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Abstract: Dual-energy CT (DECT) is an innovative technology that is increasingly widespread in
clinical practice. DECT allows for tissue characterization beyond that of conventional CT as imaging
is performed using different energy spectra that can help differentiate tissues based on their specific
attenuation properties at different X-ray energies. The most employed post-processing applications
of DECT include virtual monoenergetic images (VMIs), iodine density maps, virtual non-contrast
images (VNC), and virtual non-calcium (VNCa) for bone marrow edema (BME) detection. The diverse
array of images obtained through DECT acquisitions offers numerous benefits, including enhanced
lesion detection and characterization, precise determination of material composition, decreased
iodine dose, and reduced artifacts. These versatile applications play an increasingly significant role in
tumor assessment and oncologic imaging, encompassing the diagnosis of primary tumors, local and
metastatic staging, post-therapy evaluation, and complication management. This article provides a
comprehensive review of the principal applications and post-processing techniques of DECT, with a
specific focus on its utility in managing oncologic patients.
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1. Introduction

Dual-energy CT (DECT) has become an integral component of clinical practice, offering
a wide array of applications across various medical domains, including musculoskeletal,
vascular, cardiac, gastrointestinal, genitourinary, and neurological fields [1-19]. Notably,
recent advancements have highlighted its significant advantages in the evaluation of
oncology patients [20-22]. Key among these applications are virtual non-contrast (VNC)
and iodine maps, which effectively highlight tissue vascularity [23-34] in both primary
tumors and metastases [35-43]. Furthermore, enhanced visualization of vascular structures
enables the optimized assessment of vascular involvement [44]. Virtual monoenergetic
reconstructions further enhance visualization, particularly of small lesions, by increasing
tissue contrast and reducing artifacts [45-48].

The radiologist faces an oncological patient with numerous management needs, includ-
ing the identification of the primary tumor, establishing its relationships with neighboring
structures, and objectively and repeatably evaluating morphology and density. This lays
the groundwork for a primary diagnosis, for follow-up, and for a reliable reassessment
after targeted therapies. Furthermore, in some patients, it will be necessary to make a
differential diagnosis of any incidental findings.

In comparison to previous studies in the literature, our paper focuses on a compre-
hensive and precise review and on a discussion of DECT applications, categorized by
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specific application, emphasizing their significant contributions to the management of
oncology patients.

Imaging Technique

There are various types of dual-energy CT scanners available, each with different
imaging acquisition technologies based on the vendor [49]. The common factor among
these systems involves having two sets of image datasets with different energy levels
(keV) which, through dedicated software applications, allow for optimized CT diagnoses.
Specifically, the scans can be acquired using different methods such as dual-source tubes,
rapid switching of energy levels within the same tube (fast kV switching), sequential scans,
or using panels characterized by different layers.

Dual-source CT employs two X-ray sources and detector arrays positioned at different
angles. This technology allows for the simultaneous acquisition of data at different energy
levels, typically high and low kilovoltage (kV), enabling the production of dual-energy
images. This approach enables the acquisition of images with higher iodine contrast-
to-noise ratio, reduced beam-hardening artifacts, and the possibility of material-specific
images [50,51]. In the rapid kV switching technique, a single X-ray tube rapidly switches
between two energy levels to obtain dual-energy data. This method is implemented in
some modern CT scanners, allowing for the acquisition of dual-energy information. The
sequential scan approach involves acquiring images at different energy levels sequentially,
rather than simultaneously. This method enables the generation of dual-energy information
by capturing images at distinct energy levels, one after the other, during the scanning pro-
cess. In a dual-layer detector, CT scanners are equipped with detectors with two layers that
differentiate the energy levels of the incoming X-rays. This design enables the acquisition
of dual-energy information in a single scan.

Lastly, the most recently released technical innovation, photon-counting detector
computed tomography (PCD-CT), offers greater capabilities in multienergy CT as well as
spatial resolution, directly detecting and counting individual photons [50].

The applications described and the clinical cases shown in this review paper were
acquired using different scanners employing different technologies as the underlying
principles of the applications remain the same (for instance, for virtual non-contrast and
iodine map acquisitions).

Theoretically, any phase of a CT scan can be acquired using the dual-energy mode.
Generally, in clinical practice, dual-energy acquisitions focus on arterial scans and on
venous scans, which are pivotal for CT-based oncology diagnosis [52,53]. Arterial images
allow for the dedicated study of arteries and bleeding [54]. Furthermore, the arterial phase
is typically necessary and ideal for identifying hypervascular tumors and metastases [55].
Among the most highly vascularized tumors, better identified in the arterial phase, are hep-
atocellular tumors, which typically display intense wash-in during the arterial phase [56].
Other tumors that are typically well-vascularized in the early stages of dynamic imaging
include renal tumors, particularly clear cell tumors [55]. In the adrenal region, paragan-
gliomas demonstrate typical arterial vascularity, as do the majority of endocrine tumors,
both functional and non-functional. Among these, carcinoid tumors, aside from being
highly vascularized, are often associated with hypervascular metastases, frequently lo-
calized in the hepatic area and in the mesenteric lymph nodes [55]. Many metastases,
especially in the abdominal region, often demonstrate vascularity in the arterial phase,
including melanoma metastases that can affect virtually any body district, particularly the
superficial soft tissues.

