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Simple Summary: Sarcomas represent the largest group of rare solid tumors that arise from mes-
enchymal stem cells and are a leading cause of cancer death in individuals younger than 20 years
of age. There is an immediate need for the development of an algorithm for the early accurate
diagnosis of sarcomas due to the high rate of diagnostic inaccuracy, which reaches up to 30%. X-ray
computed tomography is a non-invasive imaging technique used to obtain detailed internal images
of the human or animal body in clinical practice and preclinical studies. We summarized the main
imaging features of soft tissue and bone sarcomas, and noted the development of new molecular
markers to reach tumor type-specific imaging. Also, we demonstrated the possibility of the use
X-ray computed microtomography for non-destructive 3D visualization of sarcoma progression
in preclinical studies. Finding correlations between X-ray computed tomography modalities and
the results of the histopathological specimen examination may significantly increase the accuracy
of diagnostics, which leads to the initiation of appropriate management in a timely manner and,
consequently, to improved outcomes.

Abstract: Sarcomas are a leading cause of cancer death in individuals younger than 20 years of age
and represent the largest group of rare solid tumors. To date, more than 100 morphological subtypes
of sarcomas have been described, among which epidemiology, clinical features, management, and
prognosis differ significantly. Delays and errors in the diagnosis of sarcomas limit the number of
effective therapeutic modalities and catastrophically worsen the prognosis. Therefore, the develop-
ment of an algorithm for the early accurate diagnosis of sarcomas seems to be as important as the
development of novel therapeutic advances. This literature review aims to summarize the results
of recent investigations regarding the imaging of sarcoma progression based on the use of X-ray
computed tomography (CT) in preclinical studies and in current clinical practice through the lens of
cancer hallmarks. We attempted to summarize the main CT imaging features of soft-tissue and bone
sarcomas. We noted the development of new molecular markers with high specificity to antibodies
and chemokines, which are expressed in particular sarcoma subtypes to reach tumor type-specific
imaging. We demonstrate the possibility of the use of X-ray computed microtomography (micro-CT)
for non-destructive 3D visualization of solid tumors by increasing the visibility of soft tissues with
X-ray scattering agents. Based on the results of recent studies, we hypothesize that micro-CT enables
the visualization of neovascularization and stroma formation in sarcomas at high-resolution in vivo
and ex vivo, including the novel techniques of whole-block and whole-tissue imaging. Finding
correlations between CT, PET/CT, and micro-CT imaging features, the results of the histopathological
specimen examination and clinical outcomes may significantly increase the accuracy of soft-tissue and
bone tumor diagnostics, which leads to the initiation of appropriate histotype-specific management
in a timely manner and, consequently, to improved outcomes.
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1. Introduction

Sarcomas represent the largest group of rare solid tumors that arise from mesenchymal
stem cells, although among subtypes, the ultimate cells of origin remain unclear [1,2].
Currently, more than 100 morphological subtypes of sarcomas have been described, among
which epidemiology, clinical features, management, prognosis, and outcomes may differ
significantly [3,4]. Sarcomas account for nearly 20% of all pediatric cancers and less than
1% of adult cancers [5,6]. Matching the formal definition of a rare tumor, the incidence
of sarcomas is 5.6 cases per 100,000 per year in Europe, with 27,908 new diagnoses per
year, of which 84% were soft-tissue sarcomas (STS) and 15% were bone sarcomas [7,8].
Despite the relative rarity of diagnosis, sarcomas are a leading cause of cancer death in
individuals younger than 20 years of age [9]. In the era of modern therapeutic advances for
sarcomas’ management that resulted in improved outcomes, statistics remain devastating.
The Eurocare-5 survival study has shown a 60% overall 5-year survival rate for STS and
about 50% for bone sarcomas [10,11]. Overall, approximately 10–20% of STS recur locally,
and 25% of patients with STS develop distant metastatic disease after successful treatment
of their primary tumor [12,13]. In 70 to 80% of cases, metastatic disease was found in
the lungs [14]. Up to one-half of patients with high-grade STS die from tumor-related
disease [15].

Undifferentiated pleomorphic sarcoma (UPS), liposarcoma, and leiomyosarcoma are
the most common STS subtypes, comprising about 65% of STS cases among adults [4]. In
children, rhabdomyosarcoma is the most common type, which accounts for approximately
one-half of all STSs in this age group [16]. Osteosarcoma and the Ewing sarcoma family of
tumors, e.g., Ewing sarcoma of bone, extraosseous Ewing tumors, and peripheral neuroep-
ithelioma (PNET), represent the three most common pediatric sarcomas [17]. Among cases
of bone sarcomas in adults between 30 and 60 years of age, chondrosarcoma is the most
frequent subtype [18].

Aggressiveness, histopathologic heterogeneity, and the presence of therapeutic resis-
tance in sarcomas are daunting. An open incisional or core needle biopsy and subsequent
histologic examination are essential for diagnosis, but can be challenging, even for well-
qualified and experienced surgeons and pathologists [19–21]. The diagnostic process’s
relative rarity and technological complexity may explain a rate of diagnostic inaccuracy of
up to 30% [22] Delay in diagnosis of sarcomas is also common, e.g., the SURVSARC study
shows the diagnostic interval length was ≥1 month in 55% of patients, and ≥3 months
in 28% of patients [23]. Sarcomas do not have any specific clinical signs, so most primary
care doctors do not suspect the presence of a malignant solid tumor: the most common
symptom is the occurrence of a large, painless mass in the extremities or trunk wall [24],
and paraneoplastic symptoms such as fever may occur very rarely [25]. Delayed diagnosis
catastrophically worsens the prognosis and limits the number of available therapeutic
interventions [26,27]. The development of an algorithm for the early accurate diagnosis of
sarcomas seems to be as important as the development of novel therapeutic advances.

The combination of microscopic morphology evaluation, immunohistochemistry, and
molecular diagnostics may improve diagnosis accuracy and timeliness, allowing for the
initiation of appropriate histotype-specific management as soon as possible, particularly
in very rare tumors such as those represented by the diverse Ewing-like family of tu-
mors [28,29]. However, before biopsy and histological examination of tissue samples,
the patient undergoes diagnostic imaging, which remains a crucial step towards accurate
diagnosis, effective treatment, and, correspondingly, towards better outcomes. Combined
in the correct sequence, plane radiography, ultrasonography, magnetic resonance imaging
(MRI), X-ray computed tomography, and positron emission tomography-CT (PET/CT)
are essential tools for initial diagnostic workup, staging, prognostication, grading, estab-
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lishing the presence or absence of metastatic disease, and surgical planning. Moreover,
functional imaging (e.g., [18F]FDG PET/CT) is necessary to evaluate patient response to
treatment [19,20]. As pathologists, radiologists also face many challenges during sarcoma
diagnosis, and specialists need to join forces not only in discussion, but at the patient’s
bedside, to minimize diagnostic discrepancies [30,31]. Translation scientists enter the scene
or, more likely, the battlefield, where they carry out in vitro, ex vivo, and in vivo preclinical
studies, estimating the efficacy of new therapeutic strategies via a wide spectrum of labo-
ratory methods, including confocal laser scanning microscopy (CLSM), X-ray computed
microtomography (micro-CT), searching for histopathological correlations of sarcomas
with imaging findings, and even using artificial intelligence. We summarized the findings
of clinical and preclinical imaging studies on soft-tissue and bone sarcomas through the
lens of cancer hallmarks, finding correlations with other approaches and techniques [32].
In Figure 1, we briefly listed current imaging techniques and their objectives in sarcoma
diagnostics and preclinical studies.
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2. Clinical Imaging, or Seeing Many Things at Once

Tumor cell proliferation is fueled by sustaining growth signaling, evading growth
suppressors, avoiding immune destruction, and resistance to apoptosis [33,34]. Invisible
interactions between the elements of the human genome, proteins, and cells can result
in apparent clinical imaging signs, such as increasing tissue masses, morphological alter-
ations, and the presence of tumor necrosis or destruction of bone or cartilage tissues. In
Table 1, we attempted to summarize the main imaging features of STSs and bone sarcomas.
Essentially, this summary cannot substitute for the qualified assessment of imaging data by
the radiologist but can be a reminder for clinicians who may occasionally face a suspected
relatively rare tumor during the patients’ examination for another reason.
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Table 1. The main CT features of STSs and bone sarcomas (based on [4,35–38]).

