [120]. An in silico study provided dual-contrast liver imaging with a single-
scan after the sequential injection of a gadolinium-based contrast agent (providing arterial
enhancement) and an iodine-based contrast agent (providing portal venous enhance-
ment) [121]. This was also validated in rabbits. Future studies are needed to determine the
optimal parameters for a clinical protocol [122]. The liposomes or nanoparticles needed to
incorporate less biocompatible molecules are under investigation [123].

4. Conclusions

Dual-energy CT has unique capabilities of material differentiation and quantification,
provides improved diagnostic performance among many disease processes, allows for the
reduction of iodine contrast and radiation dose, among many other advantages over the
SECT method. Its value has been proven in many clinical applications, including in the
treatment of liver disease. Lesion detection and characterization, accurate staging and
treatment response assessment, non-invasive quantification of fat/iron liver deposition and
fibrosis, and thrombi characterization are among the most valuable uses of DECT (Table 1).
Current limitations include reduced image quality with larger body sizes, cross-vendor and
scanner variability, and long reconstruction time. Deep learning imaging reconstruction
and the novel spectral photon-counting CT methods are promising techniques for obtaining
improved image quality and diagnostic accuracy with lower radiation dose.

Table 1. Summary of current applications of dual-energy CT in liver pathology.

Pathology

Application [Reference Number]

Lesion detection and
characterization

- Low-energy VMIs (40-55 keV) improve the detection of hypervascular [2,16,17,19-23]
and hypovascular liver lesions [34-37].

- Spectral attenuation curves allow for discrimination between benign and malignant
liver lesions [3,25,26].

- Iodine quantification in HCC can predict microvascular invasion [28-32] and early
recurrence after resection [33].

- Iodine quantification [41-43] and spectral attenuation curves [5] are helpful in
characterizing small hypoattenuating liver lesions.

- Quantitative analysis may help to differentiate liver metastasis from abscesses [44],
necrotic HCC [45] or small intrahepatic mass-forming cholangiocarcinomas [46].
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Table 1. Cont.

Pathology Application [Reference Number]
- Iodine quantification may be a reliable biomarker for tumor viability in HCC treated
with antiangiogenic drugs [5,48], radiofrequency ablation [49], microwave ablation
Treatment response evaluation [51,52], TACE [53-55,57,58], and yttrium-90 radioembolization [60].

- Iodine tumor burden criteria for posttreatment evaluation in liver metastasis from
GIST outperforms RECIST 1.1 and mChoi criteria [63].

Diffuse liver diseases

- Liver fat percentage obtained from a multi-material decomposition algorithm shows a
strong correlation with fat fractions obtained from MRI [71].

- Virtual iron content determination (3-material decomposition algorithm) shows
comparable sensitivity and specificity to MR R2* relaxometry, but only for clinically
relevant liver iron concentration [6,82].

- The hepatic extracellular volume fraction (fECV) obtained with DECT, either from the
absolute contrast enhancement at the equilibrium phase [64,86] or from iodine
quantification, shows good correlation with liver fibrosis and cirrhosis [89-92].

Trauma

- Low-keV images improve the detection of liver lacerations [96,97].
- Iodine-selective images are useful for evaluating visceral enhancement, vascular
injury, and the presence of active bleeding [96,97].

Vascular applications

- Low-keV VMIs improve the evaluation of hepatic vasculature [98-100,102] and allow
for a 25.4% reduction in iodine contrast load [101].

- Iodine concentration is a promising tool for assessing portal venous hypertension
[103] and blood flow changes after TIPS placement [104].

- Low-keV VMIs (40 keV) improve the detection of PVT [106] and iodine maps allow for
differentiation between malignant and bland PVT [6,105,106].
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Abstract: Hepatocellular carcinoma (HCC) remains not only a cause of a considerable part of onco-
logic mortality, but also a diagnostic and therapeutic challenge for healthcare systems worldwide.
Early detection of the disease and consequential adequate therapy are imperative to increase patients’
quality of life and survival. Imaging plays, therefore, a crucial role in the surveillance of patients
at risk, the detection and diagnosis of HCC nodules, as well as in the follow-up post-treatment.
The unique imaging characteristics of HCC lesions, deriving mainly from the assessment of their
vascularity on contrast-enhanced computed tomography (CT), magnetic resonance (MR) or contrast-
enhanced ultrasound (CEUS), allow for a more accurate, noninvasive diagnosis and staging. The
role of imaging in the management of HCC has further expanded beyond the plain confirmation of a
suspected diagnosis due to the introduction of ultrasound and hepatobiliary MRI contrast agents,
which allow for the detection of hepatocarcinogenesis even at an early stage. Moreover, the recent
technological advancements in artificial intelligence (Al) in radiology contribute an important tool for
the diagnostic prediction, prognosis and evaluation of treatment response in the clinical course of the
disease. This review presents current imaging modalities and their central role in the management of
patients at risk and with HCC.

Keywords: hepatocellular carcinoma; computed tomography; ultrasound; magnetic resonance
imaging; artificial intelligence

1. Introduction

Liver malignancies undoubtedly represent a global health challenge, with an estimated
annual incidence of more than one million cases in 2025 [1]. Primary liver cancer is the
sixth most commonly occurring cancer in the world and the third largest contributor to
oncologic mortality [1].

Hepatocellular carcinoma (HCC) accounts for a great majority of liver cancer diagnoses
and deaths [2].

Although hepatitis B virus (HBV) and hepatitis C virus (HCV) remain the most
important global risk factors worldwide, their impact on the rise of HCC will decline in
Western countries due to the availability of increasingly efficient antiviral therapies and
preventive policies [3]. As overweight will become endemic worldwide, non-alcoholic fatty
liver disease (NAFLD) is likely to become the major contributor to the epidemiology of
HCC in the coming years, with a higher risk of incidentally detecting large liver nodules
also in younger asymptomatic patients [4]. Other established risk factors of HCC are
alcohol consumption [5] and idiopathic liver diseases (e.g., hemochromatosis or primary
sclerosing cholangitis) [6].

As a result of several studies on HCC pathology published in the past years, hepato-
carcinogenesis is well established nowadays. In cirrhotic livers, metabolic and oxidative
insults cause an increased turnover of hepatocytes with a progressive accumulation of
genetic mutations [7]. Notably, during the progression from cirrhotic nodules through
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dysplastic nodules and early HCC to advanced HCC, portal tracts progressively diminish,
whereas newly formed unpaired arteries develop due to the tumoral release of vascular
endothelial growth factor (VEGF) [7]. Therefore, HCC nodules present a more notable arte-
rial supply as compared to the healthy surrounding parenchyma with the typical greater
supply from the portal vein.

Among all the tested serum biomarkers, alpha-fetoprotein (AFP) has proven to im-
prove diagnostic efficiency and to be useful in the evaluation of treatment response in
patients with HCC [8].

Unfortunately, the prognosis of patients with HCC remains poor thus far, with an
overall ratio of mortality to incidence of 0.91 [9]. However, the accelerated introduction of
novel therapeutic modalities is expected to lead to a more favorable scenario. Indeed, due
to the recent advances in the oncologic armamentarium, the Barcelona Clinic Liver Cancer
(BCLC) treatment strategy was updated in 2022, including the latest evidence of promising
medical and interventional therapies [10].

As a matter of fact, in patients at risk, surveillance plays a pivotal role in the detection
of small HCC nodules, whose treatment may consist of less invasive and more effective
therapies (e.g., percutaneous thermal ablation, surgical excision) [11].

As stated by the latest clinical practice guidelines, published by the European Associa-
tion for the Study of the Liver (EASL) [12] in 2018, HCC is unique among other cancers in
showing typical characteristics on contrast-enhanced computed tomography (CT), mag-
netic resonance imaging (MRI) or contrast-enhanced ultrasound (CEUS), thus allowing for
a highly accurate diagnosis of HCC in patients with cirrhosis. As a result, mini-invasive
percutaneous imaging-guided biopsy is strongly recommended for liver nodules with an
atypical contrast enhancement [13] or in non-cirrhotic patients [14].

The ability of cross-sectional imaging studies to reliably detect and diagnose HCC in
the cirrhotic liver relies primarily on characterizing the enhancement of a suspected lesion
as compared to the background liver parenchyma in the hepatic arterial, portal-venous and
subsequent phases. The abovementioned differences in the blood flow and extracellular
volume between HCC tissue and non-neoplastic cirrhotic liver tissue result in the hallmark
imaging characteristics of HCC during the multiphasic flow of contrast, including arterial
phase hyperenhancement, subsequent wash-out appearance and capsule appearance [15].

CEUS is a dynamic imaging technique, able to assess the contrast-enhancement pat-
tern of liver nodules in real time, with a considerably higher temporal resolution than that
possible to obtain with CT and MRI [16]. CEUS, however, presents some important draw-
backs. First of all, CEUS is not a cross-sectional imaging modality, thus not allowing for the
detection of distant nodules not seen or included by the operator in the scan after contrast
injection. Moreover, ultrasound (US) examination is an operator-dependent modality and
may be limited in the detection of nodules in overweight patients or nodules with a difficult
location [17].

MRI offers a number of detailed imaging sequences, including T2-weighted and
diffusion-weighted images, which may help in the detection of suspicious nodules, al-
though baseline images rarely provide sufficient specificity to enable noninvasive diagnosis.
Furthermore, in recent years, two liver-specific contrast agents (gadobenate dimeglumine
and gadoxetic acid) have shown to improve the detection of even relatively small and
subtle lesions with a hypointense appearance in the hepatobiliary phase [18].

Nevertheless, MRI has some important diagnostic disadvantages, including less avail-
ability, greater technical complexity, higher susceptibility to artifacts, higher costs and less
consistent image quality. In particular, MRI quality may be compromised in patients with
difficulty in breath-holding, trouble keeping still, or large-volume ascites. MRI permits
a locoregional evaluation of parenchyma and nodes in the upper abdomen without any
information on possible distant metastases. For these reasons, the comparative diagnostic
performance of a multiphasic CT and an MRI in real-life practice remains uncertain [19].

In the recent years a rising interest in artificial intelligence (AI) has been observed, and,
undeniably, oncologic imaging is one of the most empowered application fields [20-22].
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Machine learning (ML) is a branch of Al that focuses on the development of computer
algorithms able to learn from structured data to make predictions on decisions without
being explicitly programmed to do so. In the oncologic imaging setting, ML is usually com-
bined with radiomics, defined as the process of extracting high-dimensional quantitative
features from medical images [23-25]. However, radiomic pipeline consists of numerous
steps characterized by several factors, leading to a significant variability between studies
affecting their repeatability [26,27].

To overcome the need of prior feature extraction, deep learning (DL) algorithms were
developed. DL is a subfield of ML using an artificial neural network (ANN) and has
achieved very optimistic performance in image analyses.

Radiomics-based ML and DL have already demonstrated great potential in the diag-
nosis, staging, survival prediction and tumor response control of HCC [28].

2. Ultrasound

Liver cirrhosis is, thus far, the primary risk factor for HCC, with affected patients
requiring periodical imaging surveillance. US is a perfect choice for this purpose due
to its safety, wide availability, cost-effectiveness and accuracy in detecting focal liver
lesions (FLLs). Once a FLL is detected, US can assist in its characterization using different
ultrasonographic techniques, including B-mode, color- and power-Doppler techniques and
CEUS [29].

The appearances of HCC nodules on US vary depending on the size and degree of
differentiation. The lesion margins are usually relatively well circumscribed in the nodular
type but poorly defined in the massive type [30]. HCC nodules smaller than 10 mm are
almost hypoechoic or isoechoic, with low-level internal echoes that increase with tissue
cellularity. When tumor growth occurs, fatty change is most frequently observed at a
tumor diameter of 10-15 mm, and the internal echoes of such nodules are hyperechoic [31].
In HCC nodules greater than 20 mm, typical US patterns such as the “mosaic pattern”,

/awi ”

“nodule-in-nodule appearance”, “peripheral sonolucency” (halo sign) and “lateral shadow
can be more commonly recognized [32].

The evaluation of intranodular vascularity may play a key role in the characterization
of FLLs. For this purpose, color Doppler is typically the first-line modality of assessment,
even though it encounters different technical limitations such as Doppler angle dependence,
operator dependence, low sensitivity to slow flow and overwriting artifacts [30]. Usually,
once the tumor increases in size, the “basket” pattern, referring to the presence of a fine
network of arterial branches surrounding the lesion, can be appreciated [33]. Using spectral
analysis, both pulsatile and continuous waveforms can be recorded, which correspond
to the arterial and venous origin of blood supply, respectively. In massive-type HCC, an
overall irregular pattern of vascularity, can be appreciated. As a general rule, a continuous
portal-like waveform indicates a dysplastic nodule or a well-differentiated HCC; contrarily,
a pulsatile arterial waveform is suggestive of advanced HCC [30].

Due to the fact that worldwide ultrasound represents the imaging modality of choice in
surveilling patients at risk, the introduction of the US LI-RADS® (Liver Imaging Reporting
and Data System), a US-based classification system, was issued by the American College
of Radiology in 2017 [34]. Evaluating the size and echogenicity, this system assesses the
quality of examination and the potential of a FLL to represent HCC and suggests further
management [35].

US, in general, has a reported sensitivity of 98% and specificity of 85% for overall
HCC detection. Tumor size is nonetheless a significant factor as the technique’s sensitivity
reaches approximately 65% for lesions <2 cm [36].

The introduction of CEUS in the evaluation of FLLs certainly represented a turning
point in the ultrasonographic diagnosis of HCC. US contrast agents (USCAs) consist of
different generations of intravascular gas microbubbles with specific nonlinear acoustic
properties [37]. After bolus intravenous injection, USCA allows capillary blood flow to be
imaged and contrast enhancement to be assessed, with a much higher temporal resolution
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compared to CT and MRI [16]. CEUS has proven to be a safe procedure, with low clinical
reactions to USCAs reported in the literature and few absolute contraindications (e.g.,
severe coronary artery disease, pulmonary hypertension). Several studies have stated
that CEUS has a significant role as a problem-solving imaging technique for detection
of perfusion abnormalities in patients with renal failure and/or at high risk of adverse
reaction to CT or MRI contrast agents [17].

In Europe, CEUS is usually performed with SonoVue® (Bracco, Milan, Ttaly), which
is not uptaken by Kupffer cells and hence produces an arterial, portal-venous and late
phase [38]. The hallmark of HCC on CEUS using SonoVue® is a homogeneous and in-
tense arterial phase hyper-enhancement (APHE) with mild wash-out starting >60 s after
injection [39] (Figure 1).
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Figure 1. US and CEUS surveillance examination in a patient with HBV-related cirrhosis. Baseline
images detect the presence of a centimetric subcapsular hypoechoic nodule. After administration of
USCA, the lesion shows arterial hyperenhancement (a) with a mild portal-venous wash-out (b).

The timing and degree of wash-out are important for the characterization of HCC,
which typically shows milder hypo-enhancement compared to metastasis and cholangiocar-
cinoma. Nodules measuring >5 cm may show heterogeneous enhancement due to necrosis.
Both the size and the degree of differentiation affect the enhancement pattern of HCC [40].
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Wash-out is less often seen in HCC nodules <2 cm but is more frequent in HCC with poorer
grades of differentiation [41].

On the other hand, Sonazoid® (GE Healthcare, Amersham, UK) is a second-generation
USCA whose clinical usage was approved in Japan, South Korea and China. As opposed
to Sonovue®, Sonazoid® is uptaken by Kupffer cells and produces a late homonym phase
in which HCC nodules appear as hypoechoic lesions as compared to the surrounding
parenchyma [42].

Moreover, a CEUS LI-RADS® [43] algorithm has been introduced by the American
College of Radiology to aid in the accurate characterization of nodules in liver cirrhosis
patients. The major criteria are APHE, nodule size and portal-late mild wash-out. A rim
APHE and an early (<60 s) or marked wash-out represent LI-RADS M criteria (LR-M),
favoring the diagnosis of a non-hepatocellular malignancy [43].

3. Computed Tomography

Nowadays, Multidetector Computed Tomography (MDCT) plays a key role in the
diagnostic management of cirrhotic patients who are at an increased risk of developing
HCC. According to the majority of guidelines, recognition of a nodule >10 mm by ultra-
sonography (US) during HCC surveillance should be followed by a contrast-enhanced CT
or MRI examination [44].

MDCT is actually a widely available and rapid imaging modality. Most modern CT
scanners have the capability to capture images with wide-detector arrays, typically more
than eight-row detectors, allowing for high spatial resolution. Premium CT scanners offer
even wider detector arrays with up to 320 detector rows that cover up to 16 cm in the z-axis
and fast gantry rotation times down to 0.25 s [45].

As compared to MRI, MDCT is a faster and better-tolerated examination, less prone to
motion artifacts, particularly useful in non-cooperative patients or in those who are unable
to hold their breath. The main disadvantages of MDCT include radiation exposure and
relatively low contrast resolution of tissue, even though iterative reconstruction models
have further enabled radiation dose reduction by reducing CT image noise [30].

The baseline pre-contrast phase examination serves as a baseline for determining the
extent of liver lesion and is useful to assess background liver disease such as steatosis or
cirrhosis [46] For HCC evaluation, the non-contrast phase helps identify subtle areas of ar-
terial phase hyperenhancement and is essential to distinguish hyperdense lipiodol staining
and blood products in patients who previously underwent intra-arterial or percutaneous
treatments [47].

However, multiphase contrast-enhanced CT and/or MRI examinations consisting of
the late arterial, portal-venous and delayed phase are essential for a confident imaging
diagnosis of HCC [48].

Whereas the portal-venous phase is sufficient for the detection of hypovascular liver
metastases, the late arterial and delayed phases are most important for the evaluation of
hypervascular tumors including HCC (Figure 2).

The typical hallmark diagnostic feature of HCC is the combination of non-rim APHE
on the late arterial phase and non-peripheral wash-out appearance on the portal-venous
and/or delayed phases, thereby reflecting the peculiar vascular derangements induced by
hepatocarcinogenesis [49].

As stated by different current guidelines [12], the late hepatic arterial phase (35 s) is
considered the most consistent vascular phase for the assessment of HCC, as APHE is an
essential finding in making a definitive imaging diagnosis of HCC [50]. The late arterial
phase should be characterized by full hepatic arterial enhancement with good portal vein
enhancement, but no antegrade enhancement of the hepatic veins. As some HCCs are not
conspicuous until the late hepatic arterial phase, earlier arterial phase imaging can result
in reduced sensitivity [51]. Moreover, as a favorable late arterial phase occurs during a
restricted time interval, individualized CT scan protocols (e.g., test-bolus, bolus-tracking)
are recommended.
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Figure 2. Contrast-enhanced CT of the upper abdomen in the patient discussed in Figure 1. After
administration of iodinated contrast agent, the subcapsular lesion showed arterial hyperenhancement
(a), with progressive wash-out in the portal-venous (b) and delayed (c) phase.

The portal-venous phase (70-80 s) occurs when enhancement of the portal and hepatic
veins is higher and there is peak parenchymal enhancement of the liver. Portal-venous
phase FLL imaging best demonstrates the “wash-out appearance” due to the peak enhance-
ment of the surrounding liver [52]. The detection of peripheral washout on the portal phase
is not specific for HCC nodules, as intrahepatic cholangiocarcinoma may also show this
kind of appearance [53].

The delayed phase (3-5 min) is acquired when overall vessel brightness decreases
as compared to the portal-venous phase. A combination of the portal-venous phase and
delayed phase can more reliably demonstrate the “wash-out appearance” and “capsule
appearance” of the HCC nodule [53]. Conversely, cholangiocarcinoma typically shows
peripheral enhancement in the arterial phase, with centripetal progressive reinforcement in
the delayed phase [54].

The detection of an “enhancing capsule” [55], with the appearance of a uniformly
thick enhancement at the peripheral rim of the nodule on the portal and delayed phase, is
another major criterion included in the LI-RADS. The tumor capsule is detected in about
70% of HCCs and is a pathologic feature of progressed disease [30].

Apart from the major imaging features, the LI-RADS CT/MRI contains many ancillary
features, including nodule-in-nodule architecture, mosaic appearance and non-enhancing
capsule, that may favor the diagnosis of HCC [34].

The nodule-in-nodule architecture consists in the detection of a progressed HCC
within a dysplastic nodule or an early HCC. The inner nodule shows APHE, while the
parent nodule appears hypo- or iso-attenuated. The nodule-in-nodule appearance presents
a poor prognostic value, as the inner hyper-enhancing nodule has a short volume-doubling
time [56].
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Similarly, the mosaic appearance is the result of a presence of areas within larger
nodules in various steps of dedifferentiation. On imaging, similar nodules are composed of
compartments with variable enhancements, separated by irregular enhancing septa and
necrotic areas [57]. The mosaic pattern is observed in 28-63% nodules of HCCs [30].

The non-enhancing capsule refers to a capsule appearance that is constantly hypodense
on dynamic CT/MRI examinations [58].

In recent years, dual-energy CT (DECT) has become increasingly available. DECT
can acquire two sets of images of the same tissue using different photon spectra (high and
low kVp). By adjusting the photon spectrum, the optimal single energy with an optimized
contrast-to-noise ratio (CNR) can be obtained, which, in turn, improves the detection rate of
smaller tissue density differences as well as small lesions [59]. As compared to low kVp CT
scans, at an equal radiation dose [60], DECT showed higher CNR of HCC and higher image
quality, thus allowing the radiologist to evaluate small lesions that were not detectable on
conventional CT scan [61].

Furthermore, recently, CT liver perfusion (CTLP) has emerged as a useful imaging
modality for quantitative evaluation of tumor angiogenesis. CTLP is based on the analysis
of a dataset that includes sequential CT images of the liver acquired over time following
intravenous contrast injection, thus measuring the change of attenuation of regions of
interest within the liver parenchyma [62]. Conventional CT might mischaracterize small
HCC nodules without a clear APHE; CTLP can separate the hepatic arterial from the portal-
venous component of blood flow in order to identify the nodules with a still incomplete
neo-angiogenesis [63].

In the setting of HCC, CTLP demonstrated fair diagnostic accuracy in the first diagno-
sis [64] and in assessing treatment response through the evaluation in the arterial perfusion
changes [65].

4. Magnetic Resonance Imaging

The introduction of MRI in clinical practice has radically changed the diagnostic algo-
rithm of HCC, since it may achieve a higher contrast resolution and is able to characterize
more tissue properties other than tissue density and vascularization [66]. According to
recent meta-analyses, the pooled overall sensitivity and specificity of contrast-enhanced
MRI are 70% and 94%, respectively, in the detection of HCC nodules [67]. Nevertheless,
sensitivity is greater for lesions >2 cm (almost 100%) but drops to 60% for lesions smaller
than 2 cm, and it is even lower for lesions smaller than 1 cm [68]. Therefore, MRI has
proven to outperform CT for the diagnosis of HCCs smaller than 2 cm, with comparable
accuracy for lesions >2 c¢m [30]. For this reason, MRI is also a useful imaging modality
in the surveillance of cirrhotic patients at risk. Nowadays, a prompt diagnosis of small
nodules is mandatory to assure a radical treatment, thus augmenting overall survival [69].

As stated before, large HCC nodules generally show the typical imaging hallmarks
(“wash-in/wash-out” appearance) that enable a radiologist to make a definitive diagnosis
also in gadolinium-enhanced MRI examinations. However, APHE may not be present in a
large percentage of early and poorly differentiated HCCs, which should not be definitively
assessed according to the current guidelines [15]. In such cases, MRI plays an indisputable
role in finding out the presence of ancillary features in differently weighted images, keeping
in mind that lesions <1 cm cannot be definitively characterized as HCC and follow-up is
advised [30].

According to LI-RADS, the detection of a capsule is a major finding typically found
in progressed HCCs. HCC capsules usually show low T1 and T2 intensity, with a mild
enhancement in the portal-venous and delayed phases and are thicker than cirrhotic fibrotic
septa [58]. The detection of a disrupted capsule is a negative prognostic factor, as a higher
recurrence rate after surgical or interventional treatment is reported [55].

Most large HCCs show moderate hyperintensity on T2-weighted (T2-w) sequences,
probably due to a higher cellularity, an increased arterial blood flow and a decreased portal
vascularity [70].
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Conversely, dysplastic nodules and early HCCs appear iso- or hypo-intense as com-
pared to the background liver [71]. However, mildly increased T2 signal intensity is not a
specific imaging feature as it is also imaged in other malignant lesions of the liver [72].

On the other hand, hyperintensity on T1-weighted (T1-w) sequences may be detected
if a high amount of fat or glycogen is present within the HCC nodule.

Almost 40% of early HCCs present with intranodular fatty changes, which tend to
regress during the tumoral progression to higher histological grades [73]. On chemical shift
sequences, fatty areas within the nodule show the characteristic signal drop on the opposed-
phase compared to in-phase [74]. Glycogen may be present as a result of the hypercellularity
within the nodule [75] and does not show signal drop on chemical shift sequences.

Furthermore, MRI is the preferred imaging modality in surveilling patients with
hemochromatosis (liver iron overload), which is itself a risk factor for HCC develop-
ment [76]. Iron-rich nodules usually appear hypointense on T1-w images and moderately
to markedly hypointense on T2-w and T2*-w images [75]. In such parenchymal background,
iron-free nodules appear as hyperintense on T1-weighted images and are highly suspicious
for a dysplastic or HCC lesion [77].

Since hyperintensity on T1-weighted baseline sequences may produce misinterpreta-
tion, subtraction techniques are always recommended in order to correctly detect APHE [78].

In recent years, diffusion-weighted imaging (DWI) has emerged as a baseline MRI
sequence that evaluates the reduced diffusivity of water molecules among the closely
packed cells within HCC nodules [79]. In general, higher histological grades are associated
with higher DWI signal and corresponding lower apparent diffusion coefficient (ADC)
values. Early HCCs may be misdiagnosed on DWI due to their relatively low cellular
density [80]. However, a restricted diffusion is an ancillary feature that favors the diagnosis
of liver malignancy, but it is not specific for HCC [81]; evaluating the appearance on
different MRI sequences, including contrast-enhanced images, may support the diagnosis
of HCC. DWTI is useful in corroborating the suspicion in typical and atypical HCC nodules
or in patients that cannot undergo intravenous contrast injection (e.g., for a previous allergic
reaction), thus increasing the overall sensitivity of HCC detection [82].

In the last decade, several meta-analyses have established that MRI paired with
gadoxetic acid-based hepatobiliary contrast agents presents a higher sensitivity than MRI
paired with extracellular agents, in particular in the setting of small HCCs that may not
show the typical APHE [83]. Hepatobiliary contrast agents (gadobenate dimeglumine,
gadoxetate disodium) are selectively taken up by normal hepatocytes through specific
organic anion transporting polypeptide (OATP) transporters, allowing the acquisition of
hepatobiliary phase (HBP) images at 2040 min [84]. Nodules with a lack of hepatocytes
(angiomas) or degenerated hepatocytes lacking OATP (malignancies) are hypointense on
HBP [85], while lesions with a higher number of functioning hepatocytes (focal nodular
hyperplasia, low-grade dysplastic nodules) may appear hyperintense on HBP [86].

Since up to 90% of HCCs demonstrate hypointensity in the HBP, this ancillary feature
may contribute to the differentiation of HCC from benign nodules developed in chronic
liver diseases (Figure 3) [87].

However, until now, there has been no established consensus regarding the value of
HBP hypointensity during liver MRI. In East Asia, some guidelines attribute importance to
the use of HBP hypointense appearance, thus permitting the diagnosis of smaller HCCs [88].
Meanwhile, in the Western countries, where liver transplantation is one of the major
treatment options [89], the practice guidelines suggest that wash-out should be determined
in the portal phase, thus obtaining the highest specificity [12]. In fact, recent studies have
suggested that HBP hypointense appearance is highly sensitive and specific for HCC when
combining with non-rim APHE [84].

In addition, in MRI, perfusion imaging is a quantitative technique that provides
information about tissue microcirculation. In the liver, the most used approach is dynamic
contrast-enhanced (DCE) MRI, which requires gadolinium contrast administration as a
tracer, followed by consequential acquisition of signal-time curves that quantify changes
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in contrast concentrations over time [90]. DCE consists of free-breathing 3D perfusion
sequences covering the entire liver with a short acquisition time (1-2 s) repeated for up to
5 min after contrast administration [91].

Figure 3. MR examination of the patient discussed in Figures 1 and 2. On T2-weighted images, the
centimetric subcapsular appeared as hyperintense (a). On DWI with a b-value of 1000, the lesion
showed signal restriction (b). After administration of a hepatobiliary contrast agent, the lesion
showed arterial hyperenhancement (c) with hypointensity in the portal-venous phase (d) and in the
hepatobiliary phase. (e) The lesion appeared hypointense.

DCE-MRI provides information based on the intralesional temporal distribution of
contrast agents in lesions that often present with a heterogeneous vascular network. Time-
to-peak enhancement (time between arrival of the tracer and maximum enhancement),
area under the curve (amount of enhancement during a specific time interval), maximum
enhancement (peak height) and maximum slope are semi-quantitative analyses affected
by acquisition parameters, injection protocols and the patient’s physical conditions [92].
On the other hand, true quantitative models evaluate the change in concentrations of the
contrast agent using pharmacokinetic modeling techniques [93].
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5. PET/CT

Though HCC diagnosis is primarily based on the typical characteristics of contrast
hyperenhancement and wash-out on CT and MRI, some of the biologic features of HCC can
be appreciated fully only with the 18F-fluorodeoxyglucose positron-emission tomography
(FDG-PET)/CT. This imaging modality provides some additional information on primary
HCC lesions and extrahepatic metastases which aids clinicians with treatment selection [94].
FDG-PET/CT is an extremely useful tool in the evaluation of many oncologic patients, yet it
is not routinely used for HCC as it is limited by low sensitivity due to the high physiologic
uptake of liver tissue and the variable expression of glucose transporters and glycolytic
activity in HCC nodules [95]. In fact, FDG usually accumulates in poorly differentiated
HCCs but not in well-differentiated ones. Furthermore, since a poorly differentiated HCC
is more likely to metastasize, FDG-PET/CT may be useful to detect distant metastasis and
complete the staging in uncertain cases [96].

However, tracers based on choline recently showed improved detection rates of well-
differentiated HCCs [97]. Dual-tracer PET/CT combining choline and FDG as tracers has
shown high overlap between well- and less-differentiated HCCs, thus making it possible
to classify lesions in proliferative (poorly differentiated nodules) and non-proliferative
(well-differentiated nodules) [98].

FDG-PET/CT can be used to monitor treatment response and provide prognostic
information on the risk of HCC recurrence after surgery or interventional treatment, as the
scans reflect high tissue metabolism that may be indicative of recurrent disease even in
areas of increased tissue rearrangement due to the treatment [94].

6. Artificial Intelligence

Artificial intelligence (AI) represents the ability of machines to emulate the intelligence
of human beings [99]. Radiomics-based ML and DL could potentially assist radiologists in
HCC imaging by overcoming some of the main limitations presented by imaging modal-
ities that were described above. Indeed, the human eye, especially with low expertise,
could lead to wrong or indefinite diagnoses, leading to several other investigations with
various modalities. This is particularly true in US imaging, which hugely relies on the
radiologist’s expertise and which represents the primary technique used to follow-up
patients suffering from liver cirrhosis—remaining one of the principal risk factors for HCC
development. Indeed, Al could empower the role of US imaging, being a safe, non-invasive
and rapid modality; decreasing the use of second-level imaging techniques generally based
on contrast media; and attenuating the limitations of US. The advantages of Al use for
patients with HCC could be represented by the time reduction needed to identify the
malignant lesion and, thus, faster treatment; its differential diagnosis between benign and
malignant conditions to avoid unnecessary CT/MRI studies; and, finally, the ability of Al
to differentiate HCC from other primary or secondary malignancies [100].

Al has already been demonstrated to reduce the time-to-diagnosis of HCC by US
using ML and DL algorithms, with the latter characterized by superior accuracy, sensitivity
and area under the curve (AUC) [101].

Regarding the differential diagnosis between benign entities (cysts or hemangiomas)
and malignancies, Schmauch developed an artificial neural network (ANN) that achieved
an AUC of 0.924 [102]. Accordingly, Guo et al. implemented a computer aided diagnosis
(CAD) system for three-phase CEUS to differentiate between benign and malignant liver
lesions and found an overall accuracy of 93.56 & 5.90% [103].

HCC, as previously mentioned, can sometimes have characteristics of other malignant
lesions, and differentiating between HCC and other primitive lesions or secondary ones
may become challenging. Al may help in this setting, as demonstrated by Mao et al., who
reported an accuracy of 0.843 £ 0.078 in differentiating between primary and metastatic
liver cancer (AUC, 0.816 % 0.088; sensitivity, 0.768 £ 0.232; specificity, 0.880 & 0.117) [104].

Another challenge for radiologists is to differentiate HCC from cholangiocarcinoma,
or a combination of the two (hepato-cholangiocarcinoma), as the two pathologies have the
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same risk factors and, especially in US imaging, lack particular characteristics to distinguish
between them. Currently, AFP and carbohydrate antigen 19-9 are considered the ideal
serum tumor markers for HCC and intrahepatic cholangiocarcinoma, yet they are generally
deemed unsatisfactory in diagnostic sensitivity or specificity [104]. The two tumor markers
are especially unreliable if the diagnosis is made based on them alone [1]. Ichikawa et al.
determined the imaging hallmarks for distinguishing intrahepatic mass-forming biliary
carcinomas from HCC, and the diagnostic value was further verified by Bayesian statistics
(AUC = 0.960) [105].

US imaging is also suitable for radiomics-based approaches, and its utility has already
been proven in distinguishing between low- and high-grade HCC. This differentiation is
important to establish patients” prognosis and to estimate the probability of recurrence or
metastasis after treatment [106], especially because patients with high-grade HCC have
poor prognosis. According to Ren et al., grayscale ultrasomics features can be used to
distinguish high- and low-grade HCC with a p value of <0.05, providing information on
tumor heterogeneity which cannot be identified by human eye in normal US images [107].
Radiomics-based model benefit from the combination with clinical data, as demonstrated by
Wang et al., who combined radiomics features extracted from CEUS with clinical variables
to improve the tumor grading performance.

The use of Al on CT images could enhance its diagnostic potential for HCC and aid
differentiating its different aspects (i.e., nodular, diffuse or massive), as well as distinguish
HCC from other benign and malignant liver lesions and estimate a grading scale.

Convolutional neural networks (CNN) are able to automatically perform liver and
tumor segmentation and classify lesions as nodular, diffuse or massive type. Studies have
demonstrated the superiority of this fully automated method over the semi-automated
one [108].

As mentioned before, to distinguish HCC from other liver lesions, the use of contrast
media aids the study of vascular patterns of different kinds of lesions. CNN is a potential
method to diagnose and differentiate HCC using the Liver Imaging-Reporting and Data
System (LI-RADS). The use of CNN can reduce radiation dose to patients because it is able
to diagnose HCC based on a three-phase CT without the pre-contrast phase. In fact, this
protocol shows similar diagnostic accuracy compared to the four-phase protocol, limiting
the radiation dose to patients, especially as these patients need multiple CTs in the course
of follow-up [109]. Radiomic-based ML could also assist radiologists in diagnosing HCC
when it shows indeterminate or doubtful aspects without the specific wash-in and wash-out
imaging features [110]. It is based on different tumor aspect during arterial and portal
phase, such as, for example, wash-out without a clear wash-in. This technique is used
for images taken with different protocols, so it can be used for images taken at different
institutes. Nevertheless, the features extracted often overlap between HCC and other
malignant lesions. This is a limit of radiomics that is able to well differentiate benignity
from malignity, yet may not always identify the malignant lesion as HCC.

Al could also help to estimate patients’ prognosis, evaluating, for example, the recur-
rence risk or microvascular invasion (MVI) tumor pattern. Studies have shown that MVI is
an independent histopathological prognostic factor associated with survival in all-stage
HCC patients [111]. MVI has been reported to be a better predictor of tumor recurrence and
overall survival than the Milan criteria [112]. Patients with a poor prognosis need a more
aggressive treatment approach. Different features are evaluated to distinguish MVI, such as
the smooth and irregular margin of lesions, presence of internal tumor arteries, hypodense
halo, peritumoral enhancement and lobes involved. In the study published by Jiang et al.,
the median recurrence-free survival (RFS) of the entire cohort was 22 months while the RFS
of patients with MVI was 6 months, and a CNN was able to accurately differentiate MVI
pre-operatively [113].

MVlIinvasion is also important to evaluate recurrence risk after trans-arterial chemoem-
bolization [114].
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Studies on Al and MRI are still limited compared to US and CT. Al in MRI can
differentiate LI-RADS 3 grade from LI-RADS 4-5, which is extremely important for clinical
decision and patient management. In fact, LI-RADS 3 needs no or less invasive management.
Many LR-3 lesions are benign hyper-enhancing pseudolesions which can be followed for
stability with imaging, whereas 80% of biopsied LR-4 lesions are HCC, and 68% of untreated
LR-4 lesions become LR-5 lesions within two years [50]. LR-4 lesions may be biopsied,
while an LR-5 score indicates HCC diagnostic certainty and biopsy is usually not needed
before treatment [115].

The results demonstrated that tumor size and shape, associated with its contrast
aspect, are important factors for HCC diagnosis. In addition, it is demonstrated that the
late contrast phase does not contribute to the LI-RADS classification performance of CNN
model and it can be avoided [116]. This condition makes it possible to reduce time for MRI
imaging, limiting patients” artifacts. CNN improves the recognition of this classification
and reduces misdiagnosis by radiologists.

7. Conclusions

Imaging plays a pivotal role in the multidisciplinary management of patients at risk
or suffering from HCC and in the radiological evaluation of response to treatment.

US is the most recognized imaging modality for HCC surveillance, even though MRI
has been recently proved to be a useful tool in surveilling cirrhotic patients.

However, non-invasive diagnosis of HCC mainly relies on CT and MR examination.
Different radiological hallmarks have been described, with APHE being an essential finding
in making a definitive diagnosis of HCC. The recent introduction of hepatobiliary contrast
agent in liver MRI has shown to increase sensitivity and specificity in assessing HCC
nodules, as well as in the absence of typical APHE, and may change the diagnostic imaging
algorithm in the coming years.

Furthermore, recent applications of Al, including radiomics and machine learning,
have shown interesting results in the setting of liver imaging in patients with HCC. Al has
proven to empower the role of imaging diagnosis, helping the radiologist to distinguish
HCC from other liver malignancies in atypical or doubtful cases or to evaluate microvas-
cular invasion that heavily modify patients’” prognosis. Through Al applications, it will
be reasonably possible in the upcoming years to reduce the time and number of examina-
tions needed to characterize malignant lesions, thus allowing for faster diagnosis, better
prognosis and reduced medical costs.
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Abstract: The advance in technology allows for the development of different CT scanners in the
field of dual-energy computed tomography (DECT). In particular, a recently developed detector-
based technology can collect data from different energy levels, thanks to its layers. The use of this
system is suited for material decomposition with perfect spatial and temporal registration. Thanks
to post-processing techniques, these scanners can generate conventional, material decomposition
(including virtual non-contrast (VNC), iodine maps, Z-effective imaging, and uric acid pair images)
and virtual monoenergetic images (VMIs). In recent years, different studies have been published
regarding the use of DECT in clinical practice. On these bases, considering that different papers have
been published using the DECT technology, a review regarding its clinical application can be useful.
We focused on the usefulness of DECT technology in gastrointestinal imaging, where DECT plays an
important role.

Keywords: image interpretation; computer-assisted; tomography; X-ray-computed; diagnostic techniques;
digestive system

1. Introduction

Conventional single-energy computed tomography (SECT) is a diagnostic imaging
technique that uses a polyenergetic X-ray beam from a single source that rotates around
the patient’s body and a panel of detectors that records the radiation attenuated by the
different densities of tissues, expressed in terms of Hounsfield Unit (HU).

Due to its fast acquisition and diagnostic accuracy, SECT has become the gold stan-
dard for the detection and assessment of different pathological entities. One of the limits
of conventional SECT is that the characterization of tissues with a similar density is not
always straightforward as, for instance, in the case of calcified plaques and iodinated
blood within arterial vessels in angiographic studies. Moreover, SECT protocols fre-
quently consist of repeated scanning before, during and after contrast injection, resulting in
high-dose exposures.

Dual-energy CT (DECT) is a more recent technology that helps to overcome these
limitations by acquiring data at two different energy levels to derive different tissue attenu-
ations. Data obtained can be combined to generate images for routine clinical interpretation
or more accurate material characterization [1].
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The main contributors to attenuation coefficients during CT scanning are the photo-
electric effect and the Compton scattering. Whereas the latter is minimally dependent on
photon energy and is mainly related to a material’s electron density, the photoelectric effect
is strongly X-ray-energy-dependent and increases with a higher element’s atomic number
(Z). The photoelectric effect can be calculated by comparing attenuation levels derived from
two energy levels. Because of its dependency on Z, it is crucial for distinguishing different
materials with similar attenuation in any energy level. This characteristic is defined as ma-
terial decomposition and represents the basis for spectral proprieties in DECT imaging [2].
Elements with high Z, such as iodine (Z = 53) or calcium (Z = 20), are susceptible to the
photoelectric effect and have strong spectral properties. These elements present similar CT
attenuation values in SECT due to their relative density.

Conversely, when exposed to different energy levels via DECT scanning, they interact
in different ways, regardless of their density. This capability of differentiating structures
with similar densities but different elemental compositions underlie multiple clinical appli-
cations of DECT scanning [3]. On the contrary, soft-tissue anatomic structures, including
muscles or parenchyma, have a low photoelectric effect and consequently demonstrate less
variability in their attenuation values at different energy levels.

The datasets of the two energy levels can be obtained using multiple acquisition tech-
niques [4]. Depending upon how the two different X-ray energies are generated, DECTs are
divided into two major groups: tube-based and detector-based. Two of the three leading
DECT platforms currently in the market are tube-based: dual-source DECT (ds-DECT) (So-
matom Drive/Somatom Definition Flash, Siemens Medical Solutions, Forchheim, Germany)
and rapid kV-switching DECT (rs-DECT) (Revolution CT, GE Healthcare, Milwaukee, WI,
USA; Aquilion ONE GENESIS Edition, Canon Medical Systems, Otawara, Japan). In the
detector-based category, the dual-layer detector DECT (dl-DECT) (IQon spectral CT, Philips
Healthcare, Eindhoven, The Netherlands) is the only currently available platform.

The first DECT scanner approved for clinical use was introduced into the market in
2006 and was based on a dual-source technique. These scanners consist of two detectors
and two X-ray sources, a low-kV and a high-kV tube, with 90° orientation differences
that scan simultaneously to achieve two energy spectra. Conversely, rs-DECT uses a
single X-ray tube that rapidly alternates between low and high kV during its rotation (fast
switching) and a single detector that registers information from both energies. The most
recent technology is the ds-DECT, which was commercially introduced in 2016. It is based
on a single energetic radiation tube associated with a detector panel, constituting two layers
(sandwich detector) that simultaneously detect two energy levels.

This review aims to summarize the technical features of CT scanners with dual-layer
detector technology, showing the added diagnostic value in daily practice of this approach
via a review of the most recent literature on gastrointestinal applications.

1.1. Dual-Layer Detector Dual-Energy CT Technology

As mentioned before, in the dI-DECT scanner system, spectral separation is achieved
at the detector level. This system takes advantage of the polychromatic nature of the
beam produced with a single-energy source, combined with highly specialized detectors
that consist of two layers with maximal sensitivity for different energies. The top (inner)
layer preferentially absorbs low-energy photons by design, approximately 50% of the total
incident photon flux. In contrast, the bottom (outer) layer absorbs the remaining photons,
which are primarily high-energy ones [5,6] (Figure 1).

A significant advantage of this system is, firstly, its excellent temporal registration.
This system is well suited for material decomposition in the projection domain, making
it quantitatively accurate and robust for possible patient motion. Another advantage is
the perfect spatial registration of the acquired data to create a complete spectral dataset.
The tube always operates at a high kVp, resulting in a high total X-ray power, which is
advantageous for larger patients. Moreover, with this approach, scanning is performed at
the full field of view of 50 cm. The last advantage is the dI-DECT retrospective acquisition
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mode: a dI-DECT scanner always acquires scans in the DECT mode, allowing one to gain
spectral information for all scans performed, and hence there is no need to prospectively
decide which scans perform in spectral mode, which is mandatory in other currently
available dual-energy technologies. Retrospective on-demand spectral data of a region
of interest allow radiologists to further investigate incidental findings without additional
radiation exposure [5,7].

X-RAY INTENSITY

PHOTON ENERGY (KEV)

VNC MONOE (40 KEV) |ODINE DENSITY Z EFFECTIVE

Figure 1. Schematic representation of DECT. It is based on a single energetic radiation tube associated
with a detector panel constituted of two layers (sandwich detector) that simultaneously detect two
energy levels. Different post-processing techniques are available due to spectral properties, such as
material composition images (virtual non-contrast (VNC)), iodine maps, Z-effective imaging, and
virtual monoenergetic images (VMIs).

The main disadvantage of this system is its lower energy separation because the
scintillator absorption properties do not offer a sharp distinction between lower- and
higher-energy photons. As a result, the material differentiation contrast is decreased unless
a higher radiation dose is used.

1.2. Dual-Layer CT Post-Processing

Combining data from both layers of detectors, dI-DECT scanners can generate conven-
tional images comparable to those obtained from SECT, providing morphological details
and material-specific image sets. Furthermore, plenty of different post-processing tech-
niques are available due to spectral properties, such as material composition images (virtual
non-contrast (VNC), iodine maps, Z-effective imaging, and uric acid pair images) and vir-
tual monoenergetic images (VMIs). VNC images, also called “water-based”, are similar
to conventional unenhanced CT images but are obtained via a dedicated algorithm that
subtracts iodine-containing pixels from enhanced phases, allowing to create virtual plane
images. Iodine concentration (IC) images (iodine maps) are material decomposition maps
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obtained via an algorithm that enhances only the pixels containing iodine. Iodine maps
allow for identifying the presence or absence of iodine and its uptake in several tissues,
which is particularly helpful in evaluating the contrast enhancement. Z-effective imaging
consists of colorimetric maps that visually enhance the differences between tissues: the
average atomic numbers of elements in each pixel are translated into color-coded images
that provide a higher degree of discrimination than HU attenuation in conventional CT.
Z-effective mapping is also used to define the peak enhancement (PE), which expresses
the maximal concentration of the contrast agent with time in a tissue, according to the
acquisition phase. Uric acid pair images show only pixels containing uric acid with original
HU values, while all others appear dark, which is extremely useful for assessing urinary
calculi composition and gout.