Further to this, the enhancement in tissue contrast achieved in dual-energy during the
arterial phase can help better define the presence of hypovascular tumors, especially in
glandular areas, where healthy glandular tissue stands out against the hypovascular tumor
area. This is the case, for example, in pancreatic tumors, as well as in tumors originating
from the bile ducts.
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Conversely, venous images offer insight into peritumoral vascular involvement [57].
Also, the venous phase acquired in dual-energy imaging can theoretically benefit from the
greater density difference between healthy tissues and those involved in the tumor process,
especially in lesions that exhibit wash-out in venous phase. Among these, in addition to
primary hepatocellular liver tumors, there are most hypovascularized liver metastases,
which are among the most frequent in daily practice, affecting patients with colon, breast,
and lung cancer. Non-contrast dual-energy acquisition could also be beneficial in improving
the performance of applications focused on studying bone, liver, and calcifications, which
may be associated with pancreatic or obstructive diseases [29,41]. These acquisitions are
also the most commonly used and likely more reliable for opportunistic assessment of
vertebral density, which can be utilized as an alternative to conventional bone densitometry
for identifying osteoporosis. Osteoporosis, affecting a significant number of patients,
particularly many post-menopausal women, represents a significant comorbidity in women
with cancer, where the condition can certainly be exacerbated by frequently necessary
ongoing therapies. Similarly, baseline DECT acquisitions can be employed to assess muscle
trophism, which could represent another cornerstone in the management of oncology
patients, potentially serving as an important indicator of overall health deterioration,
thereby acquiring potential prognostic and management value.

2. Virtual Non-Contrast (VNC)

The virtual non-contrast (VNC) application is widely utilized in clinical practice,
particularly in oncology patients. Among its major advantages, this application allows for
the possibility to not acquire the baseline scan, potentially reducing radiation dose, as it is
a critical factor for oncology patients undergoing multiple serial CT scans [24]. Along with
providing high-quality images, VNC datasets enable reliable and dedicated densitometric
measurements, which have practical clinical utility [58].

Applications

One of the most important and reliable fields of application of VNC is renal imaging.
In this scenario, the VNC application aids in distinguishing between benign renal cysts
and solid renal masses without the need for a separate non-contrast acquisition (Figure 1).
Indeed, renal cysts represent a common incidental finding in oncologic patients, and many
cysts may show septations, internal nodules, or hyperdense content due to intra cystic
hemorrhage or increased protein content. Also, new renal cysts may represent a relatively
common finding in follow-up studies. VNC can help assess the internal content of the renal
cysts, differentiating between simple cysts (which are fluid-filled and typically benign)
and complex cysts or solid lesions (which may indicate malignancy or other concerning
features) [59]. In clinical practice, benign renal cysts usually exhibit attenuation close
to that of water on non-contrast images, appearing hypodense or with low attenuation
values. In contrast, complex cysts or solid lesions show varying attenuation values or
enhancement patterns on contrast-enhanced images, indicating the presence of internal
structures, septations, calcifications, or solid components. This differentiation is crucial
for appropriate patient management, determining further imaging or follow-up studies
and guiding treatment decisions. In oncologic patients, this approach is of fundamental
importance in cases of incidental cystic lesions to avoid repetition of the true non-contrast
scan, reducing radiation burden and patient’s discomfort.

In the paper by Camlidag et al., using histopathological diagnosis as a reference for
diagnosis, the authors assessed the value of dual-energy CT in distinguishing benign
versus malignant renal lesions, with a significant difference being found between the iodine
content of clear cell and non-clear cell (papillary + chromophobe) RCC (p < 0.001), and in
distinguishing aggressive versus indolent lesions [60]. Moreover, the authors proposed
a cut-off as concerns iodine content in differentiating clear cell from non-clear cell RCC
(3.2 mg/mL), and a significant difference was found between the attenuation values of true
and virtually unenhanced images (p = 0.007) [60].
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Figure 1. Sixty-eight-year-old woman suffering from incidental surgically proven papillary carcinoma
of the right kidney. On the coronal reconstructed conventional baseline CT, (a) a small exophytic infe-
rior polar nodule of the right kidney can be recognized (circular region of interest) with solid density
(29.9 HU). On the corresponding iodine density superimposed on the virtual non-contrast image on
the coronal plane, (b) the lesion shows a clear iodine uptake (0.9 mgl/mL), with different behavior
compared to the simplex cyst located on the mid third of the same kidney. On the corresponding
coronal contrast enhanced CT image, (c) the lesion demonstrates equivocal enhancement (43.8 HU),
and the density could be affected by artifacts due to metal spine fixation. The qualitative assessment
of the corresponding coronal subtracted image (d) shows only a mild equivocal enhancement.

