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Abstract 

Central chondroid bone tumours are one of the most common primary bone 

tumours. Benign central chondroid tumours are termed enchondromas and its 

malignant counterpart are called chondrosarcomas. Enchondromas are frequently 

observed on routine imaging.  Similarly, chondrosarcomas are the second most 

common primary bone tumour after osteosarcoma. Imaging is crucial in the diagnosis 

of central chondroid tumours and in the differentiation of enchondromas from 

chondrosarcomas. Furthermore, imaging plays a vital role in the staging of 

chondrosarcomas. In this thesis, the published scientific literature on the role of 

imaging in the diagnosis of benign chondroid tumours and chondrosarcomas and the 

role of imaging in the staging of chondrosarcomas is reviewed and summarised. 

Furthermore, the contribution of the authors’ published work is highlighted in the 

thesis. 

The first two articles are review articles which discuss the clinical and imaging 

features of benign and malignant chondrogenic tumours and the significance of 

imaging in the diagnosis of these tumours.  

The third article is an original article which investigates the theory of the 

pathogenesis of enchondromas. It is widely believed that enchondromas arise from 

cartilage islands which are displaced from the growth plate during the process of 

skeletal maturation.  However, this theory is unproven, and the origin of this theory 

was forgotten prior to the authors’ study. Based on the incidental prevalence of 

enchondromas of the knee in the adult population of 2.9%, the study assesses the 

prevalence of cartilage islands/enchondromas in skeletally immature patients. In this 
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study, no cartilage islands/enchondromas in skeletally immature patients were 

identified. The study therefore shows the rarity of enchondromas in skeletally 

immature individuals which is in contrast to the adult population. Furthermore, in 

view of the absence of cartilage islands in this study, the study raises doubts about 

the validity of the unproven theory. Lastly, the very origin of this theory is 

rediscovered in this thesis which has been forgotten in modern medicine.  

The fourth article is an original article which evaluates the role of diffusion-weighted 

MRI (DWI) in the diagnosis of central cartilage tumours. Prior to the authors’ study 

the role of DWI in the diagnosis of central cartilage tumours was uncertain. The 

authors’ study demonstrates that DWI cannot be used to differentiate between 

enchondromas and chondrosarcomas and that DWI does not aid in the distinction of 

low-grade chondroid tumours from high-grade chondrosarcomas. This is a finding 

which was not known prior to the study. 

The fifth article is an original article which assesses the utility of conventional MRI in 

the differentiation of low-grade from high-grade chondrosarcomas of long bone. 

Prior to the authors’ study the role of conventional MRI in the differentiation of low-

grade from high-grade chondrosarcomas of long bone was unknown. The authors’ 

study shows that bone expansion, active periostitis, soft tissue mass and tumour 

length can be used to differentiate high-grade from low-grade chondral lesions of 

long bone on conventional MRI. Furthermore, the presence of these four MRI 

features shows a diagnostic accuracy of 95.6%.  These findings were not known prior 

to the study and have significantly furthered the knowledge about the role of 

conventional MRI in the grading of chondrosarcoma of long bone.  
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The sixth article is an original article which evaluates the role of bone scintigraphy 

and Computed Tomography of the chest in the staging of chondrosarcoma of bone. 

Whilst guidelines regarding the staging of bone sarcomas state that bone 

scintigraphy should be performed to assess for the presence of skeletal metastases 

and that Computed Tomography (CT) of the chest should be performed to evaluate 

for possible pulmonary metastases, there has been no research on the utility of bone 

scintigraphy in chondrosarcoma of bone and on the role of CT-chest in the staging of 

chondrosarcomas.  Furthermore, the prevalence of skeletal and pulmonary 

metastases of chondrosarcoma at presentation was unknown prior to this study. The 

authors’ study demonstrated no skeletal metastases on bone scintigraphy in 

chondrosarcoma of bone at presentation. In contrast, pulmonary metastases were 

observed in approximately 5% of all patients with chondrosarcoma at presentation 

on CT-chest. The finding therefore demonstrates the rarity of skeletal metastases in 

chondrosarcoma of bone at presentation which is in contrast to osteosarcoma and 

Ewing sarcoma. The study therefore concludes that there is little role for skeletal 

scintigraphy in the surgical staging of chondrosarcoma. In contrast, the study shows 

that there is a role for CT-chest in the staging of chondrosarcoma. These above 

described findings are important new findings and represent a significant 

contribution to the knowledge base regarding metastatic behaviour of 

chondrosarcomas at presentation and regarding the staging of chondrosarcoma of 

bone.  
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In summary, the authors’ publications have significantly enhanced and furthered the 

understanding of the pathogenesis of enchondromas, the role of functional MRI in 

the differentiation of enchondromas from chondrosarcomas, the utility of MRI in the 

grading of chondrosarcomas and the role of skeletal scintigraphy in the staging of 

chondrosarcomas.  
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Foreword 

Primary bone tumours are a heterogeneous group of tumours, which originate in 

bone or from bone-derived cells. Whilst benign primary bone tumours are relatively 

common, malignant primary bone tumours (bone sarcomas) represent a rare disease 

entity. Primary bone tumours are classified according to the World Health 

Organization Classification of Tumours dependent on their histological composition. 