CT Features References

Chondro-osseous malignant tumors
Chondrosarcoma

Intramedullary
Clear cell

A lesion with calcifications (“ring and arc” or “popcorn” pattern)
and aggressive growth features; lytic lesions are also common

mixed and sclerotic lesions with visible calcifications (mineralized
chondroid matrix present in most cases).

Calcifications would be present only in 30% of cases.
Heterogeneous pattern that would depend on the proportion of

low- and high-grade areas in the lesion.

[39]

Malignant adipocytic tumors
Well-differentiated liposarcoma: lipoma-like,

sclerosing, inflammatory
Dedifferentiated liposarcoma

Myxoid liposarcoma
Pleomorphic liposarcoma

Myxoid pleomorphic liposarcoma

The fatty nature of the mass can be proved by the measurement at
the field of view (FOV) in Hounsfield units (HU). Fat will show the

lowest attenuation of any tissue, and a benign lipoma can be
distinguished from a malignant tumor on CT by the uniformly low

attenuation (−70 to −130 HU), but it is not possible to reliably
differentiate a lipoma from a well-differentiated liposarcoma on CT.

However, the presence of a combination of fat and solid
components is suggestive of a low-grade liposarcoma. Nonfatty

components within an adipocytic tumor should always suggest the
possibility of a high-grade liposarcoma. However, it is not always
possible to distinguish between the dedifferentiated type and other

high-grade liposarcomas.
A well-marginated mass of fat attenuation resembling a benign
adipocytic tumor, clearly delineating the bony excrescences and

adjacent bony cortex;
some thickened (more than 2 mm wide) linear or nodular

soft-tissue septa during contrast-enhanced CT.
Should be suspected if a non-adipocytic component appears in a

previously known well-differentiated liposarcoma;
retains some of the features of the well-differentiated liposarcoma,

while some mass-like areas develop a nonspecific appearance.
These areas display tissue attenuation greater than fat on CT scans;

calcification or even ossification may be present.
Homogeneous or slightly heterogeneous

mass that is less attenuating than the surrounding muscle.
May occasionally resemble a cyst, due to the lack of fat content,

with sharply demarcated margins. It displays attenuation values
within the water range (+0 HU).

Not distinguishable from other sarcomas because it contains little
or no fat.

[38,40]

Fibroblastic/myofibroblastic malignant
tumors

Dermatofibrosarcoma protuberans,
fibrosarcomatous

Solitary fibrous tumor
Inflammatory myofibroblastic tumor
Low-grade myofibroblastic sarcoma

Superficial CD34-positive fibroblastic tumor
Myxoinflammatory fibroblastic
sarcomaInfantile fibrosarcoma

Solitary fibrous tumor, malignant
Fibrosarcoma NOS
Myxofibrosarcoma

Low grade fibromyxoid sarcoma
Sclerosing epithelioid fibrosarcoma)

The lesions have variable attenuation and
enhancement on CT scans. Extra-abdominal desmoids are iso- or

hypodense relative to the muscle and enhance to
+100–110 HU after injection of

iodinated contrast material.

[38]
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Table 1. Cont.

CT Features References

Malignant tenosynovial giant cell tumor A dense soft tissue mass (intra-articular or related to the tendon).
CT is useful to detect underlying bone erosions or cysts,

contrast-enhanced CT shows hypervascular nature.

[38]

Malignant vascular tumors
Epithelioid haemangioendothelioma

Angiosarcoma
Malignant pericytic (perivascular) tumors

Glomus tumor

Vascular malformations, such as phleboliths and dystrophic
calcifications.

The involvement of the adjacent joints or bones is possible, such as
cortical erosion, periosteal reaction, regional osteopenia, and bony

overgrowth.
Nonspecific

calcified intralesional septa, shown in the contrast enhancement.

[41–43]

Smooth muscle malignant tumors
Inflammatory leiomyosarcoma

Leiomyosarcoma

Well-defined, homogeneously enhancing tumors, often associated
with fascial edema, with variable signal intensities, central necrosis,

and marked peripheral and septal enhancement

[38]

Skeletal muscle malignant tumors
Embryonal rhabdomyosarcoma

Alveolar rhabdomyosarcoma
Pleomorphic rhabdomyosarcoma

Spindle cell/sclerosing rhabdomyosarcoma
Ectomesenchymoma

The majority of STSs have an attenuation value slightly less than
that of normal muscle.

A nonspecific soft-tissue mass
may show local bone

invasion, which is seen in about 25% of cases.
Bone metastases may occur and are usually lytic

and rarely mixed.

[38]

Peripheral nerve sheath malignant tumors
Malignant peripheral nerve sheath tumor
Melanotic malignant nerve sheath tumor

Granular cell tumor, malignant
Perineurioma

Heterogeneous tumors with necrotic foci.
PET/CT: SUVmax can assist to separate malignant from benign

lesions (especially in case of neurofibromatosis type 1).

[38]

Malignant tumors of uncertain
differentiation

Synovial sarcoma
Epithelioid sarcoma: proximal and classic

variant
Alveolar soft part sarcoma

Clear cell sarcoma
Desmoplastic small round cell tumor

Intimal sarcoma

A soft-tissue mass, which may infiltrate adjacent structures, having
a slightly higher density than muscle.

Joint invasion and bony involvement, cortical bone erosion, or
invasion. Intratumoral calcification or ossification is also more

easily seen on CT.Extensive vascular supply led to marked
enhancement after injection of contrast medium.

A nonspecific soft-tissue mass which may occasionally show
punctate calcifications.

A nonspecific soft-tissue mass.
A nonspecific soft-tissue mass.

Multiple omental or serosal soft-tissue masses which have a low
attenuation and only moderate homogeneous enhancement, foci of

necrosis and calcification.
Polypoid intraluminal soft-tissue

masses. If not polypoid and no other signs of malignancy
are present, the non-enhancing defect may be not

distinguishable from thrombus or embolus material.

[38]

Undifferentiated small round cell sarcomas
of bone and soft tissue

Ewing sarcoma
Primitive neuroectodermal tumor (PNET)

Tumor with low attenuation. The presence of only focal areas of
hypodensity and moderate post-contrast enhancement reflects the

differentvascularization pattern.
A large, ill-defined mass with a heterogeneous appearance due to
extensive cystic degeneration, may be the presence of calcifications.

After the injection of iodinated contrast, the tumor has a
heterogeneous appearance

[38]

Plane radiographs are commonly used to begin the initial evaluation of newly appear-
ing lesions at the extremities, which are a common site for STSs and bone sarcomas [24,44].
The sequence of using diagnostic methods can significantly affect the correctness of the
primary evaluation, especially for malignant bone tumors [45]. Radiography is a cheap,
simple, and fast procedure, and it allows clinicians to exclude the presence of injuries
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and to ascertain the type of lesion (the soft-tissue tumor or lesion that originated from the
bone). Plain radiographs were strongly recommended as the first step in the evaluation of
a possible bone tumor by the Musculoskeletal Tumor Society and the American Academy
of Orthopedics [46]. Then, depending on the patients’ anamnesis and the suspected type of
the lesion, the guidelines recommended MRI (for the suspected soft-tissue tumor) and/or
CT (for the suspected bone tumor) as an essential part of the initial workup [19,20].