Another application is the assessment of incidental adrenal findings [26,27]. Adrenal
metastases are relatively common in oncologic patients, especially with lung, breast, colon,
and kidney cancers. The primary step in the differential diagnosis involves evaluating
the baseline density of the nodule. Densitometric values below 10 HU usually indicate
an adenoma [61], while higher values raise suspicion of metastasis. This differential
diagnosis is not only prognostically relevant for the patient but also substantially impacts
management decisions.

In this scenario, even in patients without a true baseline acquisition, densitometric
measurements can be utilized on VNC reconstructions [26,27]. While there is typically a
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discrepancy of about 5-6 HU between densitometric values between the true pre-contrast
scan and the virtual one (depending on scanner type and imaging parameters), these values
can still be employed in daily practice. Specifically, it is advisable to maintain a safety
margin, often around 10 HU. For instance, an adrenal lesion with internal VNC density
measuring around 0 HU can confidently be considered an adenoma, whereas any lesion
with density values higher than 20 HU should be considered as metastases, and wash-out
curves should be acquired [62]. Through VNC imaging, DECT can also efficiently detect
the hyperdensity characteristic of adrenal hemorrhage, where the attenuation value is
greater than other masses (50-70 HU), and usually, no appreciable contrast enhancement is
noted [63].

Moreover, in adrenal diagnostics, the baseline scan aids in calculating absolute and
relative washout [61]; by employing a similar safety margin, appropriate washout curves
can be calculated even in the absence of a true baseline scan (Figure 2).

Figure 2. The role of the virtual non-contrast (VNC) application in oncologic patients with incidental
adrenal lesions. In the first case, a 45-year-old male suffering from lung cancer with a small solid
nodule of the left adrenal gland diagnosed as a metastasis. On dynamic axial scan (a), the lesion
shows discrete enhancement, with slow wash-out in the 15-min scan (b). On the corresponding
VNC scan (c), the lesion shows density >10 HU (39 HU), which is consistent with the diagnosis of a
metastasis. In the second case, an adrenal adenoma in a 39-year-old woman with breast cancer shows
mild enhancement during the venous phase (d), fast wash-out (e), and above all, a clear adipose
density (—16 HU) on the corresponding VNC scan (f).

In vascular imaging, particularly in computed tomography angiography, VNC allows
for the assessment of vascular calcifications without the need for a separate non-contrast
scan [64]. It distinguishes between areas of calcification and contrast-enhanced blood ves-
sels, providing insights into the extent and distribution of vascular calcifications. Also, VNC
allows for the differentiation of iodine contrast from pathology, aiding in the identification
of vascular pathologies such as aneurysms, dissections, or thrombosis [65].

Also, VNC can be employed for the evaluation of bleeding or hemorrhage in com-
bination with iodine maps. These conditions may represent threating complications in
oncologic patients both during the diagnostic pre-treatment work-up and during follow-up
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studies. These conditions may represent complications after surgery or following chemo-
or radiotherapy.

The VNC application in gastrointestinal bleeding serves as a valuable tool in diagnos-
tic imaging. This application allows for the visualization and assessment of blood in the GI
tract without the need for a conventional non-contrast CT scan. It aids in distinguishing
areas of high-density blood from surrounding tissues or fluids within the GI tract, provid-
ing critical information to localize the source and extent of bleeding. VNC, especially if
combined with iodine maps, can enhance the detection of subtle active bleeding [9]. In
the paper by Sun et al., lower noise and higher SNR were found on VNC images than on
true-non-contrast images (p < 0.05) with similar image quality (p > 0.05) [33]. By using
DECT, the AUC in depicting active bleeding source was 0.95 for portal-venous phase with
dual-energy mode and post-processing VNC datasets and iodine map, representing an
accurate screening method with a lower radiation dose [33].

In recent years, a limitation in the utilization of VNC imaging has been identified in the
significantly higher mean attenuation and higher noise levels compared to true non contrast
phases, for example, in the arterial-phase CT angiography [66] and in the calcifications
subtractions [67,68]. However, advancements in the latest generation of DECT have shown
improvements in addressing these issues, as evidenced by several studies [69-72].