Chondrogenic tumours represent a subgroup of bone tumours, which demonstrate 

cartilaginous differentiation and are amongst the most common primary bone 

tumours.  Enchondroma is a benign bone tumour of hyaline cartilage which 

represents the second most common benign bone tumour after osteochondroma 

whilst its malignant counterpart, the chondrosarcoma is a malignant cartilaginous 

matrix-producing neoplasm which represents the second most common sarcoma of 

bone after osteosarcoma. Imaging plays a pivotal role in the detection, diagnosis and 

staging of bone tumours in general and in chondrogenic bone tumours in particular. 

This is highlighted by the fact that unlike in carcinomas where histopathological 

evaluation is the gold standard in the diagnosis of tumours, the diagnosis of bone 

tumours is reliant on a consensus between histopathology and imaging. This is of 

particular importance in chondrogenic tumours where the differentiation of benign 

chondrogenic tumours (enchondromas) from malignant chondrogenic tumours 

(chondrosarcomas) is one of the most challenging diagnoses in orthopaedic oncology 

and is based on a consensus between clinical findings, imaging and histopathology.   

Imaging, may it be Radiography, Computed Tomography, Magnetic Resonance 

Imaging, Skeletal Scintigraphy and more recently Positron Emission Tomography has 
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revolutionized oncology including the care of patients with sarcoma as it facilitates 

early detection, diagnosis and staging of cancers thereby significantly contributing to 

the marked improvement in survival of oncology patients which has been observed 

over the last 40 years.   

Although there is a plethora of evidence supporting the role of imaging in the 

diagnosis, grading and staging in a wide variety of cancers, the evidence in 

chondrosarcomas has been very limited. In particular, there has been a paucity of 

evidence to support the use of functional imaging techniques in the diagnosis of 

chondrosarcomas. 

This thesis discusses four original studies and two review articles published by the 

author of this thesis which evaluate; 

1) the significance of imaging in benign and malignant chondrogenic tumours in 

general 

2) the contribution of MR Imaging in understanding the pathogenesis of 

enchondromas  

3) the role of functional MRI in the diagnosis of chondrosarcomas 

4) the significance of conventional MRI in the grading of chondrosarcomas 

5) the utility of skeletal scintigraphy in the staging of chondrosarcomas in 

particular 

All original articles and review articles have been published in peer-reviewed journals 

and all original articles represent significant contributions to the knowledge 

regarding the pathogenesis of enchondromas, the diagnosis, grading and staging of 

chondrosarcomas. Furthermore, the hereby presented original articles about the role 
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of imaging in the diagnosis, grading and staging of chondrosarcomas have resulted in 

significant changes in patient management. Lastly, the authors’ work, which is being 

presented for this thesis, has been quoted in multiple national and international 

conferences and has been cited in multiple peer-reviewed publications and books.   

The publications form part of the research portfolio of the applicant and are closely 

related in that they are all imaging research studies on primary chondrogenic bone 

tumours. The introduction aims to provide both an overview of the topic and a 

summary of the publications presented describing the role of imaging in the 

diagnosis, grading and staging of chondrogenic bone tumours prior to the authors’ 

published work. Furthermore, the limitations of imaging in the diagnosis and in the 

work-up of patients with chondrogenic tumours are being discussed.  

Subsequently, the presented work of the author demonstrates the significance and 

contribution of the authors’ published work in understanding the pathogenesis of 

enchondromas, the role of imaging in the diagnosis, grading and staging of 

chondrosarcomas.  In the conclusion, the author discusses the potential future role 

of other advanced imaging techniques in the diagnosis of enchondromas and 

chondrosarcomas and in the potential role of treatment response in 

chondrosarcomas. 
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Chapter 1: Introduction

1.1. Primary bone tumours

Primary bone tumours are divided into benign primary bone tumours, intermediate 

and malignant primary bone tumours. Whilst benign primary bone tumours are 

relatively common, intermediate and malignant primary bone tumours are rare 

disease entities. The true incidence of benign primary bone tumours is unknown 

because many benign bone neoplasms are clinically indolent and are frequently only 

depicted as incidental findings on imaging performed for unrelated causes. In 

contrast, primary malignant bone neoplasms (sarcomas) are rare and account for 

approximately 0.2% of all neoplasms with an annual incidence of approximately 0.8 

per 100000 population.1-3

According to the World Health Organization, primary bone tumours are classified 

dependent on histopathology. Hence, we differentiate chondrogenic, osteogenic, 

fibrogenic, fibrohistiocytic, haematopoietic, osteoclastic giant cell rich, notochordal, 

vascular, myogenic, lipogenic tumours, tumours of undefined neoplastic nature and 

miscellaneous tumours. The various histological subtypes of primary bone tumours 

are then further classified dependent on their biological behaviour as benign, 

intermediate and malignant (Table 1).4
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Table 1: WHO classification of bone tumours (adapted from World Health Organization Classification 

of Tumours of Soft Tissue and Bone, 2013) 

CHONDROGENIC TUMOURS FIBROGENIC TUMOURS 

Benign Intermediate (locally aggressive) 

Osteochondroma Desmoplastic fibroma of bone 

Chondroma Malignant 

     Enchondroma Fibrosarcoma of bone 

     Periosteal chondroma FIBROHISTIOCYTIC TUMOURS 

Osteochondromyxoma Benign fibrous histiocytoma/Non-ossifying fibroma 

Subungeal exostosis HAEMATOPOIETIC NEOPLASMS 

Bizarre parosteal osteochondromatous proliferation Malignant 

Synovial chondromatosis Plasma cell myeloma 

Intermediate (locally aggressive) Solitary plasmacytoma of bone 

Chondromyxoid fibroma Primary non-Hodgkin lymphoma of bone 

Atypical cartilaginous tumour/Chondrosarcoma 
grade 1 

GIANT CELL RICH TUMOURS 

Intermediate (rarely metastasizing) Benign 

Chondroblastoma Giant cell lesion of small bones 

Malignant Intermediate (locally aggressive, rarely metastasizing) 