Depending on the availability of health services and specific contraindications, MRI
and CT are applied together for the initial and secondary locoregional staging of STSs
and bone sarcomas. MRI provides better soft-tissue visualization, and, vice versa, CT
provides better visualization of the bony tissues [47]. Certain features on CT are consid-
ered significant markers for malignant behavior of the soft-tissue tumor lesion, including
the relationship of a soft-tissue tumor to the bones, e.g., osseous involvement (cortical
destruction, endosteal and periosteal reaction), the presence of calcification, necrosis, and
hypervascularity [47]. CT also allows accurate assessment of lesion vascularity. In a compar-
ison with vascular MRI, CT angiography with three-dimensional reconstruction was found
equivalent to MR imaging in its ability to demonstrate neurovascular involvement [37,48].
A CT examination of the chest, to detect metastatic lesions in the lungs, is an essential part
of the initial preoperative staging of patients with sarcomas [19,20].

Radiomics is a rapidly developing area to improve the accuracy of the current diag-
nostic tools [49]. There is growing evidence regarding quantitative MRI as a promising
method in the investigation of the radiology–pathology correlations in STSs, providing a
“virtual biopsy” to minimize diagnostic discrepancies [50,51]. Studies revealed a possibility
of using non-contrasted CT texture analysis to access angiogenesis and predict survival
via kurtosis estimation [52,53]. Tian, Hayano and colleagues also used contrast-enhanced
CT texture analysis in the assessment of response to neoadjuvant therapy in STS [54]. To
date, artificial intelligence (AI) and deep machine learning give us a chance to conduct
multimodality imaging via combining CT, PET/CT, and MRI imaging data. The complex
approach may increase the accuracy of the diagnostics, as has been shown in recent studies
regarding prediction [55]. The recent systematic review analyzed 49 papers regarding
CT and MRI radiomics of STSs and bone sarcomas. Gitto and colleagues emphasized the
necessity of clinical validation and assessed the reproducibility of the radiomics studies’
results by using various CT and MRI scan datasets, produced by the different scanners
in the independent hospitals and centers, and combining different strategies of machine
learning model validation [56].

3. PET Imaging: A Tool for Revealing and Deregulating Cellular Metabolism and
Overcoming the Avoidance of Immune Destruction

Malignant tissues tend to have high metabolic activity and accumulate nutritive sub-
stances, such as glucose or amino acids, to a greater degree compared to most normal
soft tissues [57]. PET/CT functional imaging permits visualization of one of the cancer
hallmarks, which is deregulated cellular metabolism [33]. We can directly observe the
Warburg effect via specific radiotracers, e.g., 2-[18F]Fluoro-2-deoxy-D-glucose ([18F]FDG),
and 3′-Deoxy-3′-[18F]fluorothymidine ([18F]FLT). According to the last clinical guidelines,
[18F]FDG PET/CT is not recommended for initial local workup of soft-tissue tumors and
bone tumors [18–20,58], but has an important role in the detection of local recurrence
and metastasis spreading. Most sarcomas are FDG-avid, but uptake rates are variable
among the histological subtypes and grades of the tumor, and the maximum level of the
standardized uptake value (SUVmax) does not always indicate the grade of a particular sar-
coma’s subtype. Finding radiology–histopathology correlations is difficult due to sarcoma
heterogeneity and rarity. For example, Hack and colleagues have found that high SUVmax
predicted worse short-term and long-term outcomes in STS and in Ewing sarcoma family
tumors. Conversely, in bone sarcomas, no such correlation was found, but the outcome
was strongly related to bone tumor volumes [59]. Low SUV was found in tumors of grades
1-3, implying that a low-tumor SUV does not rule out the presence of a high-grade sar-
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coma [60]. Nonetheless, studies conclude that high [18F]FDG uptake is most likely due to
high-grade sarcoma [61]. The accumulated data enable conducting systematic reviews and
meta-analyses to assess the prognostic value of [18F]FDG PET among the most common
sarcoma subtypes, but they have serious limitations, such as significant heterogeneity
among the studies. It may be cautiously claimed that [18F]FDG-PET can efficiently help to
differentiate between benign and malignant bone and soft-tissue tumors [62]. In addition,
it has been investigated in Ewing sarcoma that [18F]FDG PET/CT is sensitive and accurate
in diagnosing, staging, and detecting recurrence compared with non-PET imaging [63],
and can predict post-treatment progression-free survival in young patients [64].

Of great interest are current investigations regarding new radiotracers, such as Gallium
68-fibroblast activation protein ([68Ga]-FAPI) [61]. Kessler and colleagues’ studies claimed
an association between tumoral [68Ga]-FAPI PET uptake intensity and histopathologic
FAP expression in sarcoma patients [65], but non-tumor specific [68Ga]-FAPI uptake in
degenerative lesions, muscle, head-and-neck, scarring, mammary glands, or uterus was
observed [66].

In preclinical studies, non-invasive PET/CT imaging can serve multiple purposes.
Researchers use small animal [18F]FDG PET/CT imagers to detect sarcoma growth and
development, including metastatic lesions, in mice in vivo [67–72]. Other radiotracers, such
as the ligands for σ2-receptors, were tested in a murine mammary sarcoma model [73].
Another example is that PET/CT allows evaluation of the effect of new management ap-
proaches in rodent models, such as arterial embolization via chitosan micro-hydrogels to
reduce the size of locally advanced hindlimb sarcoma [74]. Huang and colleagues reported
the successful construction of an anti-human PD-L1 antibody with iodine-124 labeling
for noninvasive detection of PD-L1 expression in an osteosarcoma mouse model (human
OS-732 cells were inoculated); therefore, this study lays the foundation for further investiga-
tions regarding noninvasive osteosarcoma diagnostics and targeted therapy in patients with
high levels of PD-L1 receptor expression [75]. The same approach was shown one year later
with sarcoma cell homografts in humanized mice [76]. Karkare et al. presented their results
regarding targeting insulin growth factor receptor type 2 (IGF2R) by microSPECT/CT
imaging in osteosarcoma patient-derived xenografts (PDX) in mouse models and in canine
osteosarcoma tumors, which showed selective uptake of the radiolabeled IGF2R-specific
antibody. In vivo, radioimmunotherapy with Lutetium-177 antibody significantly slowed
tumor growth in both a standard cell line and a patient-derived xenograft (PDX) tumor line.
Furthermore, no local or systemic toxicity was observed [77]. The combination of PET/CT
and micro-CT imaging was used by Guan et al. to estimate the accuracy of CXCR4-based
fluorescent detection of the primary and metastatic sites in human osteosarcoma xenograft
models in mice [78]. O’Neill and colleagues constructed the 64Cu-labeled anti-CD99 anti-
body to visualize Ewing sarcoma xenograft tumors and their micrometastases; results were
compared with conventional MRI and [18F]FDG-PET imaging. Micrometastases that were
not detected with [18F]FDG–PET were readily visualized with the 64Cu-labeled anti-CD99
antibody [79].

4. Bone Destruction as a Result of Sarcomas’ Progression and Metastasis

To date, most sarcomas’ modeling studies, in which scientists may apply PET/CT,
CT, and micro-CT imaging techniques, are related to bone sarcomas [80]. We can do
this through the injection of a concentrated suspension of animal (murine, rat allograft
cells) or human (xenograft) tumor cells, either in close contact with the bone or into the
bone’ medullary cavity (such as into the femur or tibia) [81]. Models created by injecting
established cell lines from the respective tumor types into orthotopic sites are more easily
induced than genetically engineered or PDX models [68,82–93].

Computed X-ray micro-tomography (micro-CT) is an imaging technique enabling 3D
non-destructive tissue visualization with a minimum voxel size of 1–5 µm3 [94], providing
an opportunity to study tumors in their native state as well as their original spatial interac-
tions with the microenvironment [95]. Using micro-CT, we can visualize key changes in
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bone microarchitecture associated with tumor development in live animals and, moreover,
compare them among different osteosarcoma models and quantify these changes via bone
volume, and cortical and trabecular bone measurements, such as trabecular number and
trabecular thickness [84,85,96–98]. We can also study the early stages of tumor growth
before there is a palpable tumor mass, determine the type of bone lesion (osteoblastic or
osteolytic), and the animal’s apparent metastatic sites [81]. As demonstrated in Heymannan
and colleagues’ study of zoledronic acid in combination with ifosfamide in rat osteosar-
coma, micro-CT allows for the measurement of a treatment’s influence on bone remodeling
in vivo [87].