3. Iodine MAP

Another important DECT application in oncologic imaging involves the use of iodine
maps, which are based on the principle of the sudden increase in absorption of X-ray
photons by iodine at a specific energy (k-edge) [73]. Iodine is a fundamental component
of contrast agents used in CT in clinical practice, commonly administered to highlight
vascular structures and lesions that might otherwise be indistinguishable from surrounding
healthy tissue. Several studies have demonstrated that iodine maps in DECT offer high
sensitivity and specificity in visualizing the concentrations and distribution of iodine in
tissues, effectively highlighting their vascularity [35,36,39,41,43,53,57].

3.1. Applications

The main applications of iodine maps in DECT include the diagnosis and monitoring
of neoplasms; in particular, the use of iodine maps allows for the better delineation of
lesions that might otherwise be poorly visible due to their size or their being embedded
in the context of heterogeneous tissue, such as that of a cirrhotic liver [6]. The extent
of hypervascular patterns demonstrated by HCC can vary significantly and depends on
several factors, including the location and size of the lesion, the timing of each individual
scan post-contrast administration, and of course, the extent of both the arterial supply to
the lesion and the venous supply to the liver. The lesion will be more visible the greater
the density difference compared to the surrounding glandular tissue. In clinical practice,
hypervascularity is undoubtedly among the most important criteria for diagnosing HCC.
The diagnosis holds fundamental management and prognostic value. Increasing the density
difference between hypervascular lesions and the surrounding liver can be facilitated by
various applications favored in dual-energy imaging, primarily iodine maps, as well as
monoenergetic imaging, where keV values can be optimized retrospectively to enhance
the visualization of highly vascularized structures. Also, it should be emphasized that in
abdominal imaging, particularly in liver assessments, acquiring dual-energy CT not only in
the arterial phase, to better visualize the increased vascularity pattern of primary tumors,
but also in the venous phase, to better evaluate the presence of lesion wash-out, could be
beneficial. Moreover, during this phase, dual-energy acquisitions can aid in visualizing
and differentiating thrombi (Figure 3). Neoplastic thrombi, in fact, will demonstrate a
solid density and a clear uptake of iodine, typical of vital and vascularized tissues. In this
scenario, DECT has been proposed for grading hepatic fibrosis via the extracellular volume
fraction from iodine mapping in spectral liver CT [74].
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Figure 3. Sixty-five-year-old man suffering from liver cirrhosis with solid neoplastic thrombus of the
portal vein. On the axial CT scan acquired during arterial phase, (a) a hypervascular liver tumor is
depicted on hilum region, consistent with the diagnosis of hepatocellular carcinoma (arrow). On the
corresponding venous-phase scan, (b) the lesion shows the typical wash-out pattern (arrow). On the
coronal CT reconstruction, (c) a hypodense filling defect is recognized inside the portal vein (arrow).
On the corresponding DECT reconstruction, (d) the assessment of DECT numbers (mean density:
36.9 HU; iodine density: 1.5 mg/mL) calculated from iodine map shows a clear enhancement of the
solid neoplastic thrombus (arrow).

In a recent study by Li et al,, the diagnostic performance of dual-phase contrast-
enhanced multiparametric DECT was evaluated in combination with deep learning ra-
diomics in diagnosing macrotrabecular-massive subtype hepatocellular carcinoma (HCC)
using histopathologic findings after surgery as a reference standard. They found that DECT
can accurately predict the said subtype, with AUC ranging between 0.87 and 0.91 [75].

Some preliminary studies also suggest the possibility of characterizing lesion nature
based on quantitative measurements from iodine maps. These maps can be utilized post-
chemoembolization, thermal ablation, or cryotherapy to assess the perfusion of the treated
area and response to therapy [76]. In particular, color-coded images are also used to
effectively discriminate contrast-enhanced lesions from compact iodized oil accumulations
in lesions treated with TACE, aiming to identify viable lesions around the hepatocellular
carcinoma [77].
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In patients with suspected pancreatic cancer, iodine maps might aid in distinguishing
between pancreatic carcinoma and mass-forming pancreatitis. In fact, DECT can help in
increasing the tumor conspicuity and margin sharpness and can help in the reproducibility
of primary tumor measurements [78]. Also, due to typical hypervascular pattern shown
by the majority of pancreatic endocrine tumors and by their metastases, iodine maps may
represent a powerful tool for local staging and for the evaluation of distant metastases [79].

