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Simple Summary: Osteosarcoma is a primary malignant bone tumor that produces an 

osteoid matrix. Imaging is crucial for detection, characterization, and treatment planning, 

though it can be challenging, especially in the early stages. Conventional radiography is 

typically the first modality used to detect suspicious findings, while the Bone-RADS sys-

tem helps describe imaging results and stratify risk. CT provides detailed insight into 

bone architecture and the osteoid matrix, while MRI is essential for assessing tumor 

spread to adjacent soft tissues, the medullary canal, joints, and neurovascular structures. 

The review includes clinical case examples and explores the role of artificial intelligence 

in improving osteosarcoma diagnosis. 

Abstract: Osteosarcoma is a primary malignant bone tumor characterized by the produc-

tion of an osteoid matrix. Although histology remains the definitive diagnostic standard, 

imaging plays a crucial role in diagnosis, therapeutic planning, and follow-up. Conven-

tional radiography serves as the initial checkpoint for detecting this pathology, which of-

ten presents diagnostic challenges due to vague and nonspecific symptoms, especially in 

its early stages. Today, the integration of different imaging techniques enables an increas-

ingly personalized diagnosis and management, with each contributing unique and com-

plementary information. Conventional radiography typically initiates the imaging assess-

ment, and the Bone Reporting and Data System (Bone-RADS) of the Society of Skeletal 

Radiology (SSR) is a valuable tool for stratifying the risk of suspicious bone lesions. CT is 

the preferred modality for evaluating the bone matrix, while bone scans and PET/CT are 

effective for detecting distant metastases. MRI reveals the extent of the lesion in adjacent 

soft tissues, the medullary canal, and joints, as well as its relationship to neurovascular 

structures and the presence of skip lesions. Advanced techniques such as dynamic con-

trast-enhanced magnetic resonance imaging (DCE-MRI), diffusion-weighted imaging 

(DWI), and perfusion MRI help characterize the tumor environment and assess treatment 

response. Osteosarcoma comprises a range of subtypes with differing clinical and imag-

ing characteristics, some of which are particularly distinctive, such as in the case of telan-

giectatic osteosarcoma. Knowledge of these variants can guide radiologists in the 
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differential diagnosis, which includes both central and surface forms, ranging from highly 

aggressive to more indolent types. In this review, we present a wide range of representa-

tive cases from our hospital case series to illustrate both typical and atypical imaging 

presentations. Finally, we discuss recent advancements and challenges in applying artifi-

cial intelligence approaches to the imaging of osteosarcoma. 

Keywords: osteosarcoma; primary malignant bone tumor; bone cancer; Bone-RADS;  

multimodal imaging; artificial intelligence 

 

1. Introduction 

Osteosarcoma is a primary bone tumor characterized by mesenchymal cells produc-

ing an osteoid matrix [1,2]. It is the most common primary bone cancer not involving 

blood cells [1,2]. Although rare in the general population, with an incidence rate of ap-

proximately 4–5 cases per million people annually (less than 1% of all cancer cases) [1,3], 

large-scale epidemiological studies have revealed a rising incidence in recent decades [4]. 

Osteosarcoma has traditionally been considered a tumor with a bimodal incidence, show-

ing a primary peak in children and adolescents and a secondary peak in the elderly over 

80 years of age [1,4]. However, recent insights challenge the typical bimodal pattern, sug-

gesting instead a single consistent peak of incidence in the second decade of life [5]. In 

children and adolescents, it represents the most common primary malignant mesenchy-

mal tumor, accounting for approximately 80% of all malignant bone tumors and making 

up about 2.4% of all childhood cancers [1]. In individuals over fifty years of age, osteosar-

coma accounts for about 50% of all primary malignant bone tumors, with a higher pro-

portion of secondary osteosarcomas [2]. It is more common in males than females, with a 

male-to-female ratio of approximately 1.5:1 to 2:1 [4]. Although some studies suggest var-

iations in incidence across different ethnic groups, with higher rates reported in Black and 

Hispanic populations, global data remain inconsistent [4]. Risk factors for this tumor in-

clude prior therapeutic radiation exposure, such as from cancer treatment, tall stature, 

high birth weight, and conditions like Paget’s disease or hereditary multiple exostoses, 

which involve rapid bone growth or turnover and can also increase the risk of developing 

osteosarcoma [4,6]. It has been linked to several cancer predisposition syndromes, includ-

ing hereditary retinoblastoma (associated with RB1 gene mutations) [7,8], Li-Fraumeni 

syndrome (related to TP53 gene mutations) [9,10], and pathogenetic germline variants in 

individuals with osteosarcoma, especially in the young [11]. 

Osteosarcoma most commonly arises near the metaphysis of long bones, particularly 

around the knee joint [12]. The femur is the most frequently affected site, accounting for 

about 42–46% of cases, followed by the tibia (about 19–24%) and the humerus (about 10–

12%). In older adults, osteosarcoma can also occur in other bones, such as the pelvis, ribs, 

and jaw [2]. The World Health Organization’s (WHO) classification of soft tissue and bone 

tumors recognizes various types of osteosarcomas with differing levels of malignancy 

[13]. Clinically, osteosarcoma typically presents with deep-seated progressively worsen-

ing pain [14]. Other symptoms may include a palpable mass and restricted movement 

and, in 5–10% of cases, the tumor may lead to a pathological fracture. 

Imaging plays a crucial role in the detection, diagnosis, and staging of osteosarcoma 

[12,15,16]. Although these tumors typically show aggressive imaging features, the initial 

diagnosis can be challenging and subtle, particularly in the early stages, in which they 

may be confused with benign mimickers or lesions with low malignant potential [14,15]. 

Delays in diagnosis can occur because symptoms such as localized pain or swelling are 

often attributed to benign conditions, including sports injuries or growing pains in 



Cancers 2025, 17, 599 3 of 35 
 

 

younger patients [16]. While conventional radiography is often the first imaging modality 

applied to the analysis of bone tumors such as osteosarcomas, the integration of computed 

tomography (CT) and magnetic resonance imaging (MRI) is essential for an accurate char-

acterization of the lesions [17]. CT scans provide a more comprehensive evaluation of 

bone structures compared to conventional radiography, whereas MRI is particularly val-

uable for assessing the tumor’s extension into surrounding soft tissues [18]. Additionally, 

bone scan and PET-CT play an important role in staging and therapeutic planning [19]. 

The diverse presentation and aggressive nature of osteosarcoma necessitate precise 

imaging for both the initial diagnosis and monitoring of treatment response, given the 

tumor’s complex and variable characteristics. Therefore, integrating various imaging mo-

dalities is crucial for a thorough evaluation of the tumor and effective therapeutic plan-

ning (Table 1) [20]. In support of the visual assessment by radiologists, the intensive ap-

plication of artificial intelligence to the analysis of biomedical images in the last decade 

has facilitated a paradigm shift in oncological imaging [21]. Radiomics plays a promising 

role by enabling the extraction of a wide range of quantitative features from imaging, 

which enhances tumor diagnosis, characterization, and prediction of therapeutic response 

[22,23]. However, despite technological and methodological advancements that have 

overcome some of the initial challenges in cancer imaging, particularly in lung, breast, 

and brain tumors [21,24–26], in the study of bone tumors, the clinical translation of these 

models was quite constrained [27]. For this reason, the role of the radiologist remains in-

dispensable. Nevertheless, radiologists must be mindful of these new opportunities to 

contribute actively to ongoing healthcare advancements. 

Table 1. Role of different imaging modalities in the assessment of osteosarcoma. 

Radiograph CT MRI Bone Scan and PET/CT 

- First step in the evalua-

tion of bone lesions, essential 

to guide diagnosis and fol-

low-up (Bone-Rads) 

- Detailed anatomical 

visualization of challenging 

areas (maxillo-facial bones, 

skull, vertebral spine) 

- Better visualization of 

tumor mineralization, small 

soft tissue calcifications, corti-

cal changes, and periosteal re-

action 

- Evaluation for patho-

logic fracture 

- Overall tumor staging 

(distant metastasis) 

- Local staging of the tu-

mor (tumor extension, epi-

physeal and joint invasion, 

soft tissue involvement, neu-

rovascular involvement, skip 

lesions) 

- Diagnostic insights 

based on the study of the tu-

mor’s structure (fluid, re-

stricted diffusion, vasculari-

zation, enhancement, etc.) 

- Screening tool for pri-

mary lesions and distant 

bone metastasis 

2. Imaging Assessment of Osteosarcoma 

Conventional radiography is a non-invasive, low-cost, and widely accessible modal-

ity, and it is usually the first-line imaging for the diagnostic assessment of osteosarcomas 

and bone tumors in general [28,29]. The radiographic features of osteosarcomas are typical 

of aggressive bone tumors, and it is essential for radiologists to recognize these signs for 

the early diagnosis and appropriate management [12,29,30]. In approaching a bone lesion, 

several key factors such as the anatomical location and radiographic characteristics of the 

lesion, patient age, and clinical presentation must be carefully considered in the differen-

tial diagnosis and in planning further diagnostic and therapeutic decisions [20,31]. The 

density of the lesion on radiographs and CT can be categorized as radiolucent, sclerotic, 

or mixed [20,31,32]. A radiolucent lesion is characterized by lower attenuation compared 

to normal bone, while a sclerotic lesion is denser than the surrounding trabecular bone. In 
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many osteosarcomas, the lesion contains a combination of osteoblastic (sclerotic) and os-

teolytic (lucent) areas (Figure 1) [12,30]. 

  

  

Figure 1. Radiographic examples of sclerotic ((A,B); arrows) and lucent ((C,D); arrows) lesions. Both 

sclerotic and lucent patterns can appear in both benign and malignant bone lesions. Note, for com-

parison, two examples of osteosarcomas (A,C) and benign lesion, osteoid osteoma (B), and fibrous 

dysplasia (D). 

Matrix and tumor mineralization are important features that can be evaluated. The 

term “matrix” refers to the type of tissue present in the tumor (e.g., osteoid, chondral, 

fibrous), while “mineralization” pertains to the calcification of the matrix. Bone tumors 

most commonly exhibit a calcified osteoid matrix, which is easily recognizable [31]. How-

ever, some variants may also show cartilage components or a chondroid matrix, with its 

typical popcorn-like appearance on radiography or significant amounts of fibrous tissue 

[12,30]. 

In recent years, several diagnostic scoring systems have been introduced to further 

aid in classifying bone lesions and predict the risk of malignancy based on radiographic 

characteristics [33]. Among these, Bone-RADS is designed to provide a structured report-

ing system, similar to BI-RADS for breast imaging, which assigns a score to bone lesions 

based on their likelihood of malignancy, helping radiologists to stratify lesions and guide 

clinical management (Tables 2 and 3) [32,34]. 
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Table 2. Radiographic features evaluated for assigning the Bone-RADS score [32]. 

Feature Evaluated 
Corresponding 

Points 

Margins 

IA (well defined, sclerotic) 1 

IB (well defined, non-sclerotic) 3 

II (ill defined) 5 

IIIA (changing margins from well de-

fined to ill-defined) 

IIIB (moth-eaten or permeative) 

IIIC (radiographically occult with in-

visible margins) 

7 

Periosteal reaction 

none 0 

non-aggressive 2 

aggressive 4 

Endosteal reaction 

mild 0 

moderate 1 

deep 2 

Pathological fracture 
no 0 

yes 2 

Soft tissue mass 
no 0 

yes 4 

Known primary cancer 
no 0 

yes 2 

Total Points 0–21 

The numbers attributed to each feature are added to obtain a global Bone-RADS score 

(Table 3). 

Table 3. Risk stratification according to Bone-RADS; increasing points correspond to an increased 

Bone-RADS score and risk of malignancy. 

Total 

Points 

Bone RADS 

Score 
Description Lesions Meaning and Recommendations 

N/A 0 
incompletely char-

acterized 
additional imaging is needed 

1–2 1 very low risk 
very likely benign 

pathognomonic benign lesion 

3–4 2 low risk 

probably benign 

if asymptomatic: radiographic follow-up 

if symptomatic: treatment 

5–6 3 intermediate risk 

potentially malignant 

orthopedic oncology referral for biopsy 

and treatment planning 

≥7 4 high risk 

malignant until proven otherwise 

orthopedic oncology referral for biopsy 

and treatment planning 

N/A = not applicable. 

When evaluating osteosarcoma using the Bone-RADS score, several imaging features 

are crucial for assessing the tumor’s aggressiveness and extent. In osteosarcoma, the mar-

gins typically exhibit a board transition zone between the lesion and the surrounding 



Cancers 2025, 17, 599 6 of 35 
 

 

perilesional space, presenting as ill-defined or with a moth-eaten appearance, reflecting 

the tumor’s aggressive nature (Figure 2). 

    

Figure 2. Examples of osteosarcomas with varying margin patterns. (A) Ill-defined margins (arrow) 

(Type II). (B) Mixed well-defined (arrowhead) and ill-defined (arrow) margins, also referred to as 

“changing margins” (Type IIIA). (C) Moth-eaten osteolytic lesion or (D) permeative osteolytic lesion 

(Type IIIB). A permeative bone process or moth-eaten appearance refers to multiple small endosteal 

lucent lesions or holes. 

In contrast, benign lesions typically present with well-defined or sclerotic margins 

[18]. Osteosarcomas grow rapidly, preventing the periosteum from having enough time 

to lay down a new layer of bone. As a result, Sharpey’s fibers stretch perpendicular to the 

bone, leading to the formation of new bone spicules that radiate outward. This creates a 

distinctive appearance known as the “sunburst” or “hair-on-end” pattern of periosteal 

reaction (Figure 3) [32,35,36]. It is frequently associated with osteosarcoma but can also 

occur with other aggressive bone lesions like Ewing’s sarcoma. Other features include the 

formation of Codman’s triangle (a periosteal reaction seen as the tumor elevates the peri-

osteum). 

    

Figure 3. Various types of periosteal reactions. (A) Codman’s triangle (arrow); (B) lamellated or 

“onion skin” pattern (arrow); (C) “hair-on-end” appearance (arrow); (D) sunburst appearance (ar-

rows). 

The endosteal scalloping may show thinning or erosion of the inner bone surface, 

contributing to a permeative or moth-eaten appearance on imaging (Figure 4) [37]. 
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Figure 4. Examples of endosteal scalloping. (A) Thinning of the inner bony cortex (arrowhead) in a 

case of osteosarcoma, associated with mild cortical bulging (arrow). For comparison, (B) shows uni-

form cortical thinning (arrows) associated with a radiolucent lesion in case of fibrous dysplasia. 

The presence of fracture within an aggressive bone lesion is highly indicative of a 

malignant process (Figure 5). 

  

Figure 5. Example of pathological fractures in osteosarcomas. (A) The radiograph presents a meta-

epiphyseal lesion of the proximal humerus (fibroblastic variant or conventional osteosarcoma) with 

mixed density, osteoid matrix mineralization, and permeative margins. A pathological fracture is 

also visible (arrow). (B) Another radiographic example shows a pathological fracture (arrow) asso-

ciated with a sclerotic bone lesion in femur metaphysis. 