Chondrosarcoma grade 2 and 3 Giant cell tumour of bone 

Dedifferentiated chondrosarcoma Malignant 

Mesenchymal chondrosarcoma Malignancy in giant cell tumours of bone 

Clear cell chondrosarcoma NOTOCHORDAL TUMOURS 

OSTEOGENIC TUMOURS Benign  

Benign Benign notochordal tumour 

Osteoma Malignant 

Osteoid osteoma Chordoma 

Intermediate (locally aggressive) VASCULAR TUMOURS 

Osteoblastoma Benign 

Malignant Haemangioma 

Low-grade central osteosarcoma Intermediate (locally aggressive, rarely metastasizing)

Conventional osteosarcoma Epithelioid haemangioma 

     Chondroblastic osteosarcoma Malignant 

     Fibroblastic osteosarcoma Epithelioid haemangioendothelioma 

     Osteoblastic osteosarcoma Angiosarcoma 

Telangiectatic osteosarcoma TUMOURS OF UNDEFINED NEOPLASTIC NATURE 

Small cell osteosarcoma Benign 

Secondary osteosarcoma Simple bone cyst 

Parosteal osteosarcoma Fibrous dysplasia 

Periosteal osteosarcoma Osteofibrous dysplasia 

High-grade surface osteosarcoma Chondromesenchymal hamartoma 

MYOGENIC Rosai-Dorfman disease 

Benign Intermediate (locally aggressive) 

Leiomyoma of bone Aneurysmal bone cyst 

Malignant Langerhans cell histicytosis 

Leiomyosarcoma of bone      Monostotic 

LIPOGENIC      Polyostotic 

Benign Erdheim-Chester disease 

Lipoma of bone MISCELLANEOUS TUMOURS 

Malignant Ewing sarcoma 

Liposarcoma of bone Adamantinoma 

Undifferentiated high-grade pleomorphic sarcoma 
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Benign bone tumours are characterized by a limited capacity of local recurrence 

whilst intermediate tumours often recur and are associated with an infiltrative and 

locally destructive growth pattern but do not metastasize or rarely metastasize. In 

contrast, malignant bone tumours (termed bone sarcomas) in addition to 

demonstrating a locally destructive growth and recurrence also have a significant risk 

to metastasize which ranges from approximately 20% to 100%.1,4 Chondrosarcomas, 

osteosarcomas, leiomyosarcomas and fibrosarcomas of bone are further graded 

based on their histopathological features such as relative proportion of cells to 

matrix, nuclear atypia of tumour cells, irregularity of nuclear contour, enlargement 

and hyperchromasia of nuclei, mitotic figures and necrosis. The two histopathological 

grading systems which are most widely adopted are the two-tier system which 

divides malignant tumours as low-grade and high-grade and the three-tier system 

which divides malignant bone tumours into grade 1, grade 2 and grade 3 malignant 

bone tumours.1

1.2 Chondrogenic tumours 

Chondrogenic bone tumours are tumours which consist of cartilage and they 

represent the second largest group of bone tumours after osteogenic bone tumours. 

Benign chondrogenic bone tumours include osteochondroma, enchondroma, 

periosteal chondroma, chondromyxoid fibroma, osteochondromyxoma, bizarre 

parosteal osteochondromatous proliferation, synovial chondromatosis and the 

chondroblastoma. In contrast, malignant chondrogenic tumours include 

chondrosarcomas (grade 1-3), periosteal chondrosarcoma, dedifferentiated 
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chondrosarcoma, mesenchymal chondrosarcoma and clear cell chondrosarcoma 

(see Table 1). In the following sections, I will focus on one of the most common 

benign cartilage tumours, the enchondroma and its malignant counterpart, the 

central chondrosarcoma.  

1.2.1 Enchondroma 

Enchondroma is a benign hyaline cartilage neoplasm which arises in the medullary 

cavity.  

1.2.1.1 Epidemiology of enchondromas 

Enchondromas are relatively common and account for approximately 10-25% of all 

surgically removed benign bone tumours.5 The true incidence is significantly higher 

because many enchondromas are asymptomatic and are frequently only discovered 

incidentally. This has been highlighted in two previous MRI-studies which discovered 

that the incidental prevalence of enchondromas on routine MRI-examinations of the 

knee is 2.9%6 and the incidental prevalence of enchondromas on routine MRI-

examinations of the shoulder is 2.1%7. In contrast, enchondromatosis, which is a 

group of skeletal dysplasias characterized by multiple enchondromas and which 

includes Ollier’s disease and Maffucci syndrome are rare disease entities.8 An in-

depth discussion of enchondromatosis is beyond the remit of this thesis. I will 

therefore focus on solitary enchondromas in this thesis unless particularly stated.  
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Enchondromas demonstrate a wide age distribution which ranges from 5 years to 80 

years although the average age at time of diagnosis is 40 years.9,10

1.2.1.2 Location and clinical presentation of enchondromas  

The most common location of  enchondromas are the long tubular bones of the hand 

(40-65% of all enchondromas) followed by the major long bones (approximately 25% 

of all enchondromas) with the femur being the most common location within the 

long bones followed by the humerus and tibia.  Furthermore, 7% of all enchondromas 

are located within the feet. In contrast, enchondromas are rare in the flat bones such 

as the pelvis, spine, ribs, scapula and sternum. 9 Whilst enchondromas in the hands 

and feet may present clinically with palpable swelling or a pathological fracture, 

enchondromas of the long tubular bones are often asymptomatic and are therefore 

frequently detected incidentally. 6,7,9,10

1.2.1.3 Histology of enchondromas 

On histopathology, enchondromas are hypocellular, avascular hyaline tumours, 

which demonstrate abundant hyaline cartilage without cellular atypia (Figure 1). 