5. Untrodden Path: Vasculature Access in Sarcomas

A blood vessel formation, or neovascularization, which provides tumor growth and
allows metastatic spread, is comprised of angiogenesis, vasculogenesis, and vasculogenic
mimicry [33,99]. Angiogenesis results in newly formed vessels branching from pre-existing
ones, and this process is controlled by basic fibroblast growth factor (bFGF), platelet-derived
growth factor (PDGF), and the VEGF-A/VEGFR-2 signaling pathway [100,101]. Vasculo-
genesis is the formation of blood vessels from the de novo generation of endothelial cells,
induced mostly by vascular endothelial-derived growth factor (VEGF) [99]. In vasculogenic
mimicry, dedifferentiated “endothelial-like” tumor cells form channels that connect with
the existing vasculature [102]. The most common types of neovascularization differ be-
tween cancers and may be associated with prognosis [103,104]. The use of targeted imaging
of neovascularization should significantly improve the implementation of new therapeutic
approaches.

Confocal laser scanning microscopy (CLSM) enables the in vivo or ex vivo examination
of tumor-associated progression, neovascularization, and inflammation, and has been used
for studying sarcoma biology and preclinical investigations of novel therapies [105–107].
However, this method is not always possible to apply due to the substantial thickness
of the solid tumor samples, the inhomogeneous absorption of light by various tissues,
which in sarcomas are extremely heterogeneous, and the need for the special preliminary
preparation of samples to make them permeable to the laser beam. Micro-CT imaging tech-
niques permit the visualization and quantification of the vasculature and organ structure
in disease models, both in vivo and ex vivo [108,109]. We may assess the tumor vascular
bed structure, model blood flow, analyze the vascular network [110], determine the type
of neovascularization, and estimate how the new therapies can modulate neovasculariza-
tion. The influence of particular therapeutic interventions on the neovascularization and
quantification of changed vessel parameters via micro-CT was shown in studies regarding
breast cancer models [111,112], uveal melanoma [113], and lung cancer [114]. Interestingly,
optical coherence tomography (OCT) angiography was also used as a tool for imaging
vascular patterning of subcutaneous mouse fibrosarcomas. Combined with conventional
immunohistochemistry staining, OCT revealed that expressed VEGF isoform is related
to changes in vascular networks and the thickness of vessels [115]. Furthermore, blood
flow contributions to metastatic lesions occurring in a given organ were estimated using
micro-CT in a hepatic colorectal metastasis mouse model [116]. It has been shown that
micro-CT angiography can clearly demonstrate the morphologic changes of vessels and
their relationships with tumors [117]. Compared with other techniques for tumor vessel
morphologic evaluation and measurement of vessel content, micro-CT has several ad-
ditional features. It provides the opportunity to study the three-dimensional structures
involved in tumor angiogenesis, such as vascular connectivity, angles, and branches. In
preclinical studies, vessel segmentation as a tool for assessment was shown to be a simple
and effective method.

In the last 15 years, the development of digital pathology has enabled new approaches
for three-dimensional (3D) reconstruction of tumors using whole-slide images (WSI). 3D
reconstructions are formed computationally based on images of serial tissue sections. Unfor-
tunately, this method does not allow one to avoid the disadvantages of classical histological
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examination in the form of unavoidable damage to the sample during the section [118].
Recent studies have shown the efficacy of histological evaluation in breast, lung, colon,
gastric, and thyroid cancer using whole-block imaging (WBI) via micro-CT [119–123]. The
role of whole-tissue imaging can be increased due to the necessity for accurate evaluation
of margins of surgical resection, initial treatment response, and response to neoadjuvant
chemotherapy, and would be considered as a helping hand for pathologists. This necessity
is easily explained by the abovementioned difficulties in histopathology assessment in
sarcomas. Because WBI enables pathologists to review entire FFPE blocks in 3D, it may
reduce the workload, e.g., by eliminating the need to recut for deeper layer evaluation.
Therefore, we hypothesized that the combination of WSI, WBI, and WTI could provide
mutually complementary pathological information for clinical evaluation in sarcomas.

Micro-CT may quantify tumor perfusion and provide an index of vascular complexity,
making it a potentially useful addition for clinical detection of vascular normalization in
anti-angiogenic trials regarding new therapeutic approaches for sarcomas’ treatment. Kim
and colleagues exploit the advantages of in vivo MRI and ex vivo micro-MRI and micro-
CT to develop an integrated platform for characterizing angiogenesis at multiple spatial
scales in a human breast cancer model [124]. In this study, researchers highlighted that
quantifying changes in the tumor vasculature from medical images is often challenging due
to limited contrast-to-noise ratio, image artifacts, and spatial resolution limitations [124].
In vivo models help to evade this limitation and invent “relative” imaging biomarkers of
abnormal vasculature formation, and the multimodal approach may increase the accuracy
of the estimation of tumor neovascularization during the histopathology examination of
the patient’s samples via whole-block, whole-slide, and whole-tissue imaging.

In Figure 2, we listed cancer hallmarks that we can visualize via CT, micro-CT and
micro-PET. Neovascularization, invasion, and metastasizing can be estimated by micro-
CT during preclinical studies of novel therapeutic opportunities in murine or rat models.
Moreover, these features can be evaluated in patients’ sarcoma samples via the whole-tissue
imaging technique. PET/CT functional imaging permits visualization of one of the cancer
hallmarks, which is deregulated cellular metabolism.
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We noted that there is limited evidence regarding neovascularization imaging in
STSs and bone sarcomas via micro-CT ex vivo and in vivo. Using the combination of
immunohistochemistry and micro-CT, Darpolor and colleagues showed that vessel density
and vessel tortuosity were significantly reduced in tumors with dexamethasone treatment
in the rat 9L gliosarcoma model, and CD31-immunoreactive vessels were sparse in treated
tumors [125]. Moding et al. studied radiation-induced vascular changes in primary mouse
sarcomas, such as an increase in blood flow shortly after radiation treatment, and a decrease
in vascular permeability, which were measured by iodine and dextran accumulation.
Interestingly, the mean vascular density measured histologically by CD31 staining on
day 4 after radiation did not significantly differ between the treated and control tumors,
but fractional blood volume, which was assessed via dual-energy micro-CT, was also
significantly greater in treated tumors [86]. Immunohistochemistry staining identifies the
presence of blood vessels ex vivo, but it does not estimate vascular function, which may
change after treatment. Conversely, micro-CT seems to be a suitable method for assessing
processes of neovascularization in vivo and ex vivo. Simultaneously, we may investigate
the natural course of disease and estimate the effect of different treatment modalities.

In Figure 3, we briefly summarized available CT modalities for sarcoma diagnosis,
management, and follow-up in current clinical practice based on The National Comprehen-
sive Cancer Network guidelines [19,20].
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6. Conclusions

In this review, we looked at imaging methods for sarcoma progression and summa-
rized the findings of recent studies on imaging sarcoma progression using X-ray computed
tomography in preclinical studies and current clinical practice through the lens of cancer
hallmarks. The role of CT is limited in the primary evaluation and locoregional staging
of STS, but CT scans show the presence of neovascularization and detailed images of the
bone involvement and destruction. PET/CT is widely applied in clinical practice for the
assessment of sarcoma progression, and SUVmax may correlate with prognosis and tumor
grade in particular types of STS. The development of radiotracers for molecular imaging
via histiotype-specific chemokines and antibodies is a promising solution for increasing
diagnostic accuracy. In preclinical studies, PET/CT in vivo imaging provides an assessment
of sarcoma progression and metastasizing processes. Micro-CT enables one to estimate
changes in bone architecture and neovascularization ex vivo and in vivo, qualitatively and
quantitatively, in high spatial resolution; however, we noted that evidence regarding the
use of micro-CT in imaging of sarcoma progression is limited. In addition, whole-block
imaging seems to be a necessary tool for histopathological specimen examination and may
help to avoid diagnostic errors in difficult cases, which are possible due to the variety of
histological sarcomas’ subtypes.