Finally, VMISs are a set of monochromatic images that simulate the appearance of
images acquired using a monoenergetic X-ray beam at a selected energy level. VMIs can
be obtained at discrete energy levels ranging from 40 to 190 keV with dI-DECT. Due to
the approximation of the energy with the K-edge of iodine, low-keV VMIs show increased
iodine conspicuity, which results in attenuation values equivalent to conventional images
at a 120-kVp, but with a significant reduction in noise. Conversely, higher energy levels
in VMIs reveal decreased iodine conspicuity and a drop in beam hardening artifacts, a
physical phenomenon of the beam itself that produces an artifact that typically appears in
the presence of metallic implants.

1.3. Radiation Dose

The White Paper of the Society of Computed Body Tomography on Dual-Energy CT
published in 2016 stated that DECT acquisitions, even if using different X-ray spectra, do
not provide additional radiation dose exposure in patients [8].

In the literature, various studies have demonstrated similar or lower radiation dose
exposure via DECT acquisitions compared to SECT [9-12]. One investigation revealed that
DECT imaging at 80 and 140 kVp resulted in a decrease in the dose-length product and
CT dose index values of 10% and 12%, respectively, compared to standard SECT (120 kVp)
imaging using the same dual-source scanner, with no significant difference in objective
image noise or subjective image quality [9]. Duan et al. compared radiation dose and image
quality for abdominal CT imaging performed on dI-DECT and conventional SECT scanners
in patients of different sizes. The volume CT dose index (CTDIvol) during dI-DECT was
similar to one measured on a conventional SECT for average-size patients, lower for smaller
patients, and slightly higher for larger patients [11].

Furthermore, VNC imaging allows one to reconstruct plain images from enhanced
phases, reducing the number of scans and, consequently, the radiation dose [13]. This tool is
particularly advantageous in oncologic patients, who usually undergo repeated follow-up
CT examinations, and pediatric patients.

Finally, a potential radiation dose reduction can be achieved by avoiding additional
CT studies for further incidental lesion characterization.

2. Clinical Applications

Table 1 gathers published papers regarding current evidence on the utility of dI-DECT
for gastrointestinal imaging.

2.1. Liver

The added value of DECT technology in hepatic imaging mainly consists of helping
radiologists visualize and correctly characterize lesions and quantify the degree of diffuse
hepatic diseases.

Regarding focal liver lesions, it has been shown that DECT low-energy VMIs facilitate
and improve the assessment of hypervascular lesions [14,15]. Preliminary research on
dI-DECT platforms has demonstrated similar results. Grofie Hokamp et al. observed
that, throughout the entire keV spectrum, VMIs at 40 keV had the highest detectability of
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arterially hyper-enhancing lesions in phantoms and in vivo due to an increase in lesion con-
trast without an increase in image noise [16]. Furthermore, in a more recent investigation,
low-energy VMIs also improved the wash-out assessment of arterially hyper-enhancing
liver lesions in contrast-enhanced dI-DECT scans. The authors evaluated a population
of patients undergoing CT scans for hepatocellular carcinoma (HCC) screening. Both
wash-out assessment and image quality parameters resulted in significantly better VMIs at
40 kV compared to higher-energy VMIs and conventional CT imaging [17]. The significant
advantage of low-energy VMIs was also proven concerning the assessment of hypovascular
liver metastases. Nagayama et al. demonstrated that both the tumor-to-liver contrast and
contrast-to-noise ratio (CNR) increased as the energy decreased. At the same time, 40 kV
VMIs overcame higher-energy VMIs and PEI in lesion detectability [18].

Table 1. Overview of the reviewed sources regarding dI-DECT applications in gastrointestinal imaging.

Number of

Author Year Country Study Nature Subjects

Pathology

Liver

GroeHokamp 2018 Germany Retrospective Arterially hyper-enhancing liver lesions 20

Reimer 2021 Germany Retrospective Arterially hyper-enhancing liver lesions 31
Nagayama 2019 Japan Retrospective Hypovascular liver metastases 81
Morita 2021 Japan Retrospective Liver fibrosis 68
Ma 2020 China  Prospective Liver iron overload 31
Gallbladder and biliary tree
Saito 2018 Japan Retrospective Iso-dense biliary gallstones 3
Soesbe 2019 USA Prospective Iso-dense biliary gallstones 105
Huda 2021 USA Retrospective Acute cholecystitis 57
Pancreas
Pancreatic lesions (PDAC, cyst lesions,
El Kayal 2019 Germany Retrospective IPMN, MCN, NET, lymphomas, 61
metastasis, chronic pancreatitis)
Nagayama 2019 Japan Retrospective PDAC 48
Wang 2022 China  Retrospective Neuroendocrine neoplasms 104
Gastrointestinal tract
Chen 2022 China  Retrospective Colorectal cancer 131
Wang 2021  China Retrospective Colonic wall thickening 80
Lee 2018 Korea Retrospective Crohn’s disease 76
Kim 2018 Korea  Retrospective Crohn’s disease 39
Taguchi 2018 Japan Retrospective Electronic cleansing 35

DI-DECT: dual-layer detector dual-energy computed tomography; PDAC: pancreatic ductal adenocarcinoma;
IPMN: intraductal papillary mucinous neoplasm; MCN: mucinous cystic neoplasm; NET: neuroendocrine tumor.

DECT can also be considered as a helpful approach for diffuse liver diseases. An
accurate evaluation of liver fibrosis is clinically significant due to its correlation with car-
cinogenesis and prognosis. The degree of fibrosis is conventionally assessed via blood tests,
ultrasonography-based transient elastography, and magnetic resonance elastography [19].
Many studies have investigated the applications of tube-based DECTs in the assessment
of liver fibrosis, mainly via the measurement of parenchymal IC on equilibrium imaging
and the quantification of liver extracellular volume (ECV) [20-22]. In 2021, Morita et al.
evaluated these measurements for the first time using a dI-DECT platform. The authors
demonstrated that the iodine density ratio (calculated by dividing the iodine density of
the liver parenchyma by the iodine density of the aorta) and the CT-ECV increased sig-
nificantly as the fibrosis stage advanced (p < 0.01 for both). The CT-ECV showed better
diagnostic accuracy for the degree of fibrosis. In the case of advanced-stage fibrosis, the
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sensitivity ranged from 90% to 95%, and the specificity ranged from 72.9% to 85.4% among
two readers [23].

DI-DECT may also improve the assessment of iron overload. Ma et al. compared
the evaluation of liver and cardiac iron overload with T2*-weighted unenhanced MRI
to unenhanced dI-DECT scans in patients with myelodysplastic syndromes and aplastic
anemia. The two techniques were comparable in the case of iron overload in the liver [24].

The capability of DECT to derive VNC images from contrast-enhanced examinations
by identifying and subtracting iodine potentially underlies many applications in liver
imaging, particularly concerning liver steatosis. Different studies have compared the
performance in diagnosing fatty liver between true non-contrast (TNC) images and VNC
images generated from DECT scanners [25,26]. In their study, Choi et al. proved that, even
if liver densities in VNC images were significantly different from those in TNC images,
various parameters (liver and spleen densities, liver-minus-spleen density, and liver-to-
spleen ratio) would be significantly higher in healthy liver patients than in fatty liver
patients in TNC images as well as in VNC images from multiple phases. Additionally, the
diagnostic performances of all parameters for fatty liver diagnosis in VNC images were not
significantly different to those in TNC images [25].

To our knowledge, there is a lack of publications regarding the application of dI-DECT
to assess liver steatosis. However, the value of VNC imaging obtained using a dI-DECT
platform for the assessment of liver attenuation has been compared to conventional TNC
images. Laukamp and colleagues demonstrated that VNC images from various enhanced
phases were not significantly different from the TNC ones in terms of liver attenuation and
image noise. However, the accuracy decreased in the early arterial phases of the liver when
only a small quantity of contrast media was present in the parenchyma [27,28].

Finally, in recently published research, the authors described another technical advan-
tage of dI-DECT platforms. They found that peristalsis-related artifacts were significantly
less frequent and less relevant when the liver was evaluated with iodine image recon-
structions than with conventional 120 kVp images in both qualitative and quantitative
analysis [29].

2.2. Gallbladder and Biliary Tree

In CT diagnosis, gallbladder stones are indicated directly via high-density or low-
density stones and indirectly via the dilation of the intrahepatic biliary duct, left and right
hepatic ducts, biliary duct, and gallbladder [30]. Based on density, gallbladder stones are
classified into high-, iso-, low-, and mixed-density stones, relative to the density of the
surrounding bile. Conventional SECT has high accuracy in diagnosing high-density or
low-density gallbladder stones [31]. However, it is challenging to diagnose iso-density
stones, such as those made of cholesterol, due to their similar attenuation value with the
bile (Figure 2).

DECT provides a new approach for the differential diagnosis of gallbladder stones and
reliable information for their clinical treatment. In 2018, Saito et al. applied the property of
dI-DECT to provide on-demand retrospective spectral analysis to detect iso-dense biliary
stones that were not detected using conventional CT scans. Using magnetic resonance
cholangiopancreatography (MRCP) or endoscopic retrograde cholangiopancreatography
(ERCP) as the reference standard, the authors found that in two out of three cases, the
stones were readily detected in VMISs at 40 keV. In contrast, only a small stone (<5 mm)
remained undetected during spectral dataset evaluation [32].

In their prospective ex vivo study, Soesbe and colleagues devised a method for detect-
ing iso-dense stones using a dI-DECT scanner. They compared it with previously reported
methods built using tube-based DECT images. After placing iso-dense gallstones inside
vials containing ox bile, six readers evaluated the presence of isodose gallstones via con-
ventional PEI at 120 kVp, VNC images, VMISs at 40 and 200 keV 120 kVp, and segmented
images obtained using a two-dimensional histogram of Compton and photoelectric X-ray
attenuation derived from dl-DECT. The authors found that for gallstones measuring less
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than 9 mm, the segmented images had the highest overall AUC (p < 0.01) compared to
VMIs [33].

Figure 2. A 42 y-o patient with right upper pain underwent abdominal CT with a final diag-
nosis of cholecystitis. (A) Conventional CT image acquired after intravenous contrast media in-
jection shows diffuse thickening of the gallbladder wall, without evidence of any calcific stone;
(B) low mono-energetic map shows a hypoattenuating round stone, due to cholesteric composition;
(C) opposite that, the high mono-energetic map demonstrates the hyperattenuating mass consistent
with the cholesteric gallstone; (D) the Z-effective map allows us to better define the different struc-
tures of the images via the different atomic values of the gallbladder: blue (contrast agent), red (lipid
content), and green (fluid).

Only one study published in the literature evaluated the potential role of dI-DECT
technology in evaluating acute cholecystitis. In this research, spectral imaging obtained
using a dI-DECT and an rs-DECT were compared with SECT imaging for the detection
of multiple individual findings associated with acute cholecystitis, such as gallbladder
fossa hyperemia, gangrene, and heterogeneous wall enhancement. During the evaluation
of two readers, DECT showed increased sensitivity (R1, 86%; R2, 89.5%) compared with
conventional CT (R1, 77.2%; R2, 70.2%) for the diagnosis of acute cholecystitis and the
assessment of the aforementioned related findings [34].

2.3. Pancreas

The CT appearance of most focal pancreatic lesions usually ranges from mildly hypo-
to iso-attenuating in comparison with the normal pancreatic parenchyma, making the
differential diagnosis a radiological dilemma [35]. Several investigations demonstrated
that spectral imaging could improve the diagnosis of pancreatic tumors in terms of lesion
conspicuity, extension, and vascular invasion [36,37].

Even despite its more recent commercialization, some studies have already focused
on the application of dI-DECT technology for diagnosing pancreatic lesions. In a cohort of
61 patients with different types of pancreatic lesions, El Kayal et al. found that, compared
to conventional poly-energetic imaging (PEI), low-energy VMIs and iodine maps facilitated
subjective lesion delineation, because of the increased attenuation of iodine at energy levels
close to its maximum absorption (33 keV). Moreover, dI-DECT imaging increased reader
diagnostic confidence, assessed using a five-point Likert scale by two radiologists [38]. In
patients with pancreatic ductal adenocarcinoma (PDAC), detector-based MVI at 40 KeV
yielded better quality lesion assessment in each enhancement phase than PEI due to its
high pancreas tumor contrast and vascular opacification without a relevant increase in
image noise [39]. In a more recent publication, Han and colleagues compared portal-
venous-phase VMIs obtained using a dI-DECT scanner with the traditional polychromatic
pancreatic phase scan for the diagnosis of PDAC. The authors found that low-energy VMIs
at40 and 55 KeV had a higher tumor-to-pancreas contrast-to-noise ratio (CNR), attenuation
difference, and higher peripancreatic vascular CNR and signal-to-noise ratio (SNR) than the
pancreatic phase image (p < 0.001). Furthermore, in a subjective analysis, VMIs at 55 KeV
showed the best tumor conspicuity [40].

Not so many studies have been performed to evaluate neuroendocrine neoplasms
(NENS) of the pancreas. In their research, Wang et al. analyzed both DECT (NIC, tumor at-
tenuation, and effective Z) and SECT features in a cohort of 104 patients with pathologically
confirmed NEN. The authors found that combining DECT metrics (NIC, tumor attenuation,
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and effective Z) with qualitative SECT features improved the differential diagnosis between
neuroendocrine tumors and neuroendocrine carcinomas [41].

2.4. Gastrointestinal Tract

DECT has proven to have many applications, including in the evaluation of gastroin-
testinal tract diseases. In emergency settings, CECT is typically the preferred imaging tool
when acute bowel ischemia is suspected to assess a decreased or lack of bowel parietal
enhancement. However, detecting these findings is not always straightforward, especially
in the case of early ischemia [42]. DECT can improve confidence in diagnosing bowel
ischemia due to its capability in enabling a quantitative measure of wall enhancement via
iodine mapping. In addition, a low-keV VMI can highlight the attenuation differences
between perfused and non-perfused walls [43,44] (Figure 3).

Figure 3. A 49 y-o male with known Crohn’s disease, diffuse abdominal pain, and suspected relapse
of disease underwent abdominal CT. (A) Conventional CT images on the coronal plane acquired
after intravenous contrast media injection show a poor layered enhancement appearance of the
distal ileum; (B) iodine map enhances iodine’s uptake by the mucosa layer, and the hypoattenuating
appearance of the submucosa one, consistent with edema; (C) the Z-effective map allows us to define
the pattern of enhancement due to the atomic number of iodine.

Among the different spectral technologies, dI-DECT is particularly useful because
it allows for the simultaneous acquisition of low- and high-KeV information at the same
spatial position, facilitating the visualization of the un-enhanced bowel, and because the
spectral dataset is always retrospectively available for every scan [45].

Possible applications of DECT, iodine mapping, and VMIs for the evaluation of gas-
trointestinal cancers have been explored in various pieces of research [46]. In Chen and
colleagues’ investigation, quantitative parameters extracted via dI-DECT imaging (iodine
concentration (NIC), slope of the spectral HU curve, and effective Z) showed a significant
correlation with both pT stages and two histologic-grade groups of colorectal adenocarcino-
mas [47]. Wang et al. verified that the IC and NIC generated from dI-DECT imaging could
help to detect local colonic wall thickening caused by colon neoplasia among radiologically
indeterminate colonic wall thickenings, with no specific requirement for bowel distension
or luminal insufflation [48].

Even if MRI is considered the gold standard in evaluating small intestine inflamma-
tory bowel diseases [Maaser2019], DECT has proven to have high diagnostic accuracy
in assessing inflammation activity and severity in those with Crohn’s disease [49-51]
(Figure 4).

In particular, it has been demonstrated that a quantitative assessment of DECT param-
eters, including NIC and slope of the HU curve (which represents the X-ray attenuation
coefficient at different energy levels), had higher accuracy in predicting intestinal activity
and severity in ileocolonic Crohn’s disease when compared to conventional SECT parame-
ters [49]. Further investigations corroborated these results and proved that the walls of the
bowel segments with active inflammation show a higher NIC value than those without
inflammation, using histopathologic results from either ileocolonic resection or biopsy of
the terminal ileum as the reference standard [51].

57



Diagnostics 2023, 13, 1740

Figure 4. A 66 y-o male with diffuse abdominal pain underwent abdominal CT with a final diagnosis
of distal ileum bowel ischemia. (A,C) Axial and coronal conventional CT images acquired after
intravenous contrast media injection show a slight difference in attenuation value (HU) of the small
bowel walls, with reduced enhancement in the distal ileum and regular enhancement in jejunum
and proximal ileum; (B,D) iodine maps clearly show the difference in iodine uptake between the
normal walls of the jejunum and proximal ileum and the poor iodine uptake of the distal tract of the
ileum; (E) the Z-effective map allows us to better and more simply define the different enhancement
in terms of colors between healthy and ischemic bowels due to the atomic number of iodine.

With regard to detector-based platforms, Kim et al. evaluated various qualitative and
quantitative dI-DECT features in a population of thirty-nine patients with Crohn’s disease
at different stages, ranging from remission to severe activity state. Due to its ability to
quantify the contrast distribution across intestine walls at a single point in time, the iodine
concentration measured on the iodine map was the only independent variable associated
with the Crohn’s disease activity index [52]. Active disease qualitative assessment may
also be improved because of the increased hyper-enhancement seen in low-keV images.
Lee et al. demonstrated that low-energy (40 keV) VMIs on a dI-DECT scan provided the
best CNR for both healthy and pathologic small bowel walls. Moreover, the diagnostic
performance in assessing active Crohn’s disease of three radiologists with different levels
of experience was significantly improved with the addition of low-energy VMIs, compared
to only the conventional PEI at 120 kVp [53].

CT colonography is a low-dose and minimally invasive method for diagnosing clini-
cally relevant lesions within the colon lumen. However, electronic fecal cleansing is often
needed to correct inadequate bowel preparation using fecal tagging with iodine or barium.
In the literature, a possible advantage of the tube-based DECT approach for electronic
cleansing in CT colonography imaging has been proposed [54]. Nevertheless, tube-based
technology may lead to an increase in radiation dose and image noise at a lower keV. Con-
versely, dI-DECT allows for VMIs in the projection domain without the need for temporal
and angular interpolation because it measures low- and high-energy projection informa-
tion in the two layers of the detector at the same spatial and angular location. This may
theoretically yield more accurate beam hardening artifact correction. In addition, since
spectral data are always available, using dI-DECT fecal tagging density can be calibrated to
a precise level after scanning. Taguchi et al. investigated these aspects, demonstrating that
both the mean tagging density and the number of colon segments with appropriate tagging
density were significantly higher in dI-DECT VMIs than that in conventional 120 kVp
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images (p < 0.01 for both) [55]. A more recent investigation further strengthened these
promising results. The authors found that 40-keV monoenergetic images showed higher
overall sensitivity in polyp detection compared with conventional 120 kVp PEI (58.8% vs.
42.1%, p < 0.001) and improved reader confidence at different fecal tagging levels (p < 0.001)
in a colon phantom [56].

3. Conclusions

Dual-layer DECT has several applications in gastrointestinal imaging and has already
demonstrated utility above that of conventional SECT in various pathologies. Particularly,
virtual monoenergetic images can improve vascular contrast and lesion conspicuity at low
energy levels. Iodine concentration measurements may help to characterize different lesions
by highlighting their contrast enhancement. Virtual non-contrast imaging can provide
pre-contrast information and potentially eliminate true non-contrast series in multiphasic
studies, saving radiation doses and additional studies. Lastly, a significant advantage of
this dual-layer DECT is that the spectral information is provided retrospectively for all
patients, without the need for prospectively screening the patient to determine whether the
dual-energy mode must be turned on.
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Abstract: Background: The Armed Forces Institute of Pathology (AFIP) had higher accuracy and
reliability in prognostic assessment and treatment strategies for patients with gastric stromal tumors
(GSTs). The AFIP classification is frequently used in clinical applications. But the risk classification
is only available for patients who are previously untreated and received complete resection. We
aimed to investigate the feasibility of multi-slice MSCT features of GSTs in predicting AFIP risk
classification preoperatively. Methods: The clinical data and MSCT features of 424 patients with
solitary GSTs were retrospectively reviewed. According to pathological AFIP risk criteria, 424 GSTs
were divided into a low-risk group (n = 282), a moderate-risk group (n = 72), and a high-risk group
(n = 70). The clinical data and MSCT features of GSTs were compared among the three groups.
Those variables (p < 0.05) in the univariate analysis were included in the multivariate analysis. The
nomogram was created using the rms package. Results: We found significant differences in the tumor
location, morphology, necrosis, ulceration, growth pattern, feeding artery, vascular-like enhancement,
fat-positive signs around GSTs, CT value in the venous phase, CT value increment in the venous
phase, longest diameter, and maximum short diameter (all p < 0.05). Two nomogram models were
successfully constructed to predict the risk of GSTs. Low- vs. high-risk group: the independent risk
factors of high-risk GSTs included the location, ulceration, and longest diameter. The area under the
receiver operating characteristic curve (AUC) of the prediction model was 0.911 (95% CI: 0.872-0.951),
and the sensitivity and specificity were 80.0% and 89.0%, respectively. Moderate- vs. high-risk group:
the morphology, necrosis, and feeding artery were independent risk factors of a high risk of GSTs,
with an AUC value of 0.826 (95% CI: 0.759-0.893), and the sensitivity and specificity were 85.7% and
70.8%, respectively. Conclusions: The MSCT features of GSTs and the nomogram model have great
practical value in predicting pathological AFIP risk classification between high-risk and non-high-risk
groups before surgery.

Keywords: gastric stromal tumors; X-ray computed; risk classification; Armed Forces Institute of
Pathology; nomogram model

1. Introduction

Gastrointestinal stromal tumors (GISTs) are very rare but are the most common mes-
enchymal tumors of the digestive tract. GISTs occur most frequently in the stomach
(50-60%) and small intestine (20-30%) [1]. Gastric stromal tumors (GSTs) differ in the
range of biological behavior from benign to extremely malignant. With the development of
targeted drug therapy, accurate risk stratification for GSTs has become increasingly impor-
tant. Presently, different risk classification standards are used for GSTs. The 2008 modified
version of the National Institutes of Health (NIH) classification and the Armed Forces
Institute of Pathology (AFIP) classification are frequently used in clinical applications [2,3].
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Previous studies [3-6] showed that AFIP criteria had higher accuracy and reliability in
prognostic assessment and treatment strategies for patients with GSTs.

AFIP risk stratification was typically based on the tumor location, size, and mitotic
count [7]. However, due to tumor stroma changes induced by treatment with tyrosine
kinase inhibitor (TKI) before surgery, the mitotic count and tumor size cannot be accurately
evaluated using post-operative specimens. Preoperative puncture biopsy may also not
provide accurate measurements of mitotic count when samples are few and for more
heterogeneous tumors. Moreover, puncture biopsy may cause the tumor to rupture, bleed,
or seed, spreading cancer cells along the needle path. Therefore, the risk classification is
only available for patients who were previously untreated and received complete resection.

MSCT has emerged as a clinically preferred imaging modality for its ability to provide
a differential diagnosis, an evaluation of metastasis and therapy, and a prediction of
rupture and follow-up after surgery [1,8,9]. Previous comparative studies [8,10,11] reported
different risk classification and prognosis evaluations of GISTs using CT or other inspection
methods. However, most of these studies included all GISTs and had fewer samples. Liu
et al. [12,13] reported that CT and clinical features differed between GSTs and non-GSTs. In
addition, GSTs account for more than half of GISTs. Accurate preoperative risk assessment
of GSTs using MSCT has important clinical significance in guiding treatment and predicting
prognosis. Therefore, this study aims to investigate the feasibility of MSCT features in
predicting pathological AFIP risk classification of GSTs before treatment.

2. Methods
2.1. Study Population

The clinical data and MSCT features of 476 patients with GSTs confirmed by surgical
and post-operative pathological examination at Zhongshan Hospital, Fudan University
and the Affiliated Traditional Chinese Medicine Hospital of Southwest Medical University
were retrospectively reviewed from November 2014 to November 2021.

The inclusion criteria: (1) GSTs were resected completely and were confirmed by the
post-operative pathological examination; (2) patients underwent abdominal triple-phase
(non-contrast CT, arterial, and venous phases) CT scan before surgery; and (3) longest
diameter of tumor specimen > 2 cm.

The exclusion criteria: (1) tumor rupture (preoperative or intraoperative tumor rupture;
tumor specimens were several pieces or incomplete); (2) severe CT artifacts; (3) treatment
with TKI before surgery; (4) distant metastasis (including lymph node metastasis, visceral
metastases, peritoneal metastases) was confirmed by biopsy; and (5) the number of GSTs > 2
in the same patient (Figure 1).

After screening, a total of 424 patients with solitary GSTs were included in this study.
According to the AFIP criteria [7] (Table 1), 424 GSTs were categorized as a low-risk group
(including very low and low risk), a moderate-risk group, and a high-risk group.

Table 1. AFIP criteria of GSTs.

Tumor Parameters Characterization of Proportion of Patients with

Size Mitotic Count Risk for Metastasis Progressive Disease (%)
>2cm < 5cm <5 per 50 HPFs Very low 1.9
>2cm < 5cam >5 per 50 HPFs Moderate 16
>5cm <10 cm <5 per 50 HPFs Low 3.6
>5cm <10 cm >5 per 50 HPFs High 55
>10 cm <5 per 50 HPFs Moderate 12
>10 cm >5 per 50 HPFs High 86
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Inclusion criteria:

(1) GSTs were resected completely and were confirmed by pathllogy.
(2) Patients underwent abdominal triple-phase CT scan before surgery.
(3) The longest diameter of tumor specimen > 2 cm.

\ 4

476 patients with confirmed GSTs by complete resection
and pathology from November 2014 to November 2021.

Exclusion criteria:
1) Tumor rupture (n = 5).

3) Treatment with TKI before surgery (n = 25).
4) Distant metastasis (n =7).
(5) The number of GSTs 2 2 in the same patient (n = 2).

(
(2) Severe CT artifacts (n = 13).
(
(

A total of 424 patients with solitary GSTs were included in this study.

Figure 1. Flow diagram of the study population.

2.2. CT Technique

All the patients drank 500-800 mL of water 15 min before the CT examination to
expand the stomach and were trained in breathing. All the patients underwent a triple-
phase (non-contrast, arterial, and venous phases) CT scan using one of the following MSCT
scanners: 64-slice spiral CT (Siemens Medical Solutions, Forchheim, Germany), second
Dual Source CT (Siemens Medical Solutions, Forchheim, Germany), or UIH 40 CT (United
Imaging Healthcare, Shanghai, China) scanner. The scanning parameters were as follows:
120-kV tube voltage, adaptive tube current, and axial images of 5 mm slice thickness. An
80-100 mL dose of non-ionic contrast agent (iopromide, 370 mgl/mL iodine, Bayer Schering
Company, Guangzhou, China; or iohexol, 300 mgl/mL iodine, GE Healthcare, Shanghai,
China) was injected into the cubital vein at a rate of 2.5-3 mL/s using a dual-barrel power
injector. The scan of the arterial and venous phases was initiated at about 25 s and 80 s after
starting the contrast injection, respectively.

2.3. Imaging Interpretation

Two radiologists with more than 10 years of clinical experience in abdominal CT
diagnosis reviewed the CT images using a single-blinded comparison to reach an agreement
through consultation, without prior knowledge of the pathological results. A consensus
was reached between a third senior abdominal radiologist and the two radiologists when
there was any disagreement between the two radiologists.

The following quantitative parameters were used in this study: (1) longest diameter
on axial image, maximal short diameter (perpendicular to longest diameter on the same
axial image); (2) CT value in non-contrast CT, arterial phase, and venous phase. More than
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20 mm?, circular regions of interest (ROI) of triple-phase CT value were drawn on the same
solid parts of lesions while avoiding necrotic cystic areas, calcification, and vascular areas;
(3) CT value increment in arterial phase (ACTyteria1) Was calculated by subtracting the CT
value in non-contrast CT from the CT value in the arterial phase; (4) CT value increment in
venous phase (ACTyenous) Was calculated by subtracting the CT value in the non-contrast
CT scan from the CT value in the venous phase.

The qualitative parameters were as follows: (1) morphology (regular was defined
as smooth-walled, round, or oval; irregular otherwise); (2) growth pattern (endophytic
vs. exophytic vs. mixed); (3) calcification (defined as extremely high-density imaging in
the non-contrast CT); (4) ulceration (defined as superficial defects of tumor); (5) necrosis
(defined as unenhanced regions in arterial and venous phase); (6) location (gastric fundus
vs. gastric cardia vs. gastric body vs. gastric antrum); (7) feeding artery (larger arteries
enter the tumor in the arterial phase); (8) vascular-like enhancement (striated vascular
shadow was seen in the arterial phase or venous phase inside the tumor); (9) fat-positive
signs around the lesion (increased fat density).

2.4. Statistical Analyses

SPSS statistical software (version: 26.0) and R software (version: 4.0.3) were used
to process and analyze all the data. All the continuous variables that did not always
follow a normal distribution were presented as the median (first quartile, third quartile).
The quantitative data were statistically analyzed using the Kruskal-Wallis H test, and the
least significant difference (LSD) test was used for pairwise comparisons. The categorical
variables were expressed as frequencies (percentages). The categorical variables were statis-
tically analyzed using the chi-square test and Bonferroni method for pairwise comparisons.
Those variables (p < 0.05) in the univariate analysis were included in the multivariate
analysis. Multivariate analysis was performed with stepwise logistic regression based
on the Akaike information criterion. The nomogram was created using the rms package.
The calibration curve (the Brier score) and receiver operating characteristic (ROC) curve
were used to evaluate the predictive performance of the nomogram model. A smaller
value of the Brier score (<0.2) suggests a better model. The bootstrap resampling method
(1000 samples) was used for internal validation and the stability of the model. The random
seed was set to 123,456. p < 0.05 was considered statistically significant.

3. Results
3.1. Clinical Information (Table 2)

A total of 424 patients (223 men and 201 women) with a median age of 61.0 (range,
14-85) years were included in the study. In total, 424 GSTs were divided into a low-risk
group (n = 282), a moderate-risk group (n = 72), and a high-risk group (n = 70). We found
no significant differences in age, gender, and gastrointestinal bleeding among the three
groups (p > 0.05).

Table 2. Comparison of clinical information.

Gender Gastrointestinal Bleeding
Groups Male Female Age (Years Old) Yes No
(n=223)  (n=201) (1 = 96) (n = 328)
LOV‘(’i;“:Sl;SgZ’;O“P 146(51.8) 138 (48.2)  61.00 (54.00,69.00) 55 (19.5) 227 (80.5)
Moderate-risk
group (1=72) 2 (44.4) 40 (55.6)  60.50 (52.50,68.00) 19 (26.4) 53 (73.6)
ng}(‘fjléog)m“p 45(64.3)  25(35.7)  60.00 (52.00,67.00) 22 (31.4) 48 (68.6)
Statistical Value 5.832# 1.181* 5.248 #
p value 0.054 0.554 0.072

Note: * represents H value, # represents X2 value.
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3.2. CT Features (Table 3, Figure 2)

There were significant differences in the longest diameter, maximum short diameter,
tumor location, morphology, necrosis, ulceration, growth pattern, feeding artery, vascular-
like enhancement, fat-positive signs around the lesion, the venous phase CT value, and the
ACTyenous among the three groups (p < 0.05). However, we found no significant differences
in the CT value in the non-contrast and arterial phase, ACT yyterial, and calcification (p > 0.05).

Figure 2. (A—C) A 46-year-old male patient with very low-risk GSTs in gastric body (white arrow).
The non-contrast (A), arterial phase (B), and venous phase (C) CT images showed endophytic growth
tumor with regular morphology, homogeneous enhancement and no necrosis. (D-F) A 59-year-
old male patient with moderate-risk GSTs in gastric body (white arrow). The non-contrast (D),
arterial phase (E), and venous phase (F) CT images showed exophytic growth lesion with irregu-
lar morphology, thin dotted calcification (D), heterogeneous enhancement, and necrosis. (G-I) A
57-year-old male patient with high-risk GSTs in gastric fundus. The non-contrast (G), arterial phase
(H,I) CT images showed a mixed growth tumor with irregular morphology, thin dotted calcification
((G), white arrow), heterogeneous enhancement and necrosis area, feeding artery ((I), short red
arrow), vascular-like enhancement ((H), long red arrow), and ulceration ((G,I), short yellow arrow).
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Table 3. Comparison of MSCT features of GSTs.

Low-Risk Group Moderate-Risk Group High-Risk Group  Statistical

Parameters (n = 282) (=72 (n = 70) Value p Value
Morphology
Regular (1 = 239) 178 (63.1) 2 46 (63.9) 2 15 (21.4) b 41.629* <0.001
Irregular (n = 185) 104 (36.9) 26 (36.1) 55 (78.6)
Calcification
No (n = 346) 232 (82.3) 61 (84.7) 53 (75.7) 44338 # 0.338
Yes (n =78) 50 (17.7) 11 (15.3) 17 (24.3)
Ulceration
No (n =299) 228 (80.9) @ 42 (58.3)b 29 (41.4)¢ 48116 * <0.001
Yes (n = 125) 54 (19.1) 30 (41.7) 41 (58.6)
Feeding artery
No (n = 294) 216 (76.6) @ 55 (76.4) @ 23 (32.9) P 52.490 * <0.001
Yes (n = 130) 66 (23.4) 17 (23.6) 47 (67.1)
Vascular-like enhancement
No (n = 321) 233 (82.6) @ 57 (79.2) @ 31 (44.3)b 45.383 # <0.001
Yes (n = 103) 49 (17.4) 15 (20.8) 39 (55.7)
Fat-positive sign around lesion
No (n = 394) 275 (97.5) @ 69 (95.8) @ 50 (71.4) b 59.171 % <0.001
Yes (n = 30) 7 (2.5) 34.2) 20 (28.6)
Necrosis
No (n = 183) 142 (50.4) 2 36 (50.0) 2 5(7.1)P 44338 * <0.001
Yes (n = 241) 140 (49.6) 36 (50.0) 65 (92.9)
Location
Gastric fundus (1 = 157) 90 (31.9) 2 38 (52.8) b 29 (41.4)2b 29.563 # <0.001
Gastric cardi (n = 10) 4(14)° 1(1.4)2b 5(7.1)"
Gastric body (n = 215) 149 (52.8) 2 31(43.1)¢ 35 (50.0) @
Gastric antrum (1 = 42) 39 (13.8) 2 2(2.8)b 1(1.4)b
Growth pattern
Endophytic (n = 133) 81(28.7)2 25(34.7)¢ 7 (10.0)® 19.755 # 0.001
Exophytic (n = 179) 124 (44.0) 2 27 (37.5) ¢ 28 (40.0) @
Mixed (n = 132) 77 (27.3) 2 20 (27.8) @ 35 (50.0)
Maximal short diameter (cm) (2.302/'224) a (2.363,'?799) a (4.346/'3.629) b 98.088 * <0.001
CT value in non-contrast (HU) (29.35,.?356‘00) (29'252,'83260) (30.532200) 1.740 * 0.419
CT value in arterial phase (HU) (46.(?(?,.76?).70) (46.;1??.9557.15) (44:3"95;00) 3.504 * 0.173
CT value in venous phase (HU) (57.4(6)%'71220) a (54.88,1'6075.75) b (54.0??659940) b 9.208 * 0.010
19.50 17.83 16.50
ACTasterial (13.39, 26.70) (12.65, 24.38) (11.75, 23.93) 41937 0.123
31.00 27.55 26.25
ACTvenous (24.60, 41.49) @ (21.50, 37.60) b (21.12,36.15) b 8.557* 0.014

Note: * represents H value, # represents %2 value, Different letters (*® ©) indicate statistical differences.

3.3. Construction of Binary Logistic Regression and Nomogram Model

Low- vs. high-risk group: with the low-risk group as a reference, the independent risk
factors of high-risk GSTs included location, ulceration, and the longest diameter based on
multivariate logistic regression analysis (Table 4). A nomogram model was constructed to
predict the high-risk GSTs using R software (Figure 3A). The AUC value of the predictive
model was 0.911 (95% CI: 0.872-0.951), and the sensitivity and specificity were 80.0% and
89.0%, respectively. The AUC obtained from the internal validation using the bootstrap
method was 0.913 (95% CI: 0.870-0.947), and the sensitivity and specificity were 84.3% and
84.0%, respectively. The optimal cut-off value of the total score was 54 (Figure 3B). The
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ROC curve and the calibration curve (Brier value = 0.083, Figure 3C) both suggested that
the nomogram model had good predictive performance.

Table 4. Results of binary logistic regression analysis of low- vs. high-risk group.

Standard Wald

Risk Factor B Value Error Value p Value OR Value (95% CI)
Location Gastric antrum *
Gastric fundus 2476 1.146 4.671 0.031 11.895 (1.259, 112.345)
Gastric cardia 4.135 1.572 6.914 0.009 62.467 (2.865, 1361.919)
Gastric body 2.191 1.135 3.728 0.054 8.946 (0.967, 82.716)
Ulceration No *
Yes 1.190 0.384 9.586 0.002 3.286 (1.547, 6.980)
Longest diameter No *
Yes 0.569 0.090 40.251 <0.001 1.767 (1.482, 2.106)
Vascular-like enh ¢ o
ascular-iike enhancement  yoq 0.658 0.419 2.468 0.116 1.931 (0.850, 4.390)
Note: * represents refer.
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Figure 3. Using low-risk group as a reference, construction of predicting high-risk GSTs nomogram
model. (A) Construction of nomogram based on the binary logistic regression analysis. The risk score
was calculated using a nomogram. The optimal cut-off value of the total score was 54. (B) ROC curve
of the prediction model; the sensitivity and specificity suggested that the nomogram model had good
predictive performance. (C) Calibration curve of nomogram; the closer the bias-corrected line was to
the ideal line, the more predictive accuracy of the nomogram model was (Brier value = 0.083).

69



Diagnostics 2023, 13, 3192

Moderate- vs. high-risk group: using the moderate-risk group as a reference, multivari-
ate logistic regression analysis showed that morphology, necrosis, and feeding artery were
independent risk factors of high-risk GSTs (Table 5). A nomogram model was constructed
to predict the high-risk GSTs using R software (Figure 4A). The AUC value of the predictive
model was 0.826 (95% CI: 0.759-0.893), and the sensitivity and specificity were 85.7% and
70.8%, respectively (Figure 4B). The AUC obtained from the internal validation using the
bootstrap method was 0.828 (95% CI: 0.761-0.892), and the sensitivity and specificity were
85.7% and 70.8%, respectively. The optimal cut-off value of the total score was 111. The
ROC curve and the calibration curve (Brier value = 0.163, Figure 4C) both suggested that
the nomogram model had good predictive performance.

Table 5. Results of binary logistic regression analysis of moderate- vs. high-risk group.

Risk Factor 3 Value Standard Error Wald Value p Value OR Value (95% CI)
Morphology Regular *
Irregular 1.256 0.436 8.288 0.004 3.511 (1.493, 8.255)
Necrosis No *
Yes 1.994 0.554 12.938 <0.001 7.342 (2.478,1.757)
Feeding artery No*
Yes 1.173 0.433 7.357 0.007 3.233 (1.385, 7.549)
Note: * represents refer.
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Figure 4. Using moderate-risk group as a reference, construction of predicting high-risk GSTs nomo-
gram model. (A) Construction of nomogram based on the binary logistic regression analysis. The risk
score was calculated by nomogram. The optimal cut-off value of the total score was 111. (B) ROC
curve of the prediction model; the sensitivity and specificity suggested that the nomogram model had
good predictive performance. (C) Calibration curve of nomogram; the closer the bias-corrected line
was to the ideal line, the more predictive accuracy of the nomogram model was (Brier value = 0.163).
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4. Discussion

GSTs develop from the Cajal mesenchymal cells or their common stem cells and are
potentially malignant. They could occur at any age but mainly in middle-aged and seniors,
exhibiting similar incidence in men and women [14], which agrees with our study.

In this study, the tumor size in the high-risk group was larger than the other two groups.
Using the low-risk group as a reference, the multivariable analysis indicated that the longest
diameter was the independent risk factor for high-risk GSTs. Previous studies [8,15] indicate
a correlation between larger tumor size and a worse patient prognosis, which is consistent
with our results. The characteristics of tumor rapid growth are indicative of malignant
tumors. The tumor size in the low-risk group was similar to that of the moderate-risk group.
Therefore, tumor size could not be used to differentiate low- from moderate-risk GSTs.

In the present study, we found that the incidence of ulceration increased with increas-
ing risk classification, with significant differences between different groups. Meanwhile,
ulceration was the independent risk factor for high-risk GSTs. We speculated that GSTs
with a higher risk classification were probably more invasive and easily destroyed gastric
mucosa. The incidence of feeding artery and vascular-like enhancement in the high-risk
group was about three times higher than in the other two groups. Research by Xu et al. [16]
also showed that feeding artery and vascular-like enhancement were more likely to occur
in high-risk GSTs. Neovascularization is an essential step in tumor metastasis and the
invasion of malignant tumors. A relatively larger tumor in the high-risk group likely
accounted for this result because larger tumors would need more neovascularization to
provide nutrition for tumor growth.

The necrosis rate (92.9%) of tumors in the high-risk group was significantly higher
than that in the low- and moderate-risk groups. Grazzini et al. [11] also found that the
necrosis rate of the tumor was 99% in the high-risk group. High-risk tumors grew faster
and disproportionately to the relatively slow growth rate of neovascularization, leading
to ischemic necrosis. Previous studies [16,17] reported that the degree of enhancement in
the venous phase reduced as the risk stratification increased, which is in agreement with
the results of the present study. A possible explanation for this outcome is that the growth
rate of neovascularization in the moderate- and high-risk groups was lower than that of
the tumor, resulting in relatively few contrast agents entering the tumor. In addition, the
high-risk tumor is accessible to myxoid change and ischemic necrosis, which resulted in a
reduced CT value in the venous phase. A previous study by Jumniensuk et al. [18] showed
that GISTs with myxoid change likely exhibit recurrence and metastasis.

The growth patterns of the high-risk lesions were mainly mixed and exophytic patterns
and were rarely endophytic, which is consistent with our results [8,19]. Most GSTs in the
high-risk group were of irregular morphology (78.6%). On the contrary, GSTs with regular
morphology were seen more often in the low- and moderate-risk groups. Neill et al. [20]
also showed that irregular morphology or lobulation was an independent risk factor for
GST recurrence and metastasis, which is consistent with our study. A probable explanation
for this result is that tumor cell heterogeneity increases concomitantly with increasing
tumor aggressiveness, contributing to a faster growth rate in more aggressive tumor parts.
Fat-positive signs around the lesion were more common in the high-risk group than in
the other groups. Kim et al. [21] also found that GSTs with mesenteric fat infiltration were
likely highly risky. This clinical outcome might be explained by the high ability of highly
aggressive tumors to infiltrate the surrounding tissue. Alternatively, a larger tumor volume
in the high-risk group might compress the surrounding blood vessels more easily, resulting
in adipose tissue edema.

To the best of our knowledge, there are few nomogram models of CT features for
predicting risk stratification for GSTs. In the present study, using the low-risk group as
a reference, multivariate logistic regression analysis showed that the location, ulceration,
longest diameter, and vascular-like enhancement were independent risk factors of high-
risk GSTs. With the moderate-risk group as a reference, the morphology, necrosis, and
feeding artery were independent predictors of high-risk GSTs. The AUC obtained from the
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internal validation using the bootstrap method was basically consistent with the results of
the predicted model, which indicates the stability of the model. Two nomogram models
were both successfully established to predict the high-risk GSTs and had good prediction
efficiency. A logistic regression equation can graphically be present with a nomogram. It is
convenient and straightforward to utilize a nomogram for risk of GSTs prediction through
a simple addition operation, with practical value for the clinical evaluation of patients.

There were some limitations in the study. First, a retrospective study led to a selection
bias. A possible non-uniformity in the CT scanner and the parameters, injection speed, and
doses of contrast agent might also have impacted the results. Second, the study failed to
perform a three-dimensional reconstruction of the CT images because of a lack of thin-slice
CT images, which might also have impacted the results.

5. Conclusions

In summary, GSTs can be classified as high risk and non-high risk with MSCT features,
such as the longest diameter, tumor location, morphology, necrosis, ulceration, feeding
artery, and vascular-like enhancement. The nomogram model can better distinguish the
risk classification of GSTs before surgery.
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NIH National Institutes of Health

GSTs Gastric stromal tumors

GISTs Gastrointestinal stromal tumors

MSCT Multi-slice CT

AUC Area under the receiver operating characteristic curve
TKI Tyrosine kinase inhibitor

ACT pterial CT value increment in arterial phase
ACTyenous  CT value increment in venous phase
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Abstract: Background: Dynamic contrast-enhanced magnetic resonance imaging is a noninvasive
imaging modality that can supply information regarding the tumor anatomy and physiology. The aim
of the study was to analyze DCE-MRI perfusion parameters in normal pancreatic parenchymal tissue
and PDAC and to evaluate the efficacy of this diagnostic modality in determining the tumor grade.
Methods: A single-center retrospective study was performed. A total of 28 patients with histologically
proven PDAC underwent DCE-MRI; the control group enrolled 14 patients with normal pancreatic
parenchymal tissue; the radiological findings were compared with histopathological data. The study
patients were further grouped according to the differentiation grade (G value): well- and moderately
differentiated and poorly differentiated PDAC. Results: The median values of Ktrans, kep and iAUC
were calculated lower in PDAC compared with the normal pancreatic parenchymal tissue (p < 0.05).
The mean value of Ve was higher in PDAC, compared with the normal pancreatic tissue (p < 0.05).
Ktrans kep and iAUC were lower in poorly differentiated PDAC, whereas Ve showed no differences
between groups. Conclusions: Ve and iAUC DCE-MRI perfusion parameters are important as
independent diagnostic criteria predicting the probability of PDAC; the Ktrans and iAUC DCE-MRI
perfusion parameters may serve as effective independent prognosticators preoperatively identifying
poorly differentiated PDAC.

Keywords: pancreatic adenocarcinoma; tumor grade; dynamic contrast-enhanced MRI

1. Introduction

Pathological grading of pancreatic ductal adenocarcinoma (PDAC) might be obtained
preoperatively by fine needle biopsy (FNB). This way, some patients with a disease unsuit-
able for upfront surgery might be identified, even if considered resectable by high-quality
imaging. However, FNB is associated with various complications and might postpone the
treatment. Endoscopic ultrasonography-guided tissue acquisition (EUS-TA) represents
the criterion standard for the diagnostic evaluation of pancreatic masses. However, the
relatively high rate of false negatives still represents a common pitfall associated with this
procedure [1]. If a poorly differentiated or anaplastic tumor is histologically confirmed,
therapy might be started with a non-surgical approach. After neoadjuvant therapy, patients

Copyright: © 2023 by the authors.