Endosteal erosion may be present in some cases however an important 

differentiating feature from chondrosarcomas is the lack of entrapment of the host 

bone by tumour cells. In contrast to enchondromas of long bone, enchondromas of 

the hands and feet can be more cellular and may demonstrate cellular atypia.11
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Figure 1: 

Figure 1: Histopathology of enchondroma: Histology shows well-differentiated, hypocellular, 

avascular hyaline cartilage without cellular atypia and no host bone entrapment. (Image 

courtesy of Dr F. Puls, Department of Pathology, Royal Orthopaedic Hospital, Birmingham, 

UK). 

1.2.1.4 Pathogenesis of enchondromas  

The pathogenesis of enchondromas is poorly understood. Although it is widely 

believed that enchondromas arise from cartilage remnants, which have been 

displaced from the growth plate during the process of skeletal maturation, this 

widely held belief is unproven and the origin of this theory is unknown in modern 

medicine.12 In chapter 4 of this thesis, I investigate the origin of this theory 

unravelling unexpected and surprising findings into the very origin of this theory and 
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critically appraise the origin of this theory. Furthermore, we investigate the theory 

using MRI.  

1.2.1.5 Imaging of enchondromas  

Imaging is crucial in the identification and diagnosis of enchondromas. 

Enchondromas of long bones are usually located centrally or eccentrically in a 

metadiaphyseal location whilst epiphyseal involvement is only observed in 2-5% of 

all enchondromas of long bones.  On radiography, enchondromas usually appear as 

well-defined lytic lesions within the medullary cavity which demonstrate a 

geographic pattern of bone destruction.9 Approximately 95% of all enchondromas in 

the long bones demonstrate some degree of matrix calcification which is typically 

referred to as ring-and-arc or popcorn calcification.13 Enchondromas are usually less 

than 5cm in maximum length, demonstrate only minimal endosteal scalloping and 

minimal cortical thickening (Figure 2).10 Periosteal reaction, bone expansion and 

cortical destruction are not features of central intramedullary enchondromas of long 

bones and if present are suspicious for the development of a chondrosarcoma13,14.  

In contrast to enchondromas of long bones, enchondromas in the hands and feet 

frequently demonstrate extensive endosteal scalloping, bony expansion and cortical 

thinning (Figure 3). These findings should therefore not be used to raise the suspicion 

for the development of a chondrosarcoma in the hands and feet. Furthermore, it may 

be difficult to demonstrate a calcified matrix in enchondromas of the hand unlike in 

enchondromas of the long bones. In the absence of trauma however, cortical 

disruption and periosteal reaction are unusual in enchondromas of the hands and 
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feet and therefore raise the suspicion of malignant transformation into a 

chondrosarcoma.10,13

Figure 2:  

Figure 2:  Radiograph of enchondroma of the proximal tibia: Anteroposterior 

radiograph of the knee demonstrates a 4.3cm in the maximum cranio-caudal 

dimension measuring enchondroma within the proximal tibia which shows chondroid 

matrix calcification (arrow) but no endosteal scalloping, cortical destruction or 

periosteal reaction. 
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Figure 3: 

Figure 3: Radiograph of enchondroma of the hand: Anteroposterior radiograph of the little 

finger demonstrates an expansile radiolucent lesion of the middle phalanx which shows 

marked endosteal scalloping, cortical thinning and bony expansion with subtle foci of matrix 

calcification within it (arrow). The imaging findings are in keeping with an enchondroma. 
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Computed Tomography is useful in demonstrating radiographically occult matrix 

calcification in enchondromas (Figure 4) and is the imaging modality of choice in the 

assessment of the degree of endosteal scalloping if present.10,13

Figure 4: 

Figure 4: Computed Tomography of enchondroma of the femur. Sagittal CT of an 

enchondroma of the distal femur demonstrates extensive chondroid matrix calcification 

(arrow) but no endosteal scalloping  
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On MRI, enchondromas of long bones typically demonstrate a well-defined lobular 

contour, with the lesion appearing as intermediate signal intensity on the T1-

weighted images and of increased signal intensity on the T2-weighted images in 

keeping with hyaline cartilage (Figure 5a,b). Small foci of high signal intensity on the 

T1-weighted images may be observed within the lesion (Figure 5a) and are thought 

to represent engulfed normal yellow marrow.. On MRI, matrix calcification if present 

appears as punctate or curvilinear foci of signal void both on T1-weighted images and 

fluid-sensitive sequences (Figure 6a,b). 10,13 Thin septa which are of low-signal 

intensity on the T2-weighted images, are often seen between lobules of cartilage and 

demonstrate fibrovascular septa which enhance after gadolinium administration 

(Figure 6c).
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Figure 5: 

Figure 5a:                                                                   Figure 5b: 