Following the initial radiographic diagnosis, the assessment of osteosarcoma can 

benefit from a thorough evaluation using CT and MRI. These imaging modalities provide 

a more detailed assessment of the tumor’s composition, extent, and involvement of sur-

rounding tissues, all of which are critical for formulating an effective treatment plan for 

osteosarcoma [38,39]. CT is the reference examination for the study of bone structures, 

providing a detailed visualization of regional bone anatomy [40], areas of bone resorption, 

and calcified bone matrix deposition while also improving the detection of pathological 



Cancers 2025, 17, 599 8 of 35 
 

 

fractures. The impact of pathological fractures at diagnosis in patients with osteosarcomas 

is debated. [19]. In the EURAMOS-1 cohort, fractures were not associated with overall 

survival or event-free survival (EFS) in multivariable analysis [41]. However, in a study 

of 2847 patients from the Cooperative Osteosarcoma Study Group, Kelley et al. found sig-

nificantly lower overall survival in adults with pathological fractures (HR = 1.89; p = 0.013), 

though no significant association was noted for EFS in adults or overall survival/EFS in 

children. By combining thin-slice CT reconstructions with different window parameters, 

CT enhances the depiction of various tissue components, including osseous and soft tissue 

tumor matrices, and produces highly detailed three-dimensional representations of the 

lesion and surrounding structures [42]. These renderings are particularly valuable in the 

assessment and surgical planning of osteosarcomas located in anatomically complex re-

gions, such as the maxillofacial structures (Figure 6) and vertebrae (Figure 7) [42]. Accord-

ing to many authors, pathological fractures at diagnosis should not be considered an ab-

solute indication for amputation, although they can lead to significant intraoperative 

bleeding, increased surgical complexity, and longer surgeries [43]. Initial management 

should include cast immobilization or external fixation to prevent tumor cell dissemina-

tion, followed by neoadjuvant chemotherapy and limb-salvage surgery. However, in 

cases of chemotherapy-resistant sarcomas, limb-salvage surgery is considered a relative 

contraindication [43,44]. 

   

Figure 6. CT assessment of osteosarcoma in a complex anatomical region. On radiograph (A), the 

lesion is difficult to identify, but an asymmetry of the left mandibular ramus (solid arrow) compared 

to the normal contralateral side (arrowhead) can be observed in the frontal view. On CT (B,C), an 

osteolytic lesion with an internal osteoid matrix is clearly identified (arrows). 
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Figure 7. Vertebral osteosarcoma. Sagittal (A) and axial (B) CT scans of the spine, theosteoid matrix 

(arrows) can be seen within the soft tissue component of the tumor, which involves the adjacent 

paravertebral muscles. 

Furthermore, CT is highly effective for guiding lesion biopsy due to its rapid execu-

tion and high spatial resolution. It ensures accurate placement of the biopsy needle, opti-

mizing tissue sampling and minimizing complications by avoiding critical structures and 

targeting the most relevant areas of the tumor (Figure 8) [45]. 

  

Figure 8. Biopsy of a suspected malignant bone lesion. (A) Preliminary assessment with ultrasound; 

(B) CT-guided biopsy. 

CT is the preferred examination for comprehensive staging of osteosarcoma, as it en-

ables the efficient detection of distant metastases [45], which are present in 10–15% of pa-

tients at diagnosis [46]. Metastases are most commonly found in the lungs (80%) [47], fol-

lowed by the bones (30–35%) and lymph nodes (2%) [48]. In patients with a known diag-

nosis of osteosarcoma, lung nodule size is the primary factor for suspicion when larger 

than 5 mm [49,50]. Approximately 60% of osteosarcoma lung metastases are partially or 

fully calcified, providing an additional diagnostic clue [50] (Figure 9). 
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Figure 9. Pulmonary metastases from osteosarcoma with calcifications (arrow). 

Furthermore, CT can also be used for local and distant complication assessment (Fig-

ure 10). 

  

  

Figure 10. (A) Pelvic radiograph showing osteoblastic lesion (asterisk) at the left acetabulum with 

soft tissue component (arrow) and osteoid matrix, more clearly seen on CT with bone window in 

(B). (C) Soft tissue window on CT reveals the soft component (arrows). The ureter was observed to 

be infiltrated and indistinguishable within the tumor mass. (D) Hydronephrosis has caused rupture 

of renal pelvis with evident extravasation of contrast media (arrows). 

MRI is the preferred imaging modality for assessing tumor bulk, local disease extent, 

and its relationship with surrounding structures due to its superior tissue differentiation 

[19,38]. It provides a clear visualization of cartilage, muscles, fascia, and neurovascular 

bundles, and it represents the preferred modality to monitor tumor changes during treat-

ments [51]. MRI protocols typically include both wide-field-of-view images, which allow 

for a comprehensive evaluation of the entire bone from joint to joint, and narrow-field-of-
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view images focused on the primary lesion for a better definition of lesion characteristics 

[38]. Imaging of the entire extremity is recommended, for instance, in cases of femoral 

osteosarcoma; this includes the hip, knee, and ankle joints to assess the longitudinal extent 

of the disease, evaluate both intraosseous and extraosseous involvement, and detect any 

skip lesions [48,52,53]. Skip metastases show a wide prevalence range (1% to 25%), likely 

due to differences in detection methods [54], and they were observed in about 16% of cases 

in a large cohort of 241 patients [55]. They are significantly associated with lung metasta-

ses, other skeletal metastases, and reduced survival rates but not with chemotherapy re-

sponse [54,55]. It remains debated whether skip lesions result from local or systemic 

spread [55]. However, the detection of skip lesions is crucial, as they act as an independent 

variable associated with a very poor prognosis [56–58]. The smaller-field-of-view images 

include T1-weighted fat-suppressed and T2-weighted fat-suppressed sequences, as well 

as contrast-enhanced T1-weighted fat-suppressed images acquired in the axial plane and 

at least one longitudinal plane, depending on the localization of the disease. A 3–5 mm 

section thickness with a 0–20% intersection gap is usually applied [18]. Osteosarcoma typ-

ically presents on MRI as masses with heterogeneous low signal intensity on T1-weighted 

imaging (T1-WI), high signal intensity on T2-weighted imaging (T2-WI), and marked en-

hancement following gadolinium contrast administration (Figure 11) [19]. 

   

Figure 11. Typical example of osteosarcoma on MRI. (A) T1-weighted image. A pathological fracture 

(arrow) is noted along with an ill-defined hypointense mass (arrowheads) and intramedullary lesion 

at diaphysis (asterisk). (B) The T2 fs sequence demonstrates the lesion and the extent of edema, 

which in this case extends to the entire thigh musculature (arrows). (C) Post-contrast T1-weighted 

sequence, highlighting the proliferating pathological tissue (arrow) within the lesion. sag = sagittal; 

ax = axial; cor = coronal; T1 = T1-weighted; T2 = T2-weighted; fs = fat saturated; c = contrast-en-

hanced. 
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Depending on the histologic subtype and matrix predominance (osseous or chon-

droid), osteosarcomas may exhibit variable MRI signal characteristics. T1-weighted im-

ages are ideal for delineating the longitudinal extent of the tumor, its maximal distance 

from the nearest joint’s articular surface, and the intramedullary tumor component, which 

appears as an area of low signal intensity against the higher signal intensity of healthy 

bone marrow [59,60]. In contrast, fluid-sensitive sequences excel at characterizing ex-

traosseous lesions and assessing the tumor’s relationship to the muscle compartment, 

neurovascular bundles, and adjacent joints [60]. However, they may overestimate the in-

tramedullary extent due to their inability to distinguish the tumor from adjacent peritu-

moral reactive marrow edema and red marrow hyperplasia [61,62]. Necrotic regions dis-

play a variable signal on T1-weighted images, which can also appear hyperintense after 

fat suppression due to hemorrhaging, high signal intensity on T2-weighted images, and 

the absence of contrast enhancement. From a therapeutic planning perspective, epiphys-

eal extension is an important consideration, characterized by abnormal marrow signal in-

tensity that extends continuously from the primary tumor into the epiphysis (Figure 12). 

This appears as hypointensity on T1-weighted images, hyperintensity on fluid-sensitive 

sequences, and increased post-contrast enhancement relative to skeletal muscle, suggest-

ing direct tumor spread [63,64]. 

   

   

Figure 12. Epiphyseal involvement. (A,B) Lesion of the proximal tibial metaphysis. The intramedul-

lary lesion abuts the epiphyseal plate superiorly, with the epiphysis preserved. (C,D) The lesion 

abuts the epiphysis with epiphyseal involvement (arrowhead). (E,F) Epiphyseal involvement. sag = 

sagittal; ax = axial; cor = coronal; T1 = T1-weighted; T2 = T2-weighted; fs = fat saturated; c = contrast-

enhanced. 
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Joint invasion is another critical finding (Figure 13). Thick, linear, or nodular synovial 

enhancement, particularly in joints like the glenohumeral, indicates that the tumor has 

breached the joint capsule [38,65]. Recognizing joint invasion is essential for determining 

the appropriate surgical resection and ensuring that the joint is adequately addressed dur-

ing surgery. 

   

Figure 13. Joint involvement. (A–C) This case demonstrates an extensive osseous lesion (asterisk) in 

the right proximal tibia, extending from the epiphysis to the proximal one-third of the diaphysis, 

with cortical breach and a large soft tissue component. The mass appears heterogeneous with a 

hypointense signal on T1-weighted images and a variable signal on T2-weighted images, along with 

heterogeneous contrast enhancement. Intra-articular extension into the right knee joint is observed, 

encasing the anterior (arrowhead) and posterior cruciate ligaments (arrow). sag = sagittal; T1 = T1-

weighted; T2 = T2-weighted; fs = fat saturated; c = contrast-enhanced. 

MRI is also the preferred method for assessing the invasion of adjacent soft tissues 

and the infiltration of critical structures, such as nearby organs and neurovascular bundles 

(Figure 14). 

 

Figure 14. Soft tissue invasion. Critical concerns include the loss of fat planes with nearby organs 

(urinary bladder, prostate, rectum (arrow)), indicating possible tumor infiltration and the involve-

ment of the adductor brevis, adductor magnus, and obturator internus muscles). 
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Overall, the accurate assessment of tumor extent and composition is essential not 

only for surgical planning but also for predicting therapeutic response. Recent evidence 

suggests that baseline MRI findings, as shown by Kanthawang et al., may help in predict-

ing chemo-resistant osteosarcoma, with tumor size emerging as the strongest predictor 

[66]. In this recent study of 95 patients with newly diagnosed high-grade osteosarcoma, 

several associated factors were found to be with poor histologic response post-chemother-

apy. These factors include a tumor volume greater than 150 mL, the longest diameter ex-

ceeding 7 cm, necrotic areas comprising over 50% of the tumor volume, intra-articular 

spread, and peritumoral soft tissue edema. Additionally, both the initial longest diameter 

and tumor volume were identified as independent predictors of histologic response [66]. 

Techniques such as diffusion-weighted imaging (DWI) and dynamic contrast-enhanced 

MRI (DCE-MRI) offer valuable insights into tumor biology, vascularity, and chemother-

apy response. DWI detects variations in water molecule diffusion within tissues [67,68]. 

Since malignant tumors like osteosarcoma typically have densely packed cells, they re-

strict water molecule movements, resulting in high signal intensity on DWI and low ADC 

values; this characteristic helps distinguish osteosarcoma from less aggressive lesions or 

benign tumors [20]. Since bone tumors tend to become very heterogeneous as they grow, 

incorporating cystic-necrotic or hemorrhagic areas, restricted diffusion can assist in bi-

opsy sampling along with contrast enhancement sequences (Figure 15). 

   

Figure 15. The area of highest cellularity (arrows) on post-contrast T1-weighted sequence (A) shows 

high signal intensity on DWI (B) and low signal intensity on ADC map (C), which serve as potential 

biopsy targets. ax = axial; T1 = T1-weighted; T2 = T2-weighted; fs = fat saturated; c = contrast-en-

hanced. Courtesy of Dr. Hammar Haouimi, licensed under CC BY-NC-SA 3.0. 

Neoadjuvant chemotherapy significantly alters the composition of osteosarcoma tu-

mors [69]. Currently, histopathological necrosis serves as the standard for evaluating 

chemotherapy response, but it can only be assessed after treatment completion [69]. For 

this reason, over the years, the role of imaging as a non-invasive surrogate has been ex-

plored to evaluate the degree of post-chemotherapy necrosis. The ADC value on DWI is 

a promising tool for monitoring the therapeutic response of primary bone sarcomas [19]. 

Hayashida et al. found that post-treatment changes in ADC values were significantly 

greater in tumors with ≥90% necrosis compared to those with less necrosis [70]. Recently, 

a study by Hao et al. on thirty-four osteosarcoma patients who received three courses of 

neoadjuvant chemotherapy showed that by week 9 post-chemotherapy, all patients had 

increased ADC values compared to pre-chemotherapy levels, indicating the chemother-

apy’s impact on tumor cells. Furthermore, the responder group had a significantly higher 

difference in ADC (ΔADC) than the poor responder group, with increased necrosis re-

flecting a reduced restriction of water molecule motion and a better treatment response 

[71]. Other authors have found that the diffusion coefficient does not correlate with 
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necrosis, but after adjusting for tumor volume, a significant correlation was observed, 

leading to the potential for a new parameter—diffusion per unit volume—that may offer 

more accurate insights [69]. Similarly to soft tissue sarcomas, the main drawback of 

DWI/ADC in bone tumors is image quality and lack of standardization [72]. 

Dynamic contrast-enhancement MRI provides valuable information for staging and 

treatment planning [20,65]. Enhanced T1-weighted images offer insights into tumor het-

erogeneity, revealing areas of cystic degeneration and necrosis. Additionally, these im-

ages can highlight the solid components within heterogeneous regions observed on T2-

weighted images, aiding biopsy guidance and helping to detect joint involvement [20,65]. 