_ _ could undergo surgical exploration if the disease remains stable or in cases of downstag-
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ing. Therefore, noninvasive identification of tumor grade would be preferred in terms
of improved patient selection. This is an interesting topic, as grading of the tumor is a
significant prognostic factor in patients suffering from PDAC. Identifying new biomarkers
Attribution (CC BY) license (https:// 15 Preferred to move toward an individual treatment of the patient, while unnecessary
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40/). morphological changes when performing imaging. Recently, minimal progress has been
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made in understanding the pathophysiology of PDAC via different imaging modalities,
one of which is perfusion computed tomography (CT) [2-4].

Without the hazard of ionizing radiation, dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) is a noninvasive imaging modality that can provide anatomical
and physiological information of the tumor [5-10]. Preliminary studies supported the
importance of magnetic resonance (MR) perfusion in the evaluation of abdominal or-
gans [5,11-14]. The aim of the study was to analyze DCE-MRI perfusion parameters
in normal pancreatic parenchymal tissue and PDAC and to estimate the efficacy of this
diagnostic modality in determining the tumor grade.

2. Materials and Methods

We performed a retrospective single-center study in the Department of Radiology at
the Hospital of Lithuanian University of Health Sciences Kaunas Clinics. The Regional
Biomedical Research Ethics Committee approved the study (protocol No. BE-2-22). All
the patients gave informed consent. Forty-four (44) patients with histologically proven
PDAC underwent DCE-MRI from September 2019 to January 2021. The inclusion criteria
were as follows: histologically proven pancreatic head PDAC; tumor > 2.0 cm in size;
estimated glomerular filtration rate (¢GFR) > 30 mL/min; absence of contraindications to
MR examination. We included 28 subjects with pancreatic head PDAC. Perfusion qualitative
and quantitative assessments were obtained in all cases. We excluded 16 patients who could
not complete the examination because of pain or disagreed to participate in the study. The
inclusion criteria for the control group patients were as follows: no history of abdominal
disorders, no significant medical history of diabetes or other pancreatic disorders, no cystic
or benign liver and cystic kidney lesions. In total, 14 patients with non-tumorous pancreatic
tissue were included as controls. MRI was performed using a 1.5T MR system (Siemens
Magnetom Avanto, Siemens Healthineers, Erlangen, Germany) in the supine position.
Patients fasted for 6 to 8 h before the DCE-MRI scan. All DCE-MRI examinations were
performed using an injection of 0.2 mL/kg Gd-based contrast media (Gadovist®, Bayer
AG, Leverkusen, Germany), at a rate of 3.0 mL/s, followed by 20 mL of saline at the same
injection rate. All the patients were instructed to breathe slowly during the examination.
Two observers with 10 and 20 years of experience interpreting pancreatic MR images
reviewed the original MR imaging data. A DCE-MRI postprocessing software program
(Tissue 4D; Siemens Magnetom Avanto, Siemens Healthineers, Erlangen, Germany) was
used to obtain both a time-signal-intensity curve (TSIC) and to generate perfusion maps
for each healthy pancreatic parenchyma, tumor, and different tumor grade. Perfusion maps
of the volume transfer coefficient (Ktrans), extracellular extravascular volume fraction (Ve),
rate constant (Kep), and initial area under the concentration curve in 60 s (iIAUC) were
generated. T1 mapping was computed from the T1-weighted acquisitions with different flip
angles. The region of interest (ROI) was drawn on the abdominal aorta to obtain an arterial
input function. The other three ROIs in the head of the pancreas were selected. The area of
each ROI was 20 to 40 mm?. The mean perfusion values of all the ROIs were calculated
and used for further evaluation. The pancreatic duct, necrotic, or cystic areas of the tumor
were avoided. The qualitative analysis was based on TSICs, which were classified based on
their shape by two radiologists into different types. We selected types of curves from the
study by Wanling Ma et al. as an example for further evaluation (Figure 1) [6].

The radiological findings were compared with histopathological data. Histopatho-
logical analysis was performed at the Department of Pathological Anatomy, Lithuanian
University of Health Sciences. The study patients were further grouped according to the
differentiation grade (G value): well- and moderately differentiated (G1 + G2) and poorly
differentiated (G3) PDAC. Images of DCE-MRI of non-tumorous pancreatic tissue and
PDAC are presented in Figures 2 and 3.
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Figure 1. (A) SI-T curves of all nontumoral pancreatic tissue showed type I pattern enhancement.
Pancreatic tumors showed type II or type III pattern enhancement; (B) Curve graph shows that
pancreatic tumor enhances lesser than surrounding nontumoral pancreatic tissue. Time-signal-
intensity curves selected for further data evaluation: type I, characterized by quick enhancement and
quick washout; type II, with slow enhancement, which is followed by slow constant enhancement;
type III, slow enhancement followed by slow washout [6].
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Figure 2. MRI perfusion images of non-tumorous pancreatic parenchymal tissue in the head of the
pancreas with TSIC—Type I (characterized by fast enhancement and fast washout). Type I pattern
enhancement was found in all tissues from control group patients.

Figure 3. MRI perfusion images of G3 tumor in the head of the pancreas with TSIC—type II (slow
enhancement and then continuous enhancement). The curve graph shows that pancreatic tumor
enhances to a lesser extent than surrounding nontumoral pancreatic tissue. Most poorly differentiated
(G3) tumors showed Type II pattern enhancement.

Statistical Analysis

We used the Kolmogorov-Smirnov and the Shapiro-Wilk tests to check data normality.
Normally distributed data were expressed as mean values (SD—standard deviation), and
abnormal distributed as medians. The Student’s ¢-test and Mann-Whitney U-test were used
for normally and non-normally distributed data, respectively. We used discriminant func-
tion analysis to determine the differences between groups and between well-/moderately
and poorly differentiated PDAC.

We calculated cut-off points for best specificity, sensitivity, and accuracy, positive (PPV)
and negative predictive values (NPV).

Statistical analysis was performed using ©SPSS for Windows 23.0 ™ software and
©Miicrosoft Excel 16™. Statistical significance was considered at p-value less than or equal
to 0.05.
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3. Results
3.1. General Patient’s Characteristics

Radiological and histopathological data of 42 subjects were included. The control
group enrolled 14 patients with normal pancreatic parenchymal tissue (Table 1). These
patients underwent MRI due to other indications (IPMN—four subjects, benign liver
lesions—seven subjects, cystic kidney lesions—three subjects). The mean age of patients
was 60.64 (15.24) in this group. No difference in age or gender distribution between these
groups was identified (p = 0.209 and p = 0.306, respectively, Table 1).

Table 1. The distribution between gender of PDAC and control group.

Non-Tumorous Pancreatic

Tissue (n = 14) MeI;E?S%()n; 1318:" %) p Value
Mean (SD) or N (%)
Age 60.64 (15.24) 66.46 (15.24) =0.209
Female 2 (14.3%) 8 (28.6%) =0.306
Male 12 (85.7%) 20 (71.4%) =0.306
Total 14 (100%) 28 (100%)

Values are mean (standard deviation (SD)).

3.2. Normal Pancreatic Parenchyma vs. Pancreatic Ductal Adenocarcinoma (PDAC)

The median KTans, kep, and iAUC values and the mean value (SD) of Ve for the normal
pancreatic parenchymal tissue were 0.178 (min1), 0.861 (min~!), 16.457 (mmol/s), and
0.196 (0.114), respectively. The median values of Ktrans, kep, and Tauc for PDAC patients
were 0.106 (min~'), 0.406 (min~—1), and 9.045 (mmol/s), respectively; the mean value (SD)
of Ve for PDAC was 0.313 (0.169).

The median values of Kfrans, kep, and iAUC were calculated to be lower in PDAC
compared with the normal pancreatic parenchymal tissue (p < 0.05). The mean value of Ve
was higher in PDAC, compared with the normal pancreatic parenchymal tissue (p < 0.05).
The data are presented in Table 2.

Table 2. DCE-MRI perfusion parameters in normal pancreatic parenchymal tissue and PDAC.

Parameters Non-Tumorous Pancreatic Tissue PDAC Mean (SD) or Median Value
Mean (SD) or Median * (q1-q3) Value * (q1-q3) Value P

Ktrans * (min—1) 0.178 (0.0295-0.538) 0.106 (0.0298-0.538) =0.033

kep * (min—1) 0.861 (0.519-3.035) 0.406 (0.199-1.054) =0.006

Ve 0.196 (0.114) 0.313 (0.169) =0.012

iAUC * (mmol/s) 16.457 (11.23-29.613) 9.045 (3.309-15.452) =0.005

* Median in abnormal distribution of parameters. Abbreviations: SD—standard deviation; K¥3$—volume transfer
coefficient; Ve—extracellular extravascular volume fraction; Kep—rate constant; iAUC—initial area under the
concentration curve in 60 s.

We used the discriminant function analysis to determine differences between PDAC
and the normal pancreatic parenchyma. All calculated MRI perfusion variables (Ktrans,
Kep, Ve, and iAUC) were included to identify the most important ones. Cut-off points for
all MRI perfusion parameters with their predictive values are presented in Table 3.
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Table 3. Average of Ktrans, Kep, Ve, and iAUC in the presence of PDAC.

PDAC Ktrans kep Ve iAUC
AUC 0.704 0.765 0.689 0.768

Cut-off point <0.19 <04 >0.25 <15.75
Sensitivity 92.9 50.0 53.6 64.3
Specificity. 50.0 92.9 92.9 82.8
PPV 78.8 93.3 93.8 82.8
NPV 77.8 48.1 50.0 64.3

Abbreviations: PPV—positive predictive value; NPV—negative predictive value; ROC—receiver operating
characteristic; K" —volume transfer coefficient; Ve—extracellular extravascular volume fraction, Kep—rate
constant; iAUC—initial area under the concentration curve in 60 s.

3.3. PDAC Independent Diagnostic Criteria

The logistic regression model was used to disclose the independent diagnostic MRI
perfusion criteria of PDAC. Four main parameters—Ktrans, Kep, Ve, and iAUC—were in-
cluded in the stepwise analysis to determine the most significant ones (Table 4 and Figure 4),
disclosing iAUC and Ve as the most important independent discriminators.

Table 4. Logistic regression for disclosing the probability occurrence of PDAC.

95% C.I. for 95% C.I. for
B S.E. p Value Exp (B) EXP (B) Lower EXP (B) Upper
iAUC (mmol/s) 3.068 1.145 0.007 21.5 2.28 202.778
Ve 3.061 1.209 0.011 21.354 1.997 228.318
Abbreviations: Ve—extracellular extravascular volume fraction; iAUC—initial area under the concentration curve
in 60 s.
100 97.7
= 66.4 66.5
€0
25
8.5
0
Ve<0.2% Ve>=0.25 Ve<0.25 \'e>=0.25
ALC>=1575 IAUC>=15.78 AUC<=15.75 IAC<15.75

Figure 4. Disclosed probability for the PDAC. The graph shows the prognosticated probability of
PDAC (%) (determined by logistic regression analysis) if the Ve and iAUC parameters or both of
them exceed the defined cut-off value (Ve > 0.25, iAUC < 15.75). If both parameters are less than the
determined cut-off point, the prognosticated probability for the presence of PDAC is 8.5%; if both
values achieve the defined cut-off point, the estimated probability for the existence of PDAC is 97.7%.

3.4. Well-/Moderately Differentiated (G1/G2) PDAC vs. Poorly Differentiated (G3) PDAC

There were 10 (35.7%) subjects with well-/moderately (G1 + G2), and 18 (64.3%) with
poorly differentiated (G3) tumors. Analysis revealed that K", kep,, and iAUC were lower
in poorly differentiated PDAC, whereas Ve showed no differences in G1 + G2 and G3
PDAC. The distribution between perfusion parameters is presented in Table 5.
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Table 5. DCE-MRI perfusion parameters in different grades of PDAC.

Mean (SD) or Median * (q1-q3) Mean (SD) or Median * (q1-q3)

Parameters Value (G1 + G2), (1 = 10) Value (G3), (n = 18) p Value
KUrans + (min—1) 0.175 (0.132-0,182) 0.059 (0.034-0.106) =0.020
kep * (min~7) 0.521 (0.369-1.091) 0.357 (0.165-0.623) <0.001
Ve 0.335 (0.139) 0.300 (0.185) =0.254

iAUC * (mmol/s) 15.600 (14.461-17.598) 5.202 (1.771-10.712) =0.035

* Median in abnormal distribution of parameters; abbreviations: SD—standard deviation; Ktrans__yolume transfer
coefficient; Ve—extracellular extravascular volume fraction; Kep—rate constant; iAUC—initial area under the
concentration curve in 60 s.

We performed discriminant function analysis to identify differences between well-
/moderately and poorly differentiated PDAC. Four main MRI perfusion variables (Ktrans,
Kep, Ve, and iAUC) were included to establish the most important ones.

The K" value less than 0.109 was concomitant to the presence of G3 PDAC with an
83.3% sensitivity and 90% specificity (AUC = 0.994); kep less than 0.344 was concomitant to
the presence of PDAC with a 50% sensitivity and 90% specificity (AUC = 0.65); a higher
than 0.272 Ve value was connected to the presence of G3 PDAC with a sensitivity of 44%
and specificity of 30% (AUC = 0.428); an iAUC value less than 12.592 was concomitant
to the presence of G3 PDAC with an 83.3% sensitivity and 90% specificity (AUC = 0.872).
Cut-off points for all MRI perfusion parameters are presented in Table 6.

Table 6. Analysis of the poorly differentiated (G3) PDAC.

Poorly Differentiated (G3) PDAC Ktrans Kep Ve iAUC
AUC 0.994 0.65 0.428 0.872
Cut-off point <0.109 <0.344 >0.272 <12.592
Sensitivity 83.3 50 44 83.3
Specificity. 90 90 30 90
PPV 94 90 53 94
NPV 75 50 23 75

Abbreviations: PPV—positive predictive value; NPV—negative predictive value; ROC—receiver operating
characteristic; KS—vyolume transfer coefficient; Ve—extracellular extravascular volume fraction; Kep—rate
constant; iAUC—initial area under the concentration curve in 60 s.

3.5. Independent Diagnostic Criteria of Poorly Differentiated (G3) PDAC

The logistic regression model was chosen to disclose the independent diagnostic MRI
perfusion criteria of poorly differentiated PDAC. Four main parameters—Ktrans, Kep, Ve,
and iAUC—were included in the stepwise analysis to determine which of them were most
important (Table 7 and Figure 5), identifying Ktrans and iAUC as significant independent
discriminators.

Table 7. Logistic regression for estimating the probability occurrence of poorly differentiated (G3) PDAC.

B S.E. pValue Exp (B) 95% C.I. for EXP (B) 95% C.I. for EXP (B)

Lower Upper
Ktrans  3.807 1.229 0.002 45 4.044 500.693
iAUC  3.281 1.462 0.025 26.599 1.516 466.594

Abbreviations: Ktrans—volume transfer coefficient; iAUC—initial area under the concentration curve in 60 s.
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Figure 5. Calculated probability for the presence of poorly differentiated PDAC. The graph shows
the prognosticated probability of G3 PDAC (%) if the Ktrans and iAUC parameters or both of them
exceed the defined cut-off value (Ktrans < 0.11, iAUC < 12.59). If both parameters are less than the
determined cut-off point, the prognosticated probability for the presence of G3 PDAC is 9.72%; if
both values exceed the defined cut-off point, the estimated probability for the existence of PDAC
is 97.17%.

4. Discussion

PDAC is a very heterogeneous tumor type; therefore, patients diagnosed with the same
tumor stage often have markedly different clinical prognoses [15-17]. Diffusion-weighted
imaging (DWI) with the apparent diffusion coefficient (ADC) predicts tumor grade and
prognosis of various abdominal neoplasms, such as pancreatic neuroendocrine tumor, gas-
trointestinal tumors (GIST), rectal cancer, and hepatocellular carcinoma (HCC) [12,18-21].

The present study shows the significance of setting the role and value of the DCE-
MRI analysis in diagnosing PDAC and evaluating the tumor grade without any ionizing
radiation exposure for the patient. It is a noninvasive technique that can provide anatomical
and physiological information about the tumor. DCE-MRI has been used to investigate
microcirculation and microvasculature in different organs quantitatively. We analyzed
the importance of MRI perfusion parameters in foreseeing PDAC and different tumor
grades [4].

Another study of gallbladder cancer by Ji Hye Min et al. found the tumor ADC
cut-off value to be an independent prognostic factor that ensures long-term disease-free
survival (DFS) [16]. According to the literature, the differentiation grade of the tumor
is a significant outcome prognosticator in PDAC patients [22]. Patients with low-grade
(well-differentiated) PDAC have better survival rates than those with poorly differentiated
PDAC [15,23-26]. Shibata K et al. reported that undifferentiated PDAC strongly predicts
poor outcomes since it is related to hepatic metastases [15]. Tumor size and lymph node
metastases influence survival less than tumor grade. Therefore, a noninvasive imaging
modality able to predict a differentiation grade of PDAC before surgery would help to
identify the aggressive prognosis of G3 tumors. This can allow optimizing therapeutic
strategies and improve survival. Wasif N et al. in their study proposed the ability to include
the tumor grade in PDAC staging—a novel TNMG staging system [10].

We agree with Facciorusso A et al., who recently confirmed contrast-enhanced har-
monic endoscopic ultrasound (CH-EUS) as a helpful tool to identify the ideal target area
for EUS-FNA avoiding the anechoic areas and vessels inside the tumor [27]. They also
reported EUS-guided TA as a valuable tool in the diagnostic algorithm of pancreatic masses;
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however, this method is still impaired by the relatively high rate of false negative results,
mainly due to inadequate tissue samples. Most of these false negative cases are related
to the presence of fibrosis and necrosis inside the tumor, thus usually requiring several
needle passes to achieve adequate samples. Contrast enhancement was found to be able to
properly characterize the areas of necrosis as well as the vessels. Therefore, this tool might
help to identify the target area for FNA, thus decreasing the rate of false negative results by
avoiding the areas rich in blood, necrosis, and fibrosis. Still, this method remains invasive.

Noninvasive preoperative identification of poorly differentiated PDAC may poten-
tially define patients who may benefit from preoperative biopsy followed by neoadjuvant
therapy for morphologically confirmed poorly differentiated PDAC or who may be enrolled
in further clinical trials. In this way, patients might be eligible for individualized treatment.

In our previous study, we reported the significance of perfusion CT and MRI DWI in
estimating poorly differentiated PDAC [13]. Still, one of the most significant disadvantages
of perfusion CT remains a high radiation dose.

The qualitative assessment based on the signal intensity per time showed similar
results to other studies reported in the literature [7,28-31]. All patients with non-tumorous
pancreatic tissue showed a TSIC-shape 1. All PDAC patients showed a TSIC-shape 2,
characterized by slow progressive enhancement. TSIC did not differ between different
tumor grades because of overlap in the imaging features. The perfusion analysis showed a
difference between Ktrans, Ve, Kep, and iAUC values obtained in non-tumorous pancreatic
tissue, PDAC, and different tumor grade.

The Ktrans, Kep, and iAUC values of PDAC (0.106 min~1, 0.406 min~!, and 9.045 mmol/s,
respectively) were lower than those of non-tumorous pancreatic tissue (0.178 min~!,
0.861 min~!, and 16.457 mmol/s, respectively). Moreover, all these perfusion values were
significantly lower in G3 PDAC (0.059 min—!, 0.357 min—!, and 5.202 mmol/s, respectively).
The Ktrans and Kep values reflect blood flow; thus, the described results agreed with the
post-contrast behavior of the PDAC. According to Jin Xu et al., PDAC with poor blood
supply had lower blood volume and blood flow when compared with normal pancreatic
parenchyma. Therefore, more connective tissue and fibrous tissue proliferation in PDAC
leads to the higher vascular pressure of EES, which further reduces the value of K" [32].

Jae Hyun Kim et al. [8] in their study also reported these values to be significantly
lower in PDAC (0.042 min~!, 0.761 min—!, and 2.841 mmol/s) when compared with non-
tumorous pancreatic tissue (0.387 min~!, 6.376 min~!, and 7.156 mmol/s). The authors
assumed that these findings are predictable in regions where permeability is high com-
pared with blood flow (in PDAC), and that Ktrans represents tissue blood flow as well as
iAUC [8]. Significantly low Ktrans and iAUC values of PDAC correspond with the fact
that pancreatic cancer is a hypovascular tumor [8]. Further, our results coincide with the
results of pancreatic perfusion CT. We strongly believe that MRI perfusion parameters
reflect the vascular physiology of solid hypovascular pancreatic tumors similar to perfusion
CT parameters [2,13,32].

We also found a significant difference of Ktrans, Kep, and iAUC values between well-
/moderately (G1/2) and poorly differentiated (G3) PDAC (0.175 min~!, 0.521 min~!, and
15.6 mmol/s and 0.059 min—?, 0.357 min—!, and 5.202 mmol/s respectively). These results
are similar to the CT perfusion parameters calculated in our previous studies [2,13]. Ktrans
and iAUC perfusion parameters were also significant independent discriminators for G3
PDAC. One of the strongest parts of our study is that none of the previously mentioned
studies evaluated any MRI perfusion parameters for estimating poorly differentiated
tumors. Only Wanling Ma reported some data about perfusion parameters and correlation
with fibrotic tissue [6]. He found a negative correlation between K" of PDAC and
fibrosis content and positive correlation of fibrosis to Ve. Yao X et al. also found statistically
different values of K" between normal pancreatic tissue and PDAC. Calculations of
perfusion parameters between different tumor grades were also not included [32].

Our study showed that there were significant differences in MRI perfusion parameters
between non-tumorous pancreatic tissue and PDAC, as well as different tumor grades.
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The differentiation between G1/2 and G3 PDAC during imaging is impossible. This
confusion may lead to surgical treatment of G3 disease. Therefore, remarkably different
perfusion parameters may provide helpful information for decision making. Our data
demonstrate the potential role of DCE-MRI in the preoperative detection of high-grade
tumors. Furthermore, the defined cut-off values of MRI perfusion parameters were found
to be independent prognosticators for the presence of poorly differentiated PDAC.

If Ve and iAUC values exceeded the determined cut-off point, the estimated probability
for the presence of PDAC reached almost 100% in this study. Therefore, estimated Ve and
iAUC parameters may serve as promising independent diagnostic criteria predicting the
probability of PDAC. Moreover, using the combination of Ktrans and iAUC values, the
estimated probability for the presence of high-grade PDAC reached 97%.

Our study has some limitations. Firstly, a low number of patients were included in this
retrospective study. Additionally, this was a single-center study performed with a specific
MRI machine and software package for calculation of tissue perfusion parameters. To show
the validity of our data, further standardized perfusion MRI protocols and multicenter
studies are needed.

Finally, a control group of patients with a histologically proven diagnosis of chronic
pancreatitis to evaluate the difference in DCE-MRI perfusion parameters would be of great
value in establishing the reliability of DCE-MRI diagnosing PDAC.

5. Conclusions

e  The estimated Ve and iAUC DCE-MRI perfusion parameters are important as inde-
pendent diagnostic criteria predicting the probability of PDAC.

e If Ve and iAUC values are combined, the estimated probability for the presence of
PDAC reaches almost 100%.

e  The Ktrans and iAUC DCE-MRI perfusion parameters may be effective independent
prognosticators preoperatively estimating poorly differentiated PDAC.

e If Ktrans and iAUC values are combined, the estimated probability for the presence of
high-grade PDAC reaches 97%.
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Abstract: Intraductal papillary mucinous neoplasm of the pancreas (IPMN) was classified as a distinct
entity from mucinous cystic neoplasm by the WHO in 1995. It represents a mucin-producing tumor
that originates from the ductal epithelium and can evolve from slight dysplasia to invasive carcinoma.
In addition, different aspects of tumor progression may be seen in the same lesion. Three types are
recognized, the branch duct variant, the main duct variant, which shows a much higher prevalence
for malignancy, and the mixed-type variant, which combines branch and main duct characteristics.
Advances in cross-sectional imaging have led to an increased rate of IPMN detection. The main
imaging characteristic of IPMN is the dilatation of the pancreatic duct without the presence of an
obstructing lesion. The diagnosis of a branch duct IPMN is based on the proof of its communication
with the main pancreatic duct on MRI-MRCP examination. Early identification by imaging of the
so-called worrisome features or predictors for malignancy is an important and challenging task. In
this review, we will present recent imaging advances in the diagnosis and characterization of different
types of IPMNs, as well as imaging tools available for early recognition of worrisome features for
malignancy. A critical appraisal of current IPMN management guidelines from both a radiologist’s
and surgeon’s perspective will be made. Special mention is made of complications that might arise
during the course of IPMNs as well as concomitant pancreatic neoplasms including pancreatic
adenocarcinoma and pancreatic endocrine neoplasms. Finally, recent research on prognostic and
predictive biomarkers including radiomics will be discussed.

Keywords: intraductal papillary mucinous tumor; pancreas; CT;, MRI; PETA; EUS

1. Introduction

With the advances in multidetector computed tomography (MDCT) imaging and the
continuing increase in overall cross-sectional imaging, pancreatic cystic lesions are more
and more commonly encountered including intraductal papillary mucinous neoplasms
(IPMNSs) of the pancreas. The crude prevalence rate of pancreatic cystic lesions and IPMNs
is 2.1% and was found to increase significantly with age in a large-scale, single-center cohort
study of 21,745 asymptomatic healthy individuals [1]. In the same study, IPMNs were found
to comprise 82% of incidental pancreatic cystic lesions demonstrated on CT examinations.

IPMNs arise from the epithelial lining of the pancreatic ducts. Different patterns of
progression may be seen in the histopathology, from hyperplasia to invasive carcinoma [2].
They affect men and females equally and are identified usually in the 6th-7th decade [3].
Three main types may be identified: branch duct (BD) type, main duct type, subdivided
into the segmental main duct (SMD) and diffuse main duct (DMD) subtypes, and mixed
type (MT), combining both main types.

Imaging aims not only at the accurate diagnosis of an IPMN but also to provide
information on the so-called worrisome features for malignancy. Taking into consideration
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the heterogenous group of lesions that this entity represents, it is of utmost importance to
have in place clear diagnostic protocols and follow dedicated guidelines. The literature is
extensive and, in some points, controversial concerning surgical indications, as well as the
length of imaging follow-up.

Recent research in radiomics using computed tomography (CT) and magnetic reso-
nance imaging (MRI) has shown promise in developing prognostic and predictive biomark-
ers in an effort to personalize IPMN patient management.

In this review, our aim is to focus on the challenges that IPMNs pose to the reporting
radiologists, who should recognize them, as they have a pivotal role in patient management,
including early implementation of appropriate therapy, namely surgical removal, allowing
for cure.

2. Imaging Findings

A branch duct IPMN is easily recognized as a cystic dilatation of the pancreatic duct
side branches. Grape-like clusters of cysts may be also seen communicating with the main
pancreatic duct that is not dilated (Figure 1). A BD-type IPMN may be identified in any part
of the pancreas. In diffuse main duct IPMNs, a uniform dilatation is noticed throughout the
main pancreatic duct, while a patulous ampulla of Vater may be also identified. Segmental
main duct IPMNs appear as a focal dilatation of the main pancreatic duct (Figure 2). Mixed
IPMNs involve both the main pancreatic duct and side branches (Figure 3).

The main imaging characteristic of a main duct IPMN is the dilatation of the main
pancreatic duct, without the presence of an obstructing lesion (Figure 4). If the diameter
of the main pancreatic duct exceeds 10 mm, it is considered a high-risk stigma [4]. Cross-
sectional imaging, whether MDCT or MRI, reveals the exact location of the cystic lesion,
stratifies the type of IPMN, and allows for accurate measurement of the extent of the lesion.
This is particularly important as the IPMN could be multifocal (Figure 5), while different
types may co-exist in the same patient (Figure 6).

The duct/cyst content is hypodense in both unenhanced and after-iv-contrast-
administration CT images, with fluid attenuation; while it is of high signal intensity
in T2-weighted images and low signal intensity in T1-weighted images. Intraductal
calcifications are rare, but when present are associated with malignant transforma-
tion [5]. Papillary growth is best appreciated after intravenous contrast administration [2]
(Figure 7). Thick walls and the presence of mural nodules contribute to the irregular ductal
margins in such cases. In addition to intravenous contrast enhancement, other available
contrast mechanisms when performing MRI/MRCP examination of the pancreas, such as
Diffusion Weighted Imaging (DWI), allow the identification of worrisome features such as
enhancing mural nodule > 5 mm or thickened/enhancing cyst wall as per the international
consensus guidelines for the management of IPMN published in 2017 [4]. However, the
diagnosis/characterization of a mural nodule might not always be easy and endoscopic
ultrasound (EUS) is recommended to simultaneously evaluate the architecture of the cyst
and obtain a biopsy.

Several studies challenge the cutoff value of main pancreatic duct (MPD) > 10 mm as
a high-risk stigma, while a recent study investigated whether there is a different threshold
of the MPD corresponding to malignancy of IPMNs according to the tumor location
(head-neck versus body-tail) [6]. Different cutoff values of MPD based on CT and MRI
measurements were associated with malignancy. For IPMNs involving the MPD, the
threshold was found to be 8.2 mm for lesions located in the pancreatic head and neck, while
for lesions in the body and tail of the pancreas, the proposed threshold was 7.7 mm.

Regarding BD type, the diagnosis and differentiation from other pancreatic cystic
lesions are based on the proof of communication of the cystic lesion with the main pancreatic
duct, best identified via MRI-MRCP examination. The branch duct type may be solitary
or in the form of multiple cystic lesions. Solitary branch duct IPMNs are located mainly
in the uncinate process and have a grape-like microcystic or a unilocular or multilocular
macrocystic appearance [2] on MRCP images. Compared with 2D MRCP examination, 3D
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MRCP has been shown to provide better image quality, providing an improved evaluation
of the pancreatic duct and morphological aspects of IPMN, being more helpful in identifying
the communicating duct, in addition to being preferred for surgical planning [7].

S

S —

(b)

Figure 1. Contrast-enhanced CT image (a) and coronal T2-w MR image (b), show a small branch duct
IPMN (arrow) communicating with the main duct. The IPMN is more easily seen on the MR image.
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(b)

Figure 2. Contrast-enhanced T1-w MR image (a) and T2-w MR image (b), demonstrate a marked

dilatation of the main pancreatic duct in the head and neck of the pancreas, consistent with a
segmental main duct IPMN (arrow).
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Figure 4. Curved reconstructed CT image in the course of the dilated pancreatic duct shows a typical

case of main duct IPMN (arrow).
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Figure 5. T2-w fs MR image shows many IPMNs of different sizes and morphology throughout the
pancreas (arrows).

Figure 6. MRCP image shows a segmental main duct IPMN in the body (arrow) and a branch duct
IPMN in the tail of the pancreas (arrowhead).
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Figure 7. IPMN in the pancreatic tail, presenting as a cystic lesion on contrast-enhanced T1-w MR
image. Enhancing mural nodules are obvious (arrows).

The exploitation of the quantitative parameter of diffusion-weighted imaging (DWI)
might prove to be helpful in differential diagnosis between mucinous and serous cystic
tumors and in IPMN characterization (benign vs malignant). For this purpose, a spin-echo
echo-planar DWI sequence with multiple b values (0, 150, 500, 1000, and 1500 s/ mm?) was
studied at 3T MRI, and different ADC values were proposed [8].

A different quantitative MRI measurement that might prove to be helpful is proton
density fat fraction (PDFF [%]) calculated in a multi-echo 3D DIXON sequence obtained
at 3T MRI, which has been found to be significantly higher in pancreatic parenchyma
of patients with intraductal papillary mucinous neoplasm with a concomitant invasive
carcinoma (IPMN-IC) (Figure 8) compared to a normal pancreas group and an IPMN
group without invasive carcinoma, thus serving as a potential biomarker for the malignant
development of IPMN [9].

Conversely, Yamada et al. [10] demonstrated that parenchymal fatty infiltration, ex-
pressed by a lower CT density of the pancreas in patients with IPMN, may serve as an
early imaging biomarker for developing malignancy in the pancreas, for both high-grade
dysplasia/derived pancreatic ductal adenocarcinoma (PDAC) and for concomitant PDAC.
For this purpose, the authors utilized the pancreatic index (PI) measured on CT images
calculated by dividing the CT density of the pancreas by that of the spleen.

In the retrospective study of Lee et al. [11] comparing the diagnostic performance and
intermodality agreement between contrast-enhanced CT and MRI for prediction of malig-
nancy, enhancing mural nodule of >5 mm, abrupt main pancreatic duct caliber change,
lymphadenopathy, larger main pancreatic duct size, and faster cyst growth rate were found
to be more common in malignant than benign IPMNs. The diagnostic performance of
contrast-enhanced CT and MRI were comparable, with good intermodality agreement. In
a later study by Min et al. [12], it was shown that MRI is superior to CT for identifying
IPMN-associated mural nodules. Nevertheless, diagnostic performance for differentiating
malignant from benign IPMNs was found to be similar between CT and MRIL.

Many studies have evaluated the usefulness of 18-fluorodeoxyglucose positron emis-
sion tomography/computed tomography (18-FDG PET/CT) in the characterization of
IPMN of the pancreas. In 2019, Yamashita et al. [13] showed that 18-FDG PET accumulation
was significantly related to malignancy in IPMN with a sensitivity of 0.82 and specificity of
0.71. In another systematic review [14], it was shown that 18-FDG PET/CT imaging had a
very high positive and negative predictive value, as well as a specificity and accuracy of
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95% and 91%, respectively in identifying malignancy (either high-grade dysplasia and/or
invasive) in [IPMNs.

(b)

Figure 8. Contrast-enhanced CT image (a) and T1-w MR image post iv contrast administration (b),

show an IPMN with invasive carcinoma (arrow) in the pancreatic head infiltrating the superior
mesenteric vein.
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Finally, a recent meta-analysis [15] evaluating the role of all imaging modalities in the
differentiation of benign and malignant IPMNs concluded that PET/CT showed the highest
AUC. MRI/MRCP and PET/CT can be used interchangeably as a first-line examination
based on the overall diagnostic accuracy in the diagnosis of malignant IPMN. A negative
PET/CT examination in a patient with a suspicion of a malignant IPMN on CT and/or
MRI permits a safe follow-up plan and may help to avoid unnecessary surgery.

In conclusion, CT is mandatory for staging and resectability evaluation. MRI offers the
advantage of a better depiction of cystic lesions and their communication with the pancre-
atic duct by means of MRCP imaging. Furthermore, MRI is advantageous when equivocal
liver lesions need to be characterized. At the same time, PET/CT has an additional role in
indeterminate IPMNs, concerning the possibility of malignant transformation, and is used
in selected cases.

3. IPMN-Related Complications

IPMN:s are frequently asymptomatic, but in some cases, epigastric pain is reported.
Fistulas may develop between IPMNs and various organs [16,17]. Their presence is usually
related to invasive carcinoma and may involve the duodenum (64%), the common bile
duct (56%), or the stomach (17%). The hypothesized mechanism for the formation of
pancreaticogastric and pancreaticoduodenal fistulas is by contiguous invasion [18]. In
cases of benign IPMNs, the mechanism differs and is associated with the increase of the
intraductal pressure due to the presence of dense mucin causing ductal dilatation and wall
disruption. Chronic inflammatory infiltration of the pancreatic tissue has been described as
another possible mechanism in these cases [19].

Another rare complication that has been reported is pseudomyxoma peritonei caused
by a ruptured pancreatic duct and mucin spread in the peritoneum [20]. The duct rup-
ture and the subsequent mucin spread is a serious event as it is related to tumor seeding.
Intraductal hemorrhage has also been reported in some cases, detected as high attenu-
ation content on unenhanced CT images or as high signal intensity on fat-suppressed
T1-weighted MR images. Intraductal hemorrhage may also lead to perforation and fistula
formation [21].

Acute pancreatitis (AP) may also complicate an IPMN with a rate that varies from
12 to 67% [22]. The rate of AP does not seem to differ among benign and malignant
IPMNSs. Patients with IPMN are more prone to develop acute pancreatitis than patients
with pancreatic adenocarcinoma because of the obstruction of the main duct by thick,
abundant mucin and marked ductal dilatation. It is important to recognize an IPMN
in cases of repeated episodes of AP, as these patients require surgery. The differential
diagnosis between IPMN and AP-related pseudocysts is often challenging.

In patients with no high-risk stigmata who develop recurrent acute pancreatitis, endo-
scopic sphincterotomy could be offered as a minimally invasive technique to reduce the
rate of these episodes. In selected patients, it can be a safe and effective treatment, without
obviating the need for follow-up.

IPMN:s are considered one of the main precursor lesions of pancreatic ductal adenocar-
cinoma (PDAC) following the tumoral intraepithelial neoplasm pathway. When an IPMN
progresses to an invasive PDAC, it is referred to as an “IPMN with an invasive carcinoma”
or “intraductal papillary mucinous carcinoma” (IPMC). IPMCs have distinct molecular,
biological, and prognostic characteristics and account for about 10% of resected pancreatic
cancers of ductal origin [23]. It is of utmost importance to differentiate IPMN-associated
adenocarcinomas from other pseudo-IPMN lesions that can be secondary duct ectasias, re-
tention cysts, large-duct-type PDACs, pseudocysts, cystic tumor necrosis, simple mucinous
cysts, groove pancreatitis-associated paraduodenal wall cysts, or congenital cysts [24].

4. IPMN Management Guidelines

Currently, three primary guidelines exist regarding the management of the contin-
uously increasing number of diagnosed IPMN cases. All three try to answer the critical
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question of “to operate or to follow up”, as this poses a critical dilemma faced by involved
clinicians. The guidelines are based on objective imaging, laboratory, and clinical findings
to reduce the number of unnecessary pancreatic operations and their associated morbidity
and mortality rates.

These are the International Association of Pancreatology Guidelines first published
in 2006 and revised in 2012 and 2017, the European evidence-based Guidelines published
in 2013 and updated in 2018, and the American Gastroenterology Association Guidelines
published in 2015. All agree on the main surgical intervention indications categorized as
“Worrisome Features-Relative Indications” or “High Risk Stigmata-Absolute Indications”
of a branch duct IPMN [4,25,26] (Table 1).

Table 1. Surgical intervention indications.

High-Risk Stigmata
enhancing solid component > 5 mm
main pancreatic duct > 10 mm
obstructive jaundice
Worrisome Features
thickened and enhancing cyst wall
enhancing mural nodule < 5 mm
main pancreatic duct 5-9 mm
cyst >3 cm
lymphadenopathy
abrupt change in caliber of the pancreatic duct with distal pancreatic atrophy
cyst growth rate > 5 mm in two years
elevated CA 19-9

Worrisome features or relative indications according to the International Association
of Pancreatology and European guidelines, respectively, cannot be solely used to predict
the malignant course of an IPMN neoplasia. Patients with worrisome features had a
significantly better 5-year disease-specific survival compared with those with high-risk
stigmata (96% vs. 60%, respectively). The surgical intervention indications also differ
between the guidelines, as the European guidelines warrant surgical resection in cases
where there is one relative indication in surgically fit patients. In contrast, the International
Association of Pancreatology guidelines require the presence of at least one worrisome
feature leading to further diagnostic evaluation with EUS to better assess the risk of
malignancy. The American Gastroenterology Association guidelines recommend surgery
for cases presenting with an MPD > 5 mm and the presence of a solid component or
cytology positive for malignancy [4,25,26].

“Worrisome features” on imaging include a cyst of 3 cm, an enhancing mural
nodule < 5 mm, thickened enhancing cyst walls, main pancreatic duct dilatation with a
diameter 5-9 mm, abrupt change in the caliber of the main pancreatic duct with distal
pancreatic atrophy, lymphadenopathy, an elevated serum level of carbohydrate antigen
(CA)19-9, and a rapid rate of cyst growth > 5 mm/2 years. The evaluation of these patients
by endoscopic ultrasonography (EUS) using techniques such as Doppler EUS or contrast-
enhanced harmonic EUS is mandatory. The presence of blood supply in a mural nodule
can further stratify the lesion and it is important for patient management [4].

Conversely, the presence of “High-risk Stigmata” on CT, MR, or EUS (i.e., obstructive
jaundice in a patient with a cystic lesion of the pancreatic head, enhancing mural nodule of
5 mm, or main pancreatic duct diameter of 10 mm) is a clear indication for lesion resection
in surgically fit patients without further testing. This is based on the high frequency
of invasive carcinoma and high-grade dysplasia in MD-IPMN, which is 61.6% (range,
36-100%), while the mean frequency of invasive IPMN is 43.1% (range, 11-81%). Precursor
lesions of pancreatic cancer such as IPMNs with HGD, pancreatic intraepithelial neoplasia
3 (PanIN 3), and mucinous cystic neoplasia (MCN) with HGD should be resected as this is
the only chance for patient cure [4].
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Given the higher malignant potential of main duct and mixed-type IPMNs, an early
surgical excision decision in surgically fit patients can be justified [27,28]. All patients
with cysts of 3 cm in size without “Worrisome Features” should undergo surveillance
according to size stratification [4]. Additionally, the Shin score published in 2010 is a
complimentary tool that comprises five variables, namely, age, history of pancreatitis,
CA19-9 level, pancreatic duct diameter, and mural nodules. Patients with a Shin score of
<1 warrant surveillance, while those with a score of >4 should undergo surgery. There are
no clear guidelines for the treatment of patients with Shin scores of 2 or 3, which should be
individualized [29].

Given the growing number of incidentally diagnosed cases in asymptomatic patients,
a dilemma will frequently arise regarding therapeutic handling. Symptomatic patients
may have a higher likelihood of malignancy or complications. Surgical intervention is
often recommended, especially if the IPMN has high-risk features such as large size, main
pancreatic duct involvement, or worrisome imaging findings. However, symptomatic
patients may “deserve” more conservative management, especially in cases when there
is a lack of high-risk features. Surveillance and regular imaging follow-up are usually
recommended. This allows for the detection of any changes in the IPMN that may warrant
intervention. In the presence of high-risk features, though, surgical intervention may still
be considered. Eventually, the decision of how to proceed has to be, as much as possible,
individualized and be taken in the context of a multidisciplinary team discussion.

In conclusion, following the initial evaluation with detailed patient history, physical
examination, and laboratory tests, imaging studies should assess the size, location, and
morphology of the IPMN and identify any high-risk or worrisome features. A multidisci-
plinary team will then evaluate the patient’s symptoms and overall health and discuss the
patient’s clinical situation, risk factors, and potential management options. According to
the aforementioned guidelines, asymptomatic, low-risk IPMN cases should be followed-up
every 6-12 months, asymptomatic, high-risk IPMN cases should be considered for surgical
intervention after evaluating the patient’s overall health and risk-benefit analysis, and
symptomatic IPMN cases should be offered a surgical intervention, especially if high-risk
features are present. When resection takes place, the pathology report will direct the further
type and timeframe of the follow-up plan.

5. EUS-FNA Added Value for IPMN Stratification

The added value of EUS-FNA and cytological interpretation is well recognized, espe-
cially for the evaluation of a small BD-IPMN without worrisome features. The recognition
of a high-grade epithelial atypia, although insufficient for a malignant interpretation, repre-
sents a more sensitive predictor of invasive carcinoma or HGD than positive cytology [4,26].
The presence of cellular atypia in epithelial cells in the cyst fluid shows an 80% accuracy
in the prediction of invasive carcinoma and HGD in a mucinous cyst, while more can-
cers can be detected in small IPMNs than the use of “worrisome features”. Concerning
molecular analysis of the cyst fluid, although still evolving, it is crucial for the recognition
of a mucinous cyst. There is evidence that the detection of KRAS mutations supports
accurately the diagnosis of a mucinous, but not necessarily malignant, cyst. Recent studies
have evaluated the role of GNAS mutations, showing that this may help in distinguishing
mucinous cysts from benign cysts [30,31]. Patients with positive fluid obtained cytology
should be considered for surgery [32].

6. Surgical Considerations Regarding IPMN Management

Referral to a high-volume center for IPMN cases is without any doubt the cornerstone
of their management, given the high level of complexity and experience required for
their correct diagnosis and follow-up, or even more important, the technical difficulty
and postoperative management of the required surgical operations and different types of
resections [33-35].
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IPMNSs are considered in most cases as pre-malignant neoplasms and their resection
must follow standard oncological principles such as a negative pathology report of the re-
section margin and proper lymphadenectomy [36]. Moreover, IPMNs can be characterized
as the result of a pancreatic “field defect” because there is a possibility that all pancreatic
ductal epithelial cells are at risk of dysplastic change [37].

Carbohydrate antigen (CA) 19-9 is a tumor biomarker related to pancreatic adenocar-
cinoma. When elevated in cases of IPMN, it is considered a worrisome feature in current
guidelines and a relative criterion for resection. This biomarker has a prognostic value as
CA 19-9 levels > 37 U/mL are associated not only with an increased likelihood of invasive
carcinoma but also with worse overall and disease-free survival.

There are only three types of pancreatic resection that can assure the best oncological
postoperative outcomes. These are pancreatoduodenectomy, distal pancreatectomy, and
total pancreatectomy. Limited resections are considered only in a case-by-case setting and
for a small minority of cases and they can be performed as focal non-anatomic excision
or enucleation [38]. Cases of BD-IPMN without clinical, radiologic, cytopathologic, or
serologic suspicion of invasive carcinoma may be treated in such a way. They are associated
sometimes with leakage of mucin followed by pseudomyxoma peritonei and present with a
higher rate of pancreatic fistulae and higher recurrence percentages from potential residual
neoplasm [39-41].

Pancreatoduodenectomy is indicated in cases of dilatation of the main pancreatic duct
in the head of the pancreas or the uncinate process, while lesions in the body and tail of
the organ are treated with distal pancreatectomy with or without splenic preservation.
Total pancreatectomy is the treatment of choice for diffuse multifocal disease, familial
history of pancreatic adenocarcinoma, and failure to achieve a negative resection margin
due to high-grade dysplasia in repeated intraoperative frozen sections. Total pancreate-
ctomy postoperative sequelae are considered much more acceptable than the high risk
of carcinoma development. However, due to long-term postoperative outcomes, total
pancreatectomy cannot be advocated for all IPMNs even if multiple, and should only
be offered in younger patients who can better handle the consequences of diabetes and
exocrine insufficiency [42,43].

The intraoperative frozen section of the resection margin is a prerequisite for a safe
oncologic outcome in cases when a partial pancreatectomy is attempted. The extent of
the resection is based solely on its findings. High-grade dysplasia and carcinoma warrant
extension of the resection or even total excision of the organ, but low-grade dysplasia is a
finding that does not need any further modification of the procedure [44].

Moreover, it is interesting and at the same time important from an oncological outcome
perspective, that T1a invasive intraductal papillary mucinous carcinoma has an excellent
postoperative survival course, in cases with no lymphatic involvement, compared to
pancreatic ductal adenocarcinoma, probably because of the more indolent behavior of this
type of neoplasia [45].

7. Histopathological Correlation

IPMNSs are characterized by abundant mucinous production and proliferation of
mucinous epithelial cells resulting in papillary epithelial growth. Intraductal oncocytic
papillary neoplasms (IOPNSs), and intraductal tubulopapillary neoplasms (ITPNs) were
considered variants of IPMN. In the 5th edition of the World Health Organization (WHO)
Report, published in 2019, IOPNs and ITPNs are classified as distinctive neoplasms.