Figure 5: MRI of enchondroma of the distal femur: Coronal T1W SE MRI (a) and coronal T2W 

FS MRI (b) of an enchondroma of the distal femur shows a well-defined lobulated lesion 

which is of low to intermediate signal intensity on the T1-weighted images (a, small arrow) 

and of increased signal intensity on the T2 fat-suppressed images (b, small arrow). There are 

small foci of high signal intensity on the T1-weighted images, (a, large arrow) which represent 

foci of engulfed normal yellow marrow. 
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Figure 6:  

Figure 6a:              Figure 6b: 
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Figure 6c: 

 Figure 6: MRI of enchondroma of the distal femur. Coronal T1W SE MRI (a) and 

coronal T2W FS MRI (b) of an enchondroma of the distal femur demonstrates a 4.9cm 

chondroid lesion which shows foci of signal void both on the T1-weighted image (a, 

arrow) and on the T2 fat-suppressed images (b, arrow) in keeping with matrix 

calcification. Gadolinium-enhanced fat-suppressed T1-weighted MRI examination of 

the same lesion shows avid peripheral and septal enhancement (c, arrow) as well as 

nodular enhancement. 
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On 99m-Technitium methylene diphosphonate (MDP) bone scintigraphy, 

enchondromas usually demonstrate mild to moderate homogeneous radio-isotope 

uptake which is equal or less than the radio-isotope uptake observed within the 

anterior iliac crest (Figure 7a,b). However approximately 30% of all enchondromas 

demonstrate avid heterogeneous radio-isotope uptake on 99m-Technitium 

methylene diphosphonate (MDP) bone scintigraphy which is greater than the uptake 

observed in the anterior iliac crest (Figure 8).9,10,13,15 Hence, this finding cannot be 

reliably utilized to differentiate enchondromas from low-grade chondrosarcomas.  
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Figure 7: 

Figure 7a:                                          Figure 7b: 

Figure 7: MRI and bone scintigraphy of enchondroma of the left distal femur. Coronal T1W 

SE MRI of the left femur (a) demonstrates a 4.5cm in the maximum cranio-caudal dimension 

measuring enchondroma in the distal femur. On 99m-Technitium methylene diphosphonate 

(MDP) bone scintigraphy, the lesion demonstrates only mild homogeneous radio-isotope 

uptake (b, black arrow) which is less than the radio-isotope uptake observed within the 

anterior iliac crest. 
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Figure 8: 

Figure 8: Bone scintigraphy of enchondroma of the left distal femur. 99m-Technitium 

methylene diphosphonate (MDP) bone scintigraphy of the enchondroma of the distal femur 

seen in figure 6 demonstrates avid radio-isotope uptake (black arrow). 
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On fluoro-deoxyglucose-positron emission tomography (FDG-PET), enchondromas 

demonstrate mildly increased mean standardized uptake value. However, there is 

considerable overlap in the SUVmax values between enchondromas and low-grade 

chondrosarcomas resulting in a poor specificity when SUVmax values fall between 2 

and 4.5 which is observed in approximately 46% of all benign and malignant 

chondroid lesions.16,17

1.2.1.6 Management of enchondromas 

Unlike chondrosarcomas which always require surgical intervention unless surgery is 

contraindicated, the management of enchondromas is dependent on patient 

symptoms. Asymptomatic enchondromas do not require treatment. In contrast, 

symptomatic enchondromas can be safely treated with curettage.18

1.2.2 Chondrosarcoma 

1.2.2.1 Epidemiology of chondrosarcomas 

Chondrosarcomas are the second most common malignant primary bone tumour 

after osteosarcoma accounting for approximately 20% of all malignant bone tumours 

and for 3.5% of all biopsied primary bone tumours.14 According to the WHO 

Classification of bone tumours, chondrosarcomas are defined as “a locally aggressive 

or malignant group of cartilaginous matrix-producing neoplasms with diverse 

morphological features and clinical behaviour”.19 Chondrosarcomas are divided into 
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conventional chondrosarcomas, dedifferentiated chondrosarcomas, mesenchymal 

chondrosarcomas and clear cell chondrosarcomas.4 Conventional chondrosarcomas 

are further divided dependent on location and origin into primary central 

chondrosarcomas, secondary central chondrosarcomas, secondary peripheral 

chondrosarcomas and periosteal chondrosarcomas.19 Primary central 

chondrosarcomas are chondrosarcomas, which arise centrally in bone without a 

benign precursor whilst secondary central chondrosarcomas are central 

chondrosarcomas, which arise in a pre-existing enchondroma. In contrast, secondary 

peripheral chondrosarcomas are chondrosarcomas which arise from an 

osteochondroma whilst periosteal chondrosarcomas originate from the periosteum 

and hence occur on the surface of bone.19 Although the above described 

classification reveals a significant variety of chondrosarcomas, primary central 

chondrosarcoma is the most common subtype of chondrosarcoma accounting for 

approximately 85% of all chondrosarcomas. In this thesis, I will therefore focus on 

“primary central chondrosarcoma” and will refer to it as “chondrosarcoma” unless 

otherwise stated.  

1.2.2.2 Location and clinical presentation of chondrosarcomas 

Most patients diagnosed with chondrosarcoma are in their 6th decade of life. 