Although MRI is highly sensitive to joint invasion, careful analysis is essential to avoid 

false positives, which can lead to over-staging and unnecessarily radical surgical proce-

dures [38]. When interpreting chemotherapeutic response, combining DWI and DCE-MRI 

with conventional MRI sequences (such as post-contrast T1-weighted, pre-contrast T1-

weighted, and STIR) through machine learning approaches can reliably differentiate ne-

crosis from viable tumors. A study by Teo et al. demonstrated excellent correlation be-

tween these imaging techniques and pathologist-estimated necrosis, as well as necrosis 

quantified from digitized histologic section images [73]. DCE-MRI analysis can be effec-

tively enhanced by evaluating a range of quantitative or semi-quantitative parameters, 

such as the shape of the time–intensity curve, the area under the time–intensity curve, the 

wash-in rate, the influx volume transfer constant (Ktrans), the efflux rate constant (Kep), 

the relative extravascular extracellular space (Ve), and the relative vascular plasma space 

(Vp). These parameters are estimators of tumor neoangiogenesis [74]. Recently, Kalisvaart 

et al. used a machine learning approach to develop a model based on DCE-MRI features 

to predict the chemotherapy response in osteosarcoma patients. The optimal model found 

that a relative wash-in rate of <2.3 using whole slab segmentation best predicted poor 

histological response, achieving high accuracy and AUC scores. External validation con-

firmed consistent predictive performance, highlighting the wash-in rate as a reliable indi-

cator for assessing chemotherapy response in osteosarcoma [75]. One important feature 

to assess is the presence of skip lesions, which are additional sites of tumors within the 

same bone but separated from the primary tumor by normal marrow. Identifying skip 

lesions is crucial for surgical planning, as they can significantly influence the extent of 

resection and overall treatment approach [48,52]. Muscle involvement is noted when the 

tumor directly penetrates surrounding muscle tissues, often encasing the myotendinous 

junction or causing displacement and signal intensity changes in imaging [76]. This can 

have a significant impact on surgical margins and postoperative function, as the tumor 

involvement of muscle requires careful consideration during resection. In more advanced 

cases, neurovascular involvement becomes a critical concern. This occurs when the tumor 

abuts, partially encases, or even infiltrates major vessels or nerves, sometimes leading to 

thrombosis of the neurovascular bundle. Such involvement not only increases the com-

plexity and risk of surgery but also significantly affects treatment strategies [77]. 

The presence of lymphadenopathies, indicated by abnormal lymph node morphol-

ogy or enlargement, can also suggest systemic spread. Pathological lymph nodes often 

display cortical thickening and a loss of the fatty hilum, a key sign of malignant involve-

ment. 

Bone scintigraphy (Figure 16), typically performed using technetium-99 m-labeled 

diphosphonates, is a valuable tool in the evaluation of osteosarcoma, particularly for de-

tecting skeletal metastases and assessing the extent of disease [78]. 
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Figure 16. Bone scan. A 17-year-old woman with a suspected osteosarcoma at the left distal femur 

underwent a Tc-99 m MDP bone scan. The results show significantly increased uptake at the left 

distal femur, while the rest of the skeleton, epiphyseal plates, kidneys, and bladder appear unre-

markable. 

Its high sensitivity allows for the identification of osseous abnormalities not readily 

apparent on conventional radiographs, making it essential in staging and monitoring dis-

ease progression. By visualizing areas of increased osteoblastic activity, the scan can dis-

tinguish between primary tumor involvement and distant metastatic sites. While bone 

scans are not specific for malignancy, their ability to provide whole-body imaging quickly 

and effectively makes them a critical adjunct in the diagnostic workup and follow-up of 

osteosarcoma patients. 

The advent of newer modalities like PET/CT and MRI has gradually shifted some 

preference toward more advanced imaging, offering superior specificity and the simulta-

neous assessment of soft tissue involvement [79,80]. However, according to other studies, 

their performance is comparable [81]. The 18F-FDG PET/CT imaging modality combines 

metabolic and anatomical information by using a radioactive glucose analog that accumu-

lates in cells with high glucose uptake, such as cancer cells, to assess tumor metabolic 

activity [82]. Studies have explored baseline and chemotherapy-induced changes in 18F-

FDG PET/CT metrics, such as SUVmax, SUVmean, SUVpeak, the tumor-to-background 

ratio (TBR), total lesion glycolysis (TLG), and metabolic tumor volume (MTV) to evaluate 

histologic response in osteosarcomas [83]. Palmerini et al. found higher response rates in 

patients with a baseline SUVmax < 6 (64% vs. 20%, p = 0.05) [84]. Oh et al. highlighted cut-

offs associated with favorable histologic response, including a post-chemotherapy SU-

Vmax < 2–3, TBR > 0.46–0.60, and a 52–60% reduction in SUVmax [80]. Xu et al. also 

demonstrated that PERCIST criteria are more sensitive than RECIST v1.1 for detecting 

therapeutic responses [19,85]. 

Despite the challenges in diagnosing osteosarcoma due to nonspecific symptoms, ra-

diological overlap with benign conditions, and the tumor’s complexity, multi-modal 
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imaging approaches—combining X-ray (XR), MRI, CT, and PET—have significantly im-

proved early detection and characterization. Additionally, AI-driven analysis enhances 

early detection by identifying subtle patterns that may be missed on conventional X-rays, 

particularly malignant features [86]. The complementary information provided by inte-

grating MRI and CT allows for a more comprehensive evaluation of the tumor’s extent, 

heterogeneity, relationship with adjacent structures, and potential metastasis, including 

skip metastases, thus improving diagnosis and staging. Ongoing research into biomarkers 

and molecular imaging aims to offer non-invasive tools that further enhance the sensitiv-

ity and specificity of osteosarcoma detection [87]. 

3. Osteosarcoma Subtypes 

The classification of osteosarcomas is notably complex [12,88]. Osteogenic tumors are 

classified based on several criteria, including radiographic, histopathological, and micro-

scopic analyses [88]. Together, these diagnostic approaches reveal the multicellular com-

plexity underlying the histological patterns of osteosarcoma. According to the WHO clas-

sification, osteosarcomas can be broadly divided into central and juxtacortical osteosar-

coma (Table 4). Central osteosarcomas, originating in the bone’s intramedullary compart-

ment, include conventional, telangiectatic, small-cell, and low-grade central variants [89]. 

Surface osteosarcomas arising near the bone surface, hence called juxtacortical or surface 

subtype, are classified into parosteal, periosteal, and high-grade surface subtypes 

[13,89,90]. However, this only provides a simplified view of the broader and more intricate 

landscape of osteosarcoma variants [91]. From a strictly radiological perspective, classifi-

cation systems rely on several key features [20,28,31]. These include the tumor’s precise 

location within the bone (such as intramedullary or central, intracortical, surface, perios-

teal, or parosteal), the degree of cellular differentiation (high-grade or low-grade), and its 

histologic composition (including osteoblastic, chondroblastic, fibroblastic, fibrohistio-

cytic, telangiectatic, small-cell, or clear-cell subtypes) [12]. Additionally, the number of 

tumor foci (whether single or multicentric) and the condition of the underlying bone 

(whether normal or affected by conditions like Paget’s disease) are important factors in 

the classification. However, due to the rapid growth and highly aggressive nature of these 

tumors, which are often diagnosed in advanced stages, identifying the precise location of 

origin can be challenging, particularly in large lesions. This complexity adds a layer of 

difficulty in osteosarcoma diagnosis and management, requiring comprehensive radio-

logical and histological evaluations to determine the appropriate classification and subse-

quent treatment approach. 

Table 4. Osteosarcoma subtypes. 

Subtype Prevalence Histology 

Intramedullary (Central) 

Conventional (high-

grade) osteosarcoma 
80% [1,4,12] 

Spindle-to-polyhedral-shaped malignant mesen-

chymal cells with high cellularity, nuclear poly-

morphism, atypia 

Extracellular matrix production may be osteo-

blastic, osteoclastic, fibroblastic, or a combina-

tion 

Telangiectatic osteo-

sarcoma 
2–12% [92,93] 

Dilated hemorrhagic sinusoids and small 

amounts of osteoid 

Low-grade osteosar-

coma 
<2% [18,94] 

Well-differentiated cells embedded in the osse-

ous matrix and fibrous stroma, with small 

amounts of osteoid 

Small-cell osteosar-

coma 
1.5% [95,96] 

Numerous small round malignant cells within 

an osteoid matrix 



Cancers 2025, 17, 599 18 of 35 
 

 

Due to small round cells with hyperchromatic 

nuclei, it can be confused with Ewing sarcoma 

or primitive neuroectodermal tumor  

Juxtacortical (Surface) 

Parosteal osteosar-

coma 
1–5% [18,97] 

Low-grade with a well-differentiated mostly 

cartilaginous matrix with minimal osteoid 

Periosteal osteosar-

coma 
1–2% [18,98] Mostly cartilaginous matrix; minimal osteoid 

High-grade osteosar-

coma 
<1% [18,95] 

High-grade spindle-shaped cells with nuclear 

pleomorphism 

3.1. Intramedullary (Central) Osteosarcoma 

3.1.1. Conventional Osteosarcoma 

Conventional osteosarcoma is the most common form, accounting for 80% of cases, 

and it is a highly aggressive high-grade bone tumor [12,20,30]. It primarily affects indi-

viduals in their second decade of life, with 75% of cases occurring in those under the age 

of 25. The incidence is higher in males than in females, with a male-to-female ratio of 3:2 

[13,30,89]. Approximately 90% of cases originate in the metaphysis of long bones, partic-

ularly in regions of rapid growth; initial involvement of the diaphysis occurs in about 10%, 

while epiphyseal involvement is rare [12]. However, evaluating epiphyseal involvement 

remains crucial, as metaphyseal cartilage does not effectively serve as a barrier [99]. In 

pediatric cases, extension into the epiphysis is observed in 75–88% of instances [100]. His-

tologically, the cells range from spindle-shaped to polyhedral, with nuclei that vary in 

appearance; mitotic cells are easily identifiable [53]. The tumor cells produce a matrix that 

can be osseous (“osteoblastic”), cartilaginous (“chondroblastic”), or fibrous (“fibro-

blastic”), though a combination of all three is often present [53,88]. The osteoid matrix of 

the tumor typically appears less dense than healthy bone and is characterized by an amor-

phous disorganized appearance (Figure 17). 

On conventional radiography, they initially present as intramedullary lesions and 

are characterized by immature cloud-like bone formation and permeative eccentric oste-

olysis in metaphysis or metadiaphysis, with poorly defined non-sclerotic margins indicat-

ing aggressive behavior [12]. The rapid growth and destructive nature of the tumor pre-

vent cortical expansion or the “blown out” appearance typically seen in other lesions [18]. 

The tumor’s density can vary from lytic to intensely sclerotic. The specific radiographic 

pattern varies depending on the tumor subtype, although there is a high overlap [53]. 
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Figure 17. Two examples of osteoblastic osteosarcoma located in the right distal femur (A,B) and 

proximal tibia (C,D). Radiographs (A,C) show a sunburst periosteal reaction (arrowheads). CT im-

ages (B,D) reveal cortical destruction ((B), arrowhead) and cortical thickening ((D), arrowheads). 

The osteoblastic subtype typically presents dense cloud-like mineralization and ap-

pears more sclerotic. In contrast, the chondroblastic subtype usually exhibits a more lytic 

appearance on radiographs, reflecting the presence of unmineralized tissue components. 

Similarly, the fibroblastic subtype also tends to show a lytic appearance due to the lack of 

a mineralized matrix. However, up to 90% of cases display a mixed lytic and sclerotic 

pattern (Figure 18). 

    

   

Figure 18. Radiographic appearances of conventional osteosarcoma variants. (A,B) Chondroblastic 

variant; (C,D) fibroblastic variant; (E) fibroblastic variant; (F) mixed chondroblastic and fibroblastic 

variant; (G) mixed osteoblastic and chondroblastic variant. Significant overlap exists among sub-

types, with typically mixed density of the lesion, as in (A). Predominantly lytic forms are noted in 

(C,F), while sclerotic forms are evident in (E,G). When mineralization is present, it is primarily os-

teoid, as shown in (E,G). 
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Cortical destruction is common, with an extra-compartmental mass in the adjacent 

soft tissues in 90% of cases, where the osteoid matrix can often be visualized. Periosteal 

reactions are pronounced and can present as various forms. The presence of signs such as 

Codman’s triangle is common, while in the osteoblastic form, a robust periosteal reaction 

is more frequently observed, often displaying a “hair-on-end” or “sunburst” pattern. 

On CT imaging, conventional osteosarcoma typically appears as a predominantly 

sclerotic lesion with frequent cortical bone invasion and disruption, along with exuberant 

osteoid matrix production. The dense mineralized osteoid matrix, often extending into the 

medullary cavity, is a defining feature easily identified on CT (Figure 17B,D). The perios-

teal reaction may appear as a “sunburst” pattern, with radiating spicules of new bone 

projecting into the soft tissue or as an elevated periosteum, equivalent to Codman’s trian-

gle on the radiograph. 

On MRI, depending on the histologic subtype and the predominance of an osseous or 

chondroid matrix, osteosarcomas may exhibit variable MRI signal characteristics. In areas 

with a bone-forming matrix, signal intensity is typically low across all sequences. Con-

versely, chondroid regions, common in periosteal, parosteal, and dedifferentiated osteosar-

comas, present with low signal intensity on T1-WI, markedly high signal intensity on T2-

WI, and contrast enhancement that is often peripheral, heterogeneous, and lobulated. 

3.1.2. Secondary Osteosarcoma 

Secondary osteosarcoma is a particularly aggressive form of osteosarcoma that de-

velops in bones already affected by underlying conditions predisposing to sarcomatous 

transformation. It is classified by the World Health Organization (WHO) under conven-

tional osteosarcomas [13,101]. These conditions include Paget’s disease, poorly differenti-

ated chondrosarcoma, and bones previously exposed to radiation. Secondary osteosar-

coma typically arises in the fifth decade in individuals with Paget’s disease, around 11 

years post-radiation therapy, or during the fifth to sixth decades when originating from 

chondrosarcoma degeneration. Compared to primary osteosarcoma, a considerable num-

ber of secondary osteosarcomas occurred at unfavorable sites [101]. The prognosis for sec-

ondary osteosarcoma is poor, with a rapid progression and a tendency for early metasta-

sis. The diagnosis is primarily based on the patient’s clinical history and imaging findings 

of the underlying bone condition, as secondary osteosarcomas are histologically indistin-

guishable from conventional osteosarcomas. 

In cases associated with Paget’s disease, secondary osteosarcoma often presents with 

a combination of lytic and thickened areas, which appear irregular [102,103]. There may 

also be cortical disruption and extra-osseous masses, reflecting the aggressive nature of 

the tumor within the pre-existing Pagetic bone. When secondary osteosarcoma develops 

in irradiated bones, particularly in pediatric patients, it can manifest as small lesions with 

mixed lytic and blastic changes [103]. The tumor may affect either the entire bone or spe-

cific segments, depending on the extent of prior radiation treatment [104–106]. 

Secondary osteosarcoma arising from chondrosarcoma typically shows cortical 

thickening, variable amounts of chondroid matrix, and cortical interruptions. It may also 

present with extra-osseous masses, highlighting its aggressive transformation from the 

pre-existing cartilaginous tumor. 