Multimodality imaging should help to invent new effective therapeutic modalities
which will be precisely targeted for various aspects of sarcoma progression, such as exces-
sive neovascularization and bone destruction. Finding correlations between CT, PET/CT,
and micro-CT imaging features, the results of the histopathological specimen examination
and clinical outcomes may significantly increase the accuracy of soft-tissue and bone tumor
diagnostics, which leads to the initiation of appropriate management in a timely manner,
and, consequently, to the improvement of outcomes.
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A.; Czarnecka, A.; et al. Chondrosarcoma-from Molecular Pathology to Novel Therapies. Cancers 2021, 13, 2390. [CrossRef]
40. Jelinek, J.S.; Kransdorf, M.J.; Shmookler, B.M.; Aboulafia, A.J.; Malawer, M.M. Liposarcoma of the extremities: MR and CT

findings in the histologic subtypes. Radiology 1993, 186, 455–459. [CrossRef]
41. Dubois, J.; Alison, M. Vascular anomalies: What a radiologist needs to know. Pediatr. Radiol. 2010, 40, 895–905. [CrossRef]
42. Toti, L.; Manzia, T.M.; Roma, S.; Meucci, R.; Blasi, F.; Ferlosio, A.; Tisone, G.; Orlacchio, A. Rare malignant glomus tumor of the

stomach with liver metastases. Radiol. Case Rep. 2019, 14, 463–467. [CrossRef]
43. Braham, E.; Zairi, S.; Mlika, M.; Ayadi-Kaddour, A.; Ismail, O.; El Mezni, F. Malignant glomus tumor of trachea: A case report

with literature review. Asian Cardiovasc. Thorac. Ann. 2015, 24, 104–106. [CrossRef]
44. Goyal, N.; Kalra, M.; Soni, A.; Baweja, P.; Ghonghe, N.P. Multi-modality imaging approach to bone tumors-State-of-the art. J. Clin.

Orthop. Trauma 2019, 10, 687–701. [CrossRef]
45. Gaume, M.; Chevret, S.; Campagna, R.; Larousserie, F.; Biau, D. The appropriate and sequential value of standard radiograph,

computed tomography and magnetic resonance imaging to characterize a bone tumor. Sci. Rep. 2022, 12, 6196. [CrossRef]
[PubMed]

46. Miller, B.J. Use of Imaging Prior to Referral to a Musculoskeletal Oncologist. J. Am. Acad. Orthop. Surg. 2019, 27, e1001–e1008.
[CrossRef] [PubMed]

47. Vanhoenacker, F.; Parizel, P.M.; Gielen, J. Imaging of Soft Tissue Tumors, 4th ed.; Springer: Cham, Switzerland, 2017; p. 666.
48. Mori, T.; Fujii, M.; Akisue, T.; Yamamoto, T.; Kurosaka, M.; Sugimura, K. Three-dimensional images of contrast-enhanced MDCT

for preoperative assessment of musculoskeletal masses: Comparison with MRI and plain radiographs. Radiat. Med. 2005, 23,
398–406. [PubMed]

49. Zhang, X.; Zhang, Y.; Zhang, G.; Qiu, X.; Tan, W.; Yin, X.; Liao, L. Deep Learning with Radiomics for Disease Diagnosis and
Treatment: Challenges and Potential. Front. Oncol. 2022, 12, 773840. [CrossRef]

50. Arthur, A.; Johnston, E.W.; Winfield, J.M.; Blackledge, M.D.; Jones, R.L.; Huang, P.H.; Messiou, C. Virtual Biopsy in Soft Tissue
Sarcoma. How Close Are We? Front. Oncol. 2022, 12, 892620. [CrossRef]

51. Thrussell, I.; Winfield, J.M.; Orton, M.R.; Miah, A.B.; Zaidi, S.H.; Arthur, A.; Thway, K.; Strauss, D.C.; Collins, D.J.; Koh, D.-M.;
et al. Radiomic Features from Diffusion-Weighted MRI of Retroperitoneal Soft-Tissue Sarcomas Are Repeatable and Exhibit
Change After Radiotherapy. Front. Oncol. 2022, 12, 899180. [CrossRef] [PubMed]

52. Hayano, K.; Tian, F.; Kambadakone, A.R.; Yoon, S.S.; Duda, D.G.; Ganeshan, B.; Sahani, D.V. Texture Analysis of Non-Contrast-
Enhanced Computed Tomography for Assessing Angiogenesis and Survival of Soft Tissue Sarcoma. J. Comput. Assist. Tomogr.
2015, 39, 607–612. [CrossRef]

53. Lubner, M.G.; Smith, A.D.; Sandrasegaran, K.; Sahani, D.V.; Pickhardt, P.J. CT Texture Analysis: Definitions, Applications, Biologic
Correlates, and Challenges. RadioGraphics 2017, 37, 1483–1503. [CrossRef]

54. Tian, F.; Hayano, K.; Kambadakone, A.R.; Sahani, D.V. Response assessment to neoadjuvant therapy in soft tissue sarcomas:
Using CT texture analysis in comparison to tumor size, density, and perfusion. Abdom Imaging 2015, 40, 1705–1712. [CrossRef]

55. Peng, Y.; Bi, L.; Guo, Y.; Feng, D.; Fulham, M.; Kim, J. Deep multi-modality collaborative learning for distant metastases
predication in PET-CT soft-tissue sarcoma studies. In Proceedings of the Annual International Conference of the IEEE Engineering
in Medicine and Biology Society, EMBS, Berlin, Germany, 23–27 July 2019.

56. Gitto, S.; Cuocolo, R.; Albano, D.; Morelli, F.; Pescatori, L.C.; Messina, C.; Imbriaco, M.; Sconfienza, L.M. CT and MRI radiomics
of bone and soft-tissue sarcomas: A systematic review of reproducibility and validation strategies. Insights Imaging 2021, 12, 68.
[CrossRef]

57. Esperança-Martins, M.; Fernandes, I.; Brito, J.S.D.; Macedo, D.; Vasques, H.; Serafim, T.; Costa, L.; Dias, S. Sarcoma Metabolomics:
Current Horizons and Future Perspectives. Cells 2021, 10, 1432. [CrossRef] [PubMed]

58. Gronchi, A.; Miah, A.B.; Dei Tos, A.P.; Abecassis, N.; Bajpai, J.; Bauer, S.; Biagini, R.; Bielack, S.; Blay, J.Y.; Bolle, S.; et al. Soft tissue
and visceral sarcomas: ESMO–EURACAN Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2021,
32, 1348–1365. [CrossRef] [PubMed]

59. Hack, R.I.; Becker, A.S.; Bode-Lesniewska, B.; Exner, G.U.; Müller, D.A.; Ferraro, D.A.; Warnock, G.I.; Burger, I.A.; Britschgi, C.
When SUV Matters: FDG PET/CT at Baseline Correlates with Survival in Soft Tissue and Ewing Sarcoma. Life 2021, 11, 869.
[CrossRef] [PubMed]

60. Benz, M.R.; Dry, S.M.; Eilber, F.C.; Allen-Auerbach, M.S.; Tap, W.D.; Elashoff, D.; Phelps, M.E.; Czernin, J. Correlation Between
Glycolytic Phenotype and Tumor Grade in Soft-Tissue Sarcomas by 18F-FDG PET. J. Nucl. Med. 2010, 51, 1174–1181. [CrossRef]

61. Benz, M.R.; Crompton, J.G.; Harder, D. PET/CT Variants and Pitfalls in Bone and Soft Tissue Sarcoma. Semin. Nucl. Med. 2021, 51,
584–592. [CrossRef]