Although the lesion can arise in any bone which is derived from endosteal 

ossification, the most common sites in the skeleton are the pelvis, followed by the 

proximal femur, proximal humerus, distal femur and ribs.19 In contrast, 
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chondrosarcomas of the hands and feet are rare.20 Similarly, chondrosarcoma in the 

spine and the craniofacial bones are a rare occurrence.21

The most frequent clinical presentations are pain and local swelling which are usually 

present for months prior to diagnosis.15,19 Pathological fracture is observed in 3-17% 

of all chondrosarcomas.14

1.2.2.3 Histology of chondrosarcomas 

On macroscopy, chondrosarcomas have a translucent, lobular blue-gray or white 

surface which corresponds to hyaline cartilage. Yellow-white foci are frequently 

identified within the lesion and represent areas of mineralization. Cortical erosion 

and destruction, bone expansion and an associated soft tissue mass may be seen 

(Figure 9).19

On histology, the tumour is composed of irregularly shaped lobules of hyaline 

cartilage which vary in size and shape.19,22 The chondrocytes demonstrate atypia, 

show enlarged hyperchromatic nuclei and frequently demonstrate myxoid change. 

The presence of host bone entrapment (= permeation of cortical and/or medullary 

bone) is diagnostic of a chondrosarcoma (Figure 10). In cases where permeation is 

not identified but cellular atypia is present, the diagnosis of a low-grade 

chondrosarcoma cannot be reliably made however a low-grade chondrosarcoma 

cannot be excluded. The classification of these low-grade chondroid tumours 

remains controversial. Whilst the latest WHO classification of bone tumours does not 

mention these lesions as a separate disease entity, they invariably are being classified 

in some centres as enchondromas, in others as grade 1 chondrosarcomas despite the 
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lack of a permeative growth pattern whilst other institutions classify them as atypical 

enchondromas, borderline cartilage tumours, grade 0 chondrosarcomas  or as 

cartilaginous tumours of unknown malignant potential (CLUMPs) (Figure 11).19,23-25

The histological criteria for the diagnosis of a chondrosarcoma of the phalanges are 

different and reliant on the presence of cortical destruction, soft tissue extension or 

the presence of mitosis.19,20
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Figure 9: 

Figure 9: Macroscopic pathology of a chondrosarcoma of the humerus. Surgical specimen of 

a coronally sectioned humerus demonstrates lobular white or blue-grey foci of hyaline 

cartilage within the medullary cavity of the humerus (long, white arrow). Yellow-white foci 

(green arrow), which are seen within the lesion represent areas of mineralisation. The lesion 

results in bone expansion, cortical remodelling (curved white arrow) and a soft tissue mass 

(small, thick arrow). (Image courtesy of Dr S. Vaiyapuri, Department of Pathology, Royal 

Orthopaedic Hospital, Birmingham, UK). 
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Figure 10: 

Figure 10: Histopathology of a grade 1 chondrosarcoma: The specimen demonstrates the 

hallmark of a grade 1 chondrosarcoma: the presence of host bone entrapment or 

permeation (black arrows). (Image courtesy of Dr F. Puls, Department of Pathology, Royal 

Orthopaedic Hospital, Birmingham, UK). 
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Figure 11: 

Figure 11: Histopathology of a cartilaginous lesion of unknown malignant potential (CLUMP). 

The chondrocytes demonstrate atypia and myxoid change. There is however no host bone 

entrapment. (Image courtesy of Dr S. Vaiyapuri, Department of Pathology, Royal 

Orthopaedic Hospital, Birmingham, UK). 
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Conventional intramedullary chondrosarcomas are graded on a scale from I to III.  

The grading is based on nuclear size, hyperchromasia, cellularity and mitosis. Grade 

I chondrosarcomas are moderately cellular and contain hyperchromatic nuclei 

(Figure 10). Grade II chondrosarcomas are more cellular demonstrating more nuclear 

atypia, hyperchromasia and nuclear size (Figure 12). Grade III chondrosarcomas show 

increased cellularity, are more pleomorphic, demonstrate increased mitoses and 

show spindle shape at the periphery of the cartilage lobules (Figure 13).19 Grading of 

chondrosarcomas is important because the grade of the lesion correlates with 

prognosis and overall survival.19,26-30 This fact has been highlighted in multiple 

studies, most recently in a large retrospective study which demonstrated that the 10-

year survival of grade I chondrosarcomas was 95%, the 10-year survival for grade 2 

chondrosarcomas was 86% whilst the 10-year survival for grade 3 chondrosarcomas 

was 55%.31

A large study of chondrosarcomas identified that 61% of all chondrosarcomas were 

grade I chondrosarcomas, 36% were grade II chondrosarcomas whilst only 3% were 

grade III chondrosarcomas.32
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Figure 12: 

Figure 12: Histopathology of a grade 2 chondrosarcoma: The chondrocytes demonstrate 

more nuclear atypia and hyperchromasia. (Image courtesy of Dr F. Puls, Department of 

Pathology, Royal Orthopaedic Hospital, Birmingham, UK). 
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Figure 13: 

Figure 13: Histopathology of a grade 3 chondrosarcoma: The tumour cells are more 

pleomorphic and increasingly spindle shaped. (Image courtesy of Dr F. Puls, Department of 

Pathology, Royal Orthopaedic Hospital, Birmingham, UK). 
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1.2.2.4 Pathogenesis of chondrosarcomas 

The pathogenesis of chondrosarcomas remains poorly understood. However, a 

previous study has demonstrated that somatic mutations in isocitrate 

dehydrogenase (IDH) 1 and 2 are frequent events in central chondrosarcomas, 

central and periosteal chondromas occurring in at least 56% of these tumours.  In 

contrast, osteochondromas, peripheral chondrosarcomas and mesenchymal 

tumours other than central chondrosarcomas, central and periosteal chondromas do 

not show this mutation.33 Mutations in IDH 1 and 2 result in production of the 

oncometabolite 2-Hydroxyglutarate (2-HG) which in turn drives tumour progression.  