3.1.3. Teleangectatic Osteosarcoma 

Telangiectatic osteosarcoma, also known as hemorrhagic osteosarcoma, is a relatively 

uncommon subtype, making up less than 10% of all osteosarcoma cases [92]. The retro-

spective study from Angelini et al. indicates a 10-year survival rate of approximately 60%, 

with most patients achieving a cure through a combination of neoadjuvant chemotherapy 

and limb-sparing surgery [93]. 
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Telangiectatic osteosarcoma is considered a variant of conventional osteosarcoma. It 

primarily affects individuals in their second decade, with a male-to-female ratio of 2:1 [92]. 

Clinically, it is characterized by deep-seated bone pain. This variant typically develops in 

the metaphysis of long bones, particularly the distal femur and proximal tibia, extending 

from the metaphysis into the epiphysis in 83% of cases. However, it can also be found in 

less common sites, such as the ribs, mandible, and patella [107,108]. 

Telangiectatic osteosarcoma is biologically aggressive, characterized by a bone ma-

trix filled with large blood-filled spaces. Consequently, its radiographic hallmark is exten-

sive osteolysis with a multiloculated appearance [12,18] (Figure 19). 

   

    

Figure 19. Telangiectatic osteosarcoma of the distal femoral diaphysis. (A) The lesion demonstrates 

bone destruction and a multiloculated soft tissue component. Regions of fluid–fluid levels are evi-

dent ((B), arrow) along with areas of high signal intensity on T2-weighted image ((B), asterisk) and 

T1-weighted images with fat suppression ((C), asterisk), indicative of hemorrhage. (D) Post-gado-

linium images show peripheral (arrow) and septal (arrowheads) enhancement. (E,F) Fluid–fluid 

levels are visible (arrow), showing different stages of hemoglobin degradation compared to the pre-

vious case (arrow). (G) Another example of telangiectatic osteosarcoma with extensive involvement 

of the femoral diaphyseal marrow. Image courtesy of Dr. Yasser Asiri, licensed under CC BY-NC-

SA 3.0. 

Telangiectatic osteosarcoma typically appears radiographically as a large, multilocu-

lar, expansile lesion with partially geographic bone loss and occasional sclerotic borders. 

It sometimes displays a well-defined margin with an irregular sclerotic border, alongside 

areas of a wide transitional zone and endosteal scalloping. A classic permeative pattern of 

bone destruction is rarely observed. The periosteal reaction may be present, although less 

vigorous than in the conventional variant, often manifesting as a Codman’s triangle, with 

the sunburst appearance being rare. The neoplastic matrix often contains small, faint ra-

diopaque spots at the lesion’s periphery, and cortical bone interruption is frequent, allow-

ing the lesion to extend into the surrounding soft tissues. The tumor frequently causes 

aneurysmal expansion of the cortical bone, though simple cortical expansion is less com-

mon. The radiographic appearance of telangiectatic osteosarcoma can resemble that of an 

aneurysmal bone cyst, challenging the diagnostic acumen of radiologists (Figure 20) [92]. 

Pathologic fractures occur in approximately 25% to 30% of cases, and soft tissue masses 

are also encountered [18]. It can be observed that there is no solid component within the 
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aneurysmal bone cyst, whereas there is an enhanced solid component in telangiectatic 

osteosarcoma (Figure 19D). 

   

Figure 20. Aneurysmal bone cyst. (A) Radiograph shows a lytic lesion in the proximal humeral met-

aphysis with a narrow zone of transition, causing mild cortical bulging. (B) T2-weighted fat-satu-

rated sequences reveal fluid signal within the cyst. (C) Mild perilesional enhancement is observed 

in post-contrast sequences. 

CT imaging reveals a heterogeneous mass, often septate, characterized by low central 

attenuation due to necrotic tissue, along with cortical bone destruction [18]. Small periph-

eral calcific foci can also be detected. On T2-weighted imaging, telangiectatic osteosar-

coma commonly shows heterogeneous signal intensity, while T1-weighted sequences of-

ten reveal areas of high signal due to methemoglobin. Fluid–fluid levels, though more 

typical of aneurysmal bone cysts, appear in fewer than half of telangiectatic osteosarcoma 

cases. MRI also highlights thick irregular septa at the lesion’s edges with a solid enhancing 

component that represents the vital tissue and may contain the bone matrix, showing 

strong post-contrast enhancement. Nodular intralesional thickening, aggressive growth, 

and osteoid matrix mineralization in a soft tissue mass aid in differentiating it from aneu-

rysmal bone cysts [19,92]. 

3.1.4. Small-Cell Osteosarcoma 

Small-cell osteosarcoma accounts for approximately 1% of all osteosarcoma cases and 

typically affects individuals in their second and third decades of life, with a mild female 

predilection [95,96]. The 5-year survival rate for patients with small-cell osteosarcoma is 

approximately 42–50%, which is slightly lower than that for conventional osteosarcoma 

(53–61%) and Ewing sarcoma (51%) [109]. These tumors most commonly originate in the 

metaphyseal region of long bones, with the femur being the most frequently affected site. 

However, about 14% of cases are found in the diaphysis. Small-cell osteosarcoma can 

mimic Ewing sarcoma or primitive neuroectodermal tumors due to small round cells with 

hyperchromatic nuclei and minimal pleomorphism. Identifying osteoid matrix produc-

tion is critical for diagnosis. Additionally, the absence of the EWS-ETS gene rearrange-

ment helps differentiate it from Ewing sarcoma [89,110]. Therefore, identifying osteoid 

matrix production by the tumor cells is crucial for an accurate diagnosis. Additionally, it 

is important to rule out the EWS-ETS chromosome 22 rearrangement characteristic of 

Ewing sarcoma, as osteosarcoma and Ewing sarcoma can share similar histological 
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features. Radiographically, small-cell osteosarcoma lacks distinctive features, presenting 

with a range of patterns from predominantly lytic to exuberant osteoid formation (Figure 

21) [18,111]. This is often accompanied by a soft tissue mass and a vigorous periosteal 

reaction observed in more than 50% of cases [111]. 

  

  

Figure 21. Small-cell osteosarcoma of the iliopubic branch, presenting as a sclerotic lesion with ex-

uberant osteoid matrix formation. The osteoid matrix is clearly visible, appearing as an abnormal 

area of increased bone density area on radiographs (A) and CT (B) and as a hypointense alteration 

on T1-weighted MRI (C,D). 

3.1.5. Low-Grade Central Osteosarcoma 

Low-grade central osteosarcoma, also known as low-grade intramedullary osteosar-

coma, is a rare, well-differentiated, and less aggressive variant of osteosarcoma that orig-

inates within the medullary cavity of bones, representing less than 2% of all osteosarcoma 

cases [18,94]. Among osteosarcoma subtypes, it typically presents with the most benign 

radiographic appearance overall [112]. Accurate diagnosis is crucial, as its treatment dif-

fers significantly from that of benign lesions. Therefore, radiologists should focus on iden-

tifying the subtle focal areas of aggressive features, which are the keys to diagnosis. Low-

grade central osteosarcoma typically presents between the third and fourth decade of life 

and most often affects the meta-diaphyseal region of long bones, particularly the femur 

and tibia [112]. Clinically, patients usually present with swelling and mild symptoms, 

leading to delayed diagnosis when the tumors are already large. Compared to conven-

tional osteosarcoma, patients with this variant generally have a more favorable prognosis, 

with a 5-year survival rate of 90% [113]. However, inadequate surgical treatment with 

insufficient margins can lead to the chance of local recurrence and metastases [114]. At 

histology, low-grade central osteosarcoma consists of a micro trabecular bone matrix 

within an unremarkable fibrous tissue with varying levels of bone formation. Low-grade 

central osteosarcoma shares histologic similarities with fibrous dysplasia and fibrous 

bony lesions but closely mirrors the microscopic features of low-grade parosteal 
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osteosarcoma of which it is considered the intramedullary counterpart [112]. The key dis-

tinguishing factor between low-grade central osteosarcoma and benign fibrous lesions is 

the infiltration of tumor cells into mature bone trabeculae or cortical bone. The imaging 

features of low-grade central osteosarcoma are variable. In some case series, a prevalence 

of the lytic pattern was observed (60%), characterized by penetrating and slightly nuanced 

osteolysis with various degrees of trabeculation [112]. In others, the mixed pattern pre-

vailed in up to 80% of the cases with a coexistence of lytic and sclerotic features [94]. The 

differential radiologic diagnoses include benign fibro-osseous lesions such as fibrous dys-

plasia, non-ossifying fibroma, and desmoplastic fibroma [94]. Cortical bone destruction or 

expansion is frequently observed, and while a periosteal reaction may occur, it is not con-

sistently present [112]. The presence of aggressive imaging features such as cortical 

breach, soft tissue extension, and periosteal reaction is a helpful clue for the differentiation 

of low-grade central osteosarcoma from benign fibro-osseous lesions, as these features are 

unusual in benign lesions [112]. 

3.2. Juxtacortical (Surface) Osteosarcomas 

3.2.1. Parosteal Osteosarcoma 

Parosteal osteosarcoma is a rare low-grade form of osteosarcoma that develops on 

the surface of the bone and is the most common type of juxtacortical osteosarcoma [18]. 

It typically affects individuals in their 30 s and 40 s with a slight predominance in 

females [97]. Parosteal osteosarcoma is usually characterized by slow growth, delayed 

metastasis, and favorable prognosis, with a 5-year survival rate of approximately 90% 

[115]. The tumor’s indolent nature often leads to late detection, but it responds well to 

surgical resection, contributing to the high survival rate [115]. Parosteal osteosarcoma 

arises in the outer fibrous layer of the periosteum [18]. Histologically, parosteal osteosar-

comas have a dual appearance, being characterized by fibroblastic spindle cell stroma 

with minimal atypia and a large amount of mature trabecular bone commonly organized 

into long parallel strands [89,97]. At imaging, the trabecular bone matrix may appear sim-

ilar to a hair-on-end or sunburst periosteal reaction outside the periosteum, although it is 

not strictly a periosteal reaction, as the tumor originates from the periosteum itself. In 90% 

of cases, parosteal osteosarcoma occurs in the metaphyseal region, with a strong prefer-

ence for the distal femoral meta-diaphysis, particularly along the posterior cortex (62%) 

[116]. Plain radiography is usually the primary diagnostic tool, while CT is superior for 

evaluating cortical integrity [18,97]. MRI is more effective for assessing bone marrow in-

vasion, soft tissue involvement, areas of the chondroid matrix, and potential sites of de-

differentiation [18,97]. In its early stages, parosteal osteosarcoma may resemble cortical 

thickening, leading to potential misdiagnosis as a healing stress fracture. About one-

fourth of cases are initially seen with a cartilage cap on the outer surface of the tumor 

simulating an osteochondroma [18,97]. However, in parosteal osteosarcoma, the cartilage 

cap is typically irregular, thick, and incomplete, whereas in osteochondroma, it appears 

smooth, thin, and continuous [117]. Moreover, parosteal osteosarcoma lacks corticome-

dullary continuity between the tumor and the underlying medullary canal [18]. As the 

lesion grows, it often presents as a lobulated, cauliflower-like exophytic mass protruding 

from the underlying cortex, with a broad base of attachment (Figure 22). The bone for-

mation progresses from the center toward the periphery, with an irregular mineralization 

pattern; therefore, the periphery of the tumor is generally less dense compared to the cen-

ter. At the time of diagnosis, the tumor can range in size from 2 cm to over 10 cm, often 

presenting with a fusiform shape that extends along the length of the bone and sometimes 

wraps circumferentially around it. 
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Figure 22. Parosteal osteosarcoma. A large exophytic mass protrudes from the anteromedial cortex 

of the proximal tibial metaphysis. On CT (A,B), cortical thickening (asterisks) and a dense osteoid 

matrix are visible, with greater density at the center compared to the periphery. A thin cleavage 

plane between the cortex and the tumor ((A,B,D), arrowheads) is seen, while adjacent cortical thick-

ening and sclerosis are noted in the older areas, along with some zones of cortical lysis ((C,E), white 

arrows). The lesion has well-defined margins and appears hypointense on T1 (C,D), predominantly 

hypointense on T2 (E) with heterogeneous post-contrast enhancement (F). No cystic areas or fluid–

fluid levels are identified. Courtesy of Dr. Dalia Ibrahim, Lecturer, Cairo University. Licensed under 

CC BY-NC-SA 3.0. 

The underlying bone cortex may show thickening due to focal expansion of the inner 

part of the tumor and its fusion with the cortex. In more advanced stages, the cortex may 

be partially eroded. The tumor commonly manifests as a partially circumferential thick-

ening of the cortex, exhibiting a disorganized mix of osteolytic areas (bone loss) and re-

gions of bone thickening. The most characteristic feature of the tumor is a lobulated exo-

phytic lesion with dense ossification at its core. 

CT imaging can reveal a cleavage plane, often referred to as the “string sign”, be-

tween the tumor and the normal cortex in approximately 65% of cases. This feature corre-

sponds histologically to the inner layer of the periosteum, which is interposed between 

the tumor mass and the cortical bone [116,118,119]. 

MRI is the primary imaging modality for assessing intramedullary involvement and 

the tumor’s extension into peri-skeletal soft tissues in parosteal osteosarcoma [97]. The 

ossified component of parosteal osteosarcomas typically shows a low signal on both T1- 

and T2-weighted images, resembling the appearance of cortical bone. Post-contrast im-

ages generally show intense heterogeneous enhancement. Medullary extension occurs in 

22% to 58% of patients, though this finding alone does not have significant prognostic 

implications [116,120,121]. The presence of an ill-defined enhancing soft tissue mass 

within or adjacent to the ossified tumor is suggestive of areas of dedifferentiation. The 

enhancing region may serve as the target for biopsy to assess the high-grade component 

[122]. Dedifferentiation into high-grade osteosarcoma has been reported in up to 43% of 

cases [120,123,124]. The process is histologically characterized by the coexistence of low-

grade parosteal osteosarcoma and higher-grade osteosarcoma. Dedifferentiation is asso-

ciated with increased bone lysis and the presence of soft tissue components without ossi-

fication [97]. Areas of unmineralized soft tissue greater than 1 cm3 and regions with fluid–
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fluid levels are indicative of dedifferentiation to a high-grade lesion [18,116]. The exten-

sion of the tumor into surrounding soft tissues is often inferred by the displacement of 

fatty tissue planes on MRI. Differential diagnoses include benign lesions such as oste-

ochondroma, periosteal chondroma, and malignant lesions such as periosteal chondrosar-

coma, fibrous malignancies, and other subtypes of superficial osteosarcomas [12,18,20]. 