62. Younis, M.H.; Abu-Hijleh, H.A.; Aldahamsheh, O.O.; Abualruz, A.; Thalib, L. Meta-Analysis of the Diagnostic Accuracy of
Primary Bone and Soft Tissue Sarcomas by 18F-FDG-PET. Med. Princ. Pract. 2020, 29, 465–472. [CrossRef]

http://doi.org/10.32074/1591-951X-213
http://www.ncbi.nlm.nih.gov/pubmed/33179614
http://doi.org/10.1148/rg.2016160084
http://www.ncbi.nlm.nih.gov/pubmed/27726739
http://doi.org/10.3390/cancers13102390
http://doi.org/10.1148/radiology.186.2.8421750
http://doi.org/10.1007/s00247-010-1621-y
http://doi.org/10.1016/j.radcr.2019.01.012
http://doi.org/10.1177/0218492315608546
http://doi.org/10.1016/j.jcot.2019.05.022
http://doi.org/10.1038/s41598-022-10218-8
http://www.ncbi.nlm.nih.gov/pubmed/35418602
http://doi.org/10.5435/JAAOS-D-19-00109
http://www.ncbi.nlm.nih.gov/pubmed/31206439
http://www.ncbi.nlm.nih.gov/pubmed/16389981
http://doi.org/10.3389/fonc.2022.773840
http://doi.org/10.3389/fonc.2022.892620
http://doi.org/10.3389/fonc.2022.899180
http://www.ncbi.nlm.nih.gov/pubmed/35924167
http://doi.org/10.1097/RCT.0000000000000239
http://doi.org/10.1148/rg.2017170056
http://doi.org/10.1007/s00261-014-0318-3
http://doi.org/10.1186/s13244-021-01008-3
http://doi.org/10.3390/cells10061432
http://www.ncbi.nlm.nih.gov/pubmed/34201149
http://doi.org/10.1016/j.annonc.2021.07.006
http://www.ncbi.nlm.nih.gov/pubmed/34303806
http://doi.org/10.3390/life11090869
http://www.ncbi.nlm.nih.gov/pubmed/34575018
http://doi.org/10.2967/jnumed.109.074229
http://doi.org/10.1053/j.semnuclmed.2021.06.009
http://doi.org/10.1159/000505651


Cancers 2022, 14, 5112 14 of 16

63. Seth, N.; Seth, I.; Bulloch, G.; Siu, A.H.Y.; Guo, A.; Chatterjee, R.; MacManus, M.; Donnan, L. 18F-FDG PET and PET/CT as a
diagnostic method for Ewing sarcoma: A systematic review and meta-analysis. Pediatr. Blood Cancer 2022, 69, e29415. [CrossRef]

64. Saranovic, D.P.S.; Nikitovic, M.; Saponjski, J.; Milojevic, I.G.; Paripovic, L.; Saranovic, D.; Beatovic, S.; Artiko, V.M. Post-treatment
FDG PET/CT predicts progression-free survival in young patients with small round blue cell tumors: Ewing sarcoma and PNET.
Eur. J. Radiol. 2020, 129, 109076. [CrossRef]

65. Kessler, L.; Ferdinandus, J.; Hirmas, N.; Bauer, S.; Dirksen, U.; Zarrad, F.; Nader, M.; Chodyla, M.; Milosevic, A.; Umutlu, L.; et al.
(68)Ga-FAPI as a Diagnostic Tool in Sarcoma: Data from the (68)Ga-FAPI PET Prospective Observational Trial. J. Nucl. Med. 2022,
63, 89–95. [CrossRef]

66. Kessler, L.; Ferdinandus, J.; Hirmas, N.; Zarrad, F.; Nader, M.; Kersting, D.; Weber, M.; Kazek, S.; Sraieb, M.; Hamacher, R.; et al.
Pitfalls and common findings in 68Ga-FAPI-PET—A pictorial analysis. J. Nucl. Med. 2022, 63, 890–896. [CrossRef]

67. Lee, E.-Y.; Kim, M.; Choi, B.K.; Kim, D.H.; Choi, I.; You, A.H.J. TJP1 Contributes to Tumor Progression through Supporting
Cell-Cell Aggregation and Communicating with Tumor Microenvironment in Leiomyosarcoma. Mol. Cells 2021, 44, 784–794.
[CrossRef] [PubMed]

68. Kawabe, S.; Mizutani, T.; Ishikane, S.; Martinez, M.E.; Kiyono, Y.; Miura, K.; Hosoda, H.; Imamichi, Y.; Kangawa, K.; Miyamoto,
K.; et al. Establishment and characterization of a novel orthotopic mouse model for human uterine sarcoma with different
metastatic potentials. Cancer Lett. 2015, 366, 182–190. [CrossRef] [PubMed]

69. Chan, P.-C.; Wu, C.-Y.; Chang, W.-T.; Lin, C.-Y.; Tseng, Y.-L.; Liu, R.-S.; Alauddin, M.M.; Lin, W.-J.; Wang, H.-E. Monitoring tumor
response with [18F]FMAU in a sarcoma-bearing mouse model after liposomal vinorelbine treatment. Nucl. Med. Biol. 2013, 40,
1035–1042. [CrossRef]

70. Liu, R.-S.; Chou, T.-K.; Chang, C.-H.; Wu, C.-Y.; Chang, C.-W.; Chang, T.-J.; Wang, S.-J.; Lin, W.-J.; Wang, H.-E. Biodistribution,
pharmacokinetics and PET Imaging of [18F]FMISO, [18F]FDG and [18F]FAc in a sarcoma- and inflammation-bearing mouse
model. Nucl. Med. Biol. 2009, 36, 305–312. [CrossRef] [PubMed]

71. Hemmerle, T.; Probst, P.; Giovannoni, L.; Green, A.J.; Meyer, T.; Neri, D. The antibody-based targeted delivery of TNF in
combination with doxorubicin eradicates sarcomas in mice and confers protective immunity. Br. J. Cancer 2013, 109, 1206–1213.
[CrossRef] [PubMed]

72. Shapiro, M.C.; Tang, T.; Dasgupta, A.; Kurenbekova, L.; Shuck, R.; Gaber, M.; Yustein, J.T. In Vitro and In Vivo Characterization
of a Preclinical Irradiation-Adapted Model for Ewing Sarcoma. Int. J. Radiat. Oncol. Biol. Phys. 2018, 101, 118–127. [CrossRef]
[PubMed]

73. Mach, R.H.; Zeng, C.; Hawkins, W.G. The σ2 receptor: A novel protein for the imaging and treatment of cancer. J. Med. Chem.
2013, 56, 7137–7160. [CrossRef]

74. Lee, T.K.; Kwon, J.; Na, K.S.; Jeong, H.S.; Hwang, H.; Oh, P.S.; Kim, D.H.; Jang, K.Y.; Lim, S.T.; Sohn, M.H.; et al. Evaluation of
Selective Arterial Embolization Effect by Chitosan Micro-Hydrogels in Hindlimb Sarcoma Rodent Models Using Various Imaging
Modalities. Nucl. Med. Mol. Imaging 2015, 49, 191–199. [CrossRef]

75. Huang, H.F.; Zhu, H.; Li, G.H.; Xie, Q.; Yang, X.T.; Xu, X.X.; Tian, X.B.; Wan, Y.K.; Yang, Z. Construction of Anti-hPD-L1 HCAb
Nb6 and in Situ (124)I Labeling for Noninvasive Detection of PD-L1 Expression in Human Bone Sarcoma. Bioconjug. Chem. 2019,
30, 2614–2623. [CrossRef]

76. Huang, H.; Zhu, H.; Xie, Q.; Tian, X.; Yang, X.; Feng, F.; Jiang, Q.; Sheng, X.; Yang, Z. Evaluation of 124I-JS001 for hPD1
immuno-PET imaging using sarcoma cell homografts in humanized mice. Acta Pharm. Sin. B 2020, 10, 1321–1330. [CrossRef]

77. Karkare, S.; Allen, K.J.; Jiao, R.; Malo, M.E.; Dawicki, W.; Helal, M.; Godson, D.L.; Dickinson, R.; MacDonald-Dickinson, V.; Yang,
R.; et al. Detection and targeting insulin growth factor receptor type 2 (IGF2R) in osteosarcoma PDX in mouse models and in
canine osteosarcoma tumors. Sci. Rep. 2019, 9, 11476. [CrossRef] [PubMed]