A combination of differentiations can be displayed in IPMNs using immunolabeling.
The main differentiations are related to the neoplastic epithelium, which can be gastric-
foveolar, intestinal, and pancreatobiliary. Gastric—foveolar differentiation is the most
common type and is mainly seen in BD-IPMNs. Intestinal differentiation is the second most
common type and is characterized by the presence of long finger-like (villous) papillae.
Intestinal-type IPMN is the precursor of all colloid carcinomas of the pancreas.
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The identification of the various types of differentiation in IPMNs is important but not
as clinically significant as the degree of dysplasia assigned to them [46]. The grading system
is simplified in low- vs. high-grade. Grading of dysplasia has clinical importance as high-
grade neoplasms are more likely to have an associated invasive carcinoma. The presence
of high-grade dysplasia in resected neoplasms has a major prognostic and predictive
value as it is associated with a higher risk of progression in the remnant pancreas after
surgery [47,48].

8. Concomitant Pancreatic Neoplasms

Patients with IPMN are at a well-recognized risk of developing concomitant pancreatic
adenocarcinoma (PDAC) [49]. The term concomitant PDAC with IPMN refers to a PDAC
that is separated from the IPMN by an uninvolved segment of the pancreatic duct and with
no clearly visible areas of transition in between.

There are many retrospective studies reporting cases of patients with IPMN developing
adenocarcinoma in areas not related to pancreatic cysts, with incidences of between 4%
and 11% [50-57]. Adenocarcinoma may develop many years after the diagnosis of IPMN.
In a prospective study, which followed 89 patients with IPMN over a 17-year period, four
developed concomitant pancreatic adenocarcinoma [58]. This fact supports the role of
long-term follow-up in patients with IPMNs.

It is quite difficult to differentiate pancreatic adenocarcinoma from malignant IPMN
as they share almost the same imaging characteristics. The only criterion that may be used
for the differential diagnosis is that in cases of pancreatic adenocarcinoma with obstruction
of the pancreatic duct, there is upstream ductal dilatation and atrophy of the parenchyma.
Conversely, in cases of IPMN, the duct is dilated but there is no parenchymal atrophy. As
both cases need surgery, accurate differential diagnosis is not mandatory, and the radiologist
should focus on resectability evaluation using the same criteria as for pancreatic cancer.

Identical genetic alterations can well explain the co-existence of IPMN with PDAC.
Somatic-activating mutations in the KRAS and GNAS genes have been described in both
diseases and are the most common alterations. There is increasing evidence that PDACs
in the vicinity of IPMN lesions are often significantly smaller and have a different biolog-
ical behavior compared to PDACs with no associated IPMN, being less aggressive and
associated with longer survival [59].

Another important observation supported by the literature is that the occurrence of
IPMN:Ss in association with pancreatic neuroendocrine tumors (PNETs) is more frequent
than expected [60]. Patients with concomitant IPMN and PNET have been reported in
many studies at a rate of 2.8% and 4.6% of all cases [61-63]. Goh et al. [61] hypothesized
that this association could be related to the existence of common underlying risk factors
and genetic alterations.

There are two proposed hypotheses for the tumorigenesis of concomitant PNET and
IPMN published: (1) one cell type in a unique tumor could transdifferentiate into another
cell type; and (2) two cell types could arise from a common neoplastic progenitor; the latter
hypothesis being supported by many investigators.

Terada et al. [64] suggested that IPMN has the potential for endocrine differentiation.
They found that argentaffin-serotonin- and gastrin-secreting cells were present in IPMIN
but not in normal pancreatic ductal cells. However, Hashimoto et al. [65] studied a case
of mixed PNET and IPMN and found positivity for exocrine markers expressed on some
endocrine tumor cells, supporting the contention that the endocrine tumor cells might
transdifferentiate to ductal tumor cells.

Some reports suggest that there is a lack of awareness of the potential for the con-
comitance of PNET and IPMN, thus leading to the poor examination of specimens and a
high rate of underreported or undetected cases [66]. Therefore, it is important that radiol-
ogists and pathologists are aware of the possibility of concomitant IPMN with PNET in
order to recognize these neoplasms early, as this may certainly affect patient management
and prognosis.
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9. Advanced Endoscopic Procedures

EUS-guided needle confocal laser endomicroscopy (nCLE) is a novel technique that
permits real-time microscopic imaging of intra-cystic epithelium allowing in vivo patho-
logical analysis of pancreatic cystic lesions (PCLs). Characteristic features of IPMNs have
been well established in recent literature.

In a recent meta-analysis (7 studies and 324 patients), this technique was evaluated for
the differential diagnosis between mucinous and non-mucinous cystic pancreatic lesions.
The sensitivity, specificity, and accuracy were 85% (95%Cl: 71-93%), 99% (95%CI: 90-100%),
and 99% (95%CI: 98-100%), respectively, while the risk of post-procedure acute pancreatitis
was only 1% [67].

The INDEX study was designed as a post hoc analysis to identify multiple nCLE
imaging variables that would detect advanced neoplasia in IPMNs [68]. The variables
with the highest inter-observer agreement according to this study were papillary epithelial
thickness and darkness. Specifically, papillary epithelial thickness visualized by nCLE
(width > 50 um) had a specificity of 100% (95%CI: 69-100%) for the detection of advanced
neoplasia. Additionally, estimation of the papillary epithelial darkness (cut-off < 90 pixel
intensity) revealed a specificity of 100% (95%Cl: 69-100%), while the sensitivity and AUC
were reported to be 87.5% (95%Cl: 62-99%) and 0.90, respectively [68].

However, we should mention the potential limitations of nCLE. Manually evaluation
of papillary epithelial thickness and darkness may lead to differences in the inter-observer
interpretation of images. The development of an artificial intelligence model has partially
solved these issues and identified advanced neoplasia in IPMNs with a sensitivity of 83%
and specificity of 88%, which are above the minimum levels of the Fukuoka or AGA
guidelines [69].

There is clear evidence that nCLE is an important diagnostic technique. Despite this,
its incorporation into the diagnostic clinical routine is still lacking. High equipment costs
are the main limitation, while continuous training in image acquisition and interpretation
is definitely needed. Complications such as acute pancreatitis are still slightly higher than
the standard EUS-FNA examination and care should be taken for their prevention.

10. Molecular Biomarkers

The introduction of next-generation sequencing (NGS) offers a new possibility in the
accurate diagnosis and classification of pancreatic cystic lesions (PCLs). Small gene panels
or whole exome NGS can be used. By these methods, the evaluation of intact cell and
cell-free nucleic acid is allowed, as these can be found in the cyst fluid. The presence of
DNA mutations (KRAS, CDKN2A, SMAD4, PTEN, PIK3CA, and TP53) can be associated
not only with pancreatic adenocarcinoma but also with mucinous cystic lesions and IPMNs.

Molecular analysis of cyst fluid is of utmost importance as it can contribute to the risk
estimation of IPMNs. In a large meta-analysis based on six studies, McCarty et al. [70]
reported that the presence of KRAS and GNAS mutations succeeded in the detection of
mucinous PCLs with a very high specificity of 99% (95%CI: 67-100%), and also a high
diagnostic accuracy of 97% (95%CI: 95-98%). Additionally, dual KRAS/GNAS mutation
had 94% sensitivity, 91% specificity, and 97% accuracy for diagnosing IPMNs. Recently,
Ren et al. found that uncommon BRAF mutations are characteristics of a significant
subset of IPMNs that lack KRAS mutations. These observations indicate that RAS-MAPK
dysregulation is often found in these tumor types [71].

Risk stratification of IPMNs is quite challenging. Singhi et al. [72] used next-
generation sequencing in order to evaluate DNA mutations in IPMNs that were as-
sociated with advanced neoplasia. They analyzed 102 patients with a proven diagnosis
by histopathology. The presence of TP53, PIK3CA, and/or PTEN mutations was evalu-
ated. Ultimately, they reported 88% sensitivity and 95% specificity in the diagnosis of
IPMN-related advanced neoplasia.

Cyst fluid molecular analysis by next-generation sequencing presents many advan-
tages compared to measuring cyst CEA levels, which is the standard technique, with better
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accuracy, and furthermore, offers the possibility of providing risk estimation for IPMNs.
However, it is not readily available and the high cost represents a financial barrier to
universal adaptation. These advanced techniques should be used in centers with high
expertise in the management of cystic pancreatic lesions.

11. Radiomics—Future Directions

Despite improvements in imaging, the morphologic features of IPMNs on CT and/or
MRI are still not clear enough to assess dysplasia. This is the reason why even the most
recently revised guidelines may lead to unnecessary pancreatic surgery in benign cases.
Lekkerkerker et al. conducted a very important study in an effort to compare the ICGs (2012)
with the European (2013) and American guidelines (2015) and evaluated their performance
on 75 patients with histopathologically proven IPMNs. It was shown that surgery was
justified in only half of the cases (54%, 53%, and 59% of the patients, respectively) [73].

There is obviously a need to develop new biomarkers that could non-invasively
assess the risk of malignancy with greater accuracy in the heterogenous group of IPMNs.
Radiomics is based on data mining from medical images in order to combine qualitative
and quantitative information [74]. It is based on the computerized extraction of quantifiable
data from radiological images from different sources. Through this extraction, mineable
databases are created that can be used for diagnosis assessment, prognosis estimation, and
prediction evaluation.

Three are not many studies that have evaluated the role of radiomics in differentiating
IPMNs with high-grade dysplasia (HGD) or advanced neoplasia from indolent lesions
with low-grade dysplasia (LGD) [75-78]. In most of these studies, CT scans were used
and patients with confirmed surgical histopathology were included. A recent multicenter
study by Cui et al. [79], presents a radiomic nomogram based on MRI to predict high-grade
dysplasia or adenocarcinoma in branch duct IPMNs. Clinical variables were combined
with a radiomic signature that incorporated nine features. Their results were promising as
the predictive nomogram they created diagnosed advanced neoplasia with AUC values of
0.903 (in the training cohort; with a sensitivity of 95% and a specificity of 73%), and 0.884
(in one of two external validation cohorts; with a sensitivity of 79% and a specificity of
90%) [79].

In a more recent study, the authors used contrast-enhanced CT-based radiomics to
differentiate between LGD, HGD, and invasive IPMN. A large retrospective series of
408 consecutive patients with histologically proven IPMN after resection was used [80].
They showed many, and significant, differences in the training cohort between patients
with benign and malignant IPMNs (in 85/107 radiomic features). The results were really
promising considering that the multivariate model differentiated benign from malignant
tumors in the training cohort with an area under the ROC curve (AUC) of 0.84, a sensitivity
of 0.82, and a specificity of 0.74, while in an external validation cohort, the scores were an
AUC of 0.71, a sensitivity of 0.69, and a specificity of 0.57. Thus, preoperative CT-based
radiomic analysis has the potential to differentiate benign from malignant IPMNss.

There is no doubt that radiomics represent a promising non-invasive tool for the
accurate classification and risk estimation of pancreatic cystic lesions and, specifically,
IPMNs and will impact proper patient management. Radiomics has so far demonstrated a
great potential for diagnosis, prognosis, and risk evaluation in pancreatic neoplastic cysts,
providing prognostic and predictive biomarkers. However, it is still a novel technique and
has been used to date mainly for clinical trials in academic centers. Protocol standardization
is challenging as it may affect all steps of image analysis [81].

12. Conclusions

IPMN:s are classified into three subtypes MD-IPMN, BD-IPMN, and mixed-type. Each
subtype has different clinical/imaging presentation and management strategies, which
further adds to the diagnostic complexity. The management of IPMN is dependent on risk
stratification based on various factors including size, extension, and the presence of dys-
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plasia. Imaging ambiguity remains a challenge in both diagnosis and further stratification
of this entity. Advances in radiomics are expected to provide tumor-specific treatment
strategies and optimize patient management in the future.

It is of utmost importance for radiologists to be familiar with current guidelines and
to participate in multidisciplinary meetings, as each case requires a tailored approach and
personalized treatment might be offered. There is a great need to reduce the rate of futile
surgeries without missing the therapeutic window in selected cases. Radiologists will have
an increasing role in the chain of patient management and should adapt new techniques
in their daily clinical practice. Precise diagnosis should also contain detailed information
including proposing prognostic and predictive imaging biomarkers and providing guidance
for the best patient treatment.
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Abstract: Several solid lesions can be found within the pancreas mainly arising from the exocrine
and endocrine pancreatic tissue. Among all pancreatic malignancies, the most common subtype is
pancreatic ductal adenocarcinoma (PDAC), to a point that pancreatic cancer and PDAC are used
interchangeably. But, in addition to PDAC, and to the other most common and well-known solid
lesions, either related to benign conditions, such as pancreatitis, or not so benign, such as pancreatic
neuroendocrine neoplasms (pNENSs), there are solid pancreatic lesions considered rare due to their
low incidence. These lesions may originate from a cell line with a differentiation other than ex-
ocrine/endocrine, such as from the nerve sheath as for pancreatic schwannoma or from mesenchymal
cells as for solitary fibrous tumour. These rare solid pancreatic lesions may show a behaviour that
ranges in a benign to highly aggressive malignant spectrum. This review includes cases of an intra-
pancreatic accessory spleen, pancreatic tuberculosis, solid serous cystadenoma, solid pseudopapillary
tumour, pancreatic schwannoma, purely intraductal neuroendocrine tumour, pancreatic fibrous
solitary tumour, acinar cell carcinoma, undifferentiated carcinoma with osteoclastic-like giant cells,
adenosquamous carcinoma, colloid carcinoma of the pancreas, primary leiomyosarcoma of the pan-
creas, primary and secondary pancreatic lymphoma and metastases within the pancreas. Therefore,
it is important to determine the correct diagnosis to ensure optimal patient management. Because
of their rarity, their existence is less well known and, when depicted, in most cases incidentally, the
correct diagnosis remains challenging. However, there are some typical imaging features present on
cross-sectional imaging modalities that, taken into account with the clinical and biological context,
contribute substantially to achieve the correct diagnosis.

Keywords: pancreas; solid; rare

1. Introduction

In addition to the most common solid pancreatic lesions related to benign conditions,
such as chronic pancreatitis, or to malignancy mainly represented by PDAC and pNENSs,
there are several rare pancreatic solid lesions that can be very challenging to correctly
diagnose due to knowledge scarcity secondary to their very low incidence.

A variety of epithelial tumours may arise within the pancreas, with ductal, acinar and
neuroendocrine differentiation. In addition, most of the mesenchymal tumours found in
extrapancreatic locations may also arise within the pancreas. However, in cases such as the
solid pseudopapillary neoplasm, there is no defined cell lineage identified.

These lesions can present a benign, potentially malignant and malignant behaviour
and may show typical and atypical imaging features on cross-sectional imaging modalities.
Combining these imaging findings with epidemiological, clinical and biological data may
contribute to achieving the correct diagnosis.
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Table 1 reports the rare solid pancreatic lesions classified in three sections based on
their behaviour: benign, potentially malignant and malignant.

Table 1. Classification of rare solid pancreatic lesions.

Benign

Potentially Malignant

Malignant

Intrapancreatic splenic tissue

Solid pseudopapillary tumour

Acinar cell carcinoma

Tuberculosis

Schwannoma

Undifferentiated carcinoma
with osteoclastic-like
giant cells.

Solid serous cystadenoma

Purely intraductal
neuroendocrine tumour

Adenosquamous carcinoma

Fibrous solitary tumour

Colloid carcinoma

Primary leiomyosarcoma

Lymphoma (primary
and secondary)

Metastases

Due to their rarity, statistical data regarding the incidence and prevalence are not
easy to find and published literature about these pancreatic lesions mainly consists of case
reports or series. Table 2 reports incidence/prevalence data of these rare solid pancreatic
lesions. Therefore, the aim of this pictorial review is to gather rare solid lesions that
can be encountered in the pancreas and describe the cross-sectional imaging features,
highlighting their respective hallmarks, with a focus on differential diagnosis and on

patient management.

Table 2. No. of cases/incidence/prevalence of rare solid pancreatic lesions depicted.

Rare Solid Pancreatic Lesions

No. of Cases/Incidence/Prevalence

Intrapancreatic splenic tissue

61 cases/3000 autopsies

Tuberculosis

116 cases

Solid serous cystadenoma

22 cases

Solid pseudopapillary tumour

2% of all exocrine pancreatic neoplasms

Schwannoma

<80 cases reported

Purely intraductal neuroendocrine tumour

7 cases reported

Fibrous solitary tumour

29 cases reported

Acinar cell carcinoma

<2% of all primary pancreatic neoplasms

Undifferentiated carcinoma with
osteoclasic-like giant cells

<1% of all malignant pancreatic neoplasms

Adenosquamous carcinoma

0.38-10% prevalence

Colloid carcinoma

1% of all pancreatic tumours

Primary leiomyosarcoma

0.1% of malignant pancreatic neoplasms

Primary lymphoma

<0.5% of all primary pancreatic neoplasms, 1%
of all extranodal lymphomas

Secondary lymphoma

30% cases of extranodal lymphoma

Metastases

2-5% of pancreatic malignancies

Concerning image acquisition, it is crucial to note the importance of including a pan-
creatic parenchymal phase, obtained 3540 s after intravenous contrast administration, as it
ensures a relatively increased enhancement of the pancreatic parenchyma and shows higher
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differences in attenuation between normal parenchyma and hypovascular tumours, as well
as allowing assessment of arteries [1]. This parenchymal phase is followed by a portal
venous phase, obtained at 70 s, to assess the veins, as venous flow artifacts observed in the
pancreatic phase will be avoided [1]. In addition, hepatic enhancement will be increased
and metastases will be detected more easily. Dynamic study finishes with a delayed venous
phase, at 180 s.

2. Benign Lesions (Table S1)
2.1. Intrapancreatic Splenic Tissue (Figure 1)

Intrapancreatic splenic tissue (IPST) may occur under the form of accessory spleen or
splenosis. Accessory spleens are congenital abnormalities, in which the earliest forms of
spleen fail to fuse during the fifth week of embryonic life [2] and are usually located next to
their embryonic origin or along their migration path [3]. Splenosis, though, is an acquired
condition, in which a heterotopic transplantation of splenic tissue takes place [4], frequently
after spleen surgery or trauma. It can be found anywhere throughout the abdomen, the
pelvis and even the chest [5], although it occurs most frequently in the liver [6] and is rare
within the pancreas [7]. Sixty-one accessory spleens were found within the pancreatic tail
in a 3000-patient autopsy study [8].

The pancreatic tail is a preferred IPST location, either in the form of IPAS or spleno-
sis [9] and it has been described as the second most common site of accessory spleen [10].

IPST commonly appears incidentally on cross-sectional techniques as a well-defined
nodule, presenting clear demarcated borders with the adjacent parenchyma. It shows the
same signal intensity as the spleen, with the same behaviour following intravenous contrast
administration, heterogeneously enhancing in a zebra-pattern, during the arterial phase [11]
due to different flow rate of contrast through the red and white pulp [12], and becoming
homogeneous during the portal phase. However, this heterogeneous enhancement may be
missing, especially in small lesions [11]. An elevated signal intensity in diffusion-weighted
images (DWIs) using a high b-value is also suggestive of IPST [13]. IPST may grow and
potentially mimic malignancy [14].

Spleen surgery or trauma history may be very helpful to achieve a correct diagnosis
that is crucial to avoid unnecessary surgery or biopsy.

IPST should be included in the differential diagnosis of pancreatic hypervascular
lesions, namely pNENSs, solid pseudopapillary tumour (SPT) and pancreatic metastasis
(PM) from renal clear cell carcinoma (RCC). Epidermoid cyst and inflammatory pseudotu-
mour have been described as associated with IST [15-17], and the diagnosis under these
circumstances may be challenging.

Tc-99m-labelled heat-denatured red blood cells (Tc-99m-DRBCs) are currently the gold
standard technique to specifically prove the diagnosis of IST [18], as Tc-99m-DRBCs are
trapped by reticuloendothelial cells.

2.2. Pancreatic Tuberculosis (Figure 2)

Pancreatic tuberculosis (PT) occurs very rarely, predominantly during a multiorgan ab-
dominal spread of the infection [19]. Only 116 cases have been reported in the literature [20].
When isolated, its diagnosis is not suspected and is frequently achieved after histologic
examination, following resection [21]. It has been theorised that pancreatic enzymes serve
as shields against Mycobacterium tuberculosis [22].

In the western world, PT occurs mainly in immunocompromised patients [21,23]. It
seems to be more frequent between the fourth and fifth decades of life [24,25]. Gender
association is not clear [26,27].

The most frequent clinical presentations are vague non-specific symptoms (fatigue,
fever, weight loss, nausea and vomiting) [28] or a history of acute or chronic pancreatitis [21].
Less frequently, it can also present as obstructive jaundice or gastrointestinal bleeding [29].
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Figure 1. (A): axial T2-weighted images (T2WIs), (B): DWI, (C): axial T2ZWI-DWI fused images,
(D): non-contrast-enhanced (NCE) fat-saturated (FS) T1-weighted images (T1WI), (E-G): axial contrast-
enhanced (CE) dynamic FSTIWI, (E): pancreatic parenchymal phase, (F): portal venous phase, (G): de-
layed venous phase, (H): Ga-68-DOTATOC PET-CT. Incidentally discovered IPAS in a 56 year-old
patient, during check-up examination for elevation of pancreatic enzymes. Note a slightly hyperintense
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lesion within the pancreatic tail in T2WI (arrow in (A)), with diffusion restriction (arrow in (B,C)),
conspicuous in the unenhanced phase (arrow in (D)) but not so much following intravenous contrast
administration (arrow in (E-G)). Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA)
obtained small epithelioid cells, with antichromogranin- and synaptophysin-positive immunostaining
and concluded a pNEN grade II (Ki 67 = 5%). However, in the PET-CT, the lesion (arrow in (H))
showed the same uptake as the spleen (* in (H)) and no non-physiological uptake was found, so
an IPAS was suspected on imaging. The FNA result was a false positive for NEN secondary to
contamination of normal neuroendocrine pancreatic tissue as the patient underwent a left-sided
pancreatectomy with spleen preservation and the histological examination concluded IPAS.

The body of the pancreas seems to be the favoured location, closely followed by the
head [25,30].

Presentation patterns are focal masses [31], multiple small nodules [23] and, less
frequently, a diffuse involvement, mimicking an acute pancreatitis [32], with increased
signal intensity in T2-weighted images (T2WIs) [21].

Focal pattern PT may appear as a well-defined cystic-solid mass, with varying aspects
depending on the proportion of cystic and solid components [23]: hypodense on CT,
hypo- or isointense in T1-weighted images (T1WIs) and heterogeneous in T2WIs. After
intravenous contrast administration, peripheral enhancement with central necrosis or
enhancing solid components may be depicted [25]. When predominantly cystic, PT may
be misdiagnosed as a cystic tumour, such as a cystadenoma, a pseudocyst in the setting of
chronic pancreatitis or an infected abscess. If, on the other hand, PT consists of a mainly
solid lesion associated with biliary or main pancreatic duct (MPD) dilatation, it may be
indistinguishable from PDAC (especially if accompanied by peripancreatic lymph nodes
and signs of vascular invasion), lymphoma and metastasis [33].

Calcifications are frequently encountered [34]. Dilatation of the bile and pancreatic
ducts may occur, though infrequently, despite the mass effect on the ducts [28]. Displace-
ment and stenosis of an otherwise normal MPD are frequent features, without much
prestenotic dilatation [34]. Vascular invasion has been described [25,35].

As lymph nodes are the most common tuberculosis site within the abdomen, ac-
companying peripancreatic lymphadenopathy is frequently found [36], mostly showing
peripheral enhancement with central low attenuation, corresponding to granulation tissue
encircling central caseous necrosis [37]. This appearance, although highly suggestive, is
not pathognomonic of PT.

Both cytology and histological examination following imaging-guided fine-needle
aspiration (FNA) or biopsy (FNB), respectively, are the gold standard diagnosing techniques.
PT can be effectively treated with antituberculous therapy [38].

2.3. Solid Serous Cystadenoma (Figure 3)

Solid serous cystadenoma (SSCA) is the rarest variant of pancreatic serous cystade-
noma, accounting for only 3% of all cases [39], and with only 22 cases reported in the
literature [40]. Serous cystadenomas are benign tumours, usually composed of cysts that
can measure up to 2 cm, with a typical honeycomb appearance. A central scar, often
calcified, is frequently identified [41].

The solid variant is frequently misdiagnosed, because cystic spaces are either absent
or scarce and too tiny [42]. In addition, serous cystadenomas may contain intratumoral
haemorrhage, which adds to the high density of these lesions, contributing to the solid
appearance. It occurs most commonly in elderly women, as an incidental finding, with
no site of preference [40]. If symptomatic, the presentation is usually non-specific, with
abdominal pain, abdominal mass and, rarely, jaundice [43].
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Figure 2. (A): axial T2WI, (B): DWI, (C): NCE FST1WI, (D-F): axial CE dynamic FSTIWI (D): pancre-
atic parenchymal phase, (E): portal venous phase, (F): delayed venous phase, (G): MCRP, (H): coronal
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T2WI, (I): posttreatment MCRP, (J): posttreatment coronal T2WI. Primary pancreatic tuberculosis in
a 15-year-old patient from Burundi presenting with abdominal pain and anicteric cholestasis. Note in
the T2WI a hyperintense mass in the head of the pancreas (arrow in (A)) causing an abrupt biliary
duct cutoff (arrow in (G)) and upstream dilatation. The mass shows diffusion restriction (arrow in
(B)) and progressive enhancement in the dynamic sequences (arrows in (C-F)). EUS-guided FNA
revealed necrosis, Langhans giant cells, lymphocytes and macrophages organised in granulomas.
Thoracic radiography (not shown) was normal, and diagnosis was primary pancreatic tuberculosis.
Both the lesion and mass effect on the common bile duct completely resolved after treatment (L]J).

As the remaining serous cystadenomas, SSCAs are well-delimited lesions, hypointense
in TIWIs and hyperintense in T2WIs [44]. Its most salient feature is an early rapid en-
hancement followed by isointensity in the portal phase, a fact that frequently leads to
a misdiagnosis of pNEN [40,45,46]. T2WIs and especially MR cholangiopancreatography
(MRCP), a heavily T2WI sequence with an echo time 10 times longer than that of regular
T2WIs, help diagnose the hyperintense cyst [47]. A mild dilatation of the pancreatic duct
may happen, due to compression.

Preoperative diagnosis is challenging, and aside from pNEN, it is also commonly
mistaken for SPT, PM and even PDAC [47].

Once the diagnosis is suspected at cross-sectional imaging, a confirmation by EUS-
FNA is achieved in only half of patients [42], as SSCA’s nature may cause the sample to
lack the epithelial tissue required for diagnosis.

As in typical serous cystadenomas, surgery is only recommended when causing symp-
toms, due to compression of neighbouring organs [48] or if diagnosis remains uncertain after
workup [43].

Figure 3. (A): axial NCE-CT, (B): axial CE pancreatic parenchymal phase CT, (C): axial CE portal
venous phase CT, (D): axial T2ZWI-DWI fusion, (E): DWI, (F): ADC, (G): coronal FDG-PET. Solid
serous cystadenoma. A 67-year-old patient with fatigue and abdominal pain, referred from another
institution with the diagnosis of pancreatic neoplasm. CA 19.9 within normal limits. CT shows a solid
lesion in the body of the pancreas (arrow in (A)), with central enhancement in the arterial phase
(arrowhead in (B)), which persists during portal phase (arrowhead in (C)). There is no downstream
MPD dilatation. Note the diffusion restriction (arrow in (D-F)) and the peripheral hypermetabolic
uptake on the PET-CT (arrow in (G)). EUS-guided FNB only obtained inflammatory cells, with
no evidence of malignancy. The lesion remained suspicious, and the patient underwent a left
pancreatectomy. Histological examination revealed a SSCA.
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3. Potentially Malignant Lesions (Table S2)
3.1. Solid Pseudopapillary Tumour (Figures 4 and 5)

SPT is a rare pancreatic neoplasm accounting for 2% of all exocrine pancreatic neo-
plasms [49]. It is an epithelial tumour, but its pathogenesis remains unclear as its cells of
origin are unlike any other cell found within the embryonic or adult pancreas [50]. It has
been hypothesised that it arises from pluripotential embryonic stem cells [51].

Figure 4. (A): axial T2WI, (B): DWI, (C): ADC, (D): axial NE FST1WI, (E): axial CE portal venous
phase FSTIWI. Pancreatic solid pseudopapillary tumour in a 20-year-old woman as an incidental
finding during a pregnancy check-up. A 10 cm pancreatic mass was found, with a fibrous capsule
(arrowhead in (A)), diffusion restriction (arrows in (B,C)) and heterogeneous enhancement (arrow in
(D,E)). Imaging findings were compatible with a pancreatic SPT, and it was histologically proven
following distal pancreatectomy.

SPT occurs tenfold more frequently in women than in men and this has given origin to
a hypothesis linking the tumour to female sex hormones [51,52] or pointing to genital ridges
close to the pancreatic anlage during organogenesis as a possible origin [53]. Published cases
occurring in men report usually an older age and curiously an aggressive behaviour [54].
Its target populations are women younger than 40 years old [55].

There is no association with a functional endocrine syndrome [56] or with any labora-
tory finding [57].

This tumour grows at a slow rate, thus it does not cause symptoms and it is inci-
dentally discovered in about 15% of patients [55,56]. When present, symptoms are non-
specific [50,55,58]. Jaundice happens very rarely [55]. Hemoperitoneum secondary to tumour
rupture, either spontaneous or traumatic [59,60], has been described as a rare presentation.

As a result of its slow growth rate and soft nature, SPT usually presents with a large
size at diagnosis (mean size 5 cm) [61].

The tail of the pancreas is a favoured location [50]. An extrapancreatic site of origin is
possible, though rare [62-66].

MPD or biliary dilatation almost never occurs [67].

Distant metastases, usually present at the time of diagnosis, occur in about 15% of
patients [68] and are predominantly hepatic, peritoneal or lymphatic [68-70].

SPT is depicted in cross-sectional images as a homogeneous solid lesion that, as it
becomes larger, outgrows the blood supply and suffers degenerative changes. Formation
of pseudopapillae occurs as loss of tissue takes place. The stalks of these pseudopapillae
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contain fragile blood vessels and, as a result, intralesional haemorrhage happens fre-
quently [71-73]. All these events contribute to a heterogeneous appearance with variable
solid and cystic components and intralesional haemorrhagic and necrotic parts [50]. Intrale-
sional haemorrhagic traces are considered to be pathognomonic findings [74,75]. Internal
fluid—fluid levels may also be identified [76]. The different components will be better
depicted on MR thanks to its high contrast resolution. A pseudocapsule, reflecting the
tumour slow growth, is almost always depictable in tumours larger than 3 cm, granting
well-delineated borders. True to its fibrous nature, it is typically hypointense in both T1-
and T2WIs and enhances moderately after intravenous contrast injection [76]. Dystrophic
calcifications are found in up to 30% of cases [59], with a variety of patterns [77], and occur
more frequently in larger tumours [50], as necrotic components fail to reabsorb. Following
intravenous contrast administration, SPT shows a heterogeneous nature in the arterial
phase, even when small in size, followed by a progressive enhancement in the portal
venous phase [78].

Figure 5. (A): axial CE portal venous phase CT, (B): coronal T2WI, (C): MRCP, (D): DWI, (E): ADC, (F):
axial NCE FST1WI, (G): axial CE pancreatic parenchymal phase FSTIWI, (H): axial CE portal venous
phase FST1WI. Pancreatic solid pseudopapillary tumour in a 30-year-old woman as an incidental
finding during a CT scan for abdominal pain. CT showed a mass within the body of the pancreas
(arrow in (A)). The lesion was well defined by a fibrous capsule (arrowhead in (B)). MPD was
displaced, with normal caliber (arrow in (C)). The lesion showed diffusion restriction (arrow in (D,E))
and progressive heterogeneous enhancement (arrow in (F-H)). Due to the microcystic appearance
in T2WIs, the lesion was initially thought to be a microcystic serous cystadenoma, even if it lacked
some characteristic features. Nevertheless, given its size and presence of symptoms, it was removed.
Histological examination revealed a SPT.

Surgical resection may be considered without prior biopsy if the presentation is
classic. In atypical presentations, diagnosis is achieved through histological examination
following biopsy.
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Tumour resection is the treatment with curative intent, with a success rate close to
90% [79]. SPTs usually have a benign behaviour but malignancy has been reported in
10-15% [49,68,70]. Even if metastatic, the prognosis is good, as long an RO resection is
achieved [80]. The only significant proven malignancy predictors are pancreatic duct
dilatation, vessel encasement and the presence of metastases [81]. It is extremely important
to continue surveillance in the long term, as SPTs are prone to recur and develop metastases
as a late event, even years after surgery [82].

3.2. Pancreatic Schwannoma (Figure 6)

Pancreatic schwannoma (PS) is a rare tumour that arises from Schwann cells found in
the sheath of vagus nerve branches on their course through the pancreas [83].

Figure 6. (A): axial T2WI, (B): DWI, (C): ADC, (D): axial CE early arterial phase FST1WI, (E): axial
CE pancreatic parenchymal phase FSTIWI. Pancreatic schwannoma in a 70-year-old male patient
during follow-up for a duodenal gastrointestinal stromal tumour (GIST), removed five years prior
through cephalic duodenopancreatectomy. A pancreatic lesion is noted within the pancreatic tail
(arrow in (A)). Observe MPD dilatation unrelated to the lesion, due to surgical procedure. The
lesion showed diffusion restriction (arrow in (B,C)) and progressive heterogeneous enhancement
following intravenous contrast administration (arrow in (D,E)). EUS-guided FNA obtained fragments
of mesenchymal tissue with minimal nuclear atypia and positive immunostaining for anti-S-100, and
cytological report concluded schwannoma. Tumour board decided conservative management and
the lesion is currently under surveillance.

Only 10% of cases are associated with genetic disorders, such as neurofibromatosis type
2 (NF2), multiple meningiomas and schwannomatosis, and, rarely, with neurofibromatosis
type 1 (NF1), with an increased risk of malignant transformation [84].

There are less than 80 reported cases in the literature, with most of the cases occurring
in adults (average age 55 years), with a slightly higher incidence in women [85].

Patients mostly present with non-specific abdominal complaints [86], although the
prevalence of symptoms suspicious for a PDAC (such as weight loss, palpable mass and
jaundice) is not neglectable [85].

Levels of CA 19-9 and carcinoembryonic antigen (CEA) are usually within normal values.

Most tumours have been found within the head [87].
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Tumour size varies greatly and, with increasing size, there is also proportionate
likelihood of degeneration occurring. Microscopically, two distinct areas are found within
the tumour: Antoni A, solid, with a compact cellular organisation and a well-developed
vascular net, and Antoni B, hypocellular with loose myxoid stroma, less vascularity and
degenerative alterations (haemorrhage, calcification, cyst formation, hyalinisation and
xanthoma infiltration) [88,89]. The tumour’s appearance is determined by the proportion
of Antoni A and B areas; thus, the imaging features are non-specific and preoperative
diagnosis is challenging [90].

On CT, benign schwannomas are usually depicted as encapsulated round masses
with a variable proportion of avidly enhancing (Antoni A areas) and non-enhancing (An-
toni B areas) components, following intravenous contrast administration [91]. On MR,
hypointense signal in TIWIs and heterogeneously hyperintense signal in T2WIs are com-
monly found [92], in addition to progressive enhancement in TIWIs [93].

Suspicious signs of malignancy are rapid growth, invasion of neighbouring structures,
a solid inhomogeneous and irregular mass with avid contrast enhancement and associated
thrombosis [94].

PS is usually associated with a hypermetabolic appearance on FDG-PET, even if
benign [95].

Differential diagnosis should include SPT, pNEN and pancreatic cystadenoma. The
diagnosis of PS should be considered when a well-circumscribed lesion with or without
a cystic component is encountered, showing increased FDG uptake on PET-CT [95].

Diagnosis is achieved after histological examination following EUS-guided biopsy.

If asymptomatic, a conservative management may be considered, given its benign
nature and stable size or slow growth rate [96]. On the other hand, if symptomatic, resection
should be considered. Follow-up after surgery should be carried on, as the risk of recurrence
remains unknown [97].

3.3. Purely Intraductal Pancreatic Neuroendocrine Tumour (Figure 7)

Intraductal growth of a pNEN is encountered in two different scenarios. Most fre-
quently, it is found in the form of a parenchymal lesion that extends into the pancreatic duct
and grows along its extent. This presentation is very rare and very few cases have been
published [98-104]. The other, and even rarer, setting is a true intraductal origin, where
a NEN arises within the main pancreatic duct as a polypoid mass that grows along the
duct [98,105,106] but it is not connected to a parenchymal lesion [107]. Only seven cases
of purely intraductal pNENSs have been reported in the literature [107]. Purely intraduc-
tal pNEN has been hypothesised to rise from totipotential stem cells located within the
epithelium of the main duct [108]. As the tumour grows, the tumour may block the duct
lumen and, as a result, it can cause pancreatitis. In fact, these tumours frequently present as
a chronic pancreatitis. This exclusively intraductal lesion is not conspicuous on CT, and it
may be obscured by the pancreatitis signs, so it is most frequently diagnosed after surgery.
MRCP proves to be very useful as it can depict the intraductal tumour as a filling defect.
Intraductal pNEN may also be identified following intravenous contrast administration as
an avidly enhancing lesion in the arterial phase. This type of presentation occurs mostly
associated with non-functioning pNENs [107]. An inflammatory stricture in the setting of
chronic pancreatitis constitutes the other differential diagnosis possibility. There are so few
cases in the literature that no data can be extrapolated.
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Figure 7. (A): MRCP, (B): axial T2WI, (C): DWI, (D): axial CE arterial phase FSTIWI. Intraductal
pancreatic NEN in a 55-year-old patient with a known history of a testicular tumour, admitted for
acute pancreatitis, with no risk factors. Note the marked dilatation of the distal MPD (arrows in (A,B))
with a proximal filling defect (arrowheads in (A,B)) which corresponds to the intraductal tumour. The
intraductal mass shows diffusion restriction (arrowhead in (C)) and intense enhancement following
intravenous contrast administration (arrowhead in (D)). A total pancreatectomy was decided by the
MDT and histological examination concluded grade 2 intraductal pNEN.

3.4. Pancreatic Solitary Fibrous Tumour (Figure 8)

This type of extrapleural solitary fibrous tumour is a fibroblastic mesenchymal tu-
mour, previously known as haemangiopericytoma. It was first described in the pleura in
1931 [109], derived from mesenchymal cells from pleural connective tissue, but since then,
it has been documented in almost every anatomic site, including the retroperitoneum [110].

Pancreatic solitary fibrous tumour (PSFT) is a rare neoplasm, with only 29 cases
reported [111]. It shows no gender preference, and the median age reported at diagnosis
is 53 years [112]. The main symptoms reported at presentation are abdominal pain and
jaundice, though most frequently tumours are incidental findings [113].

Patients may present with refractory and recurrent hypoglucemia as a paraneoplastic
syndrome (Doege-Potter syndrome), caused by an increased production of insulin-like
growth factor II [113]. Being a mesenchymal tumour, there is no association with tu-
mour markers.

PSFT arises most commonly within the pancreatic head [111].

It shows a true capsule and well-defined margins, and it does not tend to invade the
surrounding parenchyma [114]. Its most salient feature is its hypervascularity, and it usually
enhances homogeneously and progressively in the arterial and portal phase [115]. In larger
tumours, central necrosis occurs, and it has been described that a malignant type may
present a heterogeneous appearance with haemorrhage, necrosis and calcifications [115].

Dilatation of the main pancreatic duct has been observed in some cases, as well as
biliary dilatation in tumours located within the head [116], but these findings are not
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a constant, despite the large size of tumours. Lymphadenopathies are not frequently
associated [111].

FDG-PET has not been shown to be useful in distinguishing indolent from aggressive
PSFT [117], contrary to previous hypotheses.

The main differential diagnosis based on imaging findings is pNEN [118]. Other op-
tions should include leiomyosarcoma, GIST, perivascular epithelioid cell tumour (PEComa)
and SPT in younger patients.

Definite diagnosis is achieved by EUS-guided biopsy. Curative treatment is complete
surgical resection [119], with good results, since most of the published cases were disease
free after surgery [115]. Adjuvant radio- or chemotherapy treatments have not achieved
successful results [120]. Negative margins have proved to decrease the rate of local recur-
rence and to improve survival [120]. Follow-up is recommended, as about 12-22% of all
solitary fibrous tumours are aggressive, with local recurrence and metastases [121].

Figure 8. (A): CE-CT portal phase coronal MPR, (B): axial CE arterial phase CT, (C): axial CE portal
venous phase CT, (D): FDG-PET CT. Follow-up images (E): axial CE arterial phase FSTIWI, (F): axial
T2WI. Malignant pancreatic solitary fibrous tumour in a 47-year-old patient who presented with
a palpable mass within the right hypochondrium. She had a history of a nasal fibrous solitary tumour
10 years prior. CT showed an enormous solid mass in the head of the pancreas, causing mild dilatation
of the pancreatic duct (arrow in (A)). Note the central necrosis (* in (C)) and the hypervascularity of
the non-necrotic periphery (arrow in (B)), which is highly metabolic on the FDG-PET (arrow in (D)).
The patient underwent a total pancreatectomy and the histological examination concluded PSFT. It
turned out to have a malignant outcome and the patient developed liver (arrow in (E)) and omental
(arrow in (F)) metastases within the year following the surgery.

4. Malignant Lesions (Table S3)
4.1. Acinar Cell Carcinoma (Figures 9 and 10)

Acinar cell carcinoma is a rare epithelial malignant primary pancreatic tumour, named
after the acinar differentiation of its cells. Even though acinar cells constitute most of the
pancreatic parenchyma, acinar cell carcinoma (ACC) paradoxically represents less than 2%
of primary pancreatic neoplasms [122].

ACC occurs mostly in men (men to women ratio of 3.6) with a bimodal presentation,
with two incidence peaks at 8-15 and 60 years [123-125].
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Figure 9. (A): axial T2WI, (B): MRCP following secretin injection, (C): axial T2 DWI fusion, (D): ADC,
(E): axial CE pancreatic parenchymal phase FSTIWI, (F): axial CE portal venous phase FSTIWI. Acinar
cell adenocarcinoma in a 79-year-old patient with previous episodes of pancreatitis of unknown
cause and elevated lipase in current laboratory results. A solid well-defined mass (arrow in (A))
with lobulated contours and minimal MPD stenosis (* in (A)) is found in the distal pancreas. It
shows diffusion restriction (arrows in (C,D)). Note the duct penetrating sign following secretin
injection (arrow in (B)). It is hypoenhancing in the early arterial phase (arrow in (E)) with progressive
enhancement during pancreatic parenchymal phase (arrow in (F)). No adenopathies are found.
Findings were non-specific and did not fulfill the diagnosis criteria for PDAC. Diagnosis was achieved
at histological examination following EUS-guided FNB.

It arises throughout the pancreas, with no favoured location.

Presenting symptoms are non-specific, with abdominal pain and weight loss being
the most common. Pancreatitis and obstructive jaundice are rare [126,127] as, despite their
large size, ACCs do not tend to cause ductal obstruction [128,129].
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Figure 10. (A): axial T2WI, (B): DWI, (C): ADC, (D): CE pancreatic parenchymal phase FSTIWI,
(E): axial CE portal venous phase FSTIWI, (F): axial CE delayed venous phase FST1WI. Acinar cell
adenocarcinoma incidentally discovered in a 70-year-old female patient during a routine echography.
Note the lesion within the head of the pancreas, rather exophytic and heterogeneous (arrow in (A)),
with diffusion restriction (arrows in (B,C)). During the dynamic sequences following intravenous
contrast administration (arrows in (D-F)), the lesion shows capsular enhancement while the center
remains hypointense, due to necrosis/cystic changes. Due to its exophytic appearance, the lesion
was thought to be within the pancreaticoduodenal groove and, hence, was diagnosed as a GIST.
Histopathological examination following EUS-guided FNB revealed an ACC.

Elevated lipase, secreted by the tumour, may be the presenting sign of ACC and
may be used as a tumour marker [130]. As a result, fat necrosis may be triggered, ei-
ther subcutaneously, presenting as nodules, or within the cancellous bone, causing pol-
yarthralgia [131,132]. These symptoms, together with peripheral eosinophilia, constitute
a paraneoplastic syndrome [133] that may occur after tumour recurrence. An elevated
alpha-fetoprotein may sometimes be found [134]. Levels of CA 19-9 and carcinoembryonic
antigen (CEA) are usually within normal values.

At the time of presentation, almost half of patients present with hepatic and lymph
node metastases [135].

On cross-sectional imaging, ACC usually appears as a large (average size at diagnosis
of 10cm [136-138]), well-defined and oval or round exophytic mass (it may even be found
attached to the surface of the pancreas on the histological examination [130]). Calcifications
are found in one third of patients [136,137,139]. It usually shows a solid appearance, but
internal haemorrhage, necrosis and cystic changes are common in larger lesions [136]. On
unenhanced CT, it is usually iso-hypodense to the pancreatic parenchyma, and it shows a
hypovascular nature, hypoenhancing in the arterial phase and becoming more enhancing
than the pancreatic parenchyma in the portal venous phase [140]. An enhancing capsule
may also be identified.

Concerning the cross-sectional imaging test of choice, the combination of CT and MR
works well in depicting the imaging features. MR outperforms CT in describing tumour
limits, intratumoral bleeding, local invasion and ductal dilatation, whereas CT is better at
detecting calcification [141].

Differential diagnosis should include PDAC, pNENs, SPT and, in children, also
pancreatoblastoma. PDAC usually shows a smaller size with no calcification or cystic
changes [142]. Its margins are not well delineated, and invasion of neighbouring structures
is one of its hallmarks. ACCs are often mistaken for large pNENSs, as they may show
heterogeneous density /SI due to haemorrhage, necrosis, cystic changes and calcifications,
but ACCs are mainly hypovascular. SPTs may also mimic ACCs, but the target popula-
tion is the key: they occur almost exclusively in young women, in which ACCs rarely
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occur [143]. Pancreatoblastoma may cause a differential diagnosis issue, as it usually occurs
in infants and children [144]. Its frequently also presents with liver metastases, but it is
more aggressive than ACC.

Even if almost half of patients present at diagnosis with hepatic and regional lymph
nodes metastases [135,145], ACC shows a better prognosis than PDAC, with a 5-year
survival rate of 50% [146,147]. However, ACC has a higher rate of recurrence [141].

Surgical resection with negative margins is the only therapeutic approach that im-
proves long-term survival. Recent studies suggest that the outcome of combining surgery
and chemotherapy is more favourable than that of only surgery [148].