3.2.2. Periosteal Osteosarcoma 

Also referred to as juxtacortical chondroblastic osteosarcoma, this rare form of inter-

mediate-grade surface osteosarcoma represents less than 2% of all osteosarcoma cases and 

is the second most common surface-based osteosarcoma, following parosteal osteosar-

coma [18,98]. Histologically, periosteal osteosarcomas are characterized by regions of car-

tilage transitioning into an osteoid matrix, often displaying a combination of cartilaginous 

and osteoid tissue [97,98]. Periosteal osteosarcoma shows a slight male predominance, 

with the condition typically occurring in individuals in their second or third decade of 

life. It often presents with minimal to no pain initially, followed by the development of 

symptoms such as swelling and/or pain that persist for weeks to months [18]. The prog-

nosis (83% 5-year survival rate) is better than that for conventional but worse than that for 

parosteal osteosarcoma [125]. Periosteal osteosarcoma is most found in the diaphysis or 

meta diaphysis of long bones, particularly affecting the tibia and femur (85–95%), while 

the ulna and humerus are less frequently involved (5–10%). It is rarely found in the jaw, 

clavicle, pelvis, rib, and skull [118]. Unlike the parosteal variant, which originates from 

the outer layer of the periosteum, periosteal osteosarcoma typically arises from the inner 

cambium layer of the periosteum and is attached to the underlying cortex. At diagnosis, 

these tumors usually measure less than 5 cm and have a fusiform shape, developing along 

the cortical surface. 

3.2.3. High-Grade Surface Osteosarcoma 

High-grade surface osteosarcoma is a rare subtype, accounting for only 0.4% of all 

osteosarcomas and representing the least frequent form of juxtacortical osteosarcoma [95]. 

It usually occurs in the second to third decades of life, primarily affecting the diaphyses 

and metaphyses of long bones, with the femur being the most common site [126]. The 

prognosis has historically been considered like that of conventional osteosarcoma, with a 

5-year survival rate of 46.1%, but recent studies indicate improved outcomes due to ag-

gressive chemotherapy and surgical resection [126]. 

Radiographically, high-grade surface osteosarcoma is characterized by dense ossifi-

cation and periosteal reactions in most cases [124]. Cortical thickening and erosion are 

frequently observed, and in some cases, the tumor invades the medullary cavity, with 

reports of medullary involvement varying from 8% to 48% [126]. Radiographs often show 

cortical irregularity with areas of sclerosis, periosteal lifting, and various patterns of ossi-

fication, ranging from dense ossification to mixed lytic and sclerotic changes [18]. Tumor 

sizes can vary widely at the time of the diagnosis, ranging from 4.5 to 22 cm [120,124], 

with dense ossification and cortical erosion being common findings [18,120]. 

CT imaging provides further detail, often revealing cortical destruction, thickening, 

and periosteal reaction. These periosteal reactions may present as Codman’s triangle, a 

sunburst appearance, or spiculated periosteal responses. Invasion into the medullary cav-

ity can be visualized as areas of medullary sclerosis or focal bone destruction within the 

marrow space [18]. The extensive circumferential bone invasion could help differentiate 

high-grade form other types of superficial osteosarcomas.  
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4. Recent Advancements 

Radiomics and artificial intelligence (AI) are emerging as powerful tools in the study 

and management of osteosarcoma and bone tumors in general, offering new approaches 

to both diagnostic and predictive tasks [19,127]. Radiomics involves the extraction of high-

dimensional quantitative features from imaging data imperceptible to the human eye. 

These features are then analyzed using advanced machine learning and deep learning 

algorithms to derive information and develop diagnostic and predictive models [128–

130]. 

Currently, AI algorithms in bone tumors are applied across a wide range of tasks, 

including detection, segmentation, and volume calculation, classification, grading, the as-

sessment of the tumor necrosis rate in both primary and metastatic bone tumors, and pre-

dictive models for therapy response, as well as prognostic tasks related to survival recur-

rence and metastasis [131]. Depending on the specific task, these models rely on various 

radiological modalities (such as X-ray, CT, MRI, and SPECT [27,131,132]. However, recent 

applications based on X-ray imaging are particularly important for early detection, as X-

ray is typically the first-line imaging modality [132]. An important application of AI is the 

ability to integrate clinical data with imaging [131,132]. Modern approaches that combine 

clinical metadata such as age, affected bone site, tumor position, and gender with X-ray 

imaging using multimodal deep learning models can significantly enhance the classifica-

tion accuracy of primary bone tumors [132]. 

In osteosarcoma, radiomics has been extensively applied to MRI and CT imaging, 

focusing on the pre-treatment prediction of histologic response and long-term outcomes, 

such as overall survival and event-free survival [133–135]. Studies using T2-weighted im-

aging (T2-WI), apparent diffusion coefficient (ADC) maps, and contrast-enhanced T1-

weighted imaging have demonstrated encouraging results for survival prediction [19]. 

The combination of pre- and post-chemotherapy radiomics data enhances the accuracy of 

baseline models in predicting treatment response [19]. A recent study by White et al. 

demonstrates that T2-weighted MRI radiomic models show promising potential as prog-

nostic biomarkers for predicting tumor response to neoadjuvant chemotherapy and clini-

cal outcomes, including overall survival and disease-free survival [134]. Another recent 

study by Zhang et al. demonstrated on a large cohort of 209 patients that a nomogram 

combining MRI diffusion-weighted imaging (DWI) radiomics and clinical features out-

performs standalone models, offering enhanced accuracy in predicting neoadjuvant 

chemotherapy response in osteosarcoma and showing significant potential for clinical ap-

plication [136]. 

AI algorithms, particularly convolutional neural networks (CNNs), have further 

streamlined radiomics workflows by automating tasks like tumor segmentation, which is 

critical for feature extraction [130,137,138]. Modern versions of convolutional neural net-

works, such as the multiple supervised fully convolutional networks, have demonstrated 

superior performance in tumor segmentation tasks, providing a fast and accurate deline-

ation of osteosarcoma boundaries, which can aid in more precise treatment planning [139]. 

These automated approaches not only save time but also reduce inter-observer variability, 

especially for tumors with irregular shapes or challenging anatomical locations. 

Despite these advancements, significant challenges persist, as evidenced by a recent 

systematic review highlighting the limitations of many radiomics studies on osteosar-

coma, which consequently leads to limited clinical applications [27,140]. The systematic 

review by Zhou et al. in 2021 included many of the available studies on radiomic applica-

tions in osteosarcoma, highlighting the methodological issues in this research area [27]. 

Many radiomics studies are based on retrospective heterogeneous datasets with limited 

external validation. The limited sample sizes in osteosarcoma research pose a significant 

challenge in developing robust AI models and the disease’s rarity restricts access to high-
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quality annotated data. Additionally, the lack of standardized radiomics pipelines and 

reporting practices complicates the comparison and reproducibility of findings across 

studies. Guidelines like CLAIM (Checklist for Artificial Intelligence in Medical Imaging) 

and, more recently, METRICS (METhodological Radiomics Score), are increasingly rec-

ommended to address these gaps and ensure rigorous study design and reporting 

[27,141]. 

Looking ahead, collaborative efforts to create multi-institutional databases could 

help overcome the limitations of small sample sizes and improve the generalizability of 

AI models [140]. In addition, high-quality expert annotations have been shown to enhance 

the accuracy of artificial intelligence models for osteosarcoma X-ray diagnosis [142]. 

Moreover, the integration of radiomics with clinical, genomic, and histopathological 

data could unlock new dimensions of personalized medicine, tailoring treatment strate-

gies to the unique biological and imaging profiles of individual patients [143]. As AI and 

radiomics continue to evolve, they hold great promise in transforming the landscape of 

osteosarcoma care, enabling more precise data-driven decisions for both clinicians and 

patients. 

5. Conclusions 

Osteosarcomas are rare but aggressive primary bone tumors requiring accurate di-

agnosis and comprehensive imaging for effective management. Although uncommon, 

they are the most frequent malignant bone tumors in children and adolescents, highlight-

ing the need for early detection. The Bone-RADS classification aids radiologists in the in-

itial risk stratification of bone lesions, often detected incidentally during radiographic 

studies. Advances in imaging, particularly MRI and CT, are pivotal for diagnosing, stag-

ing, and monitoring overall survival, offering detailed insights into tumor characteristics 

and guiding treatment. Emerging technologies like artificial intelligence in radiomics and 

radiogenomics show promise in enhancing diagnostic capabilities, though their clinical 

application remains limited by data and methodological challenges. Despite technological 

progress, radiologists’ expertise remains essential for interpreting complex imaging and 

ensuring optimal patient outcomes. 

Author Contributions: Conceptualization, M.C. (Maurizio Cè), S.J., and P.F.; methodology, S.J. and 

M.C. (Michaela Cellina); resources, T.U. and M.C. (Maurizio Cè); writing—original draft prepara-

tion, M.C. (Maurizio Cè) and T.U.; writing—review and editing, M.C. (Maurizio Cè), P.F., S.J., R.M., 

and P.T.; supervision G.C. and D.R. All authors have read and agreed to the published version of 

the manuscript. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Reference 

1. Ottaviani, G.; Jaffe, N. The Epidemiology of Osteosarcoma. In Pediatric and Adolescent Osteosarcoma; Jaffe, N., Bruland, O., 

Bielack, S., Eds.; Springer: Boston, MA, USA, 2009; Volume 152, pp. 3–13. 

2. Lindsey, B.A.; Markel, J.E.; Kleinerman, E.S. Osteosarcoma Overview. Rheumatol. Ther. 2017, 4, 25–43. 

https://doi.org/10.1007/s40744-016-0050-2. 

3. Mirabello, L.; Troisi, R.J.; Savage, S.A. International Osteosarcoma Incidence Patterns in Children and Adolescents, Middle Ages 

and Elderly Persons. Int. J. Cancer 2009, 125, 229–234. https://doi.org/10.1002/ijc.24320. 

4. Cole, S.; Gianferante, D.M.; Zhu, B.; Mirabello, L. Osteosarcoma: A Surveillance, Epidemiology, and End Results Program-based 

Analysis from 1975 to 2017. Cancer 2022, 128, 2107–2118. https://doi.org/10.1002/cncr.34163. 



Cancers 2025, 17, 599 29 of 35 
 

 

5. Kar, E.; Ammanamanchi, A.; Yousif, M.; Geetha, S.D.; Schwartz, K.; Mishra, A.S.; Ling, J.; Nonyelu, K.N.; Kannadath, B.S. From 

Bimodal to Unimodal: The Transformed Incidence of Osteosarcoma in the United States. J. Bone Oncol. 2024, 47, 100613. 

https://doi.org/10.1016/j.jbo.2024.100613. 

6. Kansara, M.; Teng, M.W.; Smyth, M.J.; Thomas, D.M. Translational Biology of Osteosarcoma. Nat. Rev. Cancer 2014, 14, 722–735. 

https://doi.org/10.1038/nrc3838. 

7. Fujiwara, T.; Fujiwara, M.; Numoto, K.; Ogura, K.; Yoshida, A.; Yonemoto, T.; Suzuki, S.; Kawai, A. Second Primary Osteosar-

comas in Patients with Retinoblastoma. Jpn. J. Clin. Oncol. 2015, 45, hyv140. https://doi.org/10.1093/jjco/hyv140. 

8. Wong, F.L. Cancer Incidence After Retinoblastoma. JAMA 1997, 278, 1262. https://doi.org/10.1001/jama.1997.03550150066037. 

9. Saucier, E.; Bougeard, G.; Gomez-Mascard, A.; Schramm, C.; Abbas, R.; Berlanga, P.; Briandet, C.; Castex, M.; Corradini, N.; 

Coze, C.; et al. Li–Fraumeni-associated Osteosarcomas: The French Experience. Pediatr. Blood Cancer 2024, 71, e31362. 

https://doi.org/10.1002/pbc.31362. 

10. Mai, P.L.; Best, A.F.; Peters, J.A.; DeCastro, R.M.; Khincha, P.P.; Loud, J.T.; Bremer, R.C.; Rosenberg, P.S.; Savage, S.A. Risks of 

First and Subsequent Cancers among TP53 Mutation Carriers in the National Cancer Institute Li-Fraumeni Syndrome Cohort. 

Cancer 2016, 122, 3673–3681. https://doi.org/10.1002/cncr.30248. 

11. Mirabello, L.; Zhu, B.; Koster, R.; Karlins, E.; Dean, M.; Yeager, M.; Gianferante, M.; Spector, L.G.; Morton, L.M.; Karyadi, D.; et 

al. Frequency of Pathogenic Germline Variants in Cancer-Susceptibility Genes in Patients with Osteosarcoma. JAMA Oncol. 

2020, 6, 724. https://doi.org/10.1001/jamaoncol.2020.0197. 

12. Resnick, D.L.; Kransdorf, M.J. Bone and Joint Imaging, 3rd ed.; Elsevier Saunders: Philadelphia, PA, USA, 2004; pp. 1131–1139. 

13. Choi, J.H.; Ro, J.Y. The 2020 WHO Classification of Tumors of Bone: An Updated Review. Adv. Anat. Pathol. 2021, 28, 119–138. 

https://doi.org/10.1097/PAP.0000000000000293. 

14. WIDHE, B.; WIDHE, T. Initial Symptoms and Clinical Features in Osteosarcoma and Ewing Sarcoma*. J. Bone Joint Surg. Am. 

2000, 82, 667–674. https://doi.org/10.2106/00004623-200005000-00007. 

15. Grimer, R.J.; Carter, S.R.; Tillman, R.M.; Abudu, A. Early Symptoms and Diagnosis of Bone Tumors. J. Bone Joint Surg. Am. 2001, 

83, 1107–1108. https://doi.org/10.2106/00004623-200107000-00022. 

16. Rae, M.; Wong, J.; Tunis, J.; Hess, W.F.; Gardner, J.M.; DelSole, E.M. Atypical Presentation of Primary Osteosarcoma of the 

Lumbar Spine with Caval Tumor Thrombus in a 17-Year-Old Male: A Case Report. Curr. Sports Med. Rep. 2022, 21, 391–394. 

https://doi.org/10.1249/JSR.0000000000001006. 

17. Menendez, N.; Epelman, M.; Shao, L.; Douglas, D.; Meyers, A.B. Pediatric Osteosarcoma: Pearls and Pitfalls. Semin. Ultrasound 

CT MRI 2022, 43, 97–114. https://doi.org/10.1053/j.sult.2021.05.010. 

18. Yarmish, G.; Klein, M.J.; Landa, J.; Lefkowitz, R.A.; Hwang, S. Imaging Characteristics of Primary Osteosarcoma: Nonconven-

tional Subtypes. RadioGraphics 2010, 30, 1653–1672. https://doi.org/10.1148/rg.306105524. 

19. Crombé, A.; Simonetti, M.; Longhi, A.; Hauger, O.; Fadli, D.; Spinnato, P. Imaging of Osteosarcoma: Presenting Findings, Met-

astatic Patterns, and Features Related to Prognosis. J. Clin. Med. 2024, 13, 5710. https://doi.org/10.3390/jcm13195710. 

20. Debs, P.; Ahlawat, S.; Fayad, L.M. Bone Tumors: State-of-the-Art Imaging. Skeletal Radiol. 2024, 53, 1783–1798. 

https://doi.org/10.1007/s00256-024-04621-7. 