The exact mechanism by which accumulation of 2-HG may lead to tumourigenesis 

remains uncertain. However, increasing evidence suggests a possible epigenetic 

mechanism. The above described findings therefore suggest a causal role of IDH1 and 

2 mutations in tumourigenesis of central chondrosarcomas.33 In the future, this 

discovery may therefore potentially result in the development of drugs which target 

and effectively treat chondrosarcomas showing IDH 1 and 2 mutations. 

1.2.2.5 Imaging of chondrosarcomas 

Imaging is crucial in the diagnosis of central chondrosarcomas. On radiography, 

chondrosarcomas typically demonstrate as mixed lytic and sclerotic lesions with a 

variable degree of chondroid matrix mineralization which is seen in 60-78% of all 

chondrosarcomas (Figure 14).14,15,19,21
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Figure 14: 

Figure 14:  

Radiograph of low-grade chondrosarcoma of distal femur.   Anteroposterior radiograph of 

the distal femur demonstrates a well-demarcated, geographical pattern of bone 

destruction (large arrow) within the distal femur with extensive chondroid matrix 

calcification (small arrow). 
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The amount of calcification is variable, however high-grade chondrosarcomas 

demonstrate less chondroid matrix mineralization than low-grade chondrosarcomas. 

Low-grade chondrosarcomas frequently show a geographical pattern of bone 

destruction (Figure 14) whilst a moth-eaten, permeative pattern of bone destruction 

favours a high-grade chondrosarcoma or a dedifferentiated chondrosarcoma (Figure 

15).10,14.  

Erosion of the cortex is termed “endosteal scalloping”. Endosteal scalloping of more 

than two thirds of the depth of the cortex is a hallmark of chondrosarcoma reflecting 

its increased biological activity (Figure 15). 



49 

Figure 15: 

Figure 15: Radiograph of a high-grade chondrosarcoma (grade 2 chondrosarcoma) of the 

femur. Lateral radiograph of the femur shows a moth-eaten, permeative pattern of bone 

destruction within the mid-diaphysis with marked endosteal scalloping (large arrow) and 

bone expansion. A relatively small focus of chondroid-matrix calcification (small arrow) is 

observed within the lesion. 
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Continued growth of the lesion may result in cortical remodeling, cortical thickening, 

cortical destruction, periosteal reaction, bony expansion (Figure 16) and the 

development of a soft tissue mass (Figure 17).14,15,21 Within the long bones, a central 

chondroid lesion which is larger than 5cm is regarded as suspicious for a 

chondrosarcoma (Figure 18).10,15

Computed Tomography is the imaging modality of choice in the assessment of 

endosteal scalloping of chondroid tumours (Figure 19). Furthermore, Computed 

Tomography is particularly useful in the identification of occult matrix mineralization 

which is present in 90%-94% of all chondrosarcomas on CT.10,14,15
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Figure 16: 

Figure 16: Radiograph of a high-grade chondrosarcoma of the proximal femur. 

Anteroposterior radiograph of the proximal femur shows a mixed lytic, sclerotic lesion (large 

arrow) which demonstrates cortical remodelling, cortical thickening and bony expansion 

(small arrow). 
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Figure 17: 

Figure 17: Radiograph of a high-grade chondrosarcoma of the proximal femur.  

Anteroposterior radiograph of the proximal femur shows an ill-defined lesion within the right 

proximal femur which demonstrates extensive chondroid matrix calcification and which 

results in cortical destruction and a pathological fracture of the greater trochanter. There is 

extension of chondroid tissue into the surrounding soft tissue in keeping with an associated 

large soft tissue mass (arrow). 
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Figure 18: 

Figure 18: Radiograph of a low-grade chondrosarcoma of the left proximal humerus.  

Anteroposterior radiograph of the left proximal humerus shows an 10cm in the maximum 

cranio-caudal dimension measuring chondroid lesion in the left proximal humerus (arrow) 

which was a histologically confirmed grade 1 chondrosarcoma. Note the absence of other 

aggressive features such as bone expansion, cortical destruction or periosteal reaction. 
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Figure 19: 

Figure 19: Computed Tomography of a chondrosarcoma of the tibia. Axial CT of the tibia 

exquisitely demonstrates extensive (more than 2/3) endosteal scalloping (arrow).   
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Magnetic Resonance Imaging (MRI) most accurately depicts the intraosseous tumour 

extent, the presence and extent of a soft tissue mass. On MRI, chondrosarcomas 

typically demonstrate a lobulated appearance. The lesion is of low to intermediate 

signal intensity on the T1-weighted images, frequently demonstrates punctate foci 

of signal void due to matrix mineralization and may demonstrate foci of high signal 

intensity on the T1-weighted images which are due to entrapped areas of yellow 

marrow. On the fluid-sensitive sequences, the tumour demonstrates very high signal 

intensity due to the high water content within the chondrocytes (Figure 20a,b). The 

high signal intensity lobules of cartilage cells are frequently separated by septa, 

which are hypointense on the fluid-sensitive sequences and demonstrate 

enhancement after gadolinium administration (Figure 21a,b). Endosteal scalloping, 

soft tissue extension, cortical changes and periosteal reaction are well appreciated 

on MRI (Figure 22a,b). Whilst perilesional bone marrow-like oedema is uncommon, 

its presence favours the diagnosis of a chondrosarcoma (Figure 23a,b).14,34

Accurate preoperative grading of chondrosarcomas is important because the 

treatment of low-grade chondrosarcomas (grade 1 chondrosarcomas) significantly 

differs from that of high-grade chondrosarcomas (grade 2 and grade 3 

chondrosarcomas) in many centres. In many bone tumour centres, low-grade 

chondrosarcomas are treated with curettage whilst high-grade chondrosarcomas are 

treated with en-bloc excision or amputation.35-43
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Figure 20 