Additionally, iodine maps can be employed for characterizing lung nodules [80]. In
the study by Lennartz et al., 183 cancer patients who underwent contrast-enhanced venous
phase of the chest were included. Volumetric HU attenuation and iodine concentration were
used for differentiation of lung nodules. Monoparametric lung nodule differentiation based
on either feature alone (i.e., attenuation or iodine concentration) was poor (AUC = 0.65), al-
though the most powerful iodine map-derived feature slightly, yet insignificantly, increased
classification accuracy compared to classification based on conventional image features
only [80]. Iodine uptake can be key to the characterization of small endobronchial filling
defects. In fact, endoluminal plugs, although hyperdense, do not show any significant
enhancement or iodine uptake. Conversely, even a small endobronchial tumor could be
characterized as a small solid lesion because of measurable iodine content (Figure 4).

w1200 | w. 458
600 | c 207

Figure 4. Fifty-one-year-old woman with surgically proven endobronchial tumor. On the baseline
high resolution CT scan, (a) there is no evidence of tumor. During the one year follow up study,
(b) there is evidence of a tiny endobronchial filling defect. On the corresponding contrast enhanced
cropped axial image (corresponding to yellow box), (c) it is not possible to distinguish between a
mucoid plug and a solid tumor. On the corresponding contrast enhanced DECT iodine map image,
(d) it is possible to demonstrate a subtle iodine uptake, confirmed on the quantitative assessment
achieved by placing a free hand ROI on the tumor.

Further to this, DECT has been employed for the identification and characterization of
colon tumors [81]. In particular, in the paper by Ozdeniz et al., the dual-energy CT char-
acteristics of colon and rectal cancer allowed for their differentiation from stool. Notably,
all colorectal tumors in said study showed homogeneous patterns on an iodine map. In
particular, the density of stools was significantly lower than tumors in both iodine map and
VNC images (p < 0.001).

In brain tumors evaluation, DECT can help in highlighting areas of recent hemor-
rhage, whereas in the head—neck region, DECT cab be utilized to differentiate between
cartilaginous structures and neoplastic infiltration [82].

Furthermore, it has also been demonstrated that the concentration of iodine varies
significantly among benign, inflamed, and neoplastic lymph nodes, with lower iodine
uptake in metastatic than non-metastatic lymph-nodes [83].

Iodine maps in imaging, particularly in CT scans using dual-energy technology, play a
crucial role in the detection and characterization of incidental lesions. These maps allow
radiologists to differentiate between different tissues and pathologies based on their iodine
content, providing additional information beyond standard grayscale images. First, iodine
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maps contribute to detecting incidental lesions because of enhanced contrast enhancement,
highlighting the iodine uptake within tissues. Incidental lesions that contain iodine can
be more conspicuous on these maps compared to conventional images, aiding in their
detection (Figure 5). Also, the presence of a measurable iodine uptake allows for improved
lesion characterization. In the scenario of an incidental detected lesion, especially when
the baseline is not available, iodine maps help differentiate between vascularized and non-
vascularized lesions. An increased iodine uptake usually indicates increased vascularity,
which might suggest malignancy or active pathological conditions. These images provide
quantitative data on iodine concentration within tissues, enabling radiologists to analyze
and measure the degree of iodine uptake in incidental lesions. These quantitative data
assist in making a more precise diagnosis and characterization of the detected lesions,
aiding in the differential diagnosis between benign and malignant lesions. Moreover, the
increased contrast resolution allows us to better delineate tumor margins, which may help
in the differential diagnosis or prognostic assessment.

0 [HU)

[ Dual Eng

/w 600 |
C 150

Figure 5. Seventy-one-year-old woman suffering from rectal cancer with incidental breast cancer on
a DECT scan. On the coronal DECT scan acquired during venous phase, (a) a tiny hypervascular
breast nodule is recognized (arrow). On the corresponding axial scan, (b) the lesion shows irregular
margins (arrow). On the coronal CT cropped image, (c) the nodule shows clearly spiculated margins
(arrow). By positioning an ROI (d), the assessment of DECT numbers calculated from an iodine map
shows a clear enhancement of the solid tumor (ROI).

Dual-energy CT (DECT) imaging is valuable in detecting distant metastases, especially
in abdominal cavities (Figure 6). Peritoneal metastases refer to the spread of cancerous
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cells to the peritoneum, the membrane lining the abdominal cavity. DECT offers improved
contrast resolution compared to conventional CT scans. It allows for better tissue charac-
terization, enhancing the detection of peritoneal nodules or masses that might indicate
metastases. Dual-energy CT provides material decomposition techniques that help differen-
tiate between different tissues based on their material composition. This differentiation aids
in distinguishing between normal abdominal structures and abnormal tissues indicative of
metastases. This is particularly true when dealing with vascularized peritoneal implants,
clearly visualized on iodine maps (Figure 6) because of their different blood supply pattern
compared to surrounding healthy tissues.

Figure 6. Staging CT in a 49-year-old patient with metastatic ovarian carcinoma. On an axial contrast-
enhanced CT image, (a) the presence of ascites allows us to recognized multiple subtle peritoneal
nodules. On the color-coded iodine maps, (b) metastatic peritoneal implants (red circles) can be
clearly detected because of the avid iodine uptake.