21. Cè, M.; Irmici, G.; Foschini, C.; Danesini, G.M.; Falsitta, L.V.; Serio, M.L.; Fontana, A.; Martinenghi, C.; Oliva, G.; Cellina, M. 

Artificial Intelligence in Brain Tumor Imaging: A Step toward Personalized Medicine. Curr. Oncol. 2023, 30, 2673–2701. 

https://doi.org/10.3390/curroncol30030203. 

22. Majumder, S.; Katz, S.; Kontos, D.; Roshkovan, L. State of the Art: Radiomics and Radiomics-Related Artificial Intelligence on 

the Road to Clinical Translation. BJR|Open 2023, 6, tzad004. https://doi.org/10.1093/bjro/tzad004. 

23. Caloro, E.; Gnocchi, G.; Quarrella, C.; Ce, M.; Carrafiello, G.; Cellina, M. Artificial Intelligence in Bone Metastasis Imaging: 

Recent Progresses from Diagnosis to Treatment—A Narrative Review. Crit. Rev. Oncog. 2024, 29, 77–90. 

https://doi.org/10.1615/CritRevOncog.2023050470. 

24. Meng, Y.; Yang, Y.; Hu, M.; Zhang, Z.; Zhou, X. Artificial Intelligence-Based Radiomics in Bone Tumors: Technical Advances 

and Clinical Application. Semin. Cancer Biol. 2023, 95, 75–87. https://doi.org/10.1016/j.semcancer.2023.07.003. 

25. Cellina, M.; Cè, M.; Irmici, G.; Ascenti, V.; Khenkina, N.; Toto-Brocchi, M.; Martinenghi, C.; Papa, S.; Carrafiello, G. Artificial 

Intelligence in Lung Cancer Imaging: Unfolding the Future. Diagnostics 2022, 12, 2644. https://doi.org/10.3390/diagnos-

tics12112644. 

26. Lambin, P.; Leijenaar, R.T.H.; Deist, T.M.; Peerlings, J.; de Jong, E.E.C.; van Timmeren, J.; Sanduleanu, S.; Larue, R.T.H.M.; Even, 

A.J.G.; Jochems, A.; et al. Radiomics: The Bridge between Medical Imaging and Personalized Medicine. Nat. Rev. Clin. Oncol. 

2017, 14, 749–762. https://doi.org/10.1038/nrclinonc.2017.141. 



Cancers 2025, 17, 599 30 of 35 
 

 

27. Zhong, J.; Hu, Y.; Zhang, G.; Xing, Y.; Ding, D.; Ge, X.; Pan, Z.; Yang, Q.; Yin, Q.; Zhang, H.; et al. An Updated Systematic 

Review of Radiomics in Osteosarcoma: Utilizing CLAIM to Adapt the Increasing Trend of Deep Learning Application in Radi-

omics. Insights Imaging 2022, 13, 138. https://doi.org/10.1186/s13244-022-01277-6. 

28. Kundu, Z.S. Classification, Imaging, Biopsy and Staging of Osteosarcoma. Indian J. Orthop. 2014, 48, 238–246. 

https://doi.org/10.4103/0019-5413.132491. 

29. Jaovisidha, S.; Subhadrabandhu, T.; Siriwongpairat, P.; Pochanugool, L. An Integrated Approach to The Evaluation of Osseous 

Tumors. Orthop. Clin. N. Am. 1998, 29, 19–39. https://doi.org/10.1016/S0030-5898(05)70005-5. 

30. Greenspan, A. Orthopedic Imaging: A Practical Approach, 5th ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2010; 

pp. 706–724. 

31. González-Huete, A.; Salgado-Parente, A.; Suevos-Ballesteros, C.; Antolinos-Macho, E.; Ventura-Díaz, S.; Michael-Fernández, 

A.; Blázquez-Sánchez, J.; Acosta-Batlle, J. Radiographic Evaluation of Bone Tumors. RadioGraphics 2023, 43, e230048. 

https://doi.org/10.1148/rg.230048. 

32. Chang, C.Y.; Garner, H.W.; Ahlawat, S.; Amini, B.; Bucknor, M.D.; Flug, J.A.; Khodarahmi, I.; Mulligan, M.E.; Peterson, J.J.; 

Riley, G.M.; et al. Society of Skeletal Radiology– White Paper. Guidelines for the Diagnostic Management of Incidental Solitary 

Bone Lesions on CT and MRI in Adults: Bone Reporting and Data System (Bone-RADS). Skeletal Radiol. 2022, 51, 1743–1764. 

https://doi.org/10.1007/s00256-022-04022-8. 

33. Ghasemi, A.; Ahlawat, S. Bone Reporting and Data System (Bone-RADS) and Other Proposed Practice Guidelines for Reporting 

Bone Tumors. RöFo—Fortschritte Auf Dem Geb. Röntgenstrahlen Und Bildgeb. Verfahr. 2024, 196, 1134–1142. 

https://doi.org/10.1055/a-2262-8411. 

34. Caracciolo, J.T.; Ali, S.; Chang, C.Y.; Degnan, A.J.; Flemming, D.J.; Henderson, E.R.; Kransdorf, M.J.; Letson, G.D.; Madewell, 

J.E.; Murphey, M.D. Bone Tumor Risk Stratification and Management System: A Consensus Guideline from the ACR Bone 

Reporting and Data System Committee. J. Am. Coll. Radiol. 2023, 20, 1044–1058. https://doi.org/10.1016/j.jacr.2023.07.017. 

35. Bisseret, D.; Kaci, R.; Lafage-Proust, M.-H.; Alison, M.; Parlier-Cuau, C.; Laredo, J.-D.; Bousson, V. Periosteum: Characteristic 

Imaging Findings with Emphasis on Radiologic-Pathologic Comparisons. Skeletal Radiol. 2015, 44, 321–338. 

https://doi.org/10.1007/s00256-014-1976-5. 

36. Bousson, V.; Bisseret, D.; Kaci, R. Overview of Periosteal Reaction by Imaging. Semin. Musculoskelet. Radiol. 2023, 27, 421–431. 

https://doi.org/10.1055/s-0043-1770354. 

37. Plant, J.; Cannon, S. Diagnostic Work up and Recognition of Primary Bone Tumours: A Review. EFORT Open Rev. 2016, 1, 247–

253. https://doi.org/10.1302/2058-5241.1.000035. 

38. Schima, W.; Amann, G.; Stiglbauer, R.; Windhager, R.; Kramer, J.; Nicolakis, M.; Farres, M.T.; Imhof, H. Preoperative Staging 

of Osteosarcoma: Efficacy of MR Imaging in Detecting Joint Involvement. Am. J. Roentgenol. 1994, 163, 1171–1175. 

https://doi.org/10.2214/ajr.163.5.7976895. 

39. Yildirim, O.; Al Khatalin, M.; Kargin, O.A.; Camurdan, V.B. MRI for Evaluation of Preoperative Chemotherapy in Osteosar-

coma. Radiography 2022, 28, 593–604. https://doi.org/10.1016/j.radi.2022.04.008. 

40. Cellina, M.; Martinenghi, C.; De Nardi, S.; Palamenghi, A.; Cè, M.; Sforza, C.; Cappella, A.; Gibelli, D. Anatomy of the Mental 

Foramen: Relationship among Different Metrical Parameters for Accurate Localization. Appl. Sci. 2023, 13, 9235. 

https://doi.org/10.3390/app13169235. 

41. Smeland, S.; Bielack, S.S.; Whelan, J.; Bernstein, M.; Hogendoorn, P.; Krailo, M.D.; Gorlick, R.; Janeway, K.A.; Ingleby, F.C.; 

Anninga, J.; et al. Survival and Prognosis with Osteosarcoma: Outcomes in More than 2000 Patients in the EURAMOS-1 (Euro-

pean and American Osteosarcoma Study) Cohort. Eur. J. Cancer 2019, 109, 36–50. https://doi.org/10.1016/j.ejca.2018.11.027. 

42. Luo, Z.; Shen, X. Cinematic Rendering of Giant Osteosarcoma in Femur. Radiology 2024, 311, e233536. https://doi.org/10.1148/ra-

diol.233536. 

43. Saglam, F.; Baysal, Ö.; Sofulu, Ö.; Baykan, S.E.; Erol, B. The Impact of Pathological Fractures on Surgery, Morbidity, Functional 

and Oncological Outcomes in Patients with Primary Bone Sarcomas. Injury 2021, 52, 1740–1747. https://doi.org/10.1016/j.in-

jury.2021.04.062. 

44. Papagelopoulos, P.J.; Mavrogenis, A.F.; Savvidou, O.D.; Benetos, I.S.; Galanis, E.C.; Soucacos, P.N. Pathological Fractures in 

Primary Bone Sarcomas. Injury 2008, 39, 395–403. https://doi.org/10.1016/j.injury.2007.07.018. 

45. Taupin, T.; Decouvelaere, A.-V.; Vaz, G.; Thiesse, P. Accuracy of Core Needle Biopsy for the Diagnosis of Osteosarcoma: A 

Retrospective Analysis of 73patients. Diagn. Interv. Imaging 2016, 97, 327–331. https://doi.org/10.1016/j.diii.2015.09.013. 

46. Chiesa, A.M.; Spinnato, P.; Miceli, M.; Facchini, G. Radiologic Assessment of Osteosarcoma Lung Metastases: State of the Art 

and Recent Advances. Cells 2021, 10, 553. https://doi.org/10.3390/cells10030553. 



Cancers 2025, 17, 599 31 of 35 
 

 

47. Meazza, C.; Scanagatta, P. Metastatic Osteosarcoma: A Challenging Multidisciplinary Treatment. Expert. Rev. Anticancer. Ther. 

2016, 16, 543–556. https://doi.org/10.1586/14737140.2016.1168697. 

48. Zwaga, T.; Bovée, J.V.M.G.; Kroon, H.M. Osteosarcoma of the Femur with Skip, Lymph Node, and Lung Metastases. Radi-

oGraphics 2008, 28, 277–283. https://doi.org/10.1148/rg.281075015. 

49. Brader, P.; Abramson, S.J.; Price, A.P.; Ishill, N.M.; Emily, Z.C.; Moskowitz, C.S.; La Quaglia, M.P.; Ginsberg, M.S. Do Charac-

teristics of Pulmonary Nodules on Computed Tomography in Children with Known Osteosarcoma Help Distinguish Whether 

the Nodules Are Malignant or Benign? J. Pediatr. Surg. 2011, 46, 729–735. https://doi.org/10.1016/j.jpedsurg.2010.11.027. 

50. Ghosh, K.M.; Lee, L.H.; Beckingsale, T.B.; Gerrand, C.H.; Rankin, K.S. Indeterminate Nodules in Osteosarcoma: What’s the 

Follow-Up? Br. J. Cancer 2018, 118, 634–638. https://doi.org/10.1038/bjc.2017.453. 

51. Strauss, S.J.; Frezza, A.M.; Abecassis, N.; Bajpai, J.; Bauer, S.; Biagini, R.; Bielack, S.; Blay, J.Y.; Bolle, S.; Bonvalot, S.; et al. Bone 

Sarcomas: ESMO–EURACAN–GENTURIS–ERN PaedCan Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. 

Ann. Oncol. 2021, 32, 1520–1536. https://doi.org/10.1016/j.annonc.2021.08.1995. 

52. Kager, L.; Zoubek, A.; Kastner, U.; Kempf-Bielack, B.; Potratz, J.; Kotz, R.; Exner, G.U.; Franzius, C.; Lang, S.; Maas, R.; et al. Skip 

Metastases in Osteosarcoma: Experience of the Cooperative Osteosarcoma Study Group. J. Clin. Oncol. 2006, 24, 1535–1541. 

https://doi.org/10.1200/JCO.2005.04.2978. 

53. Nguyen, J.C.; Baghdadi, S.; Pogoriler, J.; Guariento, A.; Rajapakse, C.S.; Arkader, A. Pediatric Osteosarcoma: Correlation of 

Imaging Findings with Histopathologic Features, Treatment, and Outcome. RadioGraphics 2022, 42, 1196–1213. 

https://doi.org/10.1148/rg.210171. 

54. Ahmed, A.R. Secondary Bone Lesions in the Affected Limb in Osteosarcoma (Skip Lesions), Its Classification and Prognosis. 

Arch. Orthop. Trauma. Surg. 2011, 131, 1351–1355. https://doi.org/10.1007/s00402-011-1304-7. 

55. Saifuddin, A.; Michelagnoli, M.; Pressney, I. Skip Metastases in High-Grade Intramedullary Appendicular Osteosarcoma: An 

Indicator of More Aggressive Disease? Skeletal Radiol. 2021, 50, 2415–2422. https://doi.org/10.1007/s00256-021-03814-8. 

56. Bielack, S.S.; Kempf-Bielack, B.; Delling, G.; Exner, G.U.; Flege, S.; Helmke, K.; Kotz, R.; Salzer-Kuntschik, M.; Werner, M.; Win-

kelmann, W.; et al. Prognostic Factors in High-Grade Osteosarcoma of the Extremities or Trunk: An Analysis of 1,702 Patients 

Treated on Neoadjuvant Cooperative Osteosarcoma Study Group Protocols. J. Clin. Oncol. 2002, 20, 776–790. 

https://doi.org/10.1200/JCO.2002.20.3.776. 

57. Yang, P.; Gilg, M.; Evans, S.; Totti, F.; Stevenson, J.; Jeys, L.; Parry, M. Survival of Osteosarcoma Patients Following Diagnosis 

of Synchronous Skip Metastases. J. Orthop. 2020, 18, 121–125. https://doi.org/10.1016/j.jor.2019.10.003. 

58. Barnett, J.R.; Gikas, P.; Gerrand, C.; Briggs, T.W.; Saifuddin, A. The Sensitivity, Specificity, and Diagnostic Accuracy of Whole-

Bone MRI for Identifying Skip Metastases in Appendicular Osteosarcoma and Ewing Sarcoma. Skeletal Radiol. 2020, 49, 913–919. 

https://doi.org/10.1007/s00256-019-03364-0. 

59. O’Flanagan, S.; Stack, J.; McGee, H.; Dervan, P.; Hurson, B. Imaging of Intramedullary Tumour Spread in Osteosarcoma. A 

Comparison of Techniques. J. Bone Joint Surg. Br. 1991, 73-B, 998–1001. https://doi.org/10.1302/0301-620X.73B6.1955451. 

60. Onikul, E.; Fletcher, B.D.; Parham, D.M.; Chen, G. Accuracy of MR Imaging for Estimating Intraosseous Extent of Osteosarcoma. 

Am. J. Roentgenol. 1996, 167, 1211–1215. https://doi.org/10.2214/ajr.167.5.8911182. 

61. Van Trommel, M.F.; Kroon, H.M.; Bloem, J.L.; Hogendoorn, P.C.W.; Taminiau, A.H.M. MR Imaging Based Strategies in Limb 

Salvage Surgery for Osteosarcoma of the Distal Femur. Skeletal Radiol. 1997, 26, 636–641. https://doi.org/10.1007/s002560050302. 