78. Guan, G.; Lu, Y.; Zhu, X.; Liu, L.; Chen, J.; Ma, Q.; Zhang, Y.; Wen, Y.; Yang, L.; Liu, T.; et al. CXCR4-targeted near-infrared
imaging allows detection of orthotopic and metastatic human osteosarcoma in a mouse model. Sci. Rep. 2015, 5, 15244. [CrossRef]
[PubMed]

79. O’Neill, A.F.; Dearling, J.L.; Wang, Y.; Tupper, T.; Sun, Y.; Aster, J.C.; Calicchio, M.L.; Perez-Atayde, A.R.; Packard, A.B.; Kung,
A.L. Targeted imaging of ewing sarcoma in preclinical models using a 64Cu-labeled anti-CD99 antibody. Clin. Cancer Res. 2014,
20, 678–687. [CrossRef] [PubMed]

80. Higuchi, T.; Igarashi, K.; Yamamoto, N.; Hayashi, K.; Kimura, H.; Miwa, S.; Bouvet, M.; Tsuchiya, H.; Hoffman, R.M. Osteosarcoma
patient-derived orthotopic xenograft (PDOX) models used to identify novel and effective therapeutics: A review. Anticancer Res.
2021, 41, 5865–5871. [CrossRef]

81. Jacques, C.; Renema, N.; Ory, B.; Walkley, C.R.; Grigoriadis, A.E.; Heymann, D. Murine models of bone sarcomas. In Methods in
Molecular Biology; Humana Press: New York, NY, USA, 2019; pp. 331–342.

82. Bone Research Protocols. Methods in Molecular Biology; Humana: Totowa, NJ, USA, 2017.
83. Kersten, K.; E De Visser, K.; Van Miltenburg, M.H.; Jonkers, J. Genetically engineered mouse models in oncology research and

cancer medicine. EMBO Mol. Med. 2017, 9, 137–153. [CrossRef]
84. Talbot, J.; Brion, R.; Picarda, G.; Amiaud, J.; Chesneau, J.; Bougras, G.; Stresing, V.; Tirode, F.; Heymann, D.; Redini, F.; et al.

Loss of connexin43 expression in Ewing’s sarcoma cells favors the development of the primary tumor and the associated bone
osteolysis. Biochim. Biophys. Acta 2013, 1832, 553–564. [CrossRef]

http://doi.org/10.1002/pbc.29415
http://doi.org/10.1016/j.ejrad.2020.109076
http://doi.org/10.2967/jnumed.121.262096
http://doi.org/10.2967/jnumed.121.262808
http://doi.org/10.14348/molcells.2021.0130
http://www.ncbi.nlm.nih.gov/pubmed/34764231
http://doi.org/10.1016/j.canlet.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26164209
http://doi.org/10.1016/j.nucmedbio.2013.07.003
http://doi.org/10.1016/j.nucmedbio.2008.12.011
http://www.ncbi.nlm.nih.gov/pubmed/19324276
http://doi.org/10.1038/bjc.2013.421
http://www.ncbi.nlm.nih.gov/pubmed/23887603
http://doi.org/10.1016/j.ijrobp.2018.01.095
http://www.ncbi.nlm.nih.gov/pubmed/29534895
http://doi.org/10.1021/jm301545c
http://doi.org/10.1007/s13139-014-0316-y
http://doi.org/10.1021/acs.bioconjchem.9b00539
http://doi.org/10.1016/j.apsb.2020.02.004
http://doi.org/10.1038/s41598-019-47808-y
http://www.ncbi.nlm.nih.gov/pubmed/31391495
http://doi.org/10.1038/srep15244
http://www.ncbi.nlm.nih.gov/pubmed/26472699
http://doi.org/10.1158/1078-0432.CCR-13-1660
http://www.ncbi.nlm.nih.gov/pubmed/24218512
http://doi.org/10.21873/anticanres.15406
http://doi.org/10.15252/emmm.201606857
http://doi.org/10.1016/j.bbadis.2013.01.001


Cancers 2022, 14, 5112 15 of 16

85. Georges, S.; Chesneau, J.; Hervouet, S.; Taurelle, J.; Gouin, F.; Redini, F.; Padrines, M.; Heymann, D.; Fortun, Y.; Verrecchia, F. A
Disintegrin and Metalloproteinase 12 produced by tumour cells accelerates osteosarcoma tumour progression and associated
osteolysis. Eur. J. Cancer 2013, 49, 2253–2263. [CrossRef]

86. Moding, E.J.; Clark, D.P.; Qi, Y.; Li, Y.; Ma, Y.; Ghaghada, K.; Johnson, G.A.; Kirsch, D.G.; Badea, C.T. Dual-energy micro-computed
tomography imaging of radiation-induced vascular changes in primary mouse sarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85,
1353–1359. [CrossRef]

87. Heymann, D.; Ory, B.; Blanchard, F.; Heymann, M.-F.; Coipeau, P.; Charrier, C.; Couillaud, S.; Thiery, J.; Gouin, F.; Redini, F.
Enhanced tumor regression and tissue repair when zoledronic acid is combined with ifosfamide in rat osteosarcoma. Bone 2005,
37, 74–86. [CrossRef]

88. Molina, E.R.; Chim, L.K.; Salazar, M.C.; Koons, G.L.; Menegaz, B.A.; Ruiz-Velasco, A.; Lamhamedi-Cherradi, S.E.; Vetter, A.M.;
Satish, T.; Cuglievan, B.; et al. 3D Tissue-Engineered Tumor Model for Ewing’s Sarcoma That Incorporates Bone-like ECM and
Mineralization. ACS Biomater. Sci. Eng. 2020, 6, 539–552. [CrossRef]

89. Oshiro, H.; Kiyuna, T.; Tome, Y.; Miyake, K.; Kawaguchi, K.; Higuchi, T.; Miyake, M.; Zhang, Z.; Razmjooei, S.; Barangi, M.; et al.
Detection of Metastasis in a Patient-derived Orthotopic Xenograft (PDOX) Model of Undifferentiated Pleomorphic Sarcoma with
Red Fluorescent Protein. Anticancer Res. 2019, 39, 81–85. [CrossRef] [PubMed]

90. Kiyuna, T.; Murakami, T.; Tome, Y.; Igarashi, K.; Kawaguchi, K.; Russell, T.; Eckardt, M.A.; Crompton, J.; Singh, A.; Bernthal, N.;
et al. Labeling the Stroma of a Patient-Derived Orthotopic Xenograft (PDOX) Mouse Model of Undifferentiated Pleomorphic
Soft-Tissue Sarcoma with Red Fluorescent Protein for Rapid Non-Invasive Imaging for Drug Screening. J. Cell Biochem. 2017, 118,
361–365. [CrossRef] [PubMed]

91. Oshiro, H.; Tome, Y.; Miyake, K.; Higuchi, T.; Sugisawa, N.; Kanaya, F.; Nishida, K.; Hoffman, R.M. An mTOR and VEGFR
inhibitor combination arrests a doxorubicin resistant lung metastatic osteosarcoma in a PDOX mouse model. Sci. Rep. 2021, 11,
8583. [CrossRef]

92. Kiyuna, T.; Murakami, T.; Tome, Y.; Kawaguchi, K.; Igarashi, K.; Miyake, K.; Kanaya, F.; Singh, A.; Eilber, F.C.; Hoffman, R.M.
Analysis of Stroma Labeling During Multiple Passage of a Sarcoma Imageable Patient-Derived Orthotopic Xenograft (iPDOX) in
Red Fluorescent Protein Transgenic Nude Mice. J. Cell. Biochem. 2017, 118, 3367–3371. [CrossRef]

93. Blattmann, C.; Thiemann, M.; Stenzinger, A.; Roth, E.K.; Dittmar, A.; Witt, H.; Lehner, B.; Renker, E.; Jugold, M.; Eichwald, V.; et al.
Establishment of a patient-derived orthotopic osteosarcoma mouse model. J. Transl. Med. 2015, 13, 136. [CrossRef] [PubMed]

94. Orhan, K. Micro-Computed Tomography (Micro-CT) in Medicine and Engineering; Springer: Berlin/Heidelberg, Germany, 2020.
95. Albers, J.; Pacilé, S.; Markus, M.A.; Wiart, M.; Velde, G.V.; Tromba, G.; Dullin, C. X-ray-Based 3D Virtual Histology-Adding the

Next Dimension to Histological Analysis. Mol. Imaging Biol. 2018, 20, 732–741. [CrossRef]
96. Bertin, H.; Guilho, R.; Brion, R.; Amiaud, J.; Battaglia, S.; Moreau, A.; Brouchet-Gomez, A.; Longis, J.; Piot, B.; Heymann, D.; et al.