3.2. Response to Therapy

In addition to aiding in diagnosis, iodine maps allow for the evaluation of the response
to therapy [84-86]. Some lesions initially respond to therapy with a reduction in vascularity
(and therefore iodine uptake) rather than a reduction in size [86], which is particularly
true in post-chemotherapy evaluations with antiangiogenic drugs or tyrosine kinase in-
hibitors. In the study by Fervers et al. [84], therapy response of multiple myeloma after
radiotherapy was monitored by using virtual non-calcium imaging, which yields potential
for optimizing the lesion-specific radiation dose for local tumor control. In this study,
decreasing attenuation indicates RT response, while above-threshold attenuation lesions
precede local irradiation failure. Interestingly, this study only employed a non-enhanced
DECT scan. In particular, VNCa CT was significantly superior for the identification of
radiotherapy effects in lesions with higher calcium content (AUC of DECT 0.96 versus AUC
0.64 for conventional CT). Hellback et al. evaluated the potential role of DECT to visualize
antiangiogenic treatment effects in patients with metastatic renal cell cancer (mRCC) treated
with tyrosine kinase inhibitors (TKI) [86]. The authors enrolled 26 patients with mRCC,
studied at baseline and follow-up with a single-phase abdominal contrast-enhanced DECT
scan. VNC and iodine images were employed to evaluate 44 metastases. In particular,
Hounsfield unit (HU) values and iodine density (ID), as well as iodine content (IC) in
mg/mL of tissue, were compared to the venous-phase DECT density. Between baseline
and follow up CT, the relative reduction measured in percent was significantly greater for
iodine density than for standard CT density (49.8 & 36.3% vs. 29.5 £ 20.8%, p < 0.005). IC
was also significantly reduced under antiangiogenic treatment (p < 0.0001). For this reason,
a sign of tumor response to antiangiogenic treatment is reduced tumor perfusion. DECT
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allows for a more sensitive detection of antiangiogenic treatment effects in vascularized
metastases, as with those in metastatic clear cell carcinoma.

3.3. Organ Perfusion

Iodine mapping can be used to assess organ perfusion, for example, ischemic or
inflamed intestinal walls, ovarian vascularization following torsion, and myocardial perfu-
sion after a heart attack [87]. In a recent paper, lung perfusion in the context of pulmonary
embolism was evaluated in a cohort of oncologic patients [88]. DECT was successfully
employed for the visualization of thromboembolism and for the visualization of hypo
perfused areas. In particular, by using a combination of lung analysis application and
monoenergetic reconstruction, in the per-patient analysis, venous-phase images yielded a
sensitivity and specificity of 90.0% and 100%, respectively, for both readers, in comparison
to standard arterial-phase images [88]. This paper demonstrates that DECT applications
can be used in oncologic patients for incidental diagnosis of thromboembolism in the lung,
reducing the need for a dedicated additional pulmonary arterial scan.

4. Virtual Monoenergetic

The wide range of images generated from DECT acquisitions provide several advan-
tages, such as improved lesion detection and characterization, superior determination of
material composition, reduction in the dose of iodine, and more artifact reductions [89].

One of these applications is the energy-specific post-processing reconstruction of
advanced virtual monoenergetic images (MEI+). Images created from a dual-energy CT
dataset can simulate those acquired with a monochromatic beam set between 40 and
190 keV. In this context, the higher-energy beam (typically set to 140 kV or higher) is
useful in the attenuation of beam hardening, while the lower-energy beam (80 kV or lower)
provides superior soft tissue contrast and better contrast media conspicuity because the
k-edge of iodine is 33.2 keV.

4.1. Better Conspicuity of Lesions

Creating a virtual monoenergetic beam offers the possibility of having a better con-
spicuity of vascularized lesions through the highlighting of the contrast material at low-
voltage images secondary to the higher attenuation of iodine, which are best suited for the
assessment at lower voltages as they have a better signal-to-noise ratio as compared to poly-
chromatic images. This is particularly useful in the oncologic field, both in terms of the iden-
tification of lesions, characterization, follow-up, and response to therapy. These applications
can be used in multiple fields to identify both primary lesions and for secondary lesions.

Focusing on the liver, it is possible to increase the conspicuity of small secondary
lesions (especially if less than 7 mm) at MEI+, maximizing the tumor-to-liver contrast
and contrast-to-noise ratio at 40 keV without increase in the image noise of the remaining
hepatic parenchyma [90].

A similar argument applies to primary hepatic lesions, primarily hepatocellular car-
cinoma (HCC), which is better identified thanks to enhancement in the arterial phase
(Figure 7) and wash-out in the portal and delayed phases [91].

The low monoenergetic images also provide the highest contrast-to-noise ratio and
signal-to-noise ratio for the detection of pancreatic ductal adenocarcinoma (PDAC). In fact,
many studies have demonstrated that lesion conspicuity was significantly higher in monoen-
ergetic images at 55 keV, with overall increased reader confidence at 70 keV [11,22,92,93].
Gupta et al. have found that the use of VMI with 50 keV and 70 keV images plays a very
important role since it could be a problem-solver in cases of pancreatic adenocarcinoma [78].