62. Fletcher, B.D.; Wall, J.E.; Hanna, S.L. Effect of Hematopoietic Growth Factors on MR Images of Bone Marrow in Children Un-

dergoing Chemotherapy. Radiology 1993, 189, 745–751. https://doi.org/10.1148/radiology.189.3.7694312. 

63. Hoffer, F.A.; Nikanorov, A.Y.; Reddick, W.E.; Bodner, S.M.; Xiong, X.; Jones-Wallace, D.; Gronemeyer, S.A.; Rao, B.N.; Kauff-

man, W.M.; Laor, T. Accuracy of MR Imaging for Detecting Epiphyseal Extension of Osteosarcoma. Pediatr. Radiol. 2000, 30, 

289–298. https://doi.org/10.1007/s002470050743. 

64. Jesus-Garcia, R.; Seixas, M.T.; Costa, S.R.; Petrilli, A.S.; Filho, J.L. Epiphyseal Plate Involvement in Osteosarcoma. Clin. Orthop. 

Relat. Res. 2000, 373, 32–38. https://doi.org/10.1097/00003086-200004000-00006. 

65. Bodden, J.; Neumann, J.; Rasper, M.; Fingerle, A.A.; Knebel, C.; von Eisenhart-Rothe, R.; Specht, K.; Mogler, C.; Bollwein, C.; 

Schwaiger, B.J.; et al. Diagnosis of Joint Invasion in Patients with Malignant Bone Tumors: Value and Reproducibility of Direct 

and Indirect Signs on MR Imaging. Eur. Radiol. 2022, 32, 4738–4748. https://doi.org/10.1007/s00330-022-08586-w. 

66. Kanthawang, T.; Wudhikulprapan, W.; Phinyo, P.; Settakorn, J.; Pruksakorn, D.; Link, T.M.; Pattamapaspong, N. Can Conven-

tional Magnetic Resonance Imaging at Presentation Predict Chemoresistance in Osteosarcoma? Br. J. Radiol. 2023, 97, 451–461. 

https://doi.org/10.1093/bjr/tqad047. 



Cancers 2025, 17, 599 32 of 35 
 

 

67. Bammer, R. Basic Principles of Diffusion-Weighted Imaging. Eur. J. Radiol. 2003, 45, 169–184. https://doi.org/10.1016/S0720-

048X(02)00303-0. 

68. Guadilla, I.; Calle, D.; López-Larrubia, P. Diffusion-Weighted Magnetic Resonance Imaging. In Preclinical MRI. Methods in Mo-

lecular Biology; García Martín, M., López Larrubia, P., Eds.; Humana Press: New York, NY, USA, 2018; Volume 1718, pp. 89–101. 

69. Bajpai, J.; Gamnagatti, S.; Kumar, R.; Sreenivas, V.; Sharma, M.C.; Khan, S.A.; Rastogi, S.; Malhotra, A.; Safaya, R.; Bakhshi, S. 

Role of MRI in Osteosarcoma for Evaluation and Prediction of Chemotherapy Response: Correlation with Histological Necrosis. 

Pediatr. Radiol. 2011, 41, 441–450. https://doi.org/10.1007/s00247-010-1876-3. 

70. Hayashida, Y.; Yakushiji, T.; Awai, K.; Katahira, K.; Nakayama, Y.; Shimomura, O.; Kitajima, M.; Hirai, T.; Yamashita, Y.; Mi-

zuta, H. Monitoring Therapeutic Responses of Primary Bone Tumors by Diffusion-Weighted Image: Initial Results. Eur. Radiol. 

2006, 16, 2637–2643. https://doi.org/10.1007/s00330-006-0342-y. 

71. Hao, Y.; An, R.; Xue, Y.; Li, F.; Wang, H.; Zheng, J.; Fan, L.; Liu, J.; Fan, H.; Yin, H. Prognostic Value of Tumoral and Peritumoral 

Magnetic Resonance Parameters in Osteosarcoma Patients for Monitoring Chemotherapy Response. Eur. Radiol. 2021, 31, 3518–

3529. https://doi.org/10.1007/s00330-020-07338-y. 

72. Zampa, V.; Aringhieri, G.; Tintori, R.; Rossi, P.; Andreani, L.; Franchi, A. The Added Value of the Visual Analysis of DWI in 

Post-Surgery Follow-up of Soft Tissue Sarcoma of the Extremities: Do We Really Need ADC? Radiol. Med. 2023, 128, 467–479. 

https://doi.org/10.1007/s11547-023-01613-w. 

73. Teo, K.Y.; Daescu, O.; Cederberg, K.; Sengupta, A.; Leavey, P.J. Correlation of Histopathology and Multi-Modal Magnetic Res-

onance Imaging in Childhood Osteosarcoma: Predicting Tumor Response to Chemotherapy. PLoS ONE 2022, 17, e0259564. 

https://doi.org/10.1371/journal.pone.0259564. 

74. Cuenod, C.A.; Balvay, D. Perfusion and Vascular Permeability: Basic Concepts and Measurement in DCE-CT and DCE-MRI. 

Diagn. Interv. Imaging 2013, 94, 1187–1204. https://doi.org/10.1016/j.diii.2013.10.010. 

75. Kalisvaart, G.M.; Van Den Berghe, T.; Grootjans, W.; Lejoly, M.; Huysse, W.C.J.; Bovée, J.V.M.G.; Creytens, D.; Gelderblom, H.; 

Speetjens, F.M.; Lapeire, L.; et al. Evaluation of Response to Neoadjuvant Chemotherapy in Osteosarcoma Using Dynamic Con-

trast-Enhanced MRI: Development and External Validation of a Model. Skeletal Radiol. 2024, 53, 319–328. 

https://doi.org/10.1007/s00256-023-04402-8. 

76. Ehara, S. MR Imaging in Staging of Bone Tumors. Cancer Imaging 2006, 6, 158–162. https://doi.org/10.1102/1470-7330.2006.0026. 

77. Fujiwara, T.; Medellin, M.R.; Sambri, A.; Tsuda, Y.; Balko, J.; Sumathi, V.; Gregory, J.; Jeys, L.; Abudu, A. Preoperative Surgical 

Risk Stratification in Osteosarcoma Based on the Proximity to the Major Vessels. Bone Joint J. 2019, 101-B, 1024–1031. 

https://doi.org/10.1302/0301-620X.101B8.BJJ-2018-0963.R1. 

78. Suthar, R.; Bharwani, N.; Pareek, P.; Salunke, A.A.; Patel, K.; Shukla, S.; Aron, J.; Kapoor, K.; Yalla, P.; Rathod, P.; et al. Role of 

Bone Scintigraphy (Bone Scan) in Skeletal Osteosarcoma: A Retrospective Audit and Review from Tertiary Oncology Centre. J. 

Orthop. 2024, 48, 20–24. https://doi.org/10.1016/j.jor.2023.11.038. 

79. Hurley, C.; McCarville, M.B.; Shulkin, B.L.; Mao, S.; Wu, J.; Navid, F.; Daw, N.C.; Pappo, A.S.; Bishop, M.W. Comparison of 18 

F-FDG-PET-CT and Bone Scintigraphy for Evaluation of Osseous Metastases in Newly Diagnosed and Recurrent Osteosarcoma. 

Pediatr. Blood Cancer 2016, 63, 1381–1386. https://doi.org/10.1002/pbc.26014. 

80. Oh, C.; Bishop, M.W.; Cho, S.Y.; Im, H.-J.; Shulkin, B.L. 18 F-FDG PET/CT in the Management of Osteosarcoma. J. Nucl. Med. 

2023, 64, 842–851. https://doi.org/10.2967/jnumed.123.265592. 

81. Aryal, A.; Kumar, V.S.; Shamim, S.A.; Gamanagatti, S.; Khan, S.A. What Is the Comparative Ability of 18F-FDG PET/CT, 99mTc-

MDP Skeletal Scintigraphy, and Whole-Body MRI as a Staging Investigation to Detect Skeletal Metastases in Patients with 

Osteosarcoma and Ewing Sarcoma? Clin. Orthop. Relat. Res. 2021, 479, 1768–1779. 

https://doi.org/10.1097/CORR.0000000000001681. 

82. Farwell, M.D.; Pryma, D.A.; Mankoff, D.A. PET/CT Imaging in Cancer: Current Applications and Future Directions. Cancer 

2014, 120, 3433–3445. https://doi.org/10.1002/cncr.28860. 

83. Davis, J.C.; Daw, N.C.; Navid, F.; Billups, C.A.; Wu, J.; Bahrami, A.; Jenkins, J.J.; Snyder, S.E.; Reddick, W.E.; Santana, V.M.; et 

al. 18 F-FDG Uptake During Early Adjuvant Chemotherapy Predicts Histologic Response in Pediatric and Young Adult Patients 

with Osteosarcoma. J. Nucl. Med. 2018, 59, 25–30. https://doi.org/10.2967/jnumed.117.190595. 

84. Palmerini, E.; Colangeli, M.; Nanni, C.; Fanti, S.; Marchesi, E.; Paioli, A.; Picci, P.; Cambioli, S.; Donati, D.; Cevolani, L.; et al. 

The Role of FDG PET/CT in Patients Treated with Neoadjuvant Chemotherapy for Localized Bone Sarcomas. Eur. J. Nucl. Med. 

Mol. Imaging 2017, 44, 215–223. https://doi.org/10.1007/s00259-016-3509-z. 



Cancers 2025, 17, 599 33 of 35 
 

 

85. Xu, J.; Li, Y.; Xie, L.; Sun, X.; Cai, Z.; Wang, S.; Wang, Q.; Sun, K.; Guo, W. An Evaluation of the Response to Neoadjuvant 

Chemotherapy for Osteosarcoma of Extremities: PERCIST versus RECIST 1.1 Criteria after Long-Term Follow-Up. Ann. Nucl. 

Med. 2022, 36, 553–561. https://doi.org/10.1007/s12149-022-01737-5. 

86. Breden, S.; Hinterwimmer, F.; Consalvo, S.; Neumann, J.; Knebel, C.; von Eisenhart-Rothe, R.; Burgkart, R.H.; Lenze, U. Deep 

Learning-Based Detection of Bone Tumors around the Knee in X-rays of Children. J. Clin. Med. 2023, 12, 5960. 

https://doi.org/10.3390/jcm12185960. 

87. Qu, H.; Jiang, J.; Zhan, X.; Liang, Y.; Guo, Q.; Liu, P.; Lu, L.; Yang, Y.; Xu, W.; Zhang, Y.; et al. Integrating Artificial Intelligence 

in Osteosarcoma Prognosis: The Prognostic Significance of SERPINE2 and CPT1B Biomarkers. Sci. Rep. 2024, 14, 4318. 

https://doi.org/10.1038/s41598-024-54222-6. 

88. Rothzerg, E.; Xu, J.; Wood, D. Different Subtypes of Osteosarcoma: Histopathological Patterns and Clinical Behaviour. J. Mol. 

Pathol. 2023, 4, 99–108. https://doi.org/10.3390/jmp4020011. 

89. Klein, M.J.; Siegal, G.P. Osteosarcoma. Am. J. Clin. Pathol. 2006, 125, 555–581. https://doi.org/10.1309/UC6K-QHLD-9LV2-KENN. 

90. Hwang, S.; Hameed, M.; Kransdorf, M. The 2020 World Health Organization Classification of Bone Tumors: What Radiologists 

Should Know. Skeletal Radiol. 2023, 52, 329–348. https://doi.org/10.1007/s00256-022-04093-7. 

91. Southekal, S.; Shakyawar, S.K.; Bajpai, P.; Elkholy, A.; Manne, U.; Mishra, N.K.; Guda, C. Molecular Subtyping and Survival 

Analysis of Osteosarcoma Reveals Prognostic Biomarkers and Key Canonical Pathways. Cancers 2023, 15, 2134. 

https://doi.org/10.3390/cancers15072134. 

92. Sangle, N.A.; Layfield, L.J. Telangiectatic Osteosarcoma. Arch. Pathol. Lab. Med. 2012, 136, 572–576. 

https://doi.org/10.5858/arpa.2011-0204-RS. 

93. Angelini, A.; Mavrogenis, A.F.; Trovarelli, G.; Ferrari, S.; Picci, P.; Ruggieri, P. Telangiectatic Osteosarcoma: A Review of 87 

Cases. J. Cancer Res. Clin. Oncol. 2016, 142, 2197–2207. https://doi.org/10.1007/s00432-016-2210-8. 

94. Malhas, A.M.; Sumathi, V.P.; James, S.L.; Menna, C.; Carter, S.R.; Tillman, R.M.; Jeys, L.; Grimer, R.J. Low-Grade Central Oste-

osarcoma: A Difficult Condition to Diagnose. Sarcoma 2012, 2012, 764796. https://doi.org/10.1155/2012/764796. 

95. Damron, T.A.; Ward, W.G.; Stewart, A. Osteosarcoma, Chondrosarcoma, and Ewing’s Sarcoma. Clin. Orthop. Relat. Res. 2007, 

459, 40–47. https://doi.org/10.1097/BLO.0b013e318059b8c9. 

96. Zhong, J.; Hu, Y.; Si, L.; Geng, J.; Xing, Y.; Jiao, Q.; Zhang, H.; Yao, W. Clarifying Prognostic Factors of Small Cell Osteosarcoma: 

A Pooled Analysis of 20 Cases and the Literature. J. Bone Oncol. 2020, 24, 100305. https://doi.org/10.1016/j.jbo.2020.100305. 

97. Hang, J.-F.; Chen, P.C.-H. Parosteal Osteosarcoma. Arch. Pathol. Lab. Med. 2014, 138, 694–699. https://doi.org/10.5858/arpa.2013-

0030-RS. 

98. Harper, K.; Sathiadoss, P.; Saifuddin, A.; Sheikh, A. A Review of Imaging of Surface Sarcomas of Bone. Skeletal Radiol. 2021, 50, 

9–28. https://doi.org/10.1007/s00256-020-03546-1. 

99. Norton, K.I.; Hermann, G.; Abdelwahab, I.F.; Klein, M.J.; Granowetter, L.F.; Rabinowitz, J.G. Epiphyseal Involvement in Oste-

osarcoma. Radiology 1991, 180, 813–816. https://doi.org/10.1148/radiology.180.3.1871299. 

100. Murphey, M.D.; Robbin, M.R.; McRae, G.A.; Flemming, D.J.; Temple, H.T.; Kransdorf, M.J. The Many Faces of Osteosarcoma. 

RadioGraphics 1997, 17, 1205–1231. https://doi.org/10.1148/radiographics.17.5.9308111. 