Jaw osteosarcoma models in mice: First description. J. Transl. Med. 2019, 17, 56. [CrossRef]
97. Cheng, J.N.; Frye, J.B.; Whitman, S.A.; Funk, J.L. Skeletal impact of 17β-estradiol in T cell-deficient mice: Age-dependent bone

effects and osteosarcoma formation. Clin. Exp. Metastasis 2020, 37, 269–281. [CrossRef]
98. Li, Y.; Yang, S.; Yang, S. Verteporfin Inhibits the Progression of Spontaneous Osteosarcoma Caused by Trp53 and Rb1 Deficiency

in Ctsk-Expressing Cells via Impeding Hippo Pathway. Cells 2022, 11, 1361. [CrossRef]
99. Mavrogenis, A.F.; Vottis, C.T.; Megaloikonomos, P.D.; Agrogiannis, G.D.; Theocharis, S. Neovascularization in Ewing’s sarcoma.

Neoplasma 2018, 65, 317–325. [CrossRef]
100. Kim, K.J.; Li, B.; Winer, J.; Armanini, M.; Gillett, N.; Phillips, H.S.; Ferrara, N. Inhibition of vascular endothelial growth

factor-induced angiogenesis suppresses tumour growth in vivo. Nature 1993, 362, 841–844. [CrossRef]
101. Hicklin, D.J.; Ellis, L.M. Role of the Vascular Endothelial Growth Factor Pathway in Tumor Growth and Angiogenesis. J. Clin.

Oncol. 2005, 23, 1011–1027. [CrossRef]
102. Hernández de la Cruz, O.N.; López-González, J.S.; García-Vázquez, R.; Salinas-Vera, Y.M.; Muñiz-Lino, M.A.; Aguilar-Cazares,

D.; López-Camarillo, C.; Carlos-Reyes, Á. Regulation Networks Driving Vasculogenic Mimicry in Solid Tumors. Front. Oncol.
2019, 9, 1419. [CrossRef]

103. Luo, Q.; Wang, J.; Zhao, W.; Peng, Z.; Liu, X.; Li, B.; Zhang, H.; Shan, B.; Zhang, C.; Duan, C. Vasculogenic mimicry in
carcinogenesis and clinical applications. J. Hematol. Oncol. 2020, 13, 19. [CrossRef]

104. Sun, B.; Zhang, S.; Zhao, X.; Zhang, W.; Hao, X. Vasculogenic mimicry is associated with poor survival in patients with mesothelial
sarcomas and alveolar rhabdomyosarcomas. Int. J. Oncol. 2004, 25, 1609–1614. [CrossRef]

105. Giner, F.; A López-Guerrero, J.; Fernández-Serra, A.; Machado, I.; Mayordomo-Aranda, E.; Peydró-Olaya, A.; Llombart-Bosch, A.
Chemokine Expression Is Involved in the Vascular Neogenesis of Ewing Sarcoma: A Preliminary Analysis of the Early Stages of
Angiogenesis in a Xenograft Model. Pediatr. Dev. Pathol. 2019, 22, 30–39. [CrossRef] [PubMed]

106. Kalt, I.; Borodianskiy-Shteinberg, T.; Schachor, A.; Sarid, R. GLTSCR2/PICT-1, a putative tumor suppressor gene product, induces
the nucleolar targeting of the Kaposi’s sarcoma-associated herpesvirus KS-Bcl-2 protein. J. Virol. 2010, 84, 2935–2945. [CrossRef]
[PubMed]

107. Pathak, K.; Sharma, V.; Sharma, M. Optimization, in vitro cytotoxicity and penetration capability of deformable nanovesicles of
paclitaxel for dermal chemotherapy in Kaposi sarcoma. Artif. Cells Nanomed Biotechnol. 2016, 44, 1671–1683. [CrossRef] [PubMed]

108. Zagorchev, L.; Oses, P.; Zhuang, Z.W.; Moodie, K.; Mulligan-Kehoe, M.J.; Simons, M.; Couffinhal, T. Micro computed tomography
for vascular exploration. J. Angiogenes Res. 2010, 2, 7. [CrossRef]

http://doi.org/10.1016/j.ejca.2013.02.020
http://doi.org/10.1016/j.ijrobp.2012.09.027
http://doi.org/10.1016/j.bone.2005.02.020
http://doi.org/10.1021/acsbiomaterials.9b01068
http://doi.org/10.21873/anticanres.13082
http://www.ncbi.nlm.nih.gov/pubmed/30591443
http://doi.org/10.1002/jcb.25643
http://www.ncbi.nlm.nih.gov/pubmed/27357060
http://doi.org/10.1038/s41598-021-87553-9
http://doi.org/10.1002/jcb.25991
http://doi.org/10.1186/s12967-015-0497-x
http://www.ncbi.nlm.nih.gov/pubmed/25926029
http://doi.org/10.1007/s11307-018-1246-3
http://doi.org/10.1186/s12967-019-1807-5
http://doi.org/10.1007/s10585-019-10012-3
http://doi.org/10.3390/cells11081361
http://doi.org/10.4149/neo_2018_170410N264
http://doi.org/10.1038/362841a0
http://doi.org/10.1200/JCO.2005.06.081
http://doi.org/10.3389/fonc.2019.01419
http://doi.org/10.1186/s13045-020-00858-6
http://doi.org/10.3892/ijo.25.6.1609
http://doi.org/10.1177/1093526618782497
http://www.ncbi.nlm.nih.gov/pubmed/29895220
http://doi.org/10.1128/JVI.00757-09
http://www.ncbi.nlm.nih.gov/pubmed/20042497
http://doi.org/10.3109/21691401.2015.1080169
http://www.ncbi.nlm.nih.gov/pubmed/26360303
http://doi.org/10.1186/2040-2384-2-7


Cancers 2022, 14, 5112 16 of 16

109. Jiang, L.; Li, C.; Li, M.; Yin, X.; Wu, T.; Duan, C.; Cao, Y.; Lu, H.; Hu, J. Simultaneous 3D Visualization of the Microvascular and
Neural Network in Mouse Spinal Cord Using Synchrotron Radiation Micro-Computed Tomography. Neurosci. Bull 2021, 37,
1469–1480. [CrossRef]

110. Marxen, M.; Thornton, M.M.; Chiarot, C.B.; Klement, G.; Koprivnikar, J.; Sled, J.G.; Henkelman, R.M. MicroCT scanner
performance and considerations for vascular specimen imaging. Med. Phys. 2004, 31, 305–313. [CrossRef] [PubMed]

111. Gu, S.; Xue, J.; Xi, Y.; Tang, R.; Jin, W.; Chen, J.-J.; Zhang, X.; Shao, Z.-M.; Wu, J. Evaluating the effect of Avastin on breast cancer
angiogenesis using synchrotron radiation. Quant. Imaging Med. Surg. 2019, 9, 418–426. [CrossRef] [PubMed]

112. Kim, E.; Tunset, H.M.; Cebulla, J.; Vettukattil, R.; Helgesen, H.; Feuerherm, A.J.; Engebråten, O.; Mælandsmo, G.M.; Johansen, B.;
Moestue, S.A. Anti-vascular effects of the cytosolic phospholipase A2 inhibitor AVX235 in a patient-derived basal-like breast
cancer model. BMC Cancer 2016, 16, 191. [CrossRef] [PubMed]
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