4.2. Undifferentiated Carcinoma with Osteoclastic-like Giant Cells (Figure 11)

Undifferentiated carcinoma with osteoclastic-like giant cells (UCOGC) is an extremely
rare and aggressive subtype of pancreatic adenocarcinoma. It constitutes less than 1% of all
pancreatic malignant tumours [149].

Its histogenesis is not clear, as at the time of diagnosis, it presents with a large size and
its relation to the pancreatic duct is difficult to establish. About 20% of cases seem to arise
from mucinous or intraductal papillary mucinous neoplasms (IPMNs) [150] and it has been
hypothesised that it has an epithelial origin with a mesenchymal transition [150,151]. The
epithelial to mesenchymal transition is a transient and reversible transformation which
is normally activated during embryonic development and tissue repair but also during
carcinogenesis [152,153]. Through this step, tumoral cells acquire mesenchymal features
that enable them to invade adjacent vessels and distant organs [154].

Two phenotypes have been described [155], a pure form containing only osteoclast-like
giant cells, with a better prognosis than the mixed form, a combination of undifferentiated
carcinoma of the pancreas and osteoclast-like giant cells forming a very aggressive tumour
with a poor outcome. This mixed form constitutes a distinct variant from undifferentiated
carcinoma of the pancreas [156]. UCOGC may occur in association with PDAC [157].

UCOGC occurs more commonly in women (women:men ratio of 13:8) with higher
prevalence in middle-aged and elderly patients [158].

Presenting symptoms are non-specific and consist of upper abdominal pain, weight
loss and/or anorexia. Jaundice and steatorrhoea have been described in 25% of cases [159].

CA 19-9 and CEA serum levels have been reported to be increased in some pa-
tients [160].

Favoured locations are the body and tail of the pancreas [157].

Biliary ducts and pancreatic duct dilatation may occur [151,158,159], as UCOGC seems
prone to grow intraductally [151].

At presentation, UCOGCs are usually large lesions [161], locally aggressive, with
a tendency to invade adjacent structures. Lymph node involvement and distant metastases
are rarely encountered [151,161].

On cross-sectional imaging, appearance may vary and it displays non-specific fea-
tures, either hypovascular [158] or hypervascular [162]. Hypervascular behaviour may
be explained by a relationship to giant cell tumours of the bone, also hypervascular, so
enhancement is proportionate to the volume of the osteoclastic cell component [151]. Haem-
orrhage [163], cystic changes [162], necrosis [158] calcification [164] and vascular invasion
may occur [163].

UCOGC may be misdiagnosed as PDAC, mucinous carcinoma [165], SPT [158],
PNEN [166] and pancreatic pseudocyst [167].

Diagnosis follows histological examination after EUS biopsy. Surgical resection is
the treatment of choice. The efficacy of chemotherapy and radiotherapy has not been
proved yet.

Its prognosis is variable, ranging from a few months to up to ten years as reported
in the literature [168]. It was traditionally considered worse than that of PDAC [169,170]
due to the advanced stage at diagnosis [165] and its tendency to recur even after complete
resection [165,171].
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Another analysis result of another series concluded that the prognosis (5-year survival
>50%) is considerably better than that of PDAC [150]. It has been hypothesised that these
discordant prognosis results are probably due to the use of wrong terminology [172] and
it is clear that true UCOGCs have a more indolent behaviour [164], especially the pure
form [173].

The underlying reasons for the better prognosis compared to PDAC may be its slower
local spread, more indolent nature, better response to surgery and/or chemotherapy, less
nodal involvement and fewer distant metastases [174].

The most important criterion for prognosis is the presence of an associated PDAC [173].

Figure 11. (A): axial FST2WI, (B): MRCP, (C): DWI, (D): ADC, (E): NEC axial FST1WI, (F): axial
CE pancreatic parenchymal phase FST1WI, (G): axial CE portal venous phase FSTIWIL. UCOGC
in a 45-year-old patient who presented with bloating. A cephalic pancreatic mass was identified,
hyperintense in T2WIs (arrow in (A)), with MPD integrity (arrow in (B)) and no biliary duct dilatation,
diffusion restriction (arrows in (C,D)) and scarce progressive enhancement in the dynamic sequences
(arrows in (E-G)). These non-specific features did not fulfil PDAC diagnostic criteria. Ascites (* in (G))
and peritoneal deposits (arrow in (G)) were also found. Histology examination following EUS-guided
FNB revealed a UCOGC.

4.3. Pancreatic Adenosquamous Carcinoma (Figure 12)

Pancreatic adenosquamous carcinoma (PASC) is a rare and aggressive variant of PDAC
which is frequently misdiagnosed as such on imaging or even histopathologically. Its actual
prevalence is thus inexact and has been reported to range from 0.38 to 10% [175-177].
A squamous cell component of at least 30% among glandular elements of PDAC has been
a requisite for the diagnosis [178,179], although the required percentage recently has been
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questioned, as the proportion of squamous carcinoma does not have a clinical correlation
and its evaluation remains subjective [180-183].

Figure 12. (A): axial NCE-CT, (B): axial CE pancreatic parenchymal phase CT, (C): axial CE portal
venous phase CT, (D): CE portal phase CT coronal MPR. Adenosquamous carcinoma. A 60-year-old
patient with elevated liver enzymes was discovered to have a pancreatic mass during an ultrasound.
Note the subtle contour abnormalities of the pancreatic head on the unenhanced CT (arrow in (A))
and the progressively enhancing lesion (arrow in (B,C)). Observe the biliary duct (arrow in (D))
and the upstream MPD dilatation (arrowhead in (D)). EUS-guided FNA concluded moderately
differentiated adenocarcinoma and, since the tumour was resectable, the patient underwent surgery.
Histological examination proved it to be a PASC. Retrospectively, it shows a greater enhancement
than a typical PDAC.

As squamous cells are not found in normal pancreatic tissue, the pathophysiology
remains a mystery. Three hypotheses have been reported. The leading theory proposes
that since squamous cells are found in the setting of chronic pancreatitis or in the event
of tumour ductal obstruction and these conditions are associated with PDAC, squa-
mous carcinoma could arise from a preexisting adenocarcinoma, through metaplastic
changes [179,181,184,185]. PASC could also be the result of two different neoplastic pancre-
atic cell lines merging [184,186,187] or even having a common origin, as the third theory
implies, where certain pluripotential primitive cells would differentiate into adenocar-
cinoma and others into squamous cell carcinoma, resulting in a tumour with both cell
types [179,184].

Squamous carcinoma tends to show intercellular bridges and/or focal keratin pearl
formation within its cells. However, PASC frequently presents as a poorly differentiated
tumour and the use of immunochemistry is often needed to confirm the differentiation [188].

Elevated levels of CA 19-9 and CEA are found in most patients [189]. Hypercalcemia
of malignancy is found in some cases, probably related to high serum levels of parathyroid
hormone-related protein [190-192].

There is a higher prevalence in men and average age at presentation is 68 years [175].

Presenting symptoms are non-specific and indistinguishable from those of PDAC
(abdominal pain, weight loss, anorexia and jaundice) [186,193].

Most frequently, at presentation, PASC is locally advanced or has distant metas-
tases [194]: liver, lung [195,196] and even bone and skin [197-199].
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Like PDAC, the head of the pancreas is the most common location but it arises within
the body—tail more often than PDAC [175].

It is frequently associated with MPD dilatation and CBD dilatation when found within
the head.

PASC tends to be larger than PDAC. It appears as a round lobulated mass with
extensive central necrosis which causes an hyperintensity in T2WIs greater than that of
PDAC [200] and a fibrous capsule that enhances progressively. Enhancement is overall
considered to be greater than that of PDAC [201]. Another presenting imaging feature
which may be helpful to distinguish it from PDAC is the frequently associated portal vein
tumour thrombus [189,201-203].

Diagnosis may be achieved presurgically through an EUS-guided biopsy.

Complete resection is the only potentially curative treatment, although only 15-20%
of patients are surgical candidates. A less favourable outcome has traditionally been
associated with PASC, compared to PDAC, with a worse survival in patients who have
undergone resection [204]. However, surgical resection has been shown to significantly
improve median patient survival: median overall survival after surgery is 12 months, while
in PDAC it is 16 months [175]. On the other end of the differentiation spectrum, squamous
cell carcinoma appears to be an even more aggressive tumour, with worse survival data,
which might suggest that the squamous element is a worsening prognosis factor [204].

4.4. Colloid Carcinoma (Figure 13)

Colloid carcinoma (CC) of the pancreas, alternatively referred to as mucinous non-
cystic carcinoma, is a rare variant of ductal adenocarcinoma, which occurs with a rate of
1% of all pancreatic tumours [205,206].

Its hallmark is the abundant presence of extracellular mucin (adding up to at least 50%
of the tumour), with malignant cells floating within it [207]. This mucinous component is
the reason why it was previously categorised as mucinous cystadenoma or signet-ring cell
carcinoma of the pancreas [206].

It appears that there is a slightly higher prevalence in men [205,208,209] and age at
presentation ranges within the seventh decade [205].

Tumour markers (including CEA and CA 19-9) are usually elevated [205].

Presenting symptoms resemble those associated with PDAC: abdominal pain, jaundice
and weight loss [179]. Almost half of patients with CC present a history of pancreatitis [209].

Most colloid carcinomas are associated with intestinal-type invasive IPMN although
they may also arise de novo [210,211], and these types occur most frequently within the
head of the pancreas [211,212]. Another less frequent association has been described with
mucinous cystic tumours, involving preferably the tail of the pancreas [205].

CC is a slow-growing tumour that shows local invasion rather than disseminated
disease [212]. Lymph node metastases and vascular invasion occur less frequently in CC
than in PDAC [213,214].

The presence of dilatation of the main pancreatic duct will depend on whether the CC
derives from an IPMN; if so, the tumour will be intraluminal, either the main or branch
duct, and there will be downstream MPD dilatation [213]. If the tumour is unrelated to an
IPMN, no dilatation will be found. Bile duct dilatation may occur in tumours arising from
the head of the pancreas.

The reported tumour size at presentation ranges from 1 to 16cm [205,206]. Usually,
they present on CT with a lobulated appearance and slightly ill-defined margins [215].
Calcifications are often found [215]. In T2WIs, CC shows very bright signal intensity with
internal septa and a salt and pepper appearance, these features being consistent with
the abundant mucin lakes with floating stroma and tumour cells [210]. Enhancement
will happen typically progressively so at a delayed phase it will be more conspicuous.
Enhancement will be observed internally in a sponge-like fashion, due to the enhancing
stroma amidst the mucin lakes, which will enhance poorly and peripherally, associated
with induced desmoplastic reaction [210,215].
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Figure 13. (A): axial CE portal venous phase CT, (B): axial T2WI, (C): coronal T2WI, (D): MRCP,
(E): DWI, (F): ADC, (G): axial NCE FST1WI, (H): CE pancreatic parenchymal phase FST1WI, (I): axial
CE portal venous phase FSTIWI. Colloid carcinoma. Patient is a 52-year-old woman with left upper
quadrant pain for the previous six months and weight loss (15 kg). Blood laboratory tests are anodyne.
Observe the intraluminal mass within the body and distal pancreas (* in (A-D)), notice its salt and
pepper pattern in T2WIs (* in (B,C)) and how it is partly calcified (arrowhead in (A)). The lesion is
associated with downstream MPD dilatation (arrow in (A,B,D)) and side branch ecstasy (arrowhead
in (C,D)). There is no diffusion restriction (arrow in (EF)). In the dynamic sequences following
intravenous contrast administration, the tumour shows gradual enhancement of the periphery
and the subtle septa (arrows in (G-I)). Patient underwent a cephalic duodenopancreatectomy and
diagnosis was pathologically proven.
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CC has an indolent behaviour, and its prognosis is superior to PDAC: 5-year survival
rates of 40-60% vs. 10-15%, respectively [216,217]. One of the reasons explaining this
better prognosis is the mucin, which surrounds the cells and acts as a barrier preventing
their spread [207,216]. The other reason lies within the surface glycoproteins present in
colloid carcinoma: MUC1 is present in PDAC on the luminal aspect or throughout the cells,
whereas CC expresses MUC1 on the basal surface [218]. Also, another surface glycoprotein
found in CC, MUC?2, not found in PDAC, has been described to have tumour suppressor
activity [215].

A misleading cystic appearance due to the abundant mucin production may cause
a misdiagnosis of cystic tumours, such as IPMN or a mucinous cystic adenocarcinoma [219].
Hallmarks to distinguish IPMN-unrelated colloid carcinomas from IPMN in cross-sectional
images are an absence of communication with the MPD and of intraductal papillary
components and a lack of downstream pancreatic ductal dilatation, features that can be
successfully assessed with MRCP. Also, the typical papillary bulging into the duodenal
lumen and spillage of mucin from the ampulla of Vater, typical findings on endoscopic ret-
rograde cholangiopancreatography (ERCP), will not be present in CC [210,220]. Mucinous
cystic adenocarcinomas, on the other hand, are large well-defined unilocular or macrocystic
lesions with enhancing soft tissue components, different from the not-so-well-defined
CC with progressive internal enhancement, besides the fact that the target populations
are women.

In the event of an intraluminal CC communicating with the MPD, features will be
difficult to distinguish from invasive IPMN on cross-sectional imaging and ERCP will be
essential to rule IPMN out.

Even though FNA is useful to describe the large amounts of mucin, it may not provide
enough data to complete the diagnosis [221]. The presence of malignant epithelial cells
within a mucin magma should provide definitive diagnosis [179]. However, given the
rarity of this entity, CCs are typically diagnosed during histological examination following
surgery.

Surgery is recommended as the only curative treatment in eligible patients [221].
A recent study has suggested that adjuvant chemotherapy may not be effective for CC [222].
The survival rate has been reported to be better than for PDAC (5-year survival rate of
57%) [223]. Long-term surveillance is recommended to detect recurrence [221].

4.5. Primary Pancreatic Leiomyosarcoma (Figures 14 and 15)

Primary pancreatic leiomyosarcoma (PPLM) belongs to the group of malignant mes-
enchymal tumours that may originate in the pancreas, along with malignant periph-
eral nerve sheath tumours, undifferentiated pleomorphic sarcomas, liposarcomas, rhab-
domyosarcomas, solitary fibrous tumour and primitive neuroectodermal tumours (PNETs),
among which it ranks first in frequency [224]. It is a very rare and aggressive tumour,
which accounts only for 0.1% of malignant pancreatic neoplasms [225].

Its cells show smooth muscle features [226], a fact that has given rise to theories
regarding the walls of intrapancreatic vessels or the smooth muscle cells of the pancreatic
ducts as possible origins [226]. These theories may be the rationale behind the close
relationship between the tumour and the vessels/duct [226-229].

It occurs most frequently during the fifth decade; gender predominance is not
clear [226,230-232]. An association with East Asian ethnicity has been recently proposed,
with a higher prevalence of regional invasion [233].

Presenting symptoms are non-specific and variable, and the most frequently encoun-
tered complaints are abdominal pain/tenderness, weight loss and a palpable abdominal
mass [229].

Since it is a mesenchymal tumour, there is no association with tumour markers.

No preferred site within the pancreas has been described [226], and there is similar
incidence between the head and the body-tail [232].
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Figure 14. (A): axial CE portal venous phase CT, (B): axial T2WI, (C): DWI, (D): ADC, (E): axial
CE pancreatic parenchymal phase FST1WI, (F): axial CE portal venous phase FSTIWI. Primary
pancreatic leiomyosarcoma incidentally discovered in a 53-year-old patient during a routine check-up.
Note the heterogeneous mass within the pancreatic isthmus (arrow in (B)) with compression of
the superior mesenteric and splenic vein (arrow in (A)). No biliary or pancreatic duct dilatation
is observed. The lesion shows diffusion restriction (arrow in (C,D)) and hypervascularity, with
progressive enhancement following intravenous contrast administration (arrow in (E,F)). EUS-guided
FNB concluded PPLM. The patient underwent radiotherapy before surgery but then refused to be
operated upon and developed hepatic and muscular metastases (not shown here). Stable disease was
achieved with chemotherapy for five years, but it is currently progressing.

It is locally very aggressive and, since it is usually discovered at a late stage, invasion
of neighbouring organs and vessels is a frequent feature. It is prone to metastasise to the
liver, and lung metastases are also frequently present at diagnosis [232,234]. However,
lymphatic spread is rare [226,229], a fact that could be helpful for differential diagnosis.

PPLMs have been described in the literature as non-specific masses on CT/MR, with
size ranging from 3-25cm [230], that, as volume increases, become heterogeneous, with
haemorrhagic, necrotic and cystic components, due to degenerative changes [232,235].
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Peripheric enhancement is present with a large central non-enhancing component [235,236].
These features may lead to misdiagnosis of a large leiomyosarcoma as a pseudocyst [229]
or a cystoadenocarcinoma [237].

Figure 15. (A): axial T2WI, (B): DWI, (C): ADC, (D): axial NCE FST1WI, (E): axial CE pancre-
atic parenchymal phase FST1WI, (F): axial CE portal venous phase FSTIWI. Primary pancreatic
leiomyosarcoma incidentally discovered in a 50-year-old female patient during an ultrasound for
a urinary infection. Observe the large heterogeneous mass in T2WI (arrow in (A)) within the distal
pancreas, with diffusion restriction (arrow in (B,C)). The sequences following intravenous contrast
administration show the central cystic/necrotic component (* in (E,F)) and the solid and progressively
peripheral enhancement (arrow in (D-F)). Resectability criteria were fulfilled, and patient underwent
distal pancreatectomy. Histological examination concluded PPLM.

Usually, there is no associated MPD dilatation. However, tumours arising from smooth
cells of the pancreatic duct have been described [238].

It has been proposed that diagnosis should be entertained when confronted with
a mass that fulfils the following criteria: large size, increased enhancement and absence of
biliary duct dilatation [236] and other authors have added the presence of cystic/necrotic
components to the list [239,240].

Differential diagnosis includes the far more frequent PDAC, and, less frequently,
PNEN [240-242], a metastasis to the pancreas from another known primary tumour [240,243]
and, more rarely, an invading leiomyosarcoma originating from adjacent organs and sim-
ulating a pancreatic primary tumour [244]. An isolated metastasis to the pancreas from
a distant leiomyosarcoma is extremely rare [245], with female genital tract, gastrointesti-
nal tract, soft tissues of the extremities and retroperitoneum as most common sites of
origin [246].

Diagnosis is usually achieved after histological examinations and immunohistochemi-
cal staining [232], following surgery or intraoperative biopsy. EUS-guided FNA often comes
up with false negative results due to the cystic and fibrous nature of the lesion [235,247].

In the absence of organ/vessel invasion or distant metastases, radical resection with
negative margins stands as the only potentially curative treatment [248].
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Radiation and chemotherapy have not achieved clinical success, as for other leiomyosar-
comas [249-251].

It is usually associated with a poor outcome; the median survival time in a series of
49 cases [252] was 48 months.

4.6. Primary and Secondary Pancreatic Lymphoma (Figures 16-18)

Primary pancreatic lymphoma (PPL) is an extremely rare non-epithelial tumour
that accounts for less than 0.5% of all pancreatic tumours and 1% of all extranodal lym-
phomas [253].

PPL occurs most commonly in middle-aged patients (mean age 53 years) [254], espe-
cially Caucasians [255], and with a male prevalence [254]. It is frequently associated with
immunosuppression that seems to favour the disease [256].

Patients mainly complain of abdominal pain at diagnosis. Other presenting symptoms
are jaundice, which is relatively common, pancreatitis and /or gastric or duodenal obstruc-
tion [110,257]. Fever, chills, night sweats and weight loss are associated with systemic
non-Hodgkin lymphoma (constituting the classic B symptoms) but are rare in PPL [254].

The most frequent subtype is B-cell non-Hodgkin lymphoma [255].

CA 19-9 usually ranges within normal limits [254], even though PPL-associated biliary
dilatation may cause a mild elevation of CA 19-9 [252]; LDH is often elevated [256]. Thus,
the combination of increased LDH serum levels without concurrent increased CA 19-9
should favour the diagnosis of pancreatic lymphoma [255,258].

Different morphologic patterns have been described [259], the most common is a soli-
tary focal mass. A diffuse infiltration with pancreatic enlargement, a peripheral involve-
ment and a multinodular type comprehend the rest of the presentations.

The focal pattern occurs mainly within the head, as the part that contains the largest
concentration of lymphoid tissue [255,260]. It is depicted as a bulky, well-circumscribed
mass, ranging between 2 and 14 cm [255]. It is homogeneous, and it shows progressive
and delayed but limited homogeneous enhancement, to a lesser degree compared to
the preserved pancreatic parenchyma [259]. Characteristically, necrosis and calcification
are hardly ever present [261], although necrosis may happen secondary to concomitant
acute pancreatitis, or due to a duodenal fistula causing an intratumoral collection [262].
Compared to the preserved pancreatic parenchyma, PPL is usually hypointense in T1WIs
and hyperintense in T2WIs [262]. The hallmark on MR imaging is the significant diffusion
restriction, similar to that of the spleen.

The infiltrative pattern leads to a diffuse, ill-defined enlargement of the pancreas
and may mimic acute pancreatitis [263]. However, even if both the focal and diffuse
patterns may be associated with stranding of the peripancreatic fat [264], it is minimal,
unlike the marked inflammation associated with acute pancreatitis. Moreover, the typical
peripancreatic collections and a concordant clinical history are absent.

Peripheral involvement occurs rarely, as a focally enlarged hypointense pancreas in T1-
and T2WIs, and with a capsule-like rim, which may mimic autoimmune pancreatitis [265].

The multinodular pattern is similar to the solitary focal mass, but the lesions are
smaller [254]. Differential diagnosis includes multiple metastases from hypovascular
tumours and multifocal autoimmune pancreatitis.

Despite the large size previously mentioned, the main pancreatic duct is usually not
dilated [254] and pancreatic atrophy is not present [264]. Nevertheless, mild pancreatic
duct dilatation may still be found so its presence should not rule out the possibility of
pancreatic lymphoma [261]. The biliary duct has been described for a considerable number
of patients [261]. However, even if present, biliary and /or pancreatic ductal obstruction
will be disproportionately milder than expected, considering the size of the mass.

As with lymphomas elsewhere, PPL may infiltrate surrounding organs, not respect-
ing anatomic boundaries, and may displace and encase adjacent vessels but will not
invade or cause stenosis or occlusion [254]. No irregularities within the vessel wall are
found [257,258].
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Figure 16. (A,B): axial CE portal venous phase CT. (C): axial FST2WI, (D): DWI, (E): ADC, (F): axial
NCE FST1WI, (G): axial CE pancreatic parenchymal phase FSTIW1, (H): axial CE portal venous phase
FST1W1. Primary pancreatic lymphoma (focal form) in a 26-year-old patient with obstructive jaundice.
CT revealed a hypovascular mass in the head of the pancreas (thin arrows in (A,B)), with minimal
bile (arrowhead in (A)) and MPD dilatation (thick arrow in (A)), no distal parenchymal atrophy
and abutment of the superior mesenteric vein (arrowhead in (B)). Note in the T2WI a homogeneous
slightly hyperintense mass (arrow in (C)) with marked diffusion restriction (arrows in (D,E)) and
its hypovascularity following intravenous contrast administration. Considering the tumour size, its
homogeneity, marked diffusion restriction, growth pattern and hypovascularity with minimal MPD
and biliary dilatation, lymphoma was one of the top possibilities on the differential diagnosis list.
Note a small haematoma in the center of the mass (arrows on (F-H)) secondary to a EUS-guided
biopsy, which concluded Burkitt lymphoma. The patient was successfully treated with chemotherapy,
obtaining a complete remission.

A small volume of retroperitoneal lymphadenopathy is frequently found to be associ-
ated, both peripancreatic and around the aorta and cava vein. If present below the renal
veins, pancreatic ductal adenocarcinoma can be confidently excluded [259,266,267].
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Figure 17. (A): axial CE portal venous phase CT, (B): axial T2WI, (C): FDG-PET-CT. Primary pancreatic
lymphoma (diffuse form) in a 65-year-old alcoholic patient referred to our institution after being
diagnosed with a pancreatic mass. An ill-defined infiltrating pancreatic mass is observed (arrow in
(A)), with no biliary or pancreatic duct dilatation (observe the MPD’s normal appearance, arrow in
(B)). The mass shows an intense hypermetabolic uptake on the FDG-PET-CT (arrow in (C)). Biopsy
revealed a high-grade PPL with diffuse big cell B lymphoma and Burkitt-like components.

Figure 18. Images from 2017, (A,B): axial and coronal CE portal venous phase CT MPR. Images from
2022, (C,D): axial and coronal CE portal venous phase CT MPR. Secondary pancreatic lymphoma in
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a 60-year-old patient with a known glomus jugulotympanicum paraganglioma on surveillance. Note
the normal appearance of pancreas and the spleen (A,B) on the prior CT. Abdominal adenopathies
were found (not shown). Observe the spleen enlargement (arrow in (D)), with focal lesions. Hepato-
duodenal and retroperitoneal adenopathies were also found (not shown). Note the isoenhancing mass
within the body of the pancreas (arrow in (C)). EUS-guided FNB revealed a diffuse large B-cell SPL.

Secondary pancreatic lymphoma (SPL) is a direct involvement of the pancreas from
peripancreatic adenopathies and, as opposed to the primary tumour, occurs more frequently,
in up to 30% of lymphoma patients [257], especially in widespread nodal or extranodal
disease [268]. Even in this scenario, a predominant involvement of the pancreas is quite un-
common [269]. The most common type is diffuse large B-cell non-Hodgkin lymphoma [270].
SPL may also show the different presentation patterns previously described [259]. It may
be difficult to distinguish on imaging from the diffuse form of PPL, but the clinical setting
is different.

PPL may be misdiagnosed as PDAC, as they share imaging features. Differentia-
tion becomes critical as PPL is highly sensitive to chemotherapy and does not require
surgery. Diagnosis is achieved after EUS-guided biopsy. Long-term regression or remission
is frequently achieved, with survival rates similar to those of nodal non-Hodgkin lym-
phoma [255]. However, relapses occur frequently [271], especially at distant sites, like the
central nervous system [255,257,272], and prolonged follow-up is recommended.

4.7. Pancreatic Metastases (Figures 19-22)

Metastases to the pancreas are uncommon, only accounting for 2-5% of pancreatic ma-
lignancies [273]. They mostly occur secondary to intra-abdominal tumours [274], including
RCC, colon and gastric cancer [275,276], although lung cancer also ranks high among the
most frequent sites of origin [276].

PM may invade the epithelium of the pancreatic duct and mimic PDAC symptoms,
namely, jaundice and abdominal pain as the most common presenting signs [276,277].
However, PM may also be asymptomatic and incidentally identified during the initial
workup of the primary tumour or during surveillance. There may be a latency period from
the diagnosis of the primary tumour to the detection of PM, which in the case of clear cell
renal or breast carcinoma may be quite long, up to 21 years after surgery of RCC [276-278].

PMs are commonly associated with widespread disease, at a late stage, and more than
90% of patients have extrapancreatic disease [279]. However, it should be noted that in
more than half of PM cases, the pancreas is the only organ metastatically involved [280],
especially in RCC [281].

There is no location predilection within the pancreas [282]. In the particular case of
PM from lung cancers, the head seems to be a favoured site as 76% of small cell lung
carcinomas, the histological type mostly associated with PM [283], arise there [284].

Cancer antigens have little diagnostic reliability [285]. In an analysis of series with
192 cases in total, CA 19-9 was elevated in 8-28% of cases, but this may be related to the
gastrointestinal origin of most of the primary tumours included and unrelated to PM [286].

Three patterns of metastatic involvement have been described. The most common
appearance (50-75%) is the single pattern, depicting a solitary, localised and well-defined
lesion. The second most common is the diffuse infiltration that causes a generalised
enlargement of the pancreas (15-44%). The remaining pattern (5-10%) is represented by
several nodules, which can coalesce into larger masses [280,287].

Dilatation of the main pancreatic or bile ducts is uncommon [288].

PMs typically appear hypointense in FST1WIs compared to normal parenchyma and
may show moderate hyperintensity in T2WIs [289] although they may also appear hy-
pointense, especially in the diffuse infiltration pattern. The behaviour after intravenous
contrast injection relates to size: even though most of the lesions are hypovascular, le-
sions smaller than 1.5 cm may be hypervascular and larger lesions may show a rim of
enhancement due to central necrosis [290,291]. This peripheral enhancement pattern has
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been described as a frequent finding (41%) [263,292], especially in PMs from RCC. The
rationale behind this enhancement pattern is that the periphery of the lesion receives more
blood than the center, since PMs nurture themselves by parasitising blood supply from the
surrounding parenchyma.

Figure 19. (A): axial CE-CT, (B): coronal MPR CE portal venous phase CT, (C): axial T2WI, (D): MRCP,
(E): DWI, (F): ADC, (G): axial NCE FST1WI, (H): axial CE arterial phase FST1WI, (I): axial CE portal
venous phase FSTIWI. Solitary PM from lung adenocarcinoma in a 56-year-old patient with advanced
stage disease and hyperbilirubinemia. Observe the primary tumour within the left hilum (arrow
in (A)). The patient also presented peritoneal and bone metastases, not shown. A mass was found
within the head of the pancreas (arrowhead in (B)), with no MPD dilatation (arrowhead in (C)).
However, the lesion was associated with discreet common bile duct dilatation (arrow in (D)). Observe
the diffusion restriction (arrowhead in (E,F)) and the progressive peripheral enhancement following
intravenous contrast administration (arrowhead in (G-1I)) with central necrosis. Note the resemblance
to the primary tumour (arrow in (A)). EUS-guided FNB confirmed a PM from an adenocarcinoma of
pulmonary origin.

As in any other organ, PM features resemble those of the primary tumour, e.g., PMs
from RCC are often hypervascular [293]. PMs from melanoma, due to the paramag-
netic effect of melanin, show a high signal intensity in TIWIs and low signal intensity in
T2WIs [294]. PMs from dermatofibrosarcoma are usually hypointense in TI1WIs, slightly
hyperintense in T2WIs and show a spoke wheel-like enhancement [295].

At least one third of PMs are misdiagnosed as primary tumours [296]. Differential
diagnosis of hypervascular PM should include primary pancreatic NET, intrapancreatic
accessory spleen and vascular lesions [292]. Hypovascular PMs need to be differentiated
from PDAC, lymphoma and focal pancreatitis [297,298]. Peripheral enhancement is a useful
sign to differentiate PM from PDAC [263]; other distinguishing features are absence of
dilatation of the upstream pancreatic duct and/or bile ducts, parenchymal atrophy and
absence of vessel involvement [293,294].
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The treatment of choice in eligible patients is pancreatic metastasectomy. However, its
success depends on the biology of the primary tumour. According to most large studies,
the best long-term survival predictor is the type of cancer [275,299]. PMs from RCC achieve
the best outcome (61% 5-year survival) [274] and surgery is the treatment of choice if all
metastatic lesions can be resected, although there is a high rate of recurrence (33—42% of
patients who undergo pancreatic metastasectomy). On the other end of the spectrum, lung
carcinoma is associated with the worst survival (0%) [300].

Figure 20. (A): axial CE-CT, (B): axial T2WI, (C): DWI, (D): ADC, (E): axial NCE FST1W1, (F): axial
CE arterial phase FSTIW1. Solitary PM from a known RCC discovered during follow-up in a 56-year-
old patient who underwent a right nephrectomy 10 years prior. A homogeneous mass was found
within the body of the pancreas (arrow in (A,B)), with discrete pancreatic duct dilatation and distal
parenchymal atrophy (arrowhead in (A)). The mass showed diffusion restriction (arrow in (C,D)) and
marked peripheral enhancement (arrow in (E,F)). An EUS-guided FNB showed rare epithelial cells
and concluded haemorrhagic cyst. Given the discordance between the images and the histological
report, the MDT decided to perform a left pancreatectomy and the histological examination concluded
RCC metastasis.
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Figure 21. (A): axial T2WI, (B): DWI, (C): ADC, (D): NCE FST1W]1, (E): CE arterial phase FSTIW1
subtraction, (F): CE portal venous phase FSTIW1 subtraction. PM from a known malignant skin
melanoma in a 54-year-old patient who presented with acute abdominal pain. A heterogeneous
mass was found within the body of the pancreas (arrow in (A)), showing diffusion restriction (arrow
in (B,C)) and no pancreatic duct dilatation. The lesion showed hyperintense content in T1WIs
(arrowhead in (D)) compatible with melanin, with scarce enhancement after intravenous contrast
administration (arrow in (E,F)). There were also several melanin-containing hepatic lesions (* in (D)).
Diagnosis of pancreatic and hepatic metastases was proven by biopsy.

Figure 22. (A): image from 2016: coronal CE T1WI. Images from 2021: (B): axial T2WI, (C): DWI,
(D): ADC, (E): NCE FST1WI, (F-H): axial CE dynamic FSTIWI (pancreatic parenchymal, portal
venous and delayed venous phase). PM from a facial DFSP in a 35-year-old patient who presented
with elevated pancreatic enzymes on a check-up, five years after the primary tumour diagnosis
(arrow in (A)). Five solid lesions were found within the pancreas, of which only one is shown,
slightly hyperintense in T2WIs (arrow in (B)) with minimal MPD dilatation (arrowhead in (B)),
diffusion restriction (arrow in (C,D)) and a hypovascular behaviour following intravenous contrast
administration with progressive enhancement (corresponding to the fibrous content) (arrow in (E-H)).
Histological examination following EUS-FNB concluded PM from DFSP.
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5. Conclusions

Several rare focal and diffuse lesions may be found in the pancreas, either incidentally
discovered, related to specific or, most frequently, non-specific clinical symptoms and
biological abnormalities, or in the setting of a known oncologic condition. These lesions
are associated with different behaviours, which range from benign to very aggressively
malignant and, therefore, they are associated with different prognosis. Cross-sectional
imaging findings combined with the clinico-biological setting contribute substantially to
achieving the correct diagnosis. Typical imaging features related to the appearance of the
lesion on cross-section imaging modalities in addition to indirect associated signs, such
as the presence/absence of biliary and/or pancreatic duct dilatation, invasion of adjacent
organs, peripancreatic vascular involvement or loco-regional lymph nodal invasion together
with the presence of distant metastases, are crucial to correctly address the diagnosis.

Nevertheless, challenging cases occur, in which imaging features remain indeterminate
and there is no typical clinical or biological presentation, and thus EUS-FNA/FNB is
required to obtain histologically proven confirmation of the nature of the lesion, which is
mandatory for optimal patient management.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/diagnostics13162719/s1, Table S1: Benign Lesions; Table S2: Potentially
Malignant Lesions; Table S3: Malignant Lesions.
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Abstract: Cross-sectional imaging of the upper abdomen, especially if intravenous contrast has
been administered, will most likely reveal any acute or chronic disease harbored in the spleen.
Unless imaging is performed with the specific purpose of evaluating the spleen or characterizing a
known splenic lesion, incidentally discovered splenic lesions pose a small challenge. Solitary benign
splenic lesions include cysts, hemangiomas, sclerosing angiomatous nodular transformation (SANT),
hamartomas, and abscesses, among others. Sarcoidosis and tuberculosis, although predominantly
diffuse micronodular disease processes, may also present as a solitary splenic mass lesion. In
addition, infarction and rupture, both traumatic and spontaneous, may take place in the spleen. This
review aims to describe the imaging features of the most common benign focal splenic lesions, with
emphasis on the imaging findings as these are encountered on routine cross-sectional imaging from a
multicenter pool of cases that, coupled with clinical information, can allow a definite diagnosis.

Keywords: spleen; benign; solitary; MRIL; CT

1. Introduction

The spleen, often referred to as the forgotten organ, serves in adulthood as a filter
for blood cells with additional important immune functions. As it is not essential for
the preservation of vital life functions, it often receives limited attention from clinicians.
Nevertheless, a wide range of diseases can affect the spleen, which might present as focal
lesions on routine cross-sectional imaging, classified into six categories (Table 1).

Incidental splenic lesions, defined as lesions detected by imaging performed for a
reason unrelated to the spleen, have not been evaluated in great detail and may equally
excite and puzzle the reporting Radiologist. In a population-based whole-body magnetic
resonance imaging (MRI) study of 2500 healthy individuals, 31.5% had incidental findings
of potential clinical relevance, but only 12 involved the spleen with a reported likelihood
of malignancy of only 1% [1]. Another study performed on trauma victims reported an
incidence of less than 2% for splenic granulomas, hemangiomas, cysts, and abscesses,
proving that most incidentally detected isolated splenic lesions are benign [2].

Unfortunately, due to overlapping imaging features, differentiation of benign from ma-
lignant splenic lesions may be challenging. Clinical history plays a pivotal role in incidental
splenic lesion characterization, including pain related to the spleen, body temperature,
immune status, and history of recent trauma. Significant predictors of malignant splenic
lesions are the solid nature of the mass, lymph node enlargement, and/or the presence of
underlying malignancy [3].
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Table 1. Categories of focal splenic lesions.

Category Lesion Type
Intermediate between benign and malignant Inflammatory myofibroblastic tumor
Inflammatory Sarcoidosis

Lymphangioma

Congenital/developmental

Primary cyst

Acquired

False cyst
Infarction

Vascular

Haemangioma

Hamartoma

Littoral cell angioma

Sclerosing angiomatous nodular
transformation (SANT)

Infectious

Pyogenic abscess
Fungal abscess
Tuberculosis
Hydatid cyst

Malignant

Lymphoma
Angiosarcoma
Haemangiopericytoma
Splenic metastasis

In this paper, cross-sectional imaging findings of the most common benign focal
splenic lesions are reviewed, highlighting their key differences, as all typically present as
hypodense on CT, with low signal intensity (SI) on T1 weighted images (WI) and most of
the time hyperintense on T2-WI, exceptions listed in Table 2.

Table 2. Cross-sectional imaging characteristics of benign focal splenic lesions.

Lesion CT T1-WI T2-WI Enhancement
Inflammatory
myofibroblastic LA 1 SI 1 SI slow delayed
tumor
Sarcoidosis LA }SI 1 SI minimal delayed
Cyst LA JsIr* TSI no
. 1 SI with hypointense no
*
Lymphangioma LA J}SI septa only septa
Infarct nv recent: 7SI TSI peripheral, wedge-shaped defect
old: iso/J SI s wedg
Haemangioma LA J SI to isointense TSI variable marked
Hamartoma LA /isoattenuating 1 SI to isointense mildly to moderate 1 SI heterogenequs
non-enhancing central scar
Littoral cell angioma LA isointense 1 SI progressive enhancement
SANT LA/isoattenuating isointense 4 ST with hyperintense variable
septa spoke-wheel
Pyogenic abscess LA 1SI TSI peripheral rim
Fungal abscess LA intermediate SI T8I subtle rim
Tuberculosis LA 1SI TSI peripheral

LA: Low attenuation. 1 SI: increased signal intensity (hyperintense). | SI: decreased signal intensity (hypointense).
* unless hemorrhagic content/debris/high proteinaceous content. nv: not visible.
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2. Normal Splenic Appearances with Different Imaging Modalities
21.US

Ultrasonography (US) is frequently the first imaging modality to assess the spleen
because of its high diffusion and lack of ionizing radiation. In the hands of an experienced
examiner, it has high reliability. On US, the splenic parenchyma is typically homogeneous,
with finely textured internal echoes, and is slightly more echoic than the normal renal
cortex, isoechoic to slightly hyperechoic compared to the liver parenchyma and hypoechoic
compared to the pancreatic parenchyma. Color Doppler can be useful in the evaluation
of vascular pathology in the splenic hilum. US can easily detect focal splenic lesions, but
in most cases, these have a nonspecific appearance, and the diagnostic accuracy in the
characterization is limited (30-75%). However, this has been reported to improve with the
use of contrast-enhanced US [4]. The contrast medium currently available in Europe is
Sonovue® (Bracco, Milan, Italy), an intravascular agent consisting of microbubbles (1-7 um)
containing Sulfur hexafluoride encapsulated by a phospholipid shell. The microbubbles
remain inside the vessels for up to 7 min, after which they dissolve, with the gas exhaled
through the lungs, while the shell gets metabolized, primarily by the liver. In order to
avoid microbubble rupture under injection pressure, a needle with a diameter of 23 Gauge
or larger must be used in adults to administer a bolus of 2 mL of ultrasonographic contrast
medium, followed by approximately 10 mL of saline solution through an antecubital vein.
A nonenhanced US examination is performed to identify the best scan view followed by ar-
terial phase imaging at 12-20 s post-injection, during which the normal spleen demonstrates
a zebra pattern, such as the one in CECT. During this phase, arterial vascular injuries may
be detected. The venous phase starts after 40-60 s post-injection, being the optimal phase
for organ injury detection. The healthy splenic parenchyma demonstrates a homogeneous
enhancement for an extended period, approximately 5-7 min [5].

22.CT

On unenhanced CT, the spleen is homogeneous, has attenuation values ranging
between 40 HU and 60 HU, and is hypodense or isodense to the liver parenchyma. On
unenhanced images, calcifications can be easily detected. After intravenous contrast
administration, the normal splenic parenchyma has a variable pattern of enhancement in
the early and late arterial phases. The enhancement patterns include serpentine or mottled
appearance and focal and diffuse heterogeneity because of variable flow rates through
circulation in the white and red pulp, giving the typical “zebra-like” enhancement. In the
portal-venous phase, the enhancement of the normal parenchyma becomes homogeneous.

2.3. MRI

Magnetic Resonance (MR), using a combination of T2-weighted, gradient-echo, and
multiphasic contrast-enhanced imaging, provides superior lesion characterization com-
pared with CT or US. On T1-weighted images (WI), the MR signal intensity of the splenic
tissue is homogeneously low and equal to slightly less than that of the liver and muscle.
On T2-WI, signal intensity is usually higher than that of the liver parenchyma. The spleen
remains the brightest abdominal organ in T2-weighted images, even though signal inten-
sity varies with patient age. Because the white pulp is not yet matured in the newborn,
signal intensity is usually more hypointense than the normal liver parenchyma on T2-WI
and more isointense on T1-WI. Splenic imaging characteristics evolve to the normal adult
pattern within the first months of life. Normal splenic parenchyma tends to demonstrate a
homogenously restricted diffusion on Diffusion-weighted imaging (DWI), i.e., high signal
intensity on the highest b value obtained and low signal intensity on the corresponding
ADC map [6]. Splenic lesions with a hyper- or isointense signal on high b-value DWI im-
ages (e.g., b 800) and iso- or hypointense signal on the corresponding ADC map compared
to the normal splenic parenchyma are more likely malignant. Therefore, the addition of
DWI to conventional MRI improves the prediction of malignant splenic lesions [7]. After
dynamic administration of gadolinium contrast agents, the enhancement pattern of the
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spleen is similar to the contrast enhancement pattern on CT, appearing inhomogeneous
in the arterial phase and homogeneous in the portal venous and equilibrium phases. A
splenic lesion with low signal intensity on 3-min delayed images combined with arterial
hypervascularity on dynamic MRI may predict the malignant nature of the splenic lesion,
while the 3-min delayed phase low signal intensity and the presence of restricted diffusion
raise the diagnostic performance for the discrimination of focal splenic lesions [8].

2.4. Nuclear Medicine

Nuclear medicine offers different radiopharmaceutical tracers to be used with con-
ventional scintigraphy or Positron Emission Tomography (PET). Since Technetium Tc99m
sulfur colloid accumulates in the liver and spleen through the uptake by the reticuloen-
dothelial system, scintigraphy can be used to localize ectopic splenic tissue in cases of
intrapancreatic accessory spleen, splenosis, or wandering spleen. PET with [18F]-Fluoro
Deoxy Glucose (18F-FDG-PET) shows lower metabolism and tracer uptake of the normal
spleen compared to the liver [9]. Diffusely increased splenic uptake is observed after admin-
istration of granulocyte colony-stimulating factor [10], but also in some cases of neoplastic
(e.g., lymphomatous involvement) and inflammatory diseases (e.g., HIV, sarcoidosis) [11].
Focal tracer accumulation in the spleen occurs secondary to the presence of neoplastic or
inflammatory lesions [12].

3. Lesion-Specific Imaging Characteristics

Inflammatory myofibroblastic tumor (IMT), formerly known as inflammatory pseu-
dotumor, is an uncommon benign splenic lesion. It has been described in virtually all
major organs with a few exceptions. In the liver and spleen, inflammatory pseudotumor is
possibly linked to Epstein—Barr infection [13]. The prevalence is similar in both sexes, with
a peak incidence in middle age. The lesions reported are usually large, measuring > 10 cm.
It is composed of a combination of inflammatory and myofibroblastic spindle cells. Usually
an incidental finding, it is included in the differential diagnosis of malignant splenic lesions,
although currently, the World Health Organization classification of soft tissue tumors places
IMTs in an intermediate category between benign and malignant, with metastases in less
than 5% of extrasplenic cases [14,15]. In the US, inflammatory myofibroblastic tumors
appear as solid hypoechoic masses. CT shows hypoattenuating hypoenhancing lesions,
and stellate central calcifications seen on CT scans make the diagnosis very likely [16]. They
present as hypointense masses both on T1-WI and T2-WI, with slow delayed enhancement
(Figure 1) [17]. The diagnosis can be confirmed reliably only by histopathological and
immunohistochemical evaluations. Although recurrence and metastatization have not been
described for splenic inflammatory myofibroblastic tumors, patients must be followed up
as these are considered tumors with intermediate malignant potential [14,17].

Sarcoidosis is a multisystem disease characterized by the presence of non-caseating
granulomas. One-third of patients presenting with splenic sarcoidosis findings have normal
chest radiography [18]. Splenic involvement has been reported in about 40% of cases of
multisystem sarcoidosis, but isolated sarcoidosis of the spleen is extremely rare [19]. It may
present either as splenomegaly or with multiple nodules, whereas a solitary splenic lesion
is very rare. Patients with diffuse splenic granulomas have a worse prognosis in terms
of persistent chronic sarcoidosis than patients without splenic involvement or patients
with limited splenic disease [20]. Nodules appear hypodense on CT and have low SI
both on T1-WI and T2-WI, with minimal delayed enhancement [21] (Figure 2). Nodules
are best seen on T2-WI with fat saturation and on early gadolinium-enhanced T1-WIL
MRI is said to be able to monitor disease activity, as during active inflammation, nodules
demonstrate T2-WI hyperintensity due to edema and high vascular permeability, as well
as restricted diffusion [22]. The main differential diagnosis includes infections, especially
tuberculosis, and malignancies, especially lymphoma. The final diagnosis is based on three
main criteria: a compatible presentation, the evidence of non-caseating granulomas on
histological examination, and the exclusion of any alternative diagnosis [23].
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Figure 1. Large solid lesion, in keeping with an inflammatory myofibroblastic tumor, slightly hypo-
dense in the non-contrast CT scan (a), depicting slightly heterogenous/patchy gradual enhancement
pattern post-contrast enhancement (b,c). The lesion appears iso- to hypointense on T2-weighted MRI,
more conspicuous than in the non-contrast CT scan (d).