101. Meazza, C.; Giovanna, S.; Nigro, O.; Gattuso, G.; Francesco, B.; Podda, M.; Luksch, R.; Biassoni, V.; Schiavello, E.; Ferrari, A.; et 

al. Secondary Osteosarcoma: A Challenge Indeed. Int. J. Clin. Oncol. 2023, 28, 184–190. https://doi.org/10.1007/s10147-022-02267-

w. 

102. Hansen, M.F.; Seton, M.; Merchant, A. Osteosarcoma in Paget’s Disease of Bone. J. Bone Miner. Res. 2006, 21, P58–P63. 

https://doi.org/10.1359/jbmr.06s211. 

103. Dray, M.S.; Miller, M.V. Paget’s Osteosarcoma and Post-Radiation Osteosarcoma: Secondary Osteosarcoma at Middlemore 

Hospital, New Zealand. Pathology 2008, 40, 604–610. https://doi.org/10.1080/00313020802320663. 

104. Davies, A.; James, S. Radiation-Induced Tumours. In Imaging of Bone Tumors and Tumor-Like Lesions, 1st ed.; Davies, A., 

Sundaram, M., James, S., Eds.; Springer: Berlin, Germany, 2009; pp. 503–514. 

105. Venkatraman, S.; Weisberg, E.M.; Fishman, E.K. Radiation-Induced Osteosarcoma of the Chest Wall after Treatment for Unre-

sectable Thymoma. Radiol. Case Rep. 2023, 18, 3716–3719. https://doi.org/10.1016/j.radcr.2023.07.076. 

106. Nakashima, H.; Takatsu, T.; Imai, R. Radiation-Induced Osteosarcoma in the Pubic Bone after Proton Radiotherapy for Prostate 

Cancer: A Case Report. J. Rural Med. 2022, 17, 2021–2047. https://doi.org/10.2185/jrm.2021-047. 

107. Chan, C.W.; Kung, T.M.; Ma, L. Telangiectatic Osteosarcoma of the Mandible. Cancer 1986, 58, 2110–2115. 

https://doi.org/10.1002/1097-0142(19861101)58:9<2110::AID-CNCR2820580924>3.0.CO;2-H. 



Cancers 2025, 17, 599 34 of 35 
 

 

108. Shehadeh, A.M.; Haiba, M.A.; Henshaw, R.M.; Lack, E. Telangiectatic osteosarcoma of the patella. Orthopedics 2008, 8, 808. 

PMID: 19292411. 

109. Mirabello, L.; Troisi, R.J.; Savage, S.A. Osteosarcoma Incidence and Survival Rates from 1973 to 2004. Cancer 2009, 115, 1531–

1543. https://doi.org/10.1002/cncr.24121. 

110. Bishop, J.A.; Shum, C.H.; Sheth, S.; Wakely, P.E.; Ali, S.Z. Small Cell Osteosarcoma. Am. J. Clin. Pathol. 2010, 133, 756–761. 

https://doi.org/10.1309/AJCPO07VGDZCBRJF. 

111. Nakajima, H.; Sim, F.H.; Bond, J.R.; Unni, K.K. Small Cell Osteosarcoma of Bone. Cancer 1997, 79, 2095–2106. 

https://doi.org/10.1002/(SICI)1097-0142(19970601)79:11<2095::AID-CNCR6>3.0.CO;2-O. 

112. Andresen, K.J.; Sundaram, M.; Unni, K.K.; Sim, F.H. Imaging Features of Low-Grade Central Osteosarcoma of the Long Bones 

and Pelvis. Skeletal Radiol. 2004, 33, 373–379. https://doi.org/10.1007/s00256-004-0796-4. 

113. Choong, P.F.M.; Pritchard, D.J.; Rock, M.G.; Sim, F.H.; McLeod, R.A.; Unni, K.K. Low Grade Central Osteogenic Sarcoma A 

Long-Term Followup of 20 Patients. Clin. Orthop. Relat. Res. 1996, 322, 198. https://doi.org/10.1097/00003086-199601000-00025. 

114. Kurt, A.-M.; Unni, K.K.; McLeod, R.A.; Pritchard, D.J. Low-Grade Intraosseous Osteosarcoma. Cancer 1990, 65, 1418–1428. 

https://doi.org/10.1002/1097-0142(19900315)65:6<1418::AID-CNCR2820650629>3.0.CO;2-Q. 

115. Rose, P.S.; Dickey, I.D.; Wenger, D.E.; Unni, K.K.; Sim, F.H. Periosteal Osteosarcoma. Clin. Orthop. Relat. Res. 2006, 453, 314–317. 

https://doi.org/10.1097/01.blo.0000229341.18974.95. 

116. Jelinek, J.S.; Murphey, M.D.; Kransdorf, M.J.; Shmookler, B.M.; Malawer, M.M.; Hur, R.C. Parosteal Osteosarcoma: Value of MR 

Imaging and CT in the Prediction of Histologic Grade. Radiology 1996, 201, 837–842. https://doi.org/10.1148/radiol-

ogy.201.3.8939240. 

117. Lin, J.; Yao, L.; Mirra, J.M.; Bahk, W.J. Osteochondromalike Parosteal Osteosarcoma: A Report of Six Cases of a New Entity. Am. 

J. Roentgenol. 1998, 170, 1571–1577. https://doi.org/10.2214/ajr.170.6.9609176. 

118. Murphey, M.D.; Jelinek, J.S.; Temple, H.T.; Flemming, D.J.; Gannon, F.H. Imaging of Periosteal Osteosarcoma: Radiologic-Path-

ologic Comparison. Radiology 2004, 233, 129–138. https://doi.org/10.1148/radiol.2331030326. 

119. Antonescu, C.R.; Huvos, A.G. Low-Grade Osteogenic Sarcoma Arising in Medullary and Surface Osseous Locations. Pathol. 

Patterns Rev. 2000, 114, S90–S103. https://doi.org/10.1093/ppr/114.1.s90. 

120. Okada, K.; Frassica, F.J.; Sim, F.H.; Beabout, J.W.; Bond, J.R.; Unni, K.K. Parosteal Osteosarcoma. A Clinicopathological Study. 

J. Bone Joint Surg. 1994, 76, 366–378. https://doi.org/10.2106/00004623-199403000-00007. 

121. Campanacci, M.; Picci, P.; Gherlinzoni, F.; Guerra, A.; Bertoni, F. Neff Parosteal Osteosarcoma. J. Bone Joint Surg. Br. 1984, 66-B, 

313–321. https://doi.org/10.1302/0301-620X.66B3.6586725. 

122. Dönmez, F.; Tüzün, U.; Başara, C.; Tunaci, M.; Bilgiç, B.; Acunaş, G. MRI Findings in Parosteal Osteosarcoma: Correlation with 

Histopathology. Diagn. Interv. Radiol. 2008, 14, 147–152. 

123. Bertoni, F.; Bacchini, P.; Staals, E.L.; Davidovitz, P. Dedifferentiated Parosteal Osteosarcoma: The Experience of the Rizzoli In-

stitute. Cancer 2005, 103, 2373–2382. https://doi.org/10.1002/cncr.21039. 

124. Staals, E.L.; Bacchini, P.; Bertoni, F. High-grade Surface Osteosarcoma. Cancer 2008, 112, 1592–1599. 

https://doi.org/10.1002/cncr.23340. 

125. Revell, M.P.; Deshmukh, N.; Grimer, R.J.; Carter, S.R.; Tillman, R.M. Periosteal Osteosarcoma: A Review of 17 Cases with Mean 

Follow-up of 52 Months. Sarcoma 2002, 6, 123–130. https://doi.org/10.1080/1357714021000066368. 

126. Vanel, D.; Picci, P.; De Paolis, M.; Mercuri, M. Radiological Study of 12 High-Grade Surface Osteosarcomas. Skeletal Radiol. 2001, 

30, 667–671. https://doi.org/10.1007/s002560100400. 

127. Gitto, S.; Serpi, F.; Albano, D.; Risoleo, G.; Fusco, S.; Messina, C.; Sconfienza, L.M. AI Applications in Musculoskeletal Imaging: 

A Narrative Review. Eur. Radiol. Exp. 2024, 8, 22. https://doi.org/10.1186/s41747-024-00422-8. 

128. Lambin, P.; Rios-Velazquez, E.; Leijenaar, R.; Carvalho, S.; van Stiphout, R.G.P.M.; Granton, P.; Zegers, C.M.L.; Gillies, R.; 

Boellard, R.; Dekker, A.; et al. Radiomics: Extracting More Information from Medical Images Using Advanced Feature Analysis. 

Eur. J. Cancer 2012, 48, 441–446. https://doi.org/10.1016/j.ejca.2011.11.036. 

129. Aerts, H.J.W.L.; Velazquez, E.R.; Leijenaar, R.T.H.; Parmar, C.; Grossmann, P.; Carvalho, S.; Bussink, J.; Monshouwer, R.; Haibe-

Kains, B.; Rietveld, D.; et al. Decoding Tumour Phenotype by Noninvasive Imaging Using a Quantitative Radiomics Approach. 

Nat. Commun. 2014, 5, 4006. https://doi.org/10.1038/ncomms5006. 

130. Cè, M.; Chiriac, M.D.; Cozzi, A.; Macrì, L.; Rabaiotti, F.L.; Irmici, G.; Fazzini, D.; Carrafiello, G.; Cellina, M. Decoding Radiomics: 

A Step-by-Step Guide to Machine Learning Workflow in Hand-Crafted and Deep Learning Radiomics Studies. Diagnostics 2024, 

14, 2473. https://doi.org/10.3390/diagnostics14222473. 



Cancers 2025, 17, 599 35 of 35 
 

 

131. Zhou, X.; Wang, H.; Feng, C.; Xu, R.; He, Y.; Li, L.; Tu, C. Emerging Applications of Deep Learning in Bone Tumors: Current 

Advances and Challenges. Front. Oncol. 2022, 12, 908873. https://doi.org/10.3389/fonc.2022.908873. 

132. Hinterwimmer, F.; Guenther, M.; Consalvo, S.; Neumann, J.; Gersing, A.; Woertler, K.; von Eisenhart-Rothe, R.; Burgkart, R.; 

Rueckert, D. Impact of Metadata in Multimodal Classification of Bone Tumours. BMC Musculoskelet. Disord. 2024, 25, 822. 

https://doi.org/10.1186/s12891-024-07934-9. 

133. Zhang, Y.; Zhi, L.; Li, J.; Wang, M.; Chen, G.; Yin, S. Magnetic Resonance Imaging Radiomics Predicts Histological Response to 

Neoadjuvant Chemotherapy in Localized High-Grade Osteosarcoma of the Extremities. Acad. Radiol. 2024, 31, 5100–5107. 

https://doi.org/10.1016/j.acra.2024.07.015. 

134. White, L.M.; Atinga, A.; Naraghi, A.M.; Lajkosz, K.; Wunder, J.S.; Ferguson, P.; Tsoi, K.; Griffin, A.; Haider, M. T2-Weighted 

MRI Radiomics in High-Grade Intramedullary Osteosarcoma: Predictive Accuracy in Assessing Histologic Response to Chem-

otherapy, Overall Survival, and Disease-Free Survival. Skeletal Radiol. 2023, 52, 553–564. https://doi.org/10.1007/s00256-022-

04098-2. 

135. Zhong, J.; Zhang, C.; Hu, Y.; Zhang, J.; Liu, Y.; Si, L.; Xing, Y.; Ding, D.; Geng, J.; Jiao, Q.; et al. Automated Prediction of the 

Neoadjuvant Chemotherapy Response in Osteosarcoma with Deep Learning and an MRI-Based Radiomics Nomogram. Eur. 

Radiol. 2022, 32, 6196–6206. https://doi.org/10.1007/s00330-022-08735-1. 

136. Zhang, L.; Gao, Q.; Dou, Y.; Cheng, T.; Xia, Y.; Li, H.; Gao, S. Evaluation of the Neoadjuvant Chemotherapy Response in Oste-

osarcoma Using the MRI DWI-Based Machine Learning Radiomics Nomogram. Front. Oncol. 2024, 14. 

https://doi.org/10.3389/fonc.2024.1345576. 

137. Kufel, J.; Bargieł-Łączek, K.; Kocot, S.; Koźlik, M.; Bartnikowska, W.; Janik, M.; Czogalik, Ł.; Dudek, P.; Magiera, M.; Lis, A.; et 

al. What Is Machine Learning, Artificial Neural Networks and Deep Learning?—Examples of Practical Applications in Medi-

cine. Diagnostics 2023, 13, 2582. https://doi.org/10.3390/diagnostics13152582. 

138. Cheng, P.M.; Montagnon, E.; Yamashita, R.; Pan, I.; Cadrin-Chênevert, A.; Perdigón Romero, F.; Chartrand, G.; Kadoury, S.; 

Tang, A. Deep Learning: An Update for Radiologists. RadioGraphics 2021, 41, 1427–1445. https://doi.org/10.1148/rg.2021200210. 

139. Huang, L.; Xia, W.; Zhang, B.; Qiu, B.; Gao, X. MSFCN-Multiple Supervised Fully Convolutional Networks for the Osteosar-

coma Segmentation of CT Images. Comput. Methods Programs Biomed. 2017, 143, 67–74. 

https://doi.org/10.1016/j.cmpb.2017.02.013. 

140. Sardanelli, F.; Colarieti, A. Open Issues for Education in Radiological Research: Data Integrity, Study Reproducibility, Peer-

Review, Levels of Evidence, and Cross-Fertilization with Data Scientists. Radiol. Med. 2022, 128, 133–135. 

https://doi.org/10.1007/s11547-022-01582-6. 

141. Kocak, B.; Akinci D’Antonoli, T.; Mercaldo, N.; Alberich-Bayarri, A.; Baessler, B.; Ambrosini, I.; Andreychenko, A.E.; Bakas, S.; 

Beets-Tan, R.G.H.; Bressem, K.; et al. METhodological RadiomICs Score (METRICS): A Quality Scoring Tool for Radiomics 

Research Endorsed by EuSoMII. Insights Imaging 2024, 15, 8. https://doi.org/10.1186/s13244-023-01572-w. 

142. Hasei, J.; Nakahara, R.; Otsuka, Y.; Nakamura, Y.; Hironari, T.; Kahara, N.; Miwa, S.; Ohshika, S.; Nishimura, S.; Ikuta, K.; et al. 

High-quality Expert Annotations Enhance Artificial Intelligence Model Accuracy for Osteosarcoma X-ray Diagnosis. Cancer Sci. 

2024, 115, 3695–3704. https://doi.org/10.1111/cas.16330. 

143. Hu, M.; Yuan, X.; Liu, Y.; Tang, S.; Miao, J.; Zhou, Q.; Chen, S. IL-1β-Induced NF-ΚB Activation down-Regulates MiR-506 Ex-

pression to Promotes Osteosarcoma Cell Growth through JAG1. Biomed. Pharmacother. 2017, 95, 1147–1155. 

https://doi.org/10.1016/j.biopha.2017.08.120. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