For the study of typical hypervascularized or atypical hypoattenuating and isoattenu-
ating insulinomas, the efficacy of MEI+ images in better optimizing contrast has also been
demonstrated [94].



Tomography 2024, 10

310

\O%le

A

-~

Dual Energy Monoel&_etic Plus E =40 keV

i21CT

App. VNC

Mean: 50.7 HU-.

Stddev: 10.8 HU ™

Min: 22.0 HU

Max: 82.0 HU

Area: 2.5 cm2

lodine Density. 3.1 mgimi /21.3 %

[21CT
BjcT R App: VNC
App: VNC Mean: 42.6 HU

Mean: 45.6 HU 5 g
Stddev: 7.5 HU e ARV 31
Min: 24.0 HU =15,
Max: 70.0 HU Max: 66.0 HU

Area: 3.9 cm2 Area: 2.8 cm2
lodine Density: 0.9 mg/mi /6.5 % lodine Density: 1.9 mg/iml/ 13.7 %

Figure 7. Eight-one-year-old male with hepatocellular carcinoma. On an axial reconstructed virtual
monoenergetic image, (A) in arterial phase at 40 KeV, the tumor is clearly hypervascular with respect
to spared parenchyma. On the corresponding axial DECT iodine map, (B) the lesions shows high
iodine density (3.1 mg/mL). On the follow-up during treatment with Lenvatinib (C,D), although
the lesion has increased in size, there is a significant reduction in the vascular pattern in the virtual
monoenergetic reconstruction (C) and in iodine density on the iodine map (1.9 mg/mL) as a partial
response to therapy.

The MEI reconstructions proved to be helpful for differentiating simple cysts from
cystic tumors both in renal and ovary tumors, given the increased conspicuity of the cyst
wall and septa in low-keV images [95]. In particular, a study by Patel et al. found that
sensitivity and specificity for the thresholds did not change significantly between low-
energy and 70 keV virtual monoenergetic imaging, with the AUC at 40 keV being 0.96 and
0.98 at 70 keV [96].

In the gastrointestinal tract, DECT at low-keV monochromatic images can be used to
better delineate duodenal adenocarcinoma extent or to improve visualization of early-stage
gastric cancers [97].

For the detection of benign salivary gland tumors, DECT has been used in the identifi-
cation of pleomorphic adenomas since they may not be appreciated on contrast-enhanced



Tomography 2024, 10

311

conventional CT because of the poor enhancement and low overall density of the parotid
gland [98].

4.2. Less Contrast Material

Another advantage of post-reconstruction DECT at lower keV is its higher sensitivity
for iodine that permits the reduction in the amount and concentration of intravenous
contrast media. If contrast dose is reduced, this leads to reduced kidney injuries, especially
in oncologic patients who undergo several follow-up imaging examinations with contrast
media administration.

Recent studies have indicated that is possible to obtain a reduction from 50% to 70%
in an iodinated contrast with adequate image quality using DECT with monoenergetic
reconstructions at lower energy levels (55 keV) for the imaging of the aorta [99,100].

4.3. Reduce Metal Artifacts

One of the limitations of conventional CT is the excessive beam attenuation of metal
implants, which leads to photon starvation, radiation scatter, the beam hardening artifact,
excessive quantum noise, and scatter edge effects [101]. DECT can reduced beam hardening
because monochromatic images at high keV are created from projection space data, which
demonstrate the lower susceptibility this artifact [101,102].

In oncologic patients, this is useful for reducing streak artifacts due to the presence of
metallic dental implants or dental amalgams that can cause image degradation in CT in
the evaluation of salivary glands, tumors of the head and neck, or vertebral metastasis in
dorsal or lumbar spine stabilization or in the pelvic area due to coxofemoral prostheses
(Figure 8) [103,104]. Due to the aging of the general population and the increasing incidence
of various tumors and metastases that progressively rise with age, it is now very common
to evaluate oncology patients with metallic implant systems, stimulators, pacemakers, etc.
In these cases, dual-energy CT imaging allows for optimized and tailored reconstructions
to reduce artifacts and better visualize the structures of interest. The areas that can benefit
the most from this application are the pelvis, the head-neck region, and the peri-prosthetic
bones. The strength of the application lies in the ability to choose, in real-time, the best KeV
level that reduces peri-prosthetic artifacts while maintaining reliable imaging appearances
and densitometric values (Figure 5).