T1-WI +Gd

Figure 2. Sarcoidosis. US shows multiple hypoechoic nodules (a). The nodules appear slightly
hypointense on T2 WI (b) and show mild delayed enhancement (c,d).

Lymphangioma, a vascular lesion like hemangioma, is a rare benign lesion that is
commonly seen in children and exceptional in adults. In 60% of cases, the diagnosis is
made before the age of 1 year. Lymphangioma is commonly subcapsular and may have
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satellite lesions [24]. Similarly to hemangiomas, lymphangiomas can involve the spleen
exclusively, or they may be part of generalized angiomatosis, with lymphangiomas or
hemangiomas involving several organs in the body [25]. US shows a rounded, well-defined
hypoechoic lesion, possibly with internal septations and intralocular echogenic debris [26].
On CT, lymphangiomas appear as single or multiple thin-walled hypodense lesions with
no enhancement in a typical subcapsular location [26]. Peripheral wall calcifications can
be present. The lesion has typical benign cystic MRI features and may be multiloculated
with hypointense thin septa (Figure 3), which may show enhancement. The manage-
ment of choice for symptomatic, i.e., presenting with left upper quadrant pain and/or
splenomegaly, lymphangiomas is splenectomy, as delay in therapeutic intervention can
lead to life-threatening complications [24].

Figure 3. Lymphangiomas. Multiple, subcapsular, hyperintense lesions, one of which appears
multiloculated with thin septa, are seen on axial T2-WI images (a—c) and coronal plane T2-WI
image (d).

Cysts, most often solitary, are usually incidental findings, being asymptomatic [25].
Two categories exist: primary (true) and secondary (false). Primary cysts, also called
epidermoid cysts, are congenital lesions with an epithelial lining, with a 20% prevalence
in females. Possible explanations for the pathogenesis of true cyst include (1) infolding of
peritoneal mesothelium after rupture of the splenic capsule, (2) collections of peritoneal
mesothelial cells trapped in splenic sulci, or (3) origin from normal lymph spaces [27].
Primary splenic cysts constitute 10% of all nonparasitic cysts of the spleen. It is a rare
condition with an incidence rate of 0.07%, as reported in a review of 42,327 autopsies [28].
Secondary cysts are lined by a fibrous wall and most often are post-traumatic. Rarely they
may occur in splenic abscess or splenic infarction [29]. At ultrasound (US), cysts appear
as well-defined rounded lesions with a thin wall and anechoic fluid content. They appear
homogeneously hypoattenuating on CT and lack enhancement. Calcifications may be seen
in the wall in post-traumatic cysts. Unless hemorrhage or debris is present, at MRI, splenic
cysts appear hypointense on T1-WI and homogeneously hyperintense on T2-WI (Figure 4).
Simple cysts, either primary or secondary, do not warrant further follow-up with imaging.
However, due to the increased risk of complications (rupture, infection, hemorrhage),
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splenic cysts larger than 5 cm or symptomatic ones should be treated surgically, trying to
preserve as much of the splenic parenchyma as possible [30].

corT2-Wi %
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Figure 4. Large splenic cyst appearing homogeneously hypodense on non-contrast CT (a). The cyst
content is homogeneously hyperintense on T2-WI (b) and hypointense on T1-WI (c). The cyst wall
does not show significant enhancement (d).

Splenic infarct can be of either arterial or venous origin. Global infarction may be
caused by occlusion of the splenic artery. Occlusion of a segmental artery leads to infarction
if non-communicating branches are affected. Obstruction can be caused by cardiac emboli
or local thrombosis, facilitated by systemic disorders such as vasculitides, hematologic
disorders (e.g., sickle cell anemia), leukemia, or lymphoma. There is a great diversity of
mechanisms and etiologies for splenic infarction, but it is a rare event with a reported
incidence of only 0.016% of admissions to an academic general hospital over 10 years [31].
Acute splenic infarcts usually appear on US as wedge-shaped, peripheral hypoechoic
lesions pointing toward the splenic hilum. Over time they become hyperechoic, simulating
a pseudolesion; the lack of vascularity at color-Doppler aids in the differential diagnosis.
On non-contrast CT, the detection of infarcts is difficult, while after intravenous contrast
administration, they typically appear as peripheral, wedge-shaped defects (Figure 5). In
the case of global infarction, peripheral contrast enhancement due to collateral flow from
capsular vessels can be seen (“rim sign”) [31]. The SI on T1-WI depends on the age of
the lesion.

Figure 5. Splenic infarct. Axial CECT images (a,b) demonstrating peripheral hypoperfused area.
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Hemangioma, although rare, is the most common splenic neoplasm and is found in up
to 14% of patients at autopsy. It is formed by a proliferation of vascular channels, lined by a
single layer of epithelium, and filled with blood. Hemangiomas are usually asymptomatic,
solitary, or multiple. The natural course of hemangiomas is slow growth, and symptoms
or complications, when present, occur late. Splenic hemangiomas may occur as part of
generalized angiomatosis, as seen in Klippel-Trenaunay syndrome. Complications include
rupture, hypersplenism, and malignant degeneration. Kasabach-Merritt syndrome, which
involves the triad of anemia, thrombocytopenia, and coagulopathy, has been reported
in patients with large hemangiomas [32]. Hemangiomas are round-shaped lesions with
well-defined margins and a diameter <2 cm. Calcifications and cystic changes may be
seen in up to 30% of cases. On US, hemangiomas have a variable appearance, being most
commonly hyperechoic [32]. They appear hypoattenuating on non-contrast CT, hypo- to
isointense on T1-WI, and hyperintense on T2-WI (Figure 6). Contrast enhancement can
be immediate, homogeneous, and persistent or present as early peripheral enhancement
with either uniform delayed enhancement or with fill-in and delayed enhancement of a
central fibrous scar. Spontaneous rupture has been reported to occur in 25% of splenic
hemangiomas, and treatment in such cases most often consists of splenectomy. In a study
including 32 patients with splenic hemangiomas,11 of the patients had splenic lesions
characterized as such based on their typical imaging findings on CT and US alone, while
all were managed successfully with observation [33].

T1-WI +Gd

Figure 6. Hemangioma. A well-defined isoechoic splenic lesion with a hypoechoic rim on US (a). The
lesion appears hyperintense on T2-WI with a thin hypointense rim (b) and hypointense on T1-WI
(c), demonstrating strong peripheral enhancement in the early phases post intravenous contrast
administration both at MRI (d) and CT (e), and homogeneous delayed enhancement (f).

Splenic hamartomas are very rare splenic lesions, with only around 200 cases reported
since 1861 [34]. A review of the autopsy series has shown that the incidence of splenic
hamartoma ranges from 0.024% to 0.13%. Hamartomas may occur at any age with equal
gender predilection. Most patients have no symptoms, and the discovery of a splenic
hamartoma usually is an incidental finding [32]. They present as solid, well-defined, round
lesions, which may be associated with tuberous sclerosis. Females usually have larger
hamartomas, which may reflect a hormonal influence. Some splenic hamartomas have
rapid growth, and larger lesions may rupture [34]. On US, they appear as solid hypoechoic
masses; when hemorrhage or cystic changes are present, they can be heterogeneous [35].
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Color-Doppler shows rich vascularization. On CT, hamartomas are isodense or hypodense
with heterogeneous enhancement. When isodense, they may be identified as focal contour
deformities. Fat can be detected as areas with negative attenuation [35]. On MRI, hamar-
tomas appear mildly hypointense to isointense on T1-WI and heterogeneously, mildly to
moderately hyperintense on T2-WI, less than haemangiomas. They show diffuse, intense,
heterogeneous enhancement in the early arterial phase. They become homogeneously
isointense to slightly hyperintense in the delayed phase and reveal a non-enhancing central
scar [36]. Although splenic hamartoma should be considered a differential diagnosis for
all splenic masses, it is important to distinguish splenic hamartomas from splenic heman-
giomas, the most common benign splenic lesions. In addition, despite specific imaging
features of splenic hamartomas, it is difficult to rule out the possibility of a malignant
neoplasm. Thus, the diagnosis must be confirmed by pathological examination [37].

Littoral cell angioma is another rare vascular tumor that often results in splenomegaly,
with less than 150 cases reported in the literature. Due to increasing numbers of littoral cell
angiomas described in association with autoimmune disorders (comorbidity rate, 12.2%)
and tumors (comorbidity rate, 13.8%), an immune system dysfunction has been postulated
as a possible crucial pathogenic mechanism [38,39]. Multiple hypoattenuating nodules of
different sizes are seen on CT. When solitary, it is large with prolonged contrast enhance-
ment. It is usually of low signal intensity on both T1 and T2-WI due to its hemosiderin
content [38]. The lesion is listed in the differential diagnosis of both benign and malignant
lesions; therefore, an imaging diagnosis is rarely obtained [40]. The gold standard treatment
is splenectomy, followed by long-term follow-up.

Sclerosing Angiomatoid Nodular Transformation (SANT) is a rare benign vascular
disorder of unknown cause, with the same prevalence as inflammatory pseudotumors and
approximately 170 cases described in the scientific literature. SANT is almost exclusively
described in the spleen, except for one reported in the adrenal gland [41]. Half of SANTs
are asymptomatic, and half are diagnosed because of abdominal pain, pancytopenia, and
splenomegaly. SANT is considered a disease of slight female preponderance. The patients
usually present in the 30- to 60-year age group. Splenectomy is a useful and effective
technique for the management of SANT. SANT patients have a good prognosis, with no
recurrence after splenectomy [42]. SANT is formed by multiple coalescing angiomatoid
nodules from the red pulp embedded within a dense fibrous stroma [42]. The nodules are
constituted by irregular vascular spaces lined by thick endothelial cells; the fibrous bands
coalesce to form a central stellate fibrous scar. SANT appears as a well-circumscribed,
solitary round mass, typically 3-17 cm in size. It is often mistaken for a sclerosed heman-
gioma or an inflammatory pseudotumor and can mimic a malignancy [41]. On CT, they
present as iso- to hypoattenuating masses, while they appear isointense on T1-WI but can
show areas of hyperintensity or susceptibility if a hemorrhage is present. T2-WI shows
a heterogeneous, predominantly hypointense mass with hyperintense septa radiating to-
ward the center (Figure 7). Contrast enhancement may be peripheral with radiating lines
(spoke-wheel pattern), rim-like, and progressive. In the delayed phase, SANTs appear
homogeneous. Moderate and heterogeneous 18F-FDG avidity has also been reported [43].

Pyogenic abscesses are rare (incidence between 0.2 and 0.7% in autopsy series) and
frequently unrecognized lesions that can be infective (from hematogenous spread or by
direct extension), traumatic, post-infarction, or related to immunodeficiency. They can be
solitary or multiple. In the majority of abscesses, streptococcus or staphylococcus is isolated.
In the presence of a pyogenic splenic abscess without obvious etiology, it may be helpful to
investigate bacterial endocarditis as a possible source of septic emboli [44]. On US, pyogenic
abscesses appear as ill-defined hypoechoic or anechoic lesions with debris, fluid levels, and
internal septations of varying thickness. Intralesional gas causing echogenic foci with ‘dirty”
shadowing is highly suggestive [45]. CT shows ill-defined lesions with inhomogeneous
low attenuation (Figure 8). At MRI, they present with fluid lesion characteristics and show
peripheral irregular rim enhancement [46].
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Figure 7. SANT appearing slightly hypodense on non-contrast CT (a) and isointense on T1-WI (b),
with small areas of hyperintensity due to hemorrhage. On T2-WI (c), the lesion is heterogeneous,
predominantly hypointense, with hyperintense radiating septa. After gadolinium administration,
enhancement is progressive (c—f) along the radiating septa converging toward the center of the lesion.

Figure 8. Thirty-seven-year-old male with HIV-HCV infection and splenic abscess from E. coli. The
abscess appears as an ill-defined, subcapsular lesion with hypodense content on non-contrast CT
(a) and thick irregular enhancing wall post intravenous contrast administration (b).

Fungal abscesses affect most commonly immunocompromised individuals. The most
common infecting organisms are Candida albicans, Aspergillus fumigatus, and Crypto-
coccus neoformans [45]. Concurrent infection in the liver is very common in patients with
splenic candidiasis [44]. The lesions are usually subcentimeter in size and multifocal. On
US, fungal abscesses can demonstrate a “bulls-eye” appearance with a central hyperechoic
inflammatory core surrounded by hypoechoic fibrotic tissue. CT usually shows multiple
small low-attenuation lesions, occasionally with a central hyperdense focus. They have
intermediate SI on T1-WI and high SI on T2-WI, with absent or subtle ring-like enhance-
ment [45]. Associated parenchymal infarcts may also be observed in the course of the
disease [44].

Splenic tuberculosis (TB) is rare, with few cases reported usually encountered in im-
munosuppressed individuals, although some case reports have been published on splenic
TB in immunocompetent hosts [47]. Splenic TB more frequently occurs as part of a dissemi-
nated disease than in an isolated form. The most common symptoms that patients present
with are fever (82.3%), fatigue and weight loss (44.12%), and splenomegaly (13.2-100%).
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Different pathological forms of splenic involvement are described, including miliary tu-
berculosis, nodular tuberculosis, tuberculous spleen abscess, calcific tuberculosis, and
mixed-type tuberculosis [47,48]. Solitary/macronodular TB enters into the differential
diagnosis with primary and secondary splenic tumors and with abscesses. Its diameter
ranges between 1 and 3 cm. The lesions are hyperechoic in the earlier stage and hypoe-
choic in the stage of caseating necrosis [26]. On CT, they appear hypodense with a rather
heterogeneous enhancement pattern and central irregular necrosis. At a more advanced
stage, the lesions can calcify, while associated findings include abdominal lymphadenopa-
thy, high-attenuation ascites with nodular peritoneal thickening, and focal hepatic lesions.
Splenectomy is the gold standard not only for diagnosis but also for treatment. In se-
lected cases, a four-drug regimen of anti-tubercular treatment may be an alternative to
surgery [49].

Hydatid cysts may occasionally involve the spleen, especially in endemic areas. Iso-
lated hydatid of the spleen is rare, even in endemic regions, constituting 0.8-4% of all cases
of human hydatid, while it constitutes 5.8% of all cases of abdominal hydatid. The diagnosis
of cystic echinococcosis rests mainly on imaging, with immunodiagnostics playing only an
ancillary role due to limitations in sensitivity and specificity [50]. The spleen represents the
third most commonly involved organ in the body after the liver and lung [51]. According to
a classification initially developed for liver hydatid cysts based on US and later expanded
to include CT and other organs such as the spleen, five different types of hydatid cysts
are differentiated: type I—univesicular cyst; type Il—univesicular cyst with membrane
detachment; type Ill—multivesicular cyst; type IV—pseudotumoral cyst; and type V—fully
calcified cyst [52]. In a small series of 10 splenic hydatid cases, four were type I, and three
cases each were type II and III, respectively [51]. On US, a mixed pattern of echogenicity
may be produced by infolding membranes and dense debris [25]. On CT, this translates
into high attenuation, while ring-like calcifications may also be seen in the periphery.

4. Conclusions

Benign focal splenic lesions, mostly detected incidentally, are not uncommon. Imaging
can often only provide a differential diagnosis rather than a single definite diagnosis.
Radiologists should be familiar with the characteristic imaging findings of different benign
solitary splenic lesions, which, together with the clinical context, will aid them in giving
the correct diagnosis and avoid overtreatment and unnecessary follow-up scans.
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Abstract: Peritoneal carcinomatosis (PC) refers to malignant epithelial cells that spread to the peri-
toneum, principally from abdominal malignancies. Until recently, PC prognosis has been considered
ill-fated, with palliative therapies serving as the only treatment option. New locoregional treatments
are changing the outcome of PC, and imaging modalities have a critical role in early diagnosis and
disease staging, determining treatment decision making strategies. The aim of this review is to
provide a practical approach for detecting and characterizing peritoneal deposits in cross-sectional
imaging modalities, taking into account their appearances, including the secondary complications,
the anatomical characteristics of the peritoneal cavity, together with the differential diagnosis with
other benign and malignant peritoneal conditions. Among the cross-sectional imaging modalities,
computed tomography (CT) is widely available and fast; however, magnetic resonance (MR) performs
better in terms of sensitivity (92% vs. 68%), due to its higher contrast resolution. The appearance
of peritoneal deposits on CT and MR mainly depends on the primary tumour histology; in case of
unknown primary tumour (3-5% of cases), their behaviour at imaging may provide insights into
the tumour origin. The timepoint of tumour evolution, previous or ongoing treatments, and the
peritoneal spaces in which they occur also play an important role in determining the appearance of
peritoneal deposits. Thus, knowledge of peritoneal anatomy and fluid circulation is essential in the
detection and characterisation of peritoneal deposits. Several benign and malignant conditions show
similar imaging features that overlap those of PC, making differential diagnosis challenging. Knowl-
edge of peritoneal anatomy and primary tumour histology is crucial, but one must also consider
clinical history, laboratory findings, and previous imaging examinations to achieve a correct diagnosis.
In conclusion, to correctly diagnose PC in cross-sectional imaging modalities, knowledge of peritoneal
anatomy and peritoneal fluid flow characteristics are mandatory. Peritoneal deposit features reflect
the primary tumour characteristics, and this specificity may be helpful in its identification when it
is unknown. Moreover, several benign and malignant peritoneal conditions may mimic PC, which
need to be considered even in oncologic patients.

Keywords: peritoneum; carcinomatosis; deposits

1. Introduction

The peritoneum is the second most common metastatic location for abdominal tu-
mours, only surpassed by the liver.

Only 10% of the cases of peritoneal carcinomatosis (PC) are related to extra abdominal
tumours [1], with breast (41%) and lung cancers (21%) and malignant melanoma (9%) being
the most frequent causes [2].

Traditionally, PC implied an ill-fated prognosis and only palliative treatments were
applied. However, the introduction of new surgical techniques and regional therapies have
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changed this scenario, and palliative systemic treatment is no longer the only therapeutic
option. A combination of systemic chemotherapy, cytoreductive surgery (CRS), and hy-
perthermic intraperitoneal chemotherapy (HIPEC) achieves promising results in selected
PC cases from colorectal, ovarian, and gastric cancers [3-5]. The main purpose of CRS is
to remove all visible deposits with curative intent, which may require peritonectomy and
visceral resections. Intraperitoneal chemotherapy, its effect enhanced by hyperthermia, is
then administered to intensify the dose of chemotherapy delivered to the tumour while
controlling systemic toxicity.

Thus, despite its difficulty, the early diagnosis of PC based on imaging findings is
essential for disease staging, for the subsequent management of primary tumours and for
patient prognosis. Given the aggressiveness of cytoreductive surgery, it is mandatory to
adequately select patients in whom the potential benefits will prevail as surgical candidates,
distinguishing them from those who should be treated with systemic chemotherapy, either
neoadjuvant or palliative. The peritoneal carcinomatosis index (PCI) serves to quantify the
extent of the peritoneal involvement and serves as a predictor of incomplete CRS [6].

The aim of this review is to provide a practical approach when encountering a peri-
toneal carcinomatosis case using cross-sectional imaging, and to establish where to look for
deposits, the possible appearances they may show, and the main complications. In the event
of no prior known primary tumour, this review also aims to depict the deposits characteris-
tics that may be helpful in suggesting the origin and to describe differential diagnosis.

2. Diagnostic Modalities

The gold standard for the assessment of PC is explorative laparoscopy, which is a
minimally invasive procedure that allows for direct visualization and biopsy. However, as
an initial approach, cross-sectional imaging modalities are preferred, and the most common
and widespread imaging technique used is intravenous contrast-enhanced (CE) computed
tomography (CT) thanks to its availability, fast acquisition time, and the possibility of
multiplanar reconstructions [7,8]. The administration of water density oral contrast may
improve the detection of peritoneal deposits, especially those adjacent to the bowel [9]. CE-
CT has demonstrated 68% sensitivity and 88% specificity for peritoneal deposits, although
their size and location can undermine this performance [10,11]. When the deposit size is
less than 10 mm, the sensitivity dramatically descends to 7-28% [6]. Location, especially
in the absence of ascites, has an important impact on sensitivity: metastases within the
lesser omentum, left subphrenic space, the root of the mesentery, and small bowel serosa
are often missed.

Magnetic resonance (MR), including diffusion-weighted imaging (DWI) and contrast-
enhanced T1-weighted sequences, is a promising diagnostic modality, as it provides a higher
sensitivity (91%) and similar specificity (85%) to CE-CT [9] due to its high contrast resolu-
tion, which allows for tumours to be distinguished from surrounding non-tumour tissues.

Several studies have proven that adding DWI to conventional MR increases the
detection of peritoneal deposits [10,12,13], even of small size [14]. Tumoral deposits, due to
their high cellular content, restrict the diffusion of water and are displayed as high signal
intensity lesions [15], which increases their conspicuity. The diffusion properties of tissues
can be quantified by calculating the apparent diffusion coefficient (ADC) maps, where low
ADC values correspond to restricted diffusion. ADC values of peritoneal metastasis from
ovarian tumours have been measured and found to be comparable to ADC values of the
primary tumour [16]. Some studies suggest there is a relation between the ADC values of
peritoneal deposits and treatment response [17]. If chemotherapy were successful, deposits
would show an increase in their ADC value, even before they would decrease in size.

MR may be preferable to CT in the detection of lesions of less than 10 mm, especially
within the subphrenic spaces and bowel serosa. Moreover, in the presence of moderate
to substantial ascites, MR still performs better than CT [10]; however, on the other hand,
the presence of ascites may lead to dielectric artifacts and false positives [18]. The artifacts
caused by respiratory and cardiac motion may impair the detection of deposits within
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subphrenic and perihepatic spaces. Mucinous and deposits with cystic and necrotic changes
may increase the ADC value and cause a false negative result [8]. One final limitation is the
insufficient experience with MR interpretation among radiologists [19].

A third non-invasive imaging modality available to assess peritoneal carcinomatosis is
positron emission tomography fused with CT images (PET-CT), which provides metabolic
information of the lesions, based on the measurement of the increased uptake of a radio-
tracer, mostly a glucose analogue (FDG [18F]-2-deoxy-2-fluoro-D-glucose). It improves
the diagnostic performance of CT but shows slightly lower sensitivity (87%) than MR,
probably due to its lower spatial resolution, with limited depiction of small nodules. On
the other hand, its specificity is slightly higher (92%) [18]. Moreover, FDG-PET-CT provides
a whole-body assessment, which is a major advantage in detecting extra-abdominal metas-
tases. However, in addition to the high costs, PET-CT is less available, and it may provide
false-negative findings, such as for mucinous tumours [7], and false-positive findings,
such as for postoperative abnormalities or infectious or inflammatory conditions. False-
negative interpretations may be also due to deposits being obscured by normal bladder or
bowel activity.

Radiologists need to be aware of clinical and laboratory findings.

The clinical presentation of PC is variable, nonspecific, and depends on its extension.
Patients may present with characteristic symptoms of the primary tumour and nonspecific
symptoms. Abdominal pain and ascites occur in 85% of patients [19]. Complications due
to PC, such as ureterohydronephrosis, bowel obstruction, and ischemia, could present as
acute abdominal pain.

Serum tumour markers are measurable indicators associated with malignancy, pro-
duced either by the tumour or by the body in response to the tumour. They do not serve
as a main tool for cancer diagnosis but are useful in supporting diagnosis and treatment
response [20]. For instance, high carcinoembryonic antigen (CEA) serum levels are found
in 60-90% of colorectal carcinoma, 50-80% of pancreatic carcinoma, and 25-50% of gastric
and breast carcinoma, and CA-125 is associated with ovarian cancer [21]. Rising levels of
tumour markers should raise concerns, as recurrence may form a miliary pattern that is
difficult to spot using imaging [22]. Thus, a combination of imaging findings and tumour
markers serum levels is used to determine the response to chemotherapy and to detect
recurrence if the levels are elevated upon tumour presentation. However, it should be
noted that non-malignant entities may show high tumour marker levels and that patients
with extensive peritoneal malignant disease recurrence may have normal tumour markers.

How to proceed? CT is a very useful first-line modality [23]. However, in potential
candidates for CRS and HIPEC, where imaging assessment regarding patient selection is
critical, CT has been found to underestimate the volume of peritoneal disease [24], while
MRI-PCI has shown a stronger correlation with surgical PCI [9]. After peritoneal surgery, it
is essential to obtain a baseline MR to determine postsurgical appearance in order to avoid
overcalling postsurgical changes for recurrence. Postoperative changes will resolve upon
following studies and relapse-related findings will progress [25]. Surveillance should also
be performed when using MR.

PET-CT should be considered when encountering equivocal imaging findings, when
tumour marker levels rise with no identifiable cause upon imaging, and to detect nodal or
extra-abdominal metastases.

In our clinical practice, CT images are acquired on the axial plane at the portal venous
after intravenous administration of iodine contrast medium, with a flow rate of 3 mL/s.
Multiplane reconstruction can be obtained on coronal and sagittal planes. No oral contrast is
required. When using a dual-source scanner, virtual, unenhanced images can be generated.

MR images can be obtained using 1.5 T or 3.0 T field-strength MR scanners with
a surface-phased array coil covering the abdomen and the pelvis. The acquisition pro-
tocol includes coronal and axial T2-weighted images and diffusion-weighted imaging
(respiratory-triggered for the upper abdomen and on breath hold for the inferior abdomen)
with 3 b values of 0, 150, and 800 s/mm?. Following intravenous injection of 0.2 mmol/kg
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of gadolinium-based contrast agents, fat-suppressed 3D T1-weighted sequences are ob-
tained upon breath hold at the arterial and portal phases covering the upper abdomen and
after a 3 min late phase of the whole abdomen.

3. Many Places and Many Faces

The term peritoneal carcinomatosis refers to the spread of malignant epithelial cells as
tumour deposits to the peritoneum [26].

PC represents a very complex condition at imaging, more than any other metastatic site.

The appearance of the peritoneal deposits is determined not only by the histological
characteristics of the primary tumour, the timepoint of the tumour’s evolution, and the
treatment [27] but also, and more interestingly, by the peritoneal space in which they occur.
Complications secondary to deposits also vary according to the location, depending on the
organs involved.

Some anatomic knowledge is required in the quest for deposits. The aim of this review
is not to offer a comprehensive description of peritoneal anatomy but to establish sufficient
certainty that all locations are thoroughly investigated.

The peritoneal cavity is the virtual space that exists between the parietal and visceral
peritoneum [28] and, under normal conditions, contains a small amount of plasma-like fluid.

The parietal peritoneum delineates the periphery of the peritoneal cavity:

e  Cranially, it covers the diaphragm (except for the bare area of the liver, the insertion of
the ligaments, and along its posterior margin, where it is in contact with retroperitoneal
fat) (Figure 1).

e  Caudally, it descends into the pelvis. Its complex anatomy in this location is shown in
more detail later.

e Anterolaterally, it is separated from the abdominal wall by the fat from the preperi-
toneal space, that is, the space between the peritoneum and the transversalis fascia
(Figure 2).

e  Posteriorly, it is distanced from the posterior abdominal wall by the retroperitoneal
space. It forms the anterior boundary of the retroperitoneal space (Figure 3).

Figure 1. Axial CE-CT (A) and coronal MPR (B). Massive ascites, helpful to differentiate the peritoneal
spaces. (A) shows how the posterior margin of the diaphragm (arrow) is not covered by the parietal
peritoneum, as it is directly in contact with the retroperitoneal fat. The attachment sites of ligaments
on the diaphragmatic surface are not covered by peritoneum; the falciform identified in (A) and the
phrenicocolic ligaments (arrowhead) in (B). Notice in (B) how the phrenicocolic ligament partially
separates the left parietocolic gutter from the left subphrenic space (*), whereas the right parietocolic
gutter fully communicates with the right subphrenic space (curved arrow). The bare area of the liver
in (B) (arrow) is an area directly attached to the diaphragm by connective tissue and thus not covered
by peritoneum, and its diaphragmatic attachment site is not covered either.
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Figure 2. Axial T2WI. PC from neuroendocrine tumour: deposit within the anterior parietal peri-
toneum (arrow).

Figure 3. Axial T2WI. PC from neuroendocrine tumour: deposits within the posterior parietal
peritoneum (arrows) (which is immediately anterior to the anterior pararenal fascia).

The peritoneum invaginates to fully cover most of the abdominal viscera, anteriorly
and posteriorly, becoming the visceral peritoneum. It is organised into a folded disposition
as ligaments, folds, and mesenteries to nurture, innervate, and support the intraperitoneal
organs, connecting them to the posterior parietal peritoneum.

As a common rule, the abnormal thickening and pathological enhancement of surfaces
covered by the peritoneum may be the only initial imaging finding in PC.

It may be difficult, in the absence of ascites, to differentiate parietal peritoneal deposits
from their visceral counterparts at locations where the two leaves are adjacent (e.g., a
deposit within the parietal peritoneum covering the lateral abdominal wall or within the
visceral peritoneum covering the liver). For the sake of simplicity, some examples of parietal
peritoneal deposits are shown; the rest are included within their peritoneal space (Figure 4).

If the deposit lies within a fat-containing peritoneal space, the spectrum of presentation
ranges from nodular focal fat stranding to irregular haziness, evolving towards solid lesions.
These solid lesions may initially be millimetric, appearing as either solitary or multiple
soft-tissue nodules that eventually grow and merge to form plaques or sheets, and then
masses. Most commonly, PC appears as a combination of all these findings.
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Figure 4. Axial T2WI (A) and axial CE portal phase FSTIWI (B), same patient. PC from colon
adenocarcinoma: notice the nodular thickening of the parietal peritoneum due to deposits (arrow).
Notice how easy it is to distinguish the parietal peritoneum from the visceral perihepatic peritoneum
thanks to the ascites (*). Axial CE portal phase FSTIWI (C). PC from neuroendocrine tumour: deposits
within the posterior parietal peritoneum (arrow). The retroperitoneal space is very thin at this location
and the posterior parietal peritoneum is adjacent to the abdominal wall.

Peritoneal spaces are classified as supra- or inframesocolic [29,30]. The anatomic land-
mark that enables this division is the mesentery of the transverse colon (transverse colon
mesocolon). Unfortunately, this is also an easy route for carcinomatosis spread, as it commu-
nicates on both sides with other ligaments and centrally with the small bowel mesentery.

Deposits within the transverse mesocolon appear either on its mesentery (Figure 5)
or/and on the serosa (visceral peritoneum) covering the transverse colon [30]. Differentia-
tion between them may not always be feasible. Deposits may cause different degrees of
luminal stenosis with or without signs of bowel obstruction.

Figure 5. Axial CE-CT (A), axial T2WI (B), DWI (C), axial CE portal phase FSTIWI (D). PC from
gastric adenocarcinoma: subtle deposit within the transverse mesocolon (arrow) using CT; more
conspicuous using MR.

Imaging features of serosal bowel deposits include nodular lesions, segmental parietal
thickening, and diffuse infiltration. Their detection may be an arduous task, more so if
bowel is not sufficiently distended. In addition, it is important to note that layered implants
blend in with the bowel contour, whereas nodular deposits alter it and are thus easier to
detect (Figure 6).
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Figure 6. Axial CE-CT (A). PC from breast carcinoma: deposits within the transverse colon serosa
(arrows), causing luminal stenosis. Axial CE-CT (B). PC from breast carcinoma: layered deposits
within the transverse colon serosa (arrow); notice the concentric pattern and the luminal stenosis.
Ascites (*). Coronal CE-CT MPR (C,D). (C): PC from signet ring cell gastric carcinoma. Diffuse serosal
infiltration of the transverse colon. (D): PC from breast carcinoma: segmental parietal thickening
of the transverse colon due to nodular deposits within the serosa (arrow). Observe how layered
deposits in (C) blend in with the bowel contour and may be more difficult to detect than nodular
deposits in (D).

This description of serosal bowel deposits has the same validity for the rest of the
gastrointestinal tract.

Next, we use a cranial-to-caudal and lateral-to-medial approach to review the peri-
toneal spaces.

3.1. Supramesocolic Spaces

Supramesocolic cavity comprehends the subphrenic, perihepatic, and perisplenic
spaces; periportal space, lesser omentum, lesser sac, and right subhepatic space. These
locations need to be carefully assessed using multiplanar reconstructions, as deposits within
them may require complex surgery or, in some cases, may be considered unresectable.

3.1.1. Subphrenic Spaces

Imaging features include the thickening and pathological enhancement of the di-
aphragm, nodules, and masses (Figures 7 and 8).
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Figure 7. CE-CT coronal MPR. PC from ovarian carcinoma: multiple bilateral diaphragmatic nodular
deposits (arrows). Notice how useful ascites (*) is when distinguishing peritoneal deposits within the
parietal peritoneum from deposits within the visceral (hepatic) peritoneum (arrowhead). Hepatic
metastases (thin arrow).

Figure 8. Coronal T2WI ((A), from five years prior) and CE-CT coronal MPR ((B), current follow-up).
PC from ovarian granulosa cell tumour: Notice, in (B), a deposit within the right subphrenic space,
bulging into the hepatic capsule (arrow). See how subtle it originally was in (A) (arrow); it could
easily be overlooked upon axial imaging.

3.1.2. Perihepatic and Perisplenic Spaces

Deposits can be identified as a continuum from abnormal peritoneal enhancement to
subtle nodularity and well-defined nodules, often showing a biconvex morphology.

Perihepatic deposits may occur on the superficial visceral peritoneum that surrounds
most of the liver surface (except for the liver bare area, the porta hepatis, and the attachment
site of the gallbladder to the liver) and/or underneath the Glisson capsule, within the
subcapsular space. Glisson’s capsule is a thick fibrous membrane that lies deep in the
visceral peritoneum. It is assumed that deposits infiltrate the liver capsule upon deposition
on the visceral peritoneum. The liver capsule covers the entire hepatic surface, including
the periportal space, and is in communication with the lesser omentum, thus becoming
another route for deposits to reach the subcapsular space. Both the periportal space and
the lesser omentum are reviewed next.

In the event of subcapsular deposits, secondary parenchymal invasion may occur,
resulting in a characteristic scalloping of the underlying parenchyma (Figure 9). Despite
this sign, it may be difficult to distinguish between solely subcapsular deposits and those
with parenchymal invasion. A sign that has been found to be highly sensitive to rule out
secondary hepatic invasion is the presence of a well-defined interface between the lesion
and the liver and/or a clear plane, either fatty or from ascites [31] (Figure 10).
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Figure 9. Axial CE-CT (A): PC from colon carcinoma: note the subtle irregularities in the liver
contour caused by the deposit seeding within the peritoneum covering the hepatic surface. CE portal
phase FST1IWI (B): PC from cervical carcinoma: notice the difference between the linear subcapsular
deposits (arrowhead) and the biconvex subcapsular deposit with parenchymal invasion (arrow):
observe the scalloped appearance of the underlying parenchyma. CE-CT coronal MPR (C): PC from
colon carcinoma: thickening of the right diaphragm caused by deposit seeding (arrow). Notice the
difference with the subcapsular deposits that scallop the liver contour (arrowhead). Axial CE-CT (D):
PC from ovarian carcinoma: subcapsular deposits with parenchymal invasion (thin arrows), both
hepatic and splenic. Observe how they differ from hepatic metastases, which are well defined and
completely surrounded by parenchyma (arrow). Note also the perihepatic (arrowhead) and right
subphrenic deposits (curved arrow). Ascites (*).

3.1.3. Periportal Space

Periportal deposits need to be differentiated from parenchymal metastases. Deposits
within the periportal space appear as nodular or plaque-like lesions, predominantly at the
porta hepatis and along the left branch of the portal vein; they are usually ill defined and
not circumferentially surrounded by hepatic parenchyma, unlike their intraparenchymal
counterparts (Figure 11).
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Figure 10. Axial T2WI (A); axial NE FSTIWI (B). PC from ovarian serous carcinoma: subcapsular hep-
atic deposit, presenting a fatty surrounding plane (arrow) that excludes secondary hepatic invasion.

Figure 11. DWI (A); axial CE portal phase FSTIWI (B). PC from colon carcinoma: deposits within
the periportal space. Observe the diffusion restriction and enhancement around the periportal space
(arrows); also note the nodular deposit (*). Axial CE-CT (C) and coronal MPR (D). PC from ovarian
carcinoma: note the periportal deposit as a soft tissue mass around the left portal branch, which is
more conspicuous in the MPR.

A proven useful tip is the distention of the periportal space over time due to the
presence of deposits. As with any radiological examination, comparison with prior images
in the setting of peritoneal carcinomatosis is mandatory (Figure 12).
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Figure 12. Axial CE-CT ((A), current study, and (B), from one year prior). PC from gastric adeno-
carcinoma: subtle soft tissue mass occupying the periportal space. Observe the periportal space
enlargement (arrows), which is more conspicuous if compared to the previous CT.

Deposits within this location may cause biliary obstruction, which usually presents
at a late stage. Dilatation of the intrahepatic biliary ducts (usually segmentary) with no
identifiable cause should raise the possibility of deposits within the periportal spaces.
Another secondary finding may be a progressive compressive effect on the portal vein over
time (Figure 13).

*IB

Figure 13. Coronal T2WI (A); axial CE portal phase FSTIWI (B). PC from colon adenocarcinoma:
periportal deposit (*) that causes segmental intrahepatic biliary dilatation (arrowhead) and portal
vein compression (arrow). The patient had a known portal hypertension due to massive hepatic
metastases (curved arrow) and splenomegaly.

3.1.4. Lesser Omentum

This portion of the peritoneum suspends the liver and the lesser curvature of the
stomach and separates the first two centimetres of the duodenum from the liver. It is
formed by the gastrohepatic and hepatoduodenal ligaments.

Deposits within this space show features that are common to any fat-containing
space. Furthermore, since the porta hepatis runs in the hepatoduodenal ligament, biliary
obstruction or portal vein compression may be found to be indirect signs of PC (Figure 14).
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D

Figure 14. Axial CE-CT (A). PC from ovarian carcinoma: deposits within the gastrohepatic (*) and

hepatoduodenal ligaments (arrowheads). Coronal T2WI (B). PC from ovarian carcinoma: deposits
within the lesser omentum: its two components are identified—the gastrohepatic (*) and the hepato-
duodenal (arrowhead) ligaments. Axial CE portal phase FSTIW1 (C,D): the current study (C) and
from one year prior (D), for comparison. PC from colon adenocarcinoma: deposits within the gastro-
hepatic ligament (lesser omentum) (arrows). Note the compression of the portal vein (*) in (C) and
the development of collateral vessels (arrowheads).

As previously seen, once the disease is in the lesser omentum it can easily spread to
the periportal space thanks to the surrounding connective tissue of the Glisson sheath,
which makes them continuous. This is a particularly important route for the spread of
pancreatic and gastrointestinal tumours.

3.1.5. Lesser Sac

Potential space between the pancreas and the stomach. Its distention, either by a solid
lesion or by ascites, as is reviewed later, is a sign of its involvement by PC (Figure 15).
It communicates with the rest of the peritoneal cavity (greater sac) through an opening
immediately posterior to the lesser omentum, the foramen of Winslow.

3.1.6. Right Subhepatic Space

Pouch inferior to segment VI of the liver. It communicates with the right subphrenic
space, the right paracolic gutter and the lesser sac. Deposits within this space tend to be
more subtle, partly due to small size of this space, and range from an ill-defined outer
hepatic contour to focal fat stranding and nodules (Figure 16).
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Figure 15. Axial CE-CT (A). PC from ovarian carcinoma: mass-like deposit within the lesser sac (*¥).
Also, note the seeding within the lesser omentum (arrow). Portacaval lymph node (arrowhead). Axial
T2WI (B). PC from ovarian carcinoma: mass-like deposit within the lesser sac (arrow). Ascites (*).

Figure 16. Axial CE-CT (A): PC from breast carcinoma: deposits within the subhepatic space as
reticulation of its fatty content. Axial T2ZWI CE-CT (B); CE portal phase FSTIWI (C): PC from colon
carcinoma: nodular deposit within the subhepatic space (arrow).

3.2. Inframesocolic Spaces

Inframesocolic spaces are also described using the same cranial-to-caudal and lateral-
to-medial approach: greater omentum, paracolic gutters, small bowel mesentery, sigmoid
mesocolon, and pelvis recesses.

3.2.1. Greater Omentum

The greater omentum is the main peritoneal fold. It connects the stomach to the
anterior surface of the transverse colon and then extends caudally into the pelvis covering
the small bowel loops. It lies mainly inferior to the transverse colon mesocolon, although
its smaller cranial portion (the gastrocolic ligament) is within the supramesocolic space.

The uniqueness of the imaging features of deposits in this location is the omental
cake, which occurs when nodular deposits collide (Figure 17) and blend with one another,
boosting a fibrotic response and replacing the omental fat (Figure 18).
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Figure 17. Axial CE-CT (A) from one year prior (disease-free peritoneum); (B) from four months
prior; (C) current follow-up. Note the early stages and evolution of omental deposits (arrows).

Figure 18. Axial CE portal phase FSTIW. PC from melanoma: omental cake (arrow) replacing the
omental fat.

A helpful diagnostic sign as the infiltration progresses is the subsequent displacement
of the bowel loops. Enlargement of the fatty content and mass effect due to omental seeding
may be more apparent than the actual deposits (Figure 19).

Omental deposits are more easily detected using MR. However, in the early stages
and especially in thin patients, CT appears to perform better, although the scarce fatty
content in thin patients may negatively contribute to the identification of peritoneal deposits
(Figure 20).
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Figure 19. Axial CE-CT ((A) from one-year prior; (B) current follow-up). PC from breast carcinoma:
note the omental infiltration on (B) associated with a posterior displacement of the small bowel loops
(arrows). Axial T2WI ((C) peritoneal disease-free study from two years prior; (D) current follow-up).
PC from renal cell carcinoma: enlargement of the fatty content and mass effect due to omental seeding
(arrow) that may be more conspicuous than the actual deposits.

Figure 20. Axial CE-CT (A); FDG-PET-CT (B). PC from colon adenocarcinoma: nodular deposits
within the omentum (arrows) that were originally mistaken for SB loops upon CT due to the scarce
intrabdominal fat.

3.2.2. Small Bowel Mesentery

The small-bowel mesentery is a fan-shaped peritoneal double layer that surrounds
the small bowel and then extends diagonally from the ligament of Treitz in the left upper
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quadrant to the ileocecal junction, anchoring at these two locations and at the posterior
parietal peritoneum.

Mesenteric deposits show a rather unique and more complex appearance when com-
pared to deposits elsewhere in the abdominal cavity. Deposits may be found in the
following locations:

e  Within the mesenteric fat: as in the rest of the fat-containing peritoneal spaces, they
may range from focal nodular fat stranding to irregular haziness to nodules and
masses (Figure 21).

Figure 21. Axial CE-CT. PC from colon adenocarcinoma: nodular deposit within the mesentery (arrow).

e  Within the SB and caecal serosa: deposits may also lie within the serosa covering the
small bowel and the caecum (Figure 22).

Figure 22. Axial T2WI (A); axial DWI (B); CE portal phase FSTIWI (C). PC from duodenal adenocar-
cinoma: deposits within the distal ileum serosa (arrow). Axial CE-CT (D). PC from breast carcinoma:
deposits within the caecal serosa (arrow).

e Involving both the mesentery and the serosa: as in the transverse mesocolon, deposits
may appear both within the mesentery and the serosa covering the small bowel loops
and the caecum (Figure 23).
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Figure 23. Axial CE-CT. PC from ovarian carcinoma: mesenteric seeding. Mesenteric involvement
may occur as a combination of deposits involving both the mesentery and the bowel serosa, as in
this case. Observe the clustered SB loops” appearance. The calcified content of some of the deposits
enhances their presence (arrow). Omental deposits (*).

e  Within the mesenteric leaves: Deposits within the mesenteric leaves may go unper-
ceived. The nodular thickening and enhancement of the mesenteric leaves is usually
more conspicuous using MR but can be also spotted using CT and becomes more
noticeable when accompanied by ascites (Figures 24 and 25).

£

Figure 24. Axial CE-CT (A); axial T2WI (B); axial CE portal phase FS TIWI (C). PC from endometrial
carcinoma: deposits seeding within the mesenteric leaves (arrows).

Figure 25. Axial CE-CT. PC from colon adenocarcinoma: involvement of the mesenteric leaves
(note the nodular thickening and enhancement, highlighted in blue) that becomes more apparent
with ascites.

e  Stellate mesentery: Diffuse mesenteric infiltration leads to a stellate appearance, which
is commonly associated with breast (especially lobular carcinoma) [32], gastric, pan-
creatic, and ovarian tumours [33]. This deposition pattern follows the distribution of
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the mesenteric vessels, causing the thickening and rigidity of perivascular bundles
(Figure 26).

Figure 26. Axial CE-CT (A). PC from stomach adenocarcinoma: stellate mesentery. Axial CE
portal phase FSTIWI (B). PC from lobular breast adenocarcinoma: stellate mesentery; note the
perivascular distribution. Axial CE-CT (C); axial T2WI (D). PC from stomach adenocarcinoma:
isolated perivascular deposit within the mesentery as a soft-tissue mass surrounding a branch of the
SMYV (arrow).

As a result of tumour infiltration, the mesentery becomes rigid and loses its usual
free wavering. SB loops appear thickened, with restricted distensibility, looking initially
separated and angulated and, finally, clustered (Figure 27). Over time, the retraction caused
by the deposits causes a decrease in the size of the mesenteric fat (Figure 28). These effects
on the SB loops and the mesenteric fat may be more conspicuous than the actual deposits.

The main complication of deposits lying within this space is bowel obstruction, which
usually occurs at a late stage, and its diagnosis is not challenging. However, it may also be
the presenting sign. It typically involves more than one small bowel loop, and the degree
of occlusion may vary. Another, less frequent, complication is bowel ischaemia due to
perivascular infiltration (Figure 29).

3.2.3. Paracolic Gutters

Peritoneal recesses occur between the colon, partially covered by the posterior parietal
peritoneum (on its anterior, medial, and lateral walls) and the lateral parietal peritoneum
on each side. They constitute the attachments of the ascending and descending colon to the
posterior parietal peritoneum.

Both are in continuity with the peritoneal spaces in the pelvis. Superiorly, the right
paracolic gutter communicates with the right subphrenic and right subhepatic spaces,
whereas the left paracolic gutter, which is much smaller, is partially separated from the left
subphrenic space by the phrenicocolic ligament (Figure 1b).