Figure 8. Reduction of metal-induced artifact in the pelvis of a 74-year-old woman suffering from
rectal cancer. On the standard coronal CT reconstructed image, (a) heavy artifacts can be recognized
around the total right hip prosthesis. The artifacts are well controlled on the monoenergetic recon-
structed images obtained from DECT at 155 KeV (b) and above 170 KeV values (c), allowing for the
correct visualization of pelvic structures.
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The same reconstructions could allow for the better evaluation of enhancing tumors
with intracranial extent via the skull base foramina because of the reduction in artifacts
originating from the bony skull [105].

CT artifacts from port-systems are a common problem in staging and restaging ex-
aminations and reduce image quality and diagnostic assessment in oncologic patients.
High keV MEI+ enabled a significant reduction in artifacts from port-systems around the
chamber and the catheter, leading to improved assessment of surrounding soft tissue [106].

A novel VMI reconstruction (S-MAR) also proved to be a promising method by which
to reduce coil metal artifacts in cerebral CTA after coiled aneurysms and to elevate the
vessel visualization adjacent to coils [107].

5. Bone Marrow Edema

Another useful application of DECT is the evaluation of bone marrow edema (BME)
through the three-material decomposition of virtual non-calcium (VNCa) reconstructions.
The calcium is calculated on dual-energy CT in the structures that can contain mineral
material or calcifications which are subtracted from images to visualize the VNCa recon-
structions, resulting in color-coded visualization of bone marrow edema [89]. Bone marrow
pathologies are usually associated with a reduction in the fat component in the trabecu-
lar bone, replaced by water, hemorrhage, or cancer tissue depending on the underlying
pathology [108].

Recently, many studies have assessed the high diagnostic accuracy in traumatic and
non-traumatic BME in many skeletal segments, with excellent diagnostic performance for
the spine (sensitivity: 0.84; specificity: 0.98) and appendicular skeleton (sensitivity: 0.84;
specificity: 0.93) [109-115].

The spine represents the most common site of bone metastases, and most of the
vertebral metastases are from breast, prostate, melanoma, renal carcinoma, and lung cancers.
A contrast-enhanced CT scan is regularly performed in oncologic patients; however, the
detection of bone marrow lesions on standard CT remains difficult.

Color-coded VNCa reconstructions showed an high accuracy for qualitative assessment
of metastatic lesions [116]. In particular, the use of low- and medium-calcium suppressions
resulted in an increase of about 85% concerning sensitivity compared to conventional CT [117].

Moreover, DECT can depict BME associated with malignant lesions and help differen-
tiate it from the linear pattern of BME associated with a fracture [116].

High diagnostic accuracy of VNCa reconstructions has also been demonstrated for as-
sessing infiltrative oncologic diseases of vertebral bone marrow such as multiple myeloma,
with high accuracy (ranging between 93% and 99%) [118].

Additionally, DECT can be leveraged opportunistically to assess bone density and
muscle trophism, which often exhibit declines in oncology patients [119,120].

6. Lung Analysis
6.1. Pulmonary Thromboembolism

A further application of DECT lies in its potential to improve the visualization of
pulmonary vasculature. It is particularly useful in the identification of pulmonary embolism
since oncologic patients are more predisposed to develop this type of occlusive phenomena.

Pulmonary embolism is often an incidental finding in those patients, and the phases of
the examinations are focused on the venous phase. For this reason, a single venous phase
reconstructed with low-keV images is suitable for an accurate diagnosis of pulmonary
embolism in oncologic patients, with the added potential benefit of avoiding extra acquisi-
tions and extra contrast media administration and limiting radiation exposure [88]. Virtual
MEI+ images from the venous phase also showed higher contrast attenuation in more distal
arteries, introducing the possibility of detecting smaller thrombi [121].
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6.2. Lung Volumes and Perfusion

Secondly, it is also useful for the evaluation of pulmonary vasculature distribution for
preoperative planning, together with the evaluation of lung volumes [122].

In fact, candidates for lung resection could benefit from the preoperative CT eval-
uation of lung volumes and assess the amount of residual parenchyma post-lobectomy
or pneumectomy [123]. To do this, there are specific applications for DECT that allow
for the calculation of total volumes, volumes compromised by disease, and volumes of
healthy parenchyma, free from pathology. Moreover, dual-energy perfusion CT has been
demonstrated to be more accurate than perfusion scintigraphy in predicting post-operative
lung function [124].

It is also possible to quantify lung function in patients treated with radiation therapy
for lung cancer and to assess the dosimetric impact of its integration in radiation therapy
planning [125].

This method can be of great help to surgeons and radiotherapists for better planning
and patient management.

7. Conclusions

In conclusion, the applications described in this paper have a fundamental role in tu-
mor assessment, and in oncologic imaging in general, for the diagnosis of primary tumors,
local and metastatic staging, post-therapy evaluation, and the management of complica-
tions. In the future, the potential introduction of contrast agents with k-edges different from
those of iodine could lead to a variety of additional applications and further developments.
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