The infiltrated peritoneum typically appears to be nodularly thickened, showing
pathological enhancement (Figure 30).
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Figure 27. Axial T2WI (A). PC from mucinous adenocarcinoma of the urachus: notice the hyperin-
tense mesenteric deposits (*) (signal due to mucin content) and how the SB loops appear separated
and angulated (arrow). Axial T2WI (B); axial CE portal phase FSTIWI (C). PC from breast carcinoma:
mesenteric deposits (arrowheads on (B)) make SB loops appear thickened and separated. Notice how
deposits are more conspicuous in T2WI due to its high tissue contrast. Axial CE-CT (D). PC from
ovarian carcinoma: clustered small bowel loops as the end point of mesenteric seeding.

Figure 28. Axial CE-CT: current study (A) and from six months prior (B). PC from colon carcinoma:
the mesentery becomes fibrotic as the seeding evolves and, secondary to the retraction effect, a
decrease in the size of the mesenteric fat occurs (arrows). This effect may be more conspicuous than
the actual deposits.

The oblique orientation of the small bowel mesentery described earlier divides the
inframesocolic compartment into two compartments, right and left, with the latter being
larger. The only structure standing in the way of free communication between the left
inframesocolic space and the pelvis is the sigmoid mesocolon, thus the reason why it
constitutes a common site of deposits, as it is an area of arrested flow. Deposits within the
sigmoid mesocolon lie on its fat and/or on the serosa, and differentiation between them
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may not always be feasible. Sigmoid luminal stenosis with/without signs of obstruction is
a frequent consequence of the seeding (Figure 31).

Figure 29. Coronal MPR (A). PC from mucinous colon adenocarcinoma: solitary mesenteric deposit
(arrow) as the cause of an SB obstruction, involving several loops. Axial CE-CT (B). PC from breast
carcinoma: SB multifocal obstruction due to several deposits within the SB serosa (arrows). Ascites (*).
Axial CE-CT (C) and coronal MPR (D). PC from adenocarcinoma of the urachus: severe mesenteric
infiltration causing SB ischemia as distal SMA and SMV branches are compressed and infiltrated by
deposits (arrows). Observe the SB loops thickening and the heterogenous and patchy bowel wall
enhancement (arrowheads) due to the ischemia.

Figure 30. CE portal phase FSTIWI ((A), from four months prior; (B), current study). PC from colon
adenocarcinoma: Nodular deposit within the left paracolic gutter that was undercalled (arrow). See
the growth in (B) (arrow).
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Figure 31. Axial T2WI (A). PC from mucinous adenocarcinoma of the terminal ileum: hyperintense
nodular deposits (due to mucin content) within the sigmoid mesocolon. Axial CE-CT (B). PC from
undifferentiated carcinoma of unknown origin: deposits within both the sigmoid mesocolon (arrows),
outlining the epiploic appendices, and within the sigmoid serosa, making the sigmoid colon appear
thickened (arrowheads). Axial CE-CT (C,D). PC from colon adenocarcinoma: (A). Observe in (C) the
seeding involving the sigmoid mesocolon (arrowhead) and the serous layer of the bowel (arrow),
partially obstructing the sigmoid lumen. In (B), the two components cannot be differentiated but
luminal stenosis is clearly identified (arrow).

The mesentery of the appendix is anchored to the lower end of the small bowel
mesentery, close to the ileocecal junction and the tip of the appendix. Despite its small size,
it may be an important site in appendiceal neoplasms: in case of rupture, deposits will
likely appear there first.

3.2.4. Peritoneal Recesses of the Pelvis—Ovarian Metastases

Deposits within the pelvis may be quite tricky to find, as the anatomy is rather complex
and there are several structures that fit in a small cavity; therefore, careful exploration using
multiplanar reconstructions is recommended.

The parietal peritoneum that covers the abdominal wall goes down to the pelvis, where
it does not reach the pelvis floor, as it reflects on the pelvis organs (peritoneal reflexion).
The peritoneal reflexion covers the dome of the urinary bladder, then descends along its
posterior wall and laterally forms paravesical spaces, a fold over the ureters; in men, it
also covers the deferent ducts and the seminal vesicles. It continues towards the rectum
and then ascends, partially cloaking the upper and middle rectum (thus subperitoneal; the
rest is extraperitoneal) and the lateral pelvic walls (Figure 32). In women, it also coats the
uterine fundus and body and the posterior part of the vagina and extends laterally (broad
ligament), wrapping up the tubes and suspending the ovaries.

Two blind-end pouches are found in women—the uterovesical, anteriorly, and the
rectouterine, posteriorly—while there is only one in men, the rectovesical [7].

Pelvic organs, except for the tubes, which are intraperitoneal, are only superiorly and
laterally covered by the peritoneum. Thus, deposits can be identified as enhancing nodular
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peritoneal thickenings on the pelvic walls (Figure 33) or within the peritoneal reflexion,
either surrounded by fat or on the partially peritonealised organ surfaces (Figure 34).

Figure 32. CE-CT coronal MPR (A). PC from colon carcinoma: observe how the parietal peritoneum
does not reach the pelvis floor. Ascites (*). Deposits within the pelvic reflexion (arrow). Sagittal
MPR (B); axial CE-CT (C). PC from adenocarcinoma of the appendix: irregularly thickened peritoneal
reflexion due to seeding. Observe in the sagittal MPR how the peritoneal reflexion covers the dome
of the urinary bladder and then descends, following its posterior wall.

Figure 33. Axial CE portal phase FSTIWI (A). PC from duodenal adenocarcinoma: deposits seeding
within the peritoneum that covers the left pelvic wall, which looks diffusely thickened (arrow). Axial
CE-CT (B). PC from undifferentiated caecal adenocarcinoma: nodular deposits within the peritoneum
that covers the left pelvic wall (arrow).

As ureters are in close contact with the peritoneum at the paravesical spaces, pelvis
deposits may be the cause of ureterohydronephrosis, and this is frequently overlooked,
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especially as the only sign of PC. Any deposit along the posterior parietal peritoneum in
the proximity of the course of the ureter may also be the cause of a urinary obstruction, but
the pelvis is a very frequent location (Figure 35).

Figure 34. Axial CE-CT (A); CE-CT coronal MPR (B). PC from breast carcinoma: the peritoneal
reflexion covers the uterine fundus and body and the posterior part of the vagina and extends laterally
(broad ligament, arrow in (B)). Note the nodular appearance of the peritonealised uterine surface and
the broad ligaments (arrow in (B)) due to deposit seeding. CE-CT coronal MPR (C). PC from cardia
adenocarcinoma: deposits within the peritoneal reflexion covering the vesical dome (arrow). Axial
CE-CT (D). PC from breast carcinoma: notice the peritoneal seeding on the peritonealised surfaces of
the bladder (arrowhead), rectum (vertical arrow) and within the peritoneum that covers the pelvic
walls (horizontal arrow). Ascites (*).

Figure 35. Axial CE-CT (A—C). Axial T2WI (D,E); DWI (F). PC from mucinous adenocarcinoma of the
appendix: Notice the peritoneal deposit within the left lateral pelvis (arrow in (A)) as an elongated
soft tissue mass. The patient presented with a left ureterohydronephrosis (* in (B)) due to the pelvic
deposit, which obstructed the ureter (arrowhead in (C)). Paravesical spaces are peritoneal recesses
that cover, on each side, the distal ureter, the seminal vesicle, and the deferent duct. Note the deposit
within the left paravesical space and how it obstructs the left ureter (arrow in (C)). The deposit also
follows the course of the left deferent duct (arrow in (E,F)).
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Occlusion may occur as a result of pelvis deposits within the peritonealised portion of
the rectum.

Another common site of PC in the pelvis is the ovaries. As seen previously, these are
extraperitoneal organs, but are considered intraperitoneal, as they communicate with the
peritoneal cavity. This is the reason why ovaries are included among the PC locations.

Compared to primary ovarian tumours, ovarian metastases seem to be smaller and
more frequently bilateral, showing more uniform cysts and more moderate enhancement
of the solid portions [34]. However, a solid appearance may also be found, or even
characteristics resembling the primary tumour (Figure 36).

Figure 36. Axial CE-CT (A). PC from sigmoid adenocarcinoma: bilateral ovarian metastases as
complex cystic masses with solid poles (arrows). Axial CE-CT (B,D). PC from colon adenocarcinoma:
bilateral ovarian metastases as solid masses (arrow). Axial T2WI (C). PC from mucinous tumour of
the appendix: left ovarian metastases (*) presenting as a predominantly hyperintense mass due to the
mucin content.

The term Krukenberg tumour is sometimes misused in the setting of ovarian metas-
tases from a gastrointestinal tumour, as its use should be limited to ovarian metastasis from
a poorly differentiated adenocarcinoma with signet ring cell features [35]. Krukenberg
tumour should be considered in the differential diagnosis when solid bilateral ovarian
masses containing intratumoural cystic components are detected, even in the absence of a
primary malignancy [36].
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4. Peritoneal Fluid Circulation—Ascites

Now that the peritoneal anatomy has been revised, the focus is placed on the fluid con-
tained in the peritoneal cavity, as it plays a determinant role in the seeding of the deposits.

Peritoneal fluid circulates following the path determined by ligaments and mesenteries,
under the influence of the abdominal pressure fluctuations caused by respiration and
intestinal peristalsis.

In the case of tumour spread to the peritoneum, the quantity of the peritoneal liquid
rises due to two conditions: the obstruction of the lymphatics in charge of the resorption
and the overproduction of fluid caused by the vascular permeability factor secreted by the
tumour cells [37,38].

Fluid in the inframesocolic space naturally goes down on the right of the small bowel
mesentery [39] through the mesenteric leaves, and on the left through the medial mesosig-
moid, thus forming an area of arrested flow. It then reaches the pelvic recesses, the most
gravity-dependent spaces. After filling the pelvis, it goes up the paracolic gutters: pref-
erentially on the right, as the left gutter is shallower, and the flow is cranially limited by
the phrenicocolic ligament [40] (Figure 1b). On the right, it reaches the subhepatic space
and, finally, the right subphrenic space, where most of the peritoneal lymphatic clearance
takes place, along with the omentum [40]. Therefore, places that normally constitute a
free route or barrier for the flow or where most of the resorption takes place need to be
particularly scrutinised.

Table 1 summarises the favoured locations for peritoneal seeding and the underlying
reasons for this.

Table 1. Favoured PC sites and underlying reasons.

Favoured PC Sites Underlying Reason
Ileocecal region Anchor of the small bowel mesentery
Sigmoid mesocolon Area of arrested flow
Right paracolic gutter Major gravity dependent pathway
Subhepatic space Gravity dependence
Right subphrenic space and omentum Resorption sites

Ascites may be one of the first signs of PC. Its appearance correlates closely with its
volume: if minimal, is only be found in the pelvic recesses, surrounding the liver and
the spleen, or between the small bowel loops, in a triangle-shaped fashion (Figure 37). If
quantity increases, it fills up the gutters, the omentum, and the mesentery leaves.

Figure 37. Axial CE-CT (A,B). PC from ovarian carcinoma: minimal ascites within the subhepatic
space (arrow in (A)) and between the SB loops, triangle-shaped (B).
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Suspicious signs may be ascites with rounded or bulging contours, or concomitantly
present in the greater and lesser sacs (Figure 38).

Figure 38. Axial T2WI (A). PC from ovarian adenocarcinoma: loculated ascites within the mesentery (*).
Axial CE-CT (B). PC from breast carcinoma: concomitant ascites within greater (arrow) and lesser (*) sacs.

Another important clue is how SB loops behave in peritoneal liquid: in nonneoplastic
ascites or in the early stages of PC, they float freely, with an anterior location, whereas
in advanced PC, as the mesentery becomes fibrotic and rigid, SB loops are pulled back
centrally and posteriorly (the tethered bowel sign) [41]. Characteristically, there is little fluid
between these rigid infiltrated mesenteric leaves, while fluid is predominant elsewhere in
the peritoneal cavity (Figure 39).

Figure 39. Axial CE-CT (A,B). (A): non-malignant ascites; (B): malignant ascites from colon adenocarci-
noma. Observe how SB loops float freely in (A), with an anterior disposition. In a malignant ascites (B),
SB loops are drawn posteriorly and lose contact with the anterior abdominal wall (tethered bowel sign)
due to the rigid infiltrated mesenteric leaves. Axial T2WI (C). PC from endometrial carcinoma: diffuse
mesenteric deposit seeding (arrow) that causes SB retraction (tethered bowel sign). Notice that, despite the
massive ascites (*), there is little liquid between the rigid infiltrated mesenteric leaves (arrowhead).
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In the setting of portal hypertension and non-malignant ascites, collateral vessels
within the parietal peritoneum should be cautiously noted, so as not to misdiagnose them
as deposits (Figure 40).

Figure 40. Axial CE-CT. Observe the enhancing pseudonodular parietal peritoneum (arrows), which
corresponds to collaterals vessels, and is not to be mistaken for peritoneal deposits.

5. Deposit Behaviour in Cross-Sectional Images

With regard to signal, the deposit does not fall far from the primary tumour; that is,
deposits will usually show a density/signal intensity and enhancement pattern resembling
the primary tumour, as extraperitoneal metastases do.

Thus, one should always bear in mind the underlying histology and imaging features
of the primary tumour and contemplate the possibility of a second primary tumour if a
discrepancy is found.

In addition, in the event of no known primary tumour, which occurs in about 3-5% of
cases of PC [2], the behaviour in the different MR sequences and, to a lesser degree, in CT,
may suggest the origin, despite the non-specificity of the imaging findings.

Indeed, knowledge of the underlying deposit content responsible for the appearance of
high signal intensity in T1- and T2-weighted images of peritoneal deposits is an important
diagnostic criterion that can contribute to the diagnosis of the primary tumour.

Table 2 summarises the behaviour of the peritoneal deposits according to their appear-
ance on MR and CT, their content, and the corresponding primary tumour, regardless of
cell line.

Table 2. Behaviour of peritoneal deposits according to their appearance on MR and CT, their content
and the corresponding primary tumour, regardless of the cell line.

Content T1 T2 CT Primary Tumour
Melanin ) { 4 Melanoma
Calcium 4= = 4 Mucinous tumors (ovary, stomach, c910n, panc1.‘eas, appendix, gallbladder, urachus)
Serous papillary ovarian tumour
Hypervascular tumours. High-grade ovarian tumours
4 1 (serous and endometrioid adenocarcinoma).
Blood 3 ¥ 0 Clear cell ovarian carcinoma Granulosa cell tumour.
In the subacute stage of a haematoma, the methemoglobin causes a high SI on TIWI,
and a variable SI on T2WI (low in early subacute stage, high in late subacute stage).
Myxoid J 0 J Myxoid tumours
Non mineralized cartilage | T I Condrosarcoma
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Table 2. Cont.

Content T1 T2 CT Primary Tumour
Mucin J T J Mucinous tumours (ovary, stomach, colon, pancreas, appendix, gallbladder, urachus)
Keratin J 0 J Squamous differentiation

1: High signal intensity (SI)/attenuation, |: Low SI/attenuation, =: Isointense

T1 hyperintensity may be observed within a deposit due to three contents: melanin,
blood, and calcium.

e  Melanin-containing deposits: from melanoma (Figure 41).

Figure 41. Axial NE FSTIWI. PC from melanoma: Note the hyperintense melanin-containing peri-
hepatic deposits (arrow).

e  Calcium-containing deposits: mucinous tumours of different origins (ovary, stomach,
colon, pancreas, appendix, gallbladder, urachus) may calcify (Figure 42).

Figure 42. Axial NE FSTIWLPC from serous ovarian adenocarcinoma: Hyperintense perihepatic
deposits (due to calcified content) (arrow).

e  Blood-containing deposits: blood content is frequently found in peritoneal deposits
from hypervascular tumours of different origins (for instance, clear-cell and granulosa
ovarian tumours) (Figure 43).

T2 hyperintensity can reflect different contents within deposits: myxoid, non-mineralised
cartilage, or mucin. This may also be due to keratin in the setting of a squamous differentiation.

e  Myxoid-containing deposits: as in myxoid liposarcoma (Figure 44).
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Figure 43. Axial NE FST1WI PC from serous ovarian adenocarcinoma: Blood-containing peri and
subhepatic deposits (arrows).

Figure 44. Axial T2WI. Myxoid leiomyosarcoma of the uterus: patient with pelvic deposits in the
setting of a relapse (arrow). Observe the deposit central high SI on T2WT due to the myxoid content.

e Non-mineralised cartilage-containing deposits: from chondrosarcoma (Figure 45).
l |

Figure 45. Axial T2WI. Peritoneal deposit from rib condrosarcoma: Omental deposit showing high SI

on T2WI, due to the non-mineralized cartilage content (arrow).

° Mucin-containing deposits: from mucinous tumours arising on different organs,
namely ovary, stomach, colon, pancreas, appendix, gallbladder, and the urachus
(Figure 46).

e  Keratin-containing deposits: from tumours showing squamous differentiation (Figure 47).

CT hyperdensity can be due to calcium (Figure 48) or blood content. Calcification may
occur secondary to treatment.
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Figure 46. Axial T2WI. PC from mucinous adenocarcinoma of the urachus: Hyperintense omental-
cake due to mucinous content (arrow).

Figure 47. Axial T2ZWI. Bladder adenocarcinoma with a squamous differentiation. Observe the locally
advanced vesical tumor (arrow). Note the right pelvic peritoneal deposit (arrowhead), showing the
same imaging features as the tumour. The high signal on T2ZWI may be due to the keratin formed by
the squamous differentiation.

Figure 48. Axial CE CT. PC from colloid adenocarcinoma of the caecum: Observe the specks of
calcification (arrows) scattered throughout the deposits (*).

The vascular pattern of deposits also correlates with the characteristics of the primary
tumour and may impact the differential diagnosis (Table 3) depending on whether deposits
are hyper- (Figure 49) or hypovascular (Figure 50).

Table 3. Relation between vascular pattern of the deposits and differential diagnosis of possible
primary tumours.

Hypervascular Deposits Hypovascular Deposits

Mucinous tumours (ovary, stomach, colon,

Ovarian (clear cell, granulosa) pancreas, appendix, gallbladder, urachus)

Breast carcinoma Pancreas adenocarcinoma
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Table 3. Cont.

Hypervascular Deposits Hypovascular Deposits

Lung carcinoma Liposarcoma (myxoid or undifferentiated)

Melanoma

Sarcoma:
- GIST
- Leiomyosarcoma
- Fibrous solitary tumour

Renal cell carcinoma

Neuroendocrine tumours

Hepatocellular carcinoma

Thyroid carcinoma

Paraganglioma

Choriocarcinoma

(A) (B)

Figure 49. Axial CE portal phase FSTIWI. PC from clear cell renal carcinoma: Note the hypervascular
deposit adjacent to the spleen that was mistaken for an accessory spleen (arrow in (A)). Observe the
growth on the follow-up CT (arrow in (B)).

-

(A) (B)

Figure 50. Coronal MPR CE CT PC from pancreatic cystoadenocarcinoma: Observe the primary
tumour (arrow in (A)) and its deposit within the sigmoid mesocolon (arrow in (B)). Notice the
hypovascular resemblance between them.
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6. Differential Diagnosis

It is worth underlining that, in oncologic patients, not all peritoneal abnormalities
correspond to carcinomatosis; hence, PC needs to be differentiated from other neoplastic
and nonneoplastic conditions (inflammatory, infectious, and other types of benign causes,
noninflammatory and noninfectious) (Table 4). This may be a challenging task as imaging
features often overlap.

Table 4. Differential diagnosis.

Inflammatory

Benign
Infectious Noninflammatory Malignant
Noninfectious

Omental infarction

Splenosis

Peritoneal tuberculosis
Accessory spleen

Primary peritoneal serous carcinoma

Peritoneal amyloidosis

Peritoneal

. . Bowel perforation Pseudomyxoma peritonei
echinococcosis

Peritoneal sarcoidosis

Encapsulated omental fat Peritoneal malignant mesothelioma

Familial Mediterranean fever

Encapsulated sclerosing
peritonitis

necrosis
Endometriosis Desmoplastic small round cell tumour
Leiomyomatosis . .
s . Peritoneal lymphomatosis
peritonealis
Desmoid tumours Peritoneal sarcomatosis

6.1. Inflammatory
6.1.1. Omental Infarction—Figure S1

Omental infarction is a rare cause of acute abdomen, usually self-limiting, that presents
with nonspecific symptoms. The right omentum is more commonly affected, as it moves
more freely, and its vascularization is longer and more tortuous. It can be primary or
secondary to other processes such as tumour, hernia, or postoperative adhesions [42].

It is usually a straightforward diagnosis of CT: striking fat stranding of the infarcted
omentum with minimal or no involvement of the adjacent bowel (this is the reason why
the fat stranding is usually described as disproportionate) [43].

Omental infarction may mimic PC at first glance, but the clinical setting and the in-
flamed aspect of the omental fat usually reveal the diagnosis. The importance of the correct
diagnosis upon imaging relies on its conservative management unless superinfection occurs.

6.1.2. Peritoneal Amyloidosis—Figure S2

Amyloidosis is a rare disease consisting of abnormal protein deposition throughout
the body, which more frequently occurs in the gastrointestinal tract, kidneys, and heart.
Peritoneal deposition is very rare and can mimic PC [44].

Two forms of peritoneal involvement have been described [45]: diffuse, in which
the peritoneum is diffusely thickened, and nodular, where mesenteric masses are the key
finding. Calcifications may be found within the deposits.

6.1.3. Peritoneal Sarcoidosis—Figure S3

Sarcoidosis is a systemic granulomatous disease of unknown aetiology. The most
common location is the lung [46]. Extrapulmonary involvement is found in 30% of all
cases, with the abdomen being the most frequent site, and patients typically present with
hepatosplenomegaly. Peritoneal involvement is a rare presentation, and the most frequent
findings are ascites and peritoneal nodules. Peritoneal involvement is most frequently
accompanied by a generalised disease that reveals the diagnosis, but a histological exam is
necessary to confirm it [47].
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6.1.4. Familial Mediterranean Fever—Figure S4

This is a hereditary condition characterised by recurrent episodes of fever and systemic
serosal inflammation, which mainly occurs in the abdomen. It especially affects patients
of Mediterranean heritage. Imaging features are nonspecific; if it presents with ascites
and peritonitis, it may strongly mimic PC [48]. The most fatal complication of FMF is
amyloidosis and the chances of developing it are higher if left untreated [49].

6.1.5. Encapsulating Sclerosing Peritonitis—Figure S5

This is a rare but serious condition. It can be idiopathic or secondary, either to
peritoneal dialysis or other causes, benign (such as surgery, peritonitis, cirrhosis, and
enteritis) and malignant (such as pancreatic and renal adenocarcinoma) [50]. It presents
with recurrent episodes of bowel obstruction caused by a thickened and calcified peritoneal
membrane that encircles the bowel [50].

6.2. Infectious
6.2.1. Peritoneal Tuberculosis—Figure S6

Peritoneal tuberculosis may be a challenging entity to diagnose, given its insidious
onset, its vague clinical presentation (abdominal pain and distention, weight loss, and
fever), and the difficult isolation of the agents (M. tuberculosis complex) [51].

It is important to achieve a prompt diagnosis, as a delay in treatment may cause a
worse outcome.

Imaging classification includes three main types [52]:

e  Wet (the most common), where the salient feature is ascites, either free or loculated,
which may show high attenuation on CT due to the high protein contents.
Dry, where cellular content is predominant.
Fibrotic fixed, where the main features are fibrotic changes, causing clustered SB loops.
An in-between state may also be found (fibrotic mixed).

The findings may overlap with PC but the presence of a smooth peritoneum with mini-
mal thickening and pronounced enhancement suggests PT, whereas nodular implants
and irregular peritoneal thickening suggest PC. Prominent mesenteric and retroperi-
toneal adenopathies may be seen in PT, which may present with a necrotic centre and
rim enhancement.

6.2.2. Peritoneal Echinococcosis—Figures S7 and S8

This is a parasitic condition secondary to the peritoneal seeding of Equinococcus
larvae. The two main species of the Echinococcus tapeworm are E. granulosus, the causal
agent in cystic echinococcosis, also known as hydatid disease hosts, and E. multilocularis,
in alveolar echinococcosis [53]. Both domestic and wild canines are the definite hosts and
humans are potentially involved as intermediate hosts [54]. In both entities, the initial
infestation is localised to the liver.

E. granulosus hydatid cysts appear as well-defined, thick-walled cystic lesions, with
mural calcifications as a characteristic feature [55]. Peritoneal involvement generally results
from the rupture of hepatic or splenic cysts, with ascites and peritoneal enhancement as the
main imaging features. Daughter cysts scattered throughout the peritoneal cavity may also
be found.

Hepatic alveolar echinococcosis usually appears as a tumour-like infiltrative and
partially calcified heterogeneous mass, with cystic and necrotic components. It may spread
directly to the peritoneum, resulting in peritoneal lesions presenting the same imaging
characteristics that inevitably mimic features of peritoneal carcinomatosis. The most salient
feature is the infiltrative behaviour, with a tendency to invade adjacent structures. It is
important to achieve an early diagnosis, as complete surgical excision is the only curative
treatment [56].
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6.3. Benign Noninflammatory/Noninfectious
6.3.1. Splenosis/ Accessory Spleen—Figure S9

These terms comprehend ectopic foci of splenic tissue that may be found throughout
the abdominal cavity, differing in whether the cause is acquired (splenosis) or congenital
(accessory spleen).

Splenosis is usually a consequence of spleen injury, either from trauma or surgery,
resulting in splenic fragments that acquire a vascular supply and may grow. They may
seed on the liver, as in the case shown in the figure, although they most frequently seed in
the left lobe, with a subcapsular location. Intrahepatic splenosis usually shows increased
enhancement on the arterial phase and may be a potential pitfall for hepatocarcinoma,
neuroendocrine metastases, or adenoma [57-59]. Definitive diagnosis is confirmed using
heat denaturation red blood cell scintigraphy.

Accessory spleens enhance similar to the spleen, although this may be difficult to
evaluate due to their small size. As a rule, these nodules are well-defined and homogeneous,
whereas peritoneal deposits may tend to be more irregular and heterogeneous.

6.3.2. Foreign Body Bowel Perforation—Figure S10

Inflammatory-phlegmonous changes secondary to bowel perforation caused by a
foreign body may mimic peritoneal carcinomatosis in oncologic patients.

6.3.3. Encapsulated Omental Fat Necrosis—Figure S11

Either spontaneous or secondary to inflammation or trauma, it is usually asymptomatic
and its presentation on imaging depends on the time of evolution. Using CT, if acute, it
appears as an omental or mesenteric focal fat stranding that may have a discrete mass effect
on the adjacent organs; over time, it shrinks and becomes well-defined and peripherally
calcified. Initially, it may mimic a liposarcoma and, when it becomes fibrotic (usually, it
shows heterogeneous low signal intensity in T1 and T2WI and may slightly enhance), it
can be misdiagnosed as a deposit, especially in oncologic patients. Clinical history and
previous imaging examinations are essential to achieve a correct diagnosis.

6.3.4. Endometriosis—Figure 512

This is a benign condition characterised by the implantation of endometrial tissue
outside the uterine cavity. Peritoneal endometriosis is usually accompanied by other
imaging findings that suggest the diagnosis; however, peritoneal involvement may appear
as the sole finding. Endometriotic deposits will likely show areas of high signal intensity in
T1WI due to blood content and/or low signal intensity in T2WI due to fibrosis.

6.3.5. Leiomyomatosis Peritonealis—Figure 513

This is a rare condition that occurs in women of reproductive age, characterised by
the development of multiple leiomyomas within the peritoneum. Potential risk factors
are increased levels of endogenous/exogenous oestrogens [60] and prior laparoscopic
myomectomy [61].

Malignant transformation is a rare complication [62]. Peritoneal leiomyomas are
observed as iso-hypodense nodules using CT with a muscle-like signal intensity using MR
and strong homogeneous enhancement, which becomes heterogeneous (due to necrosis
and haemorrhage) in the event of malignant transformation. This entity may mimic a PC
of unknown origin. Definitive diagnosis is made histopathologically.

6.3.6. Desmoid Tumours—Figure S14

Desmoid tumours (DT) belong to a heterogeneous group of locally aggressive fibro-
matosis, although non-metastasising, that may arise throughout the body, most commonly
extra-abdominally. In 30% of patients, there is an association with familial adenomatous
polyposis and, in this setting, tumours are most frequently multiple and intra-abdominal
(80% compared to 5% of intra-abdominal sporadic DT) [63].
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There is also an association with pregnancy and prior trauma and surgery have been
described as possible risk factors [64]. In the abdomen, they are mostly mesenteric, although
pregnancy-associated DTs usually occur within the abdominal wall [65].

DTs are soft-tissue masses that may show either well-demarcated or ill-defined margins
that extend into the adjacent mesenteric fat. They are usually isodense to muscle; their
signal intensity on MR depends on the predominant content (myxoid, cellular, or fibrosis).
Enhancement ranges from moderate to intense. As infiltrating mesenteric soft-tissue masses,
they can mimic PC.

6.4. Malignant
6.4.1. Primary Peritoneal Serous Carcinoma—Figure S15

It occurs in women, predominantly postmenopausal, and is challenging to diagnose
as it resembles advanced epithelial ovarian carcinoma (AEOC), both in imaging and in the
histological exam. It occurs less frequently than AEOC and has a worse prognosis [66]. The
distinguishing features are the sparing of the ovaries or the disproportionate burden of
extra-ovarian disease compared to the ovarian involvement [67].

6.4.2. Pseudomyxoma Peritonei (PMP)—Figure 516

This clinical term refers to a syndrome characterised by the presence of mucinous
loculated ascites within the peritoneum [68].

These mucinous septated collections disseminate along the peritoneal surface and their
mass effect causes a scalloped appearance of adjacent organs. Pseudomyxoma cells lack ad-
herence molecules on their surface, so they spread by a redistribution phenomenon, which
means they follow the current of the intraperitoneal fluid and tend to accumulate at the
gravity-dependent and resorption sites described at the beginning of this review [69]. Thus,
the mobile small bowel is initially spared thanks to its continuous peristaltic movement.

This entity has been classically associated with a perforated epithelial neoplasm of the
appendix; although less frequently, it can originate from mucinous tumours arising from
other organs [70]. It should be distinguished from mucinous peritoneal carcinomatosis—as
these conditions differ histologically—upon imaging findings and prognosis [71].

6.4.3. Peritoneal Malignant Mesothelioma (PMM)—Figure 517

This very rare and fatal primary malignancy of the peritoneum shows features that
overlap those of PC; thus, it is difficult to distinguish these entities using imaging alone.
The link with asbestos exposure is weaker than in pleural mesothelioma but remains its
best-defined risk factor [72]: a history of asbestos exposure or the presence of pleural
plaques can be helpful in differentiating PMM from PC.

6.4.4. Desmoplastic Small Round Cell Tumour—Figure S18

A rare mesenchymal malignancy that arises from peritoneal surfaces as multiple
soft-tissue masses. This occurs most frequently in young male patients. Imaging features
overlap with other peritoneal malignant tumours. Calcification may occur on 30% of the
cases [73].

6.4.5. Peritoneal Lymphomatosis and Peritoneal Sarcomatosis—Figures 519 and 520

As described at the beginning of this review, the term peritoneal carcinomatosis is
used when the disease is caused by epithelial cells. The peritoneum may also be the soil
of malignant nonepithelial cellular lines, mesenchymal or lymphoid, and thus refer to
sarcomatosis and lymphomatosis, respectively [26].

In the setting of an unknown primary tumour, the differential diagnosis should always
include the possibility of another cell line being the origin of the peritoneal deposits.

Peritoneal lymphomatosis (PL) is a rare condition but important to suspect, as it
responds favourably to chemotherapy. It is uncommon, as the peritoneum lacks lymphoid
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tissue, and the underlying mechanism is unknown. It is associated most frequently with
diffuse large B-cell lymphoma, although it can occur in many subtypes [74].

Imaging features include homogeneous soft-tissue diffuse infiltration of peritoneal
leaves [26], associated with prominent retroperitoneal lymph nodes [75] and bulky mesen-
teric lymph nodes that surround the mesenteric vessels and the perivascular fat on both
sides (sandwich sign) [76]. In the presence of lymph nodes, diagnosis is easier, as the
burden of the nodal disease is usually disproportionate to the peritoneal disease and its
distribution is more diffuse than in PC, where lymph nodes are usually located adjacent to
the primary tumour [77].

Ascites, which can be massive in PC, is rather mild in PL, and hepatosplenomegaly
occurs more frequently.

Isolated peritoneal disease with no bowel or lymph node involvement is rare [78].

Bowel obstruction is uncommon, even in extensive lymphomatous infiltration of small
bowel, due to its lack of desmoplastic reaction [79].

Peritoneal sarcomatosis (PS) is defined as a disseminated intraperitoneal spread either
from an intra-abdominal primary sarcoma or from extremity sarcomas [80]. Sarcomatous
peritoneal deposits tend to be larger, more hypervascular and heterogeneous (Table 2)
than in PC. In addition, lymph node involvement is rare. Ascites is variable [80] and
hemoperitoneum may occur more frequently than in PC [81].

Bowel obstruction and hydronephrosis tend to be more common in PC [80].

Despite these differences, the diagnosis of PL/PS based on imaging can be diffi-
cult to achieve as PC is much more frequent; thus, the diagnosis should be confirmed
using histology.

7. Conclusions

To correctly diagnose PC, a systematic approach to the abdominal cavity is highly
recommended. The knowledge of peritoneal anatomy and peritoneal fluid flow characteris-
tics substantially contribute to an understanding of where to look for deposits and their
appearance on cross-sectional imaging.

Indeed, in CT and MR, features of peritoneal deposits and their behaviour on contrast-
enhanced cross-sectional images are related to the histologic characteristics of the primary
tumour. Therefore, in the event of peritoneal carcinomatosis with unknown primary
tumour, signal intensity /density characteristics of the peritoneal deposits, together with
their vascular properties, may be helpful in the identification of the primary tumour.

Moreover, it can occur that the sole presenting sign of peritoneal carcinomatosis
is intra-abdominal complications, such as bowel obstruction or ureterohydronephrosis,
which should be considered suspicious in oncologic patients, even in the absence of clear
radiological evidence of peritoneal deposits.

Furthermore, there are several benign and malignant peritoneal conditions that may
mimic peritoneal carcinomatosis. Thus, even in oncologic patients, it is important to
consider these conditions in the differential diagnosis with peritoneal carcinomatosis.
However, when relying solely on imaging, it remains difficult to conduct a differential
diagnosis, since the imaging features overlap between benign/other malignant conditions.
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Peritoneal echinococcosis (same patient as Figure S58). Figure S8. Peritoneal echinococcosis. Figure S9.
Accessory spleen. Figure S10. Bowel perforation. Figure S11. Encapsulated omental fat necrosis.
Figure S12. Endometriosis. Figure S13. Leiomyomatosis peritonealis. Figure S14. Desmoid tumours.
Figure S15. Primary peritoneal serous carcinoma. Figure S16. Pseudomyxoma peritonei. Figure S17.
Peritoneal mesothelioma. Figure S18. Desmoplastic small round cell tumour. Figure S19. Peritoneal
lymphomatosis. Figure S20. Peritoneal sarcomatosis.
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Abstract: Inmunotherapy denotes an exemplar change in an oncological setting. Despite the effective
application of these treatments across a broad range of tumors, only a minority of patients have
beneficial effects. The efficacy of immunotherapy is affected by several factors, including human
immunity, which is strongly correlated to genetic features, such as intra-tumor heterogeneity. Classic
imaging assessment, based on computed tomography (CT) or magnetic resonance imaging (MRI),
which is useful for conventional treatments, has a limited role in immunotherapy. The reason is
due to different patterns of response and/or progression during this kind of treatment which differs
from those seen during other treatments, such as the possibility to assess the wide spectrum of
immunotherapy-correlated toxic effects (ir-AEs) as soon as possible. In addition, considering the
unusual response patterns, the limits of conventional response criteria and the necessity of using
related immune-response criteria are clear. Radiomics analysis is a recent field of great interest in a
radiological setting and recently it has grown the idea that we could identify patients who will be fit
for this treatment or who will develop ir-AEs.

Keywords: immunotherapy; radiological response assessment; Recist 1.1; i-Recist; immuno-related
adverse events

1. Background

Immunotherapy denotes an exemplar change in an oncological setting [1-6]. In fact,
different to other therapies as conventional chemotherapy [7-13], such as radiation [14-20]
or targeted therapies [21-27] which target the cancer, these treatments work by stimulating
the patient’s immune system to obtain an immune reaction against the tumor [2,3].

Immunotherapy can be categorized as passive or active, according to the action
mechanism [28-34]. In passive treatment [28-30], immunoglobulins can be administered
and attached to tumor-related antigens. Otherwise, in the active treatment, there is a
stimulation of the immune system to recognize antigens of the tumor and act against
them [30-34]. Although several approaches are presently utilized in clinical and pre-clinical
settings, the main means are centered on the so-called checkpoint inhibitors (ICI), that
include programmed cell death—1 (PD-1) protein, PD-1’s main ligand (PD-L1), and cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) [35-43].

In 2011, the U.S. Food and Drug Administration (FDA) approved the first agent, ipili-
mumab, a CTLA-4 inhibitor, for metastatic and unresectable melanoma [44]. Subsequently,
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different FDA approved agents, have been introduced in both routine and experimental
studies to treat different categories of solid and hematologic tumors as after failure of
conventional therapies or as first-line therapies [39,45-69]. Moreover, these treatments may
be combined with conventional treatments since they can increase the cytotoxic effect of
chemotherapy [70-72].

Although the effective utility of these treatments is within a wide range of tumors, only
a sub-group of patients show real benefits [73]. The efficacy of immunotherapy is affected
by several factors, including human immunity, which is strongly correlated to genetic
features [74-77], such as intra-tumor heterogeneity [78-86]. In fact, cancer is complex,
flexible, and heterogeneous, representing the result of an innumerable number of genetic
mutations that affect the regular cell functionality. However, these mutations allow the
cancer cell to appear as foreign to the immune system, offering an opportunity for this
treatment [78-86]. Clinical studies have demonstrated that even when several patients are
well qualified as immunotherapy responders (e.g., high tumor PD-L1 expression), a large
percentage of them (>50%) do not respond to this [87]. In addition, during treatment, some
patients can have a clinical and/or radiological disease progression [88]; these events are
known as “primary immune escape” and “secondary immune escape”, respectively [89].
The mechanisms implicated in these two phenomena (also known as resistance) can overlap.
Multi-omics analyses obtained from immunotherapy-treated patient tissues showed as
several features are correlated to immune resistance [90-92].

In addition, while immunotherapy has increased patient outcomes, it can cause several
immune-related adverse events (ir-AEs), which can be transitory or chronic, life-threatening
or mild, and could affect several organ systems, sometimes numerous organs at the same
time [93-108].

Classic imaging assessment, based on computed tomography (CT) [109-116] or mag-
netic resonance imaging (MRI) [117-127], which is useful for conventional treatment, has a
limited role in immunotherapy. The reason is due to different patterns of response and/or
progression during this kind of treatment which differs from those seen during other
treatments, such as the possibility to assess the wide spectrum of immunotherapy-related
toxic effects as soon as possible [128-139]. Thus, the introduction of robust noninvasive
imaging biomarkers that can allow the immunotherapy-response prediction and prognosis
is crucial.

The aim of this article is to (a) explain the response pattern and response criteria
utilized during immunotherapy assessments, (b) explain the wide spectrum of toxic effects
due to immunotherapy, and (c) explain the potential role of radiomics features as imaging
biomarkers for immunotherapy.

2. Treatment Assessment and Pattern Response

The frequently employed radiological response criteria have been introduced consid-
ering the chemotherapeutic agents’ cytotoxic results, which caused a decrease in target
size when the treatment has been effective [132,133,140]. The World Health Organiza-
tion (WHO) criteria assessed the tumor burden considering the sum of the products of
orthogonal largest diameters of the target lesions [141], while the response evaluation
criteria in solid tumors (RECIST) criteria [142] assessed the tumor burden considering
a one-dimensional (the largest diameter of target lesions). These criteria are not able to
evaluate functional or metabolic status, such as necrosis, that causes morphological changes
on CT (density decrease) or MRI (inhomogeneous signal on conventional sequences and
different pattern on functional ones) [130,143-146]. The CHOI criteria [143] were intro-
duced to assess target therapy in gastrointestinal stromal tumors, such as the PET response
criteria in solid tumors (PERCIST) to evaluate FDG uptake reduction [147,148].

In contrast to conventional treatments, immunotherapy involves a complex process
that includes different phases and during each one, the immune system is activated. Such as,
a number of immune cells move to the target with increasing in target volume and/or new
lesion growth [139,149,150]. This process can cause an unusual response pattern known
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as pseudoprogression [139]. Although, it is possible to obtain conventional response
patterns as a complete response (Figure 1) or a partial response (Figure 2), pseudoprogres-
sion (Figure 3), characterized by an increment in volume target, can occur in 4-10% of
immunotherapy-treated patients [128]. Divergent to pseudoprogression, in which treat-
ment is preserved, a true severe progression is hyperprogression (Figures 4 and 5) [128].
During an imaging study assessment, it could be complicated differ pseudoprogression
to hyperprogression [128], so a multidisciplinary team should assess complete patient
status [128].

Figure 1. Complete response pattern in a mesothelioma patient treated with immunotherapy. CT
scan assessment in pre-treatment phase (A) of lesion (arrow), at 3 months (B), and after 6 months (C).

Figure 2. Partial response pattern in non small lung cancer (NSLC) treated with immunotherapy
(arrows). CT scan assessment in pre-treatment phase (A,D), at 3 months (B,E), and after 6 months (CF).

Figure 3. Pseudoprogression of brain metastasis (arrows) in an NSLC patient treated with im-
munotherapy. CT evaluation (A) in pre-treatment phase, after 1 month (B), and after 12 weeks of the
first CT evaluation (C).
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Figure 4. Iperprogression in an NSLC (arrows) patient treated with immunotherapy. CT assessment
in pre-treatment phase (A-C) and after 3 months (D-F).

Figure 5. The same patient in Figure 4 (A). New lesions (arrows) in ileo-psoas muscle (B) due to
iperprogression during immunotherapy.

Another atypical response pattern are dissociated responses (Figure 6) [128]. In this
pattern, several lesions show dimension increase and others show regression. This pattern
is associated with a better survival compared to true progressions [128].

v N,

Figure 6. Dissociated responses in a melanoma patient during immunotherapy. CT assessment in
pre-treatment phase (A) and at 3 months (B) follow-up: black arrows show the regression of the
lesion while white arrows show the increase in lesion dimensions.
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Considering these response patterns, the limits of conventional response criteria are
clear. So, to overcome these limits, new criteria have been proposed. The first criteria
were the immune-related response criteria (irRC), based on the WHO criteria [136]. In
these criteria, two main features were introduced: (a) the first radiological progression
may be confirmed after 4 weeks, so in this phase, the patient can be treated; (b) the
development of new lesions is not assessed as a disease progression, but these may be
included in the total tumor burden [136]. The main limit of irRC is due to the bi-dimensional
measurement of target lesions. In addition, since the greater part of immunotherapy trials
in development at that time have been assessed according to RECIST, the obtained results
could be difficult to compare according to the new criteria [137]. Subsequently, the immune-
related RECIST (irRECIST), established on the unidimensional evaluation [138], have been
proposed. According to irRECIST, an increase of 20% in the total tumor burden from nadir
with a minimum of 5 mm, such as the progression of non-target lesions or the appearance of
anew lesion, has been defined as immune-related progression disease (irPD). Moreover, in
this case, the irPD must been verified after 4 weeks, and if there is also a new unequivocal
progression (UEP) in this phase, the patient is defined in disease progression [138].

To homogenize results between different trials, the RECIST working group proposed
an adaptation to the immunotherapy version of RECIST1.1, the immune RECIST (iRE-
CIST) [139]. The iRECIST identified a standard lexicon including immune complete re-
sponse (iCR), immune stable disease (iSD), immune PR (iPR), and immune unconfirmed
PD (iUPD) or confirmed PD (iCPD). The key element in iRECIST is that iUPD must be
confirmed by imaging at least 4 weeks after the first evaluation, but no more than 8 weeks
from iUPD, and that a patient may be classified as iUPD more times until there is an
iCPD [139]. Regarding new lesions, these must not be involved in the sum of total tumor
burden, but the patient can be classified as an iUPD. After an iUPD, the appearance of
another new lesion, increase in size of target or non-target lesions, an increase in the sum of
measurement of new target lesions >5 mm, or any progression of new non-target lesions
can cause an iCPD [139].

Although these immunotherapy-response evaluation criteria have been proposed to
allow the comparison of different clinical trial results, at the present, these are not utilized
in clinical settings, such as none of these takes into account the atypical response patterns
as hyperprogression or dissociated responses.

3. Immune-Related Adverse Events Assessment

If on the one hand, immunotherapy has improved oncological patient outcomes, on
the other, these treatments have caused a rise in adverse events, called ir-AEs, which can
involve several tissues and organs, from head to toe [93,95,96,151-153]. The ir-AEs are
classified according to the Common Terminology Criteria for Adverse Events (CTCAE
v 5.0) [94], which; moreover, permits to assess these events throughout several clinical trials.
A systematic review showed that about 74% of patients treated with anti-PD-L-1 inhibitors
developed ir-AEs, and among them, 14% had a grade >3, while the rate increased in
anti-CTLA-4 inhibitors treated patients (about 89% and in this group, about 34% had a
grade >3). When the authors evaluated patients treated with a combination of ICIs, the
rate was 90%, and among them, 55% had a grade >3 [95].

The ir-AEs are relatively new conditions, so very little is known about them. The
enhancement of the immune system is probably also responsible for an accidental autoim-
mune response [97-102,154-160]. Recombinant cytokines have a high toxicity profile, with
low possibility either in terms of the target population either duration time. Toxic effects
can involve several organs, as gastrointestinal tract, liver, lungs, heart, skin, endocrine,
and hematologic systems [161-164]. The ir-AEs can appear early, even after the first dose.
During ipilimumab treatment, the majority of ir-AEs appeared around 12 weeks, although
the appearance time is due to the target: for skin, around 3 weeks; for the liver, around
3-9 weeks; for the gastrointestinal-tract, around 8 weeks; and for the endocrine system,
around 7-20 weeks [165]. The majority of ir-AEs are mild or moderate, and readily re-
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versed by stopping the treatment and starting corticosteroid therapy [128]. Otherwise,
endocrinopathy related events are usually irreversible [128]. Life-threatening ir-AEs neces-
sitate hospitalization and, in higher grade, intensive care unit admission [128]. To prevent
the risk of milder forms becoming life threatening, radiologists should recognize ir-AEs
and should inform the clinical team as soon as possible. Consequently, there is a rising
request for radiologists to recognize ir-AEs imaging features to permit proper patient
management [97-102,154,155].

Regarding ir-endocrinopathies, hypophysitis, occurring in 10-13% of ipilimumab
patients, is the most frequent [99-101,166,167]. The typical symptoms are headache and fa-
tigue with anterior hypopituitarism and multiple hormonal deficiencies. At MR assessment,
the patient shows diffuse enlargement of the pituitary with no optic chiasm compression.
It is possible to find pituitary stalk thickening, such as during post-contrast assessment
pituitary enhancement [128].

With regard to gastrointestinal ir-AEs, the main symptom is diarrhea in a colitis
setting [128]. A study of 162 melanoma ipilimumab treated patients showed colitis in
28 (19%) of them [168]. On CT evaluation, typical colitis features include bowel wall
thickening with increased enhancement and mesenteric hyperemia, such as a fluid-filled
colon. Considering the extension of the colitis, two patterns have been reported: the diffuse
and segmental.

In the diffuse pattern, we find a fluid-filled distended colon with mild diffuse wall
thickening and mesenteric vessel engorgement. In the segmental pattern, colitis is associ-
ated with pre-existing diverticulosis (SCAD), so that we find a moderate segmental wall
thickening and pericolic fat stranding [128].

Pneumonia (Figure 7) is an ir-AE characterized by a focal or diffuse inflammation of
the pulmonary parenchyma, and its incidence in immunotherapy-treated patients ranges
from 0 to 10% [43]. Compared to pneumonia due to conventional chemotherapy, im-
munotherapy treated patients showed a greater susceptibility to develop this adverse event,
showing an increased risk of high-grade pneumonia, which could cause significant mor-
bidity, possible discontinuation of treatment, and a significant rate of mortality. However,
according to previous authors, clinical and radiological diagnosis can improve patient out-
comes [102,159,169-187]. Imaging has a critical role in pneumonitis detection, and CT is the
modality that should been chosen since this tool allows the identification of all little changes
in the lung and the characterization of different sub-types [179-187]. Delaunay et al. [159]
identified different patterns on CT studies from 64 patients, (2) organized pneumonia
(OP) (occurred in about the 23% of patients), (b) hypersensitivity pneumonitis (HP) (in
16% of patients), (c) non-specific interstitial pneumonia (NSIP) (in 8% of patients), and (d)
bronchiolitis (in 6% of patients), showing as in the same patients was possible to detect
different patterns [159].

Figure 7. NSLC (black arrows) patient treated with immunotherapy. CT assessment in pre-treatment
phase (A). During follow-up, in (B), appearance of ir-Pneumonitis (white arrow), with disease
regression after corticosteroid treatment (C).

Usually, in OPs sub-type, the typical features are bilateral peribronchovascular and sub-
pleural ground-glass and air space opacities, with mid- to lower-lung predominance [159].
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CT features in HP pattern include diffuse and predominant ground glass centrilobular
nodules in the upper lobe [159]. In NSIP pattern, there are ground glass and lattice opacities
prevalently in the lower lobe. Sub-pleural sparing of the posterior and inferior lobes is a
specific feature [159]. The bronchiolitis pattern is characterized by centrilobular nodularity,
with a tree-in-bud pattern [159]. Acute interstitial pneumonia (AIP)-acute respiratory
distress syndrome (ARDS) is not a typical pattern of ir-pneumonitis; however, it is possible
to find this sub-type in extensive pulmonary involvement [43].

Granulomatosis and sarcoid-like lymphadenopathies involve mediastinal and hilar
lymph nodes [128]. On CT, mediastinal and hilar lymphadenopathies have an appearance
and distribution similar to sarcoidosis nodes [128], so it is critical to recognize this condition
to avoid defining a PD.

Liver involvement is a rare condition (nearby 1-2% of treated patients) [128]; usually
only elevated liver function test results are detected, while in severe cases of ir-hepatitis
on imaging tools, it is possible to assess periportal edema, hepatomegaly, and periportal
lymphadenopathies [128].

4. Radiomics and Immunotherapy

Recently, the idea that imaging studies contain a great amount of data as grey level
patterns that usually are imperceptible to the human eyes has become more and more
interesting [188-198]. These texture features, when correlated with clinical-pathological
data and outcomes [199-211], theoretically allow for diagnostic and prognostic assessments
and it could produce evidence-based clinical-decision support systems [212-220]. The
assessment of textural characteristics, obtained using radiological images which depend
on mathematical analysis as histogram analysis, is called radiomics [221-233]. The main
objective is to combine several multimodal quantitative data with mathematical methods
to provide clear and robust parameters allowing an outcome prediction. Radiomics offers
outstanding benefits over qualitative imaging assessment since this is clearly limited by the
subjective evaluation of radiologists. A radiomics information extension can be obtained
by adding genomics data (radiogenomics); in fact, genomic markers, such as microRNA
expression, have been shown to be associated with treatment response, metastatic spread,
and prognosis that could offer personalized and precision medicine. This approach is
captivating since it could be used to obtain molecular data from images [229,234-245] with
no invasive approach to reduce costs, time, and any risk for the patient. For several tumors,
radiomics has already offered a precise molecular assessment, allowing the recognition of
biomarkers that are associated with the prognostic assessment [223-240].

Tumor immune phenotypes can be classified by histological and immunohistochemical
analysis as immune-inflamed, immune-excluded, and immune-desert types [246]. Dense
tumor-infiltrating lymphocytes (TILs) and a high tumor mutational burden characterize
immune-inflamed tumors. These elements correlate strongly to favor immunotherapy
response [247]. Otherwise, in immune-excluded and immune-desert types, which have
low TILs and highly proliferating tumor cells, the probability of primary immune escape is
high [89]. New biomarkers are needed to quantify TILs and PD-L1 expression to predict
and monitor tumor immunotherapy response [248].

Several authors have assessed the radiomics features in predicting response for this
treatment [39,249-256]. Granata et al. [39], in lung adenocarcinoma patients, showed that
the shift in the center of mass of the lesion was significant as in prediction of overall survival
(OS) as in prediction of progression free survival (PFS). By using univariate analysis, the
authors obtained low diagnostic accuracy, while by using multivariate analysis, a support
vector machine model showed the best results for stratifying patients based on OS (area
under curve (AUC) of 0.89 and an accuracy of 81.6%). In addition, a decision tree model
showed the best results for stratifying patients based on PFS time (AUC of 0.96 and an
accuracy of 94.7%) [39]. Sun et al. [249], in a retrospective multicohort study, analyzed
CT images and CD8 T cell RNA expression data from 135 treated patients with anti-PD-
1 and anti-PD-L1 antibodies to identify and validate a radiomics signature to predict
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treatment response. They showed that a high baseline radiomics score was correlated
with a higher objective response rate and OS [249]. Moreover, Tang et al. validated a
non-small-cell lung cancer (NSCLC) radiomics signature associated with PD-L1 expression
and density of TILs [250]. They showed that the radiomics signature was correlated to
OS [250]. Tunali et al. [252] demonstrated that a pretreatment radiomics model was able to
predict rapid disease progression phenotypes, including hyperprogression (AUCs ranging
0.804-0.865).

The results of these studies, although still in an embryonic phase, could support
the hypothesis that radiomics analysis may represent an effective biomarker to select
immunotherapy-responsive patients.

In addition, with great interest, we look at the possibility of applying radiomics to
the identification of patients who will develop ir-AEs. Colen et al. [253], as the first group,
assessed the possibility of radiomics to predict ir-pneumonitis. They obtained radiomics
features from a CT study of patients who did (n = 2) and did not (n = 30) develop this
event. However, the major limitation of this study was related to the number of patients
and unbalanced groups (n = 2 vs. n = 30). Larger groups of patients and balanced groups
are needed for radiomics analysis.

Thomas et al. [254] assessed 39 patients subjected to chemo-radiation therapy and
consolidative ICI therapy for locally advanced NSCLC. They evaluated radiomics data,
obtained by pre-treatment [99 mTc] MAA SPECT/CT perfusion images and clinical data.
In their study population, 16/39 (41%) patients developed pneumonitis and, with regard to
clinical characteristics, only the presence of baseline chronic obstructive pulmonary disease
(COPD) was correlated to pneumonitis. Perfused lung radiomics texture features were
correlated with lung volume, representing surrogates rather than independent predictors
of pneumonitis risk. However, the major limit of this study was related to the number of
patients and the lack of external validation group.

Several limitations to the clinical application of radiomics remain. The first key chal-
lenge is the use of different imaging techniques by different institutions. To ensure that the
academic community can obtain high-quality radiological data resources, it is necessary to
establish and promote certain imaging acquisition protocols. Second, the current research
uses different software and different feature-selection methods, focuses on different feature
sets, and applies different statistical and bioinformatic methods for data analysis and inter-
pretation, which limit the reproducibility of radiomics models. Future research workflows
need to be standardized. Third, many relevant radiomics studies employ single-center
retrospective datasets. A quality-controlled multicenter prospective study plan is ideal. In
addition, the evidence level rating reflects the feasibility of incorporating radiomics research
into clinical practice. Recently published guidelines and checklists aiming to improve the
quality of radiomics studies, including the radiomics quality score, modified Quality As-
sessment of Diagnostic Accuracy Studies tool, image biomarker standardization initiative
guideline, and Transparent Reporting of a multivariable prediction model for Individual
Prognosis or Diagnosis checklist, have been applied to radiomics evaluation [257,258].

5. Conclusions

Immunotherapy has a crucial role in the treatment of several tumors. Radiological
assessment is essential for evaluating tumor response such as ir-AEs in immunotherapy-
treated patients. Knowledge of the current response criteria and the response patterns,
such as the different patterns of ir-AES, is critical for radiologists to offer valuable data for
clinical providers to guide patient therapies. Radiomics analysis is a promising tool for the
selection of responsive patients to immunotherapy such as in early ir-AES detections in
order to avoid unnecessary treatments for unfit patients.
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Abstract: Gallbladder carcinoma represents the most aggressive biliary tract cancer and the sixth
most common gastrointestinal malignancy. The diagnosis is a challenging clinical task due to its
clinical presentation, which is often non-specific, mimicking a heterogeneous group of diseases,
as well as benign processes such as complicated cholecystitis, xanthogranulomatous cholecystitis,
adenomyomatosis, porcelain gallbladder or metastasis to the gallbladder (most frequently derived
from melanoma, renal cell carcinoma). Risk factors include gallstones, carcinogen exposure, porcelain
gallbladder, typhoid carrier state, gallbladder polyps and abnormal pancreaticobiliary ductal junction.
Typical imaging features on CT or MRI reveal three major patterns: asymmetric focal or diffuse
wall-thickening of the gallbladder, a solid mass that replaces the gallbladder and invades the adjacent
organs or as an intraluminal enhancement mass arising predominantly from the gallbladder fundus.
The tumor can spread to the liver, the adjacent internal organs and lymph nodes. Depending on
the disease stage, surgical resection is the curative treatment option in early stages and adjuvant
combination chemotherapy at advanced stages. The purpose of this scientific paper is to fully illustrate
and evaluate, through multimodality imaging findings (CT and MRI), different presentations and
imaging scenarios of gallbladder cancer in six patients and thoroughly analyze the risk factors,
patterns of spread and differential diagnosis regarding each particular case.

Keywords: gallbladder; gallbladder cancer; biliary tract cancer; CT; MRI; oncology; surgery; metastases

Gallbladder cancer is the most common malignancy of the biliary tract and the sixth
most common cancer of the gastrointestinal system [1]. According to GLOBOCAN es-
timates, gallbladder cancer is relatively rare and stands in 24th place among the most
frequent type of cancers worldwide with more than 115,949 new cases in 2020 [2,3]. In the
majority of cases, gallbladder carcinoma is asymptomatic or the clinical presentation is
often vague, non-specific and discovered at an advanced stage [4,5]. Imaging plays a crucial
and decisive role in the diagnosis, staging and subsequent management planning [6]. Occa-
sionally, gallbladder cancer might be discovered following a cholecystectomy. Moreover,
gallbladder cancer is thought to be favored by chronic cholelithiasis, cholecystolithiasis,
gallbladder polyps and porcelain gallbladder [7]. The prevalence of the disease is primarily
among elderly women over 60 years-old. The highest incidence occurs in South American
countries, Chile, Ecuador, India, Pakistan, Japan and South Korea. Incidence of gallbladder
cancer is 1-2 cases per 100,000 people [3,8,9]. However, gallbladder carcinoma still remains
a relatively rare pathology with a poor prognosis and it usually presents at a very advanced
stage [1]. Late-stage illness frequently manifests with anorexia, weight loss, abdominal
pain and jaundice [3].

Diagnostic imaging modalities for the gallbladder cancer include ultrasound, com-
puterized tomography (CT) and magnetic resonance imaging (MRI). CT and MRI are both
effective imaging modalities, but MRI provides superior soft-tissue characterization of the
gallbladder and biliary tree. The use of hepatobiliary contrast agents (gadolinium chelates)
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with increased hepatobiliary excretion in abdominal MRI imaging may offer valuable
information by providing enhanced images of the biliary tree [10].

We hereby fully illustrate the case of a 67-year-old female patient, who was admitted
to the Emergency Department with intense pain localized in the right renal fossa, radiating
to the right abdominal flank, accompanied by nausea with an onset of approximately two
weeks. During the physical examination, a reduced abdominal wall mobility with respira-
tory movements was observed, along with pain in the right hypochondrium and muscular
defense. Her medical history included hypertension grade 3 and congestive heart failure.
Laboratory tests showed elevated inflammatory markers (leukocytosis, procalcitonin, CRP)
and hypochromic microcytic anemia.

Biphasic (arterial phase followed by venous phase) contrast-enhanced emergency CT
was performed (Figure 1), which clearly highlighted a gallbladder hydrops, with asymmet-
ric, irregular gallbladder mural thickening, associated with multiple intraluminal mixed
stones (Panel A). The tumoral mass extends directly into the adjacent liver parenchyma in
segments IV and V and is in contact with the ascending colon (Panel C). Hepatomegaly can
be observed (right hepatic lobe measures = 190 mm), with nodular lesions, disseminated in
both hepatic lobes, hypodense, with rim peripheral contrast enhancement, more numerous
in the right lobe, presenting various sizes (up to 35 mm in segment V) highly suggestive of
liver metastases (Panel B and Panel C). Lymphatic metastases are common in gallbladder
cancer. In this particular case, CT showed multiple lymph nodes enlargements in the hilar,
mesenteric, celiac and precaval regions, up to 26/25 mm (measured in the hepatic hilum),
with associated central necrosis (Panel D).

Figure 1. Multiplanar sections of contrast-enhanced CT acquisitions richly illustrating a low
differentiated gallbladder adenocarcinoma. (A) Gallbladder hydrops (>40 mm transverse mea-
surement, 142 mm longitudinal measurement) with asymmetric gallbladder mural thickening,
7 mm (white arrow), and multiple intraluminal mixed stones, 5-8 mm (black arrow). (B,C) Liver
metastases—hypodense nodular hepatic lesions with rim contrast enhancement (yellow arrow).
(C) Tumoral extension into IV, V segments of the right hepatic lobe and contact with the ascending
colon (green arrow). (D) Lymphatic metastases (white stars).
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The patient was transferred to the General Surgery Department for specialized treat-
ment (intravenous antibiotics, intravenous hydration and correction of electrolyte abnormal-
ities). After laparoscopy and laparotomy, a subhepatic perforated tumor with duodenum
and transvers colon invasion was revealed. A partial cholecystectomy was performed
with cholecystostomy and intraperitoneal drain. The postoperative evolution progressed
without incident.

Formalin-fixed paraffin-embedded tissue sections from gallbladder and liver were ex-
amined histologically. The microscopic description was suggestive of poorly differentiated
gallbladder adenocarcinoma (G3); pT3NxMx. The liver metastatic site was pathologically
confirmed. TNM according to the AJCC (American Joint Committee on Cancer) 8th edition
gallbladder cancer staging system was in this case T3N2M1. Oncology follow-up and
adjuvant chemotherapy were recommended.

A 55-year-old female patient was admitted to the Emergency Department with right
hypochondrium pain and weight loss for 2 weeks, which had worsened over the last
two days accompanied by nausea and vomiting. No medical history was noted. Physical
examination revealed normal abdominal wall mobility with respiratory movements and a
sensitive right hypochondrium. Blood sample demonstrated normal levels of leukocytes
and inflammatory markers.

Contrast-enhanced emergency CT (Figure 2) revealed mucosal hyperenhancement of
the gallbladder, with irregular, mural thickening (16 mm), a gallstone (15 mm) and peric-
holecystic fluid and loco-regional inflammatory reactive lymph nodes (Panel A, Panel B
and Panel C).

Figure 2. Multiplanar sections of contrast-enhanced CT acquisitions richly illustrating gallbladder
carcinoma. (A,B) Gallbladder with irregular mural thickening, 16 mm (white arrow), pericholecystic
fluid and loco-regional inflammatory lymph nodes. (C) Gallbladder with an intraluminal gallstone,
15 mm (black arrow). (D) Abscess adjacent to the gallbladder with subtle peripheral contrast
enhancement (yellow arrow).
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The CT scan depicted an abscess adjacent to the gallbladder with subtle peripheral
contrast enhancement, measuring up to 12 mm in size along with inflammatory alterations
in the adjacent hepatic parenchyma (Panel D). Inflammatory fat stranding can be observed
at the omentum, periduodenum and pericolonic areas, as well as free intraperitoneal fluid.

An acute cholecystitis complicated by pericholecystic abscess was diagnosed. The
patient refused hospitalization and specialized treatment. The following day the patient
returned to the Emergency Department with severe pain and was admitted directly to the
General Surgery Department. Nevertheless, blood sample demonstrated increased levels
of CEA (67.83 ng/mL) and CA 19-9 (110.20 U/mL), markers which brought to question the
CT imaging diagnosis of an acute cholecystitis complicated by pericholecystic abscess.

Therefore, clinical suspicion of gallbladder carcinoma was raised and an MRI cholan-
giography was performed (Figure 3). A laparoscopic cholecystectomy was performed and
a subhepatic tumoral block with transvers colon invasion was identified. The patient was
referred to the Oncology Department for further specialized treatment and follow-up.

Figure 3. Abdominal MRI sequences highlighting imaging features suggestive of gallbladder car-
cinoma. (A) Diffusion-weighted imaging (DWI B800) showing bright high signal intensity of the
wall thickening of the gallbladder (white arrow). (B) On apparent diffusion coefficient (ADC) map,
the wall thickening is dark (black arrow)—illustrating markedly diffusion restriction—which in
correlation with increased levels of CEA and CA 19-9 is highly suggestive of gallbladder carcinoma.
(C) Axial T2-weighted FIESTA showing asymmetric strongly inhomogeneous wall thickening involv-
ing the gallbladder (yellow arrow). (D-F). Axial contrast-enhanced T1-weighted images showing
heterogeneous enhancement of the wall thickening (green arrows).

A 49-year-old woman with no relevant medical history presented with a 1-week
his-tory of abdominal pain, jaundice, dark-colored urine and clay-colored stool. Physical
examinations revealed normal abdominal wall mobility with respiratory movements, pain
and abdominal tenderness in the epigastric region. Laboratory results upon admission
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revealed elevated transaminases (ASAT 314 U/L, ALAT 484 U/L) and icteric cholestasis
(GGT 311 U/L, bilirubin 8.59 mg/dL). The complete blood count was normal.

Contrast-enhanced emergency CT was performed (Figure 4), which richly highlighted
a large heterogeneous intraluminal gallbladder mass, localized in the gallbladder fundus,
measuring 58/34 mm, irregular, peripheral contrast enhancement on arterial and venous
phase and with central hypodensity suggestive of areas of necrosis, extending to the
surrounding liver (segment V) (Panel A and Panel C). CT showed a gallstone (17 mm)
wedged in the gallbladder neck and intrahepatic biliary dilatation (Panel C and D). The
common bile duct was dilated due to the presence of a possible tumoral extension to biliary
tract or by the compressive effect of the multiple hilar lymphadenopathies; mesenteric,
celiac and retroperitoneal lymphadenopathies with areas of necrosis, measuring up to
25/15 mm were also noted (Panel B). Abdominal contrast-enhanced MRI was performed
(Figure 5).

Figure 4. Multiplanar sections of contrast-enhanced CT acquisitions richly illustrating gallbladder
carcinoma. (A) Heterogeneous ill-defined intraluminal irregular mass located predominantly in the
gallbladder fundus (white star). (B) Multiple lymphadenopathies with areas of necrosis included
(black arrows). (C) Gallbladder mass presents extension in the surrounding liver (segment V).
(D) Intrahepatic biliary dilatation in both hepatic lobes, predominantly perihilar (green arrows).
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Figure 5. Abdominal MRI vividly illustrating synchronous gallbladder and biliary tract carcinoma
with multiple large lymphadenopathies localized in the hepatic hilum, surrounding the cephalic
region of the pancreas and in the celiac region. (A) Axial T2-weighted FS showed significant intra-
hepatic biliary dilatation in both hepatic lobes (yellow arrow). (B) Axial T2-weighted FS showed
hypointense intraluminal gallbladder mass (white star) and multiple large lymphadenopathies.
(C) Axial diffusion-weighted imaging (DWI B800) showed irregular, asymmetrical thickening of the
walls of the intrahepatic bile ducts with high signal intensity suggestive of cholangitis (green arrow).
(D,E). DWI B800 highlighted the gallbladder mass; inhomogeneous areas of high signal (yellow
stars). (F) Coronal 3D MRCP showed enlarged gallbladder with an intraluminal gallstone and dilated
intrahepatic and extrahepatic biliary tree. (G,H). On apparent diffusion coefficient (ADC) map, the
gallbladder mass is dark, illustrating markedly diffusion restriction (green star). Multiple large
lymphadenopathies are also observed mainly in the lombo-aortic region, in the cephalic pancreatic
region and in the hepatic hilum (blue arrow). (I) Axial T1-weighted image showing hypointense
irregular tumoral gallbladder mass (white star). (J-L). Axial contrast-enhanced (arterial phase fol-
lowed by venous phase) T1-weighted image showing rim-enhancing of the tumoral gallbladder mass
(white arrow).

Furthermore, endoscopic retrograde cholangiopancreatography showed a stenosis
(with the length of 14-15 mm) at the middle third of the major biliary tract, therefore a stent
was placed.
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In this case, the probable diagnosis was of synchronous gallbladder and biliary tract
carcinoma with multiple large lymphadenopathies localized in the hepatic hilum, surround-
ing the cephalic region of the pancreas and in the celiac region.

Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) for gallbladder
tissue was performed. Histopathology showed small cell neuroendocrine carcinoma of the
gallbladder. Immunohistochemical stains were positive for CK7, synaptophysin (Syn) and
chromogranin A (CgA), and the Ki-67 indexes were over 97% cells.

A 69-year-old female patient with a past medical history of diabetes type II presented
to the Emergency Department with a 2-day upper abdominal pain, accompanied by hy-
potension and oligoanuria. Routine laboratory evaluation showed elevated inflammatory
markers (leukocytosis, procalcitonin 100 ng/mL, CRP 126 mg/L), elevated transaminases
and ferritin. The patient underwent contrast-enhanced computed tomography (Figure 6).
CT images depicted a distended gallbladder (99 mm in longitudinal measurement), with
asymmetrical thick-walled gallbladder (16 mm), heterogeneous contrast enhancement
(Panel A), with a gallbladder neck stone (10 mm), extended to the duodenum (Panel B and
Panel C). CT showed multiple low-attenuation hepatic masses with peripheral enhance-
ment, adjacent to the gallbladder fossa (segment V) and intrahepatic biliary tract dilatation.
Below the liver and adjacent to the gallbladder fundus, fat standing and free fluid were
observed. These imaging findings were suggestive of acute cholecystitis complicated by an
intrahepatic abscess or gallbladder carcinoma with wall perforation into the adjacent liver.

Figure 6. Multiplanar sections of contrast-enhanced CT acquisitions richly illustrating gallblad-
der carcinoma with an associated necrotizing infectious component. (A,B). Distended gallbladder
with asymmetrical thick-walled gallbladder (16 mm) (white arrow). (C,D). Abscess adjacent to the
gallbladder (black arrow); extension to the duodenum (blue arrow).

Antibiotic therapy and percutaneous US-guided drainage for liver abscess represented
the first-line treatment, without response. After that, surgical drainage and cholecystostomy
was performed.

226



Diagnostics 2024, 14, 475

Histopathological analysis revealed gallbladder carcinoma and palliative chemother-
apy was proposed.

A 63-year-old man with a history of severe hyponatremia, known prostate adenocar-
cinoma and gastroduodenal ulcer with Billroth I gastric resection presented with nausea,
vomiting, dizziness and weight loss for one month. On physical examination, abdominal
tenderness was noted. Routine laboratory evaluation demonstrated normal leukocytes
and inflammatory markers, moderate anemia and severe hyponatremia (serum sodium
was 108 mmol/L). Contrast-enhanced CT (Figure 7) showed a heterogeneous intraluminal
gallbladder mass, measuring 25/24/35 mm, localized in gallbladder fundus (Panel A,
Panel B, Panel C and Panel D). The mass had no invasion of the adjacent structures and no
associated imaging findings. An abdominal MRI was performed (Figure 8).

Figure 7. Multiplanar sections of contrast-enhanced CT acquisitions richly illustrating gallbladder
carcinoma. (A-D). Heterogeneous, contrast-enhancing intraluminal gallbladder mass located in the
gallbladder fundus region (black star).

Furthermore, a laparoscopic cholecystectomy was performed. The histopathological
exam revealed gallbladder carcinoma.

The particularity of this case report is amply illustrated by severe hyponatremia
presented as paraneoplastic SIADH syndrome (syndrome of inappropriate antidiuretic
hormone secretion) in a patient with gallbladder carcinoma.

A 67-year-old female patient with a past medical history of hypertension and autoim-
mune thyroiditis presented to the Emergency Department with abdominal pain accompa-
nied by nausea and weight loss. Physical examinations revealed abdominal tenderness
with a palpable mass in the right hypochondrium. Blood sample demonstrated elevated
inflammatory markers, hypochromic microcytic anemia, hepatic cytolysis and increased
levels of CEA (12.5 ng/mL) and CA 19-9 (51 U/mL). Contrast-enhanced emergency CT
(Figure 9) showed a large mass with heterogeneous enhancement, measuring 94/57 mm,
that partially replaced the gallbladder and invaded the liver (segment IVb), pyloric antrum
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and duodenum II. Bulky celiac and mesenteric lymphadenopathies with areas of necrosis,
measuring up to 27/25 mm were present.

Figure 8. Abdominal MRI sequences highlighting gallbladder carcinoma. (A) Diffusion-weighted
imaging (DWI B800) showing areas of moderate-high signal of the intraluminal gallbladder mass
located in the fundus area (white star). (B) On ADC map, the intraluminal gallbladder mass is
dark—diffusion restriction (yellow star). (C,D). Axial T2-weighted showing distended gallbladder
with a heterogeneous hypointense intraluminal mass and axial T1 dual ECHO showing isointense
gallbladder mass. (E) Axial T1-weighted image showing isointense gallbladder mass. (F-H). Axial
contrast-enhanced T1-weighted image (arterial phase followed by venous phase) showing strong
contrast-enhancement of the intraluminal gallbladder mass (black star).
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Figure 9. Multiplanar sections of contrast-enhanced CT acquisitions richly illustrating gallbladder
carcinoma. (A-D). A large, inhomogeneous pseudonodular mass with heterogeneous contrast
enhancement, with invasion in the adjacent liver, pyloric antrum and duodenum II (white arrows).
(A) Lymphatic metastases; with compressive effect on the inferior vena cava and right renal artery
and vein (blue arrow).

Abdominal MRI was performed (Figure 10).

Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) for gallbladder
tissue was performed and revealed epithelial gallbladder carcinoma. The biopsy specimens
were processed for frozen sectioning. Formalin-fixed paraffin-embedded tissue sections
from the gallbladder were examined histologically. The microscopic description revealed
proliferation of polygonal cells, abundant clear cytoplasm, large nuclei with irregular
membranes and atypical mitotic divisions.

The clinical symptoms of gallbladder cancer are often vague and non-specific and
include pain in the right hypochondriac region, nausea and vomiting. In the late stages
of the disease weight loss, anorexia and jaundice are often seen [11,12]. In contrast, some
patients present with symptoms of acute cholecystitis and malignancy may be incidentally
found following a cholecystectomy [13]. Detection of gallbladder at an early stage is
difficult because the symptoms often mimic benign conditions.

The major risk factors include being an elderly woman (over 60 years old, F:-M ratio
3:1), cholelithiasis and gallstones (in 60-90% cases) [10]. Regarding our cases, five of them
were female and one was male. Other risk factors include:

chronic inflammation due to typhoid carrier state;

gallbladder polyps (more than 10 mm);

porcelain gallbladder;

smoking and obesity [3,11];

anomalous pancreaticobiliary ductal junction, which is a rare congenital anomaly [12].

L
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Figure 10. Abdominal MRI images vividly illustrating epithelial gallbladder carcinoma. (A-C). Axial
T2-weighted FS showing inhomogeneous moderate hypointense heterogeneous tumoral parietal mass
surrounding the gallbladder (white arrow). (D,E). Coronal and axial T2-weighted images showing
hypointense heterogeneous tumoral gallbladder mass (green arrow). (F,G). Axial T1-weighted
illustrating iso-hypointense tumoral mass (blue arrow). (H-L). Axial contrast-enhanced T1-weighted
image (arterial phase followed by venous phase) showing a heterogeneous enhancement of the
gallbladder mass with areas of necrosis (yellow arrows). The mass invades the adjacent liver ((J), red
arrow) and duodenum II ((K,L), orange arrows). (M,N). Diffusion-weighted imaging (DWI B800)
showing bright signal of the large gallbladder mass (white stars). (O,P). On ADC map, the large
gallbladder mass is dark, illustrating diffusion restriction (yellow stars).

Gallbladder carcinoma might be found incidentally in 1-3% following a cholecystec-
tomy [14]. Because of advanced disease at diagnosis, the typical 5-year survival is only
5% [15].

Imaging has a key role in the diagnosis, staging, characterization and planning man-
agement of gallbladder cancer.

Diagnostic imaging modalities for the gallbladder cancer include ultrasound, comput-
erized tomography (CT) and magnetic resonance imaging (MRI). Ultrasound is frequently
the initial imaging modality for evaluating gallbladder disease. In locally advanced gall-
bladder cancer, ultrasound has a sensitivity of 85% and a specificity of 80% in diagnosis.
Moreover, ultrasound is limited to evaluate locoregional extension, nodal and metastatic
disease. CT and MRI are commonly indicated for the comprehensive assessment of disease
extension. Biphasic arterial phase (at 20 to 30 s) followed by venous phase (50 to 60 s)
contrast-enhanced CT is useful to evaluate gallbladder cancer. CT demonstrates a sensi-
tivity of 99% and a specificity of 76% in determining resectability. MRI is a noninvasive
imaging method and demonstrates superior sensitivity compared to CT, providing superior
soft-tissue characterization of the gallbladder and biliary tree [10].

Computed tomography (CT) and magnetic resonance imaging (MRI) reveal three
major patterns of disease. Gallbladder carcinoma could present as a mass that completely
replaces the gallbladder and invades the adjacent liver or as an intraluminal enhancement
mass (in 25% of cases) arising from the fundus (60%) or body (30%) [15-18]. Regarding
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our six patients, two of them presented with a mass that replaced a part of gallbladder
and invaded the adjacent liver (Case 3 and 6) and one of them as a suspicious intraluminal
gallbladder lesion localized in gallbladder fundus on CT and MRI (Case 5).

A third presentation of gallbladder carcinoma is either irregular focal or diffuse wall-
thickening of the gallbladder [15,19]. Regarding our cases, three of them had presented
with this imaging scenario (Cases 1, 2 and 4).

Tumor can spread to the liver (65%), colon (15%), duodenum (15%) and pancreas
(6%) [12,15]. Regarding our cases, in Case 1 the tumor spread to the liver and duodenum
and transvers colon and in Cases 4 and 6 metastatic spread to the liver and duodenum can
be noted.

Tumor extending to biliary tract is associated with poor prognosis. This aspect was
presented in Case 3. Also, in Cases 1, 3 and 6, local lymphatic tumoral spread was pre-
sented [15,20].

Associated findings include a checklist of:

gallstones (Cases 1, 2);

biliary dilatation (Case 3);

metastases in the liver parenchyma (segments IV, V) (Cases 1, 3);
peritoneum;

bulky porta hepatis, adenopathy (Cases 1, 3, 5);

invasion of the liver and bowel (Cases 1, 3, 4, 5, 6) [15,18].

Adenocarcinoma is the most common morphologic subtype of gallbladder cancer
(over 90% of cases), followed by adenosquamous and squamous cell type (10-15%). Small
cell carcinoma, neuroendocrine cell tumors and metastases are the rare types [10]. In our
six cases, different subtypes of gallbladder cancer were observed, three of which were
adenocarcinoma (Cases 1,4 and 6). In two cases (Cases 3 and 5), the histopathology showed
small cell neuroendocrine carcinoma. Neuroendocrine carcinoma of gallbladder is a rare
entity and it tends to be more aggressive compared with gallbladder adenocarcinoma [21].

In our Case 5 report (Figure 7), the patient presented gallbladder carcinoma with
endocrine manifestation. Gallbladder cancer associated with SIADH syndrome repre-
sents a very rare entity with few cases reported in the current literature. Hyponatremia
(<135 mmol/L) is correlated with a negative prognosis and in some case is a predictive
factor for cancer patients. Paraneoplastic syndrome of inappropriate antidiuretic hormone
secretion (SIADH) is induced by the abnormal secretion of antidiuretic hormone by tumoral
cells [21]. In our case, the final diagnosis was gallbladder carcinoma associated with SIADH
as a paraneoplastic syndrome.

Moreover, the American Joint Committee on Cancer 8th edition gallbladder cancer
staging system is staged by the depth of tumor invasion (T), presence of lymph node
metastases (N) and presence of distant metastases (M) [1]. The T component describes
the depth that the tumor has grown from the inside through the outer layers. The N
component indicates invasion in lymph nodes. The M component describes distant metas-
tases, the most common sites of metastases being represented by the peritoneum and liver
parenchyma [10,22].

Furthermore, for the most important imaging part regarding differential diagnostic,
imaging represents a helpful modality for distinguishing between benign and malign
gallbladder diseases, in most cases [15,23]. Differential diagnosis includes a group of
diseases, such as complicated or chronic cholecystitis, xanthogranulomatous cholecystitis,
adenomyomatosis, adenoma, porcelain and metastases [15].

A gallbladder tumor is usually represented on imaging as focal or diffuse asymmetric
mural thickening [10,24].

The presence of symmetric wall thickening often indicates a benign origin, such as
acute or chronic cholecystitis or adenomyomatosis [24].

Acute cholecystitis complicated by pericholecystic abscess are frequently differentiated
from gallbladder cancer due to their typically rapid and severe acute clinical presentation.

LK
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Also, acute cholecystitis on contrast-enhanced CT shows increased gallbladder wall en-
hancement associated with hyperemia, frequently associated with gallstones (Figure 11) [10].

Figure 11. A 67-year-old woman undergoing contrast-enhanced CT for suspected abdominal acute
appendicitis. CT images show pericholecystic abscess (white arrow) and symmetric wall thickening
suggestive of acalculous cholecystitis.

Moreover, the differential diagnosis between xanthogranulomatous cholecystitis
(Figure 12) and gallbladder tumor, can be challenging, particularly in patients with pro-
liferative fibrosis. Xanthogranulomatous cholecystitis is an uncommon form of chronic
cholecystitis characterized by aggressive inflammatory changes, by intramural hypoattenu-
ating nodules and by fat detection on MRI in thickened wall (Figure 13) [25-29].

Figure 12. A 70-year-old male with a history of hypertension, type 2 diabetes, peripheral venous
thrombosis, presented at our Emergency Department with abdominal pain accompanied by diarrhea,
night sweats and fever. His laboratory findings showed elevated inflammatory markers. Computer-
ized tomography (CT) revealed (B)—diffuse wall thickening with intramural low-density nodules
and bands in thickened walls (white arrow) associated with (A) pericholecystic inflammatory change
(yellow arrow).

Furthermore, gallbladder adenomyomatosis is a benign gallbladder lesion. Imaging
shows a focal or diffuse gallbladder mural thickening, which can mimic cancer. The invagi-
nations or diverticula are frequently called Rokitansky—Aschoff sinuses, which can be easily
visualized on MRI imaging [19,20,30]. The differential diagnosis for intraluminal polypoid
tumors includes both benign and malignant lesions: adenomatous polyp, cholesterol polyp,
carcinoid tumor and metastasis from melanoma or renal cell carcinoma [31].

Metastases to the gallbladder are rare, usually with a late diagnosis and represent
an end-stage of malignancy, being commonly associated with metastases to other tissues
(patients with an established diagnosis of disseminated cancer) and usually presenting
poor and unfavorable prognosis. The most common primary tumor metastasizing to the
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gallbladder is melanoma (55% of cases) (Figures 14-16), followed by breast cancer (13%),
hepatocellular carcinoma (13%) and renal cell carcinoma (7%) [32,33].

Figure 13. Abdominal MRI vividly illustrating Xanthogranulomatous Cholecystitis. (A) Diffusion-
weighted imaging (DWI B800—bright high signal) demonstrated restricted diffusion (white arrow),
but malignancy typically demonstrates lower ADC values. (B) On ADC map, the wall thickening is
dark (yellow arrow). (C,D). Intramural areas of necrosis are high signal intensity on axial and coronal
T2-weighted images (green arrows). (E-H). Axial unenhanced and contrast-enhanced T1-weighted
images showing diffusely thickened wall, with multiple intramural nodules with peripheral contrast

enhancement (blue arrows).
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Figure 14. We present a rare and unusual case of a 67-year-old male with a medical history of
cutaneous melanoma on right thorax stage IV. CT images fully illustrated a contrast-enhancing
polypoid pseudonodular mass located in the gallbladder fundus measuring 21/20 mm (white
arrows). (A) Native examination: 55-60 HU. (B) Arterial phase: 95-119 HU. (C) Venous phase:
80-100 HU. (D) Delayed phase (3 min): 75-80 HU. MRI was performed (Figure 15). Melanin is
usually hyperdense on unenhanced CT images and hyperintense on T1-weighted MRI; this criterion
plays an essential role in the differential diagnosis between primary or secondary gallbladder lesions.
The patient followed immunotherapy.

Figure 15. Cont.
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Figure 15. Abdominal MRI. (A) Axial T2-weighted FS showing markedly hypointense pseudonodular
tumoral gallbladder lesion (white arrow). (B) Axial T2-weighted showing hypointense gallblad-
der lesion (white arrow). (C) Coronal T2-HASTE hypointense gallbladder lesion (white arrow).
(D) Diffusion-weighted imaging (DWI B800) showing bright hypersignal of the lesion (blue arrow).
(E) Restricted diffusion (blue arrow) on apparent diffusion coefficient (ADC) map. (F,G) Axial
contrast-enhanced T1-weighted image showing a strongly enhancing polypoid pseudonodular mass
in the gallbladder fundus. (H) Axial T1-weighted image FS showing hyperintense nodular lesion
component (yellow arrows), highly suggestive of melanin.

Figure 16. Remarkable treatment response to immunotherapy; intracholecystic metastatic lesion from
cutaneous melanoma after immunotherapy appears in remission (white arrow).
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Abstract: Juvenile polyps, typically localized in the rectum and sigmoid colon, are a common cause of
pediatric bloody stool. An isolated small intestinal juvenile polyp is uncommon and generally difficult
to diagnose. The first case of an isolated juvenile polyp diagnosed by abdominal ultrasonography
before acute abdomen had developed and resected by double-balloon endoscopy is presented along
with a review of previous reports including this case. A two-year-old Japanese boy was referred to
our institute for further evaluation of anemia persisting from one year of age. Laboratory findings
showed mild iron deficiency anemia and elevated fecal human hemoglobin (Hb) and fecal calprotectin
values. Upper and lower endoscopic findings showed no abnormalities. Because the abdominal
ultrasonography performed one year later demonstrated a 15 mm jejunal polyp, combined with a
similar finding on small intestinal capsule endoscopy, this was diagnosed as an isolated lesion. The
lesion was resected by cautery with double-balloon endoscopy and diagnosed as a juvenile polyp
pathologically. All clinical symptoms disappeared, and all laboratory data improved after treatment,
without recurrence for more than one year after the procedure. Abdominal ultrasonographic screening
and the fecal calprotectin value led to the diagnosis and non-surgical invasive treatment of an isolated
small intestinal juvenile polyp.

Keywords: anemia; double-balloon endoscopy; fecal calprotectin; intestinal juvenile polyp; ultra-
sonography

A two-year-old Japanese boy was referred to our institute for further evaluation
and treatment of protracted iron deficiency anemia. The anemia improved with iron
supplements, but relapsed following cessation of the medication. Similar episodes were
repeated frequently, and fecal human Hb level was also elevated. The patient had no
significant personal or family history. At the first visit to our institute, the patient had no
growth retardation and no significant abnormalities in vital signs. During the period of iron
administration, no physical abnormalities were observed. Moreover, he had no significant
external deformities and normal psychomotor development.

The patient’s initial laboratory tests showed Hb 11.2 g/dL, mean corpuscular volume
80.5 fL, mean corpuscular Hb concentration 26.4%, total protein 6.1 g/dL, albumin 4.1 g/dL,
immunoglobulin G 461 mg/dL, and ferritin 19 ng/mL. Fecal examinations showed fecal
human Hb 215 ng/mL and fecal calprotectin 134 ug/g. Both upper gastrointestinal en-
doscopy and colonoscopy performed at two years of age showed normal mucosal findings.
At three years of age, the patient was re-evaluated by abdominal ultrasonography (AUS)
concurrent with capsule endoscopy (CE). Abdominal ultrasonography showed a movable
mass lesion in the mid-abdomen, and color Doppler flow showed a blood flow signal to-
ward the mass, leading to the diagnosis of a pedunculated polyp. The polyp was localized
in the upper jejunum, with a diameter of approximately 15 mm, and multiple anechoic
cysts in the parenchyma, suggesting a juvenile polyp (Figure 1a,b). A same mass lesion
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was also identified in the upper jejunum by CE, with no abnormalities in the remaining
small intestine (Figure 2a).

Figure 1. The ultrasonographic findings of the isolated small intestinal polyp. (a) Multiple anechoic
cysts are identified within the parenchyma of the polyp. (b) The pedunculated polyp has a diameter
of 15 mm and shows increased internal vascularity.

Figure 2. The findings of capsule endoscopy and double-balloon endoscopy. (a) Capsule endoscopy
shows a polyp-like lesion at the upper jejunum, but no similar lesions are observed in other small
intestinal segments. (b,c) A pedunculated polyp is found 75 cm anorectally from the pylorus and
resected by cautery using a high-frequency snare. (d) The diameter of the resected polyp is 15 mm.
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One month after CE, oral DBE was performed, and an isolated pedunculated polyp,
identified 75 cm anorectally from the pylorus, was resected by cautery with a high-
frequency snare (Figure 2b—d). The histopathology of the polyp suggesting a hamar-
tomatous polyp, which was consistent with a juvenile polyp (Figure 3). The polyp was
removed by DBE with no complications. The patient was discharged a day after polypec-
tomy, following the disappearance of gastrointestinal symptoms and fecal human Hb and
calprotectin elevation. Iron supplements were stopped, and the anemia disappeared. At
one-year post-treatment, there were no abnormal laboratory data, and no new polyps were
identified on abdominal ultrasonographic screening.

Figure 3. The histopathological findings of the resected polyp (hematoxylin and eosin staining). The
histology shows mixed findings of dilated and serrated glandular ducts with partial granulation,
consistent with a hamartomatous polyp.

Juvenile polyps tend to be localized to the rectum and sigmoid colon and are also
associated with iron deficiency anemia due to protracted bloody stool and intussusception
involving polyps as the pathologic advanced lesions [1,2]. The pathology is applicable to
the small intestine, as well as the colon, particularly in Peutz—-Jeghers syndrome, suggesting
that small intestinal polyps larger than 15 mm in diameter should be resected to prevent
intussusception [3]. Knowledge regarding the diagnostic difficulty and rate of small
intestinal polyps is extremely limited because of the insufficient spread of small intestinal
endoscopy [4]. In the present case, it was an isolated jejunal juvenile polyp, and occurrence
in the small intestine except in juvenile polyposis syndrome is extremely rare and has been
reported infrequently [5].

Therefore, a review of this disorder, including the present case, was conducted, exam-
ining clinical features, onset age, sex differences, treatments, and examination procedures.
Searching in the PubMed database, seven cases were reported between 1981 and 2022,
including the present case [5-10]. Intussusception and anemia were present in four and
three of the seven cases, respectively. Two of the three cases of anemia had suffered for a
long duration until diagnosis. The present case also required two years from identification
of anemia to diagnosis, suggesting the diagnostic difficulty of an isolated small intestinal
polyp [5,7]. No recurrent and malignant cases were found, and no cases of an isolated
juvenile polyp were diagnosed as polyposis later. All isolated small intestinal polyps were
located in the jejunum, and the diagnosis was established by ultrasonographic identifica-
tion of jejunojejunal intussusception in three of seven cases, and surgical resection of the
polyps was required in five of seven cases. Except for the present case, only one patient
with chronic iron deficiency anemia diagnosed by small intestinal CE and who underwent
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polypectomy using single-balloon endoscopy was not treated surgically [5]. The findings
suggest that isolated small intestinal juvenile polyps were diagnosed mainly with the onset
of intestinal intussusception, leading to surgery in most patients.

The facts seem to suggest the diagnostic difficulty of this disorder preceding intus-
susception. Abdominal ultrasonographic screening is thus extremely valuable for patients
with chronic iron deficiency anemia presenting at around one year of age and relapsing
after withdrawal of iron supplements, because no standard criteria for the acceptable age
to perform small intestinal CE have been established.

In addition, elevated fecal calprotectin values and their utility as a diagnostic aid
have been reported in colonic juvenile polyps [11]. Hestvik et al. reported that the median
fecal calprotectin value was 75 ug/g (95% CI: 53-119) in healthy children aged one to
four years [12], and Roca et al. recommended the cut-off value of 285.9 ug/g for healthy
children aged one to four years [13]. Fecal calprotectin values measured at four points
prior to polypectomy in the present case were 103, 134, 205, and 327 ug/g (in chronological
order), demonstrating a similar level of elevation to that reported previously. However,
no data related to fecal calprotectin in small intestinal juvenile polyps were found, and
fecal calprotectin may also be useful as a diagnostic aid for isolated small intestinal juvenile
polyps, although this was derived from the data of the present case alone. The present case
is particularly valuable because the diagnosis of an isolated small intestinal juvenile polyp
could be made based on the patient’s symptoms without surgical complications such as
intussusception and is the first report of treatment by DBE.

Isolated small intestinal juvenile polyps may be treated non-surgically without intus-
susception developing with immediate diagnosis of the polyp using abdominal ultrasono-
graphic screening and fecal calprotectin appropriately to make the differential diagnosis of
protracted iron deficiency anemia.
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