Figure 20a:                                                   Figure 20b:  

Figure 20: MRI of a chondrosarcoma of the proximal humerus. Coronal T1W SE MRI (a) and 

coronal T2W FS MRI (b) of the humerus shows an 8.9cm in the maximum cranio-caudal 

dimension measuring lesion in the proximal humeral diaphysis which is of low to 

intermediate signal intensity on the T1-weighted images (a), of high signal intensity on the 

T2 fat-suppressed images (b) and which demonstrates foci of signal void (arrow) due to 

matrix mineralisation. 
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Figure 21 

Figure 21a:                                                    Figure 21b: 

Figure 21: MRI of a chondrosarcoma of the proximal tibia. Coronal T1W SE MRI (a) and 

gadolinium-enhanced T1W MRI (b) of the tibia shows a chondrosarcoma of the proximal tibia 

(a) which demonstrates avid septal enhancement after gadolinium administration (b, arrow). 
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Figure 22 

Figure 22a:         Figure 22b:                                     

Figure 22: MRI of a chondrosarcoma of the proximal femur. Coronal T2W FS MRI (a) and axial 

T2W FS MRI of the left femur shows a 17.1cm in the maximum cranio-caudal dimension 

measuring chondroid lesion with bony expansion (a, arrow), marked endosteal scalloping (b, 

small arrow), cortical thickening and periosteal reaction (b, large arrow). 
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Figure 23: 

Figure 23a:           Figure 23b: 

Figure 23: MRI of a grade 1 chondrosarcoma of the proximal tibia. Sagittal (a) and axial (b) 

PD FS MRI-study of the knee shows an only 2.1cm chondroid lesion within the proximal tibial 

epiphysis. Despite the small size of the lesion, there is extensive peritumoural bone marrow-

like oedema (long arrow), soft tissue oedema and cortical destruction (short arrow). Biopsy 

confirmed a grade 1 chondrosarcoma. 
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Although biopsy is frequently performed prior to surgery, only a small area of the 

tumour is sampled which may result in erroneous down-grading of the tumour. 

Unpublished data from the Royal National Orthopaedic Hospital, Stanmore 

performed by the author of this PhD has shown that CT-guided biopsy of 

chondrosarcomas results in erroneous down-grading of the tumour in approximately 

10% of all cases. More worryingly, a recent study published by Roitman et al., 

demonstrated that concordance between preoperative CT-guided bone biopsy and 

the final pathological grading in chondrosarcomas was 83% in long bones and only 

36% in the pelvis.44

This significant discrepancy between preoperative histological grading and final 

histological grading in chondrosarcomas may result in inadequate treatment of a 

high-grade chondrosarcoma. Although a few studies have attempted to evaluate the 

role of MRI in the differentiation of low-grade from high-grade chondrosarcomas, the 

results of these studies were hampered by small sample size and by the fact that 

these studies only evaluated very few MRI-criteria associated with chondrosarcomas 

leading to conflicting results.45-48 Therefore, there remained uncertainty about the 

role of MRI in the differentiation of low-grade chondrosarcomas from high-grade 

chondrosarcomas. However, the clinical significance of accurate preoperative 

grading of chondrosarcomas can not be overemphasized as erroneous downgrading 

of the tumour due to sampling errors on biopsy may lead to curettage of high-grade 

chondrosarcomas which is inadequate and hence may result in further surgery. In 

chapter 6 of this thesis, I therefore present a study which forms part of this PhD-
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thesis evaluating the utility of MRI in the differentiation of low-grade from high-grade 

chondrosarcomas.  

Fluorodeoxyglucose-positron emission tomography (FDG-PET) is widely used in 

oncological imaging in the detection, diagnosis, staging, treatment response 

assessment and evaluation of recurrence of tumours due to its ability to detect 

glucose uptake in cells with high metabolic activity.49 PET/CT has therefore been 

utilized in an attempt to differentiate benign cartilage tumours from malignant 

cartilage tumours and in the grading of chondrosarcomas. Whilst there is conflicting 

evidence about the role of PET/CT in the differentiation of benign from malignant 

cartilage tumours (Figures 24,25), PET/CT can be used to differentiate benign and 

low-grade malignant cartilage tumours from high-grade malignant cartilage tumours 

as it has been demonstrated that high-grade chondrosarcomas have a higher SUV 

than low-grade chondroid tumours and that the SUV increases with higher 

histological grade of the tumour.16,50 However, this differentiation can be reliably 

made on MRI as demonstrated by our group51 and hence the role of PET/CT in the 

diagnosis and characterization of chondrosarcomas is of doubtful clinical significance 

especially when one considers that MRI forms part of the routine practice in the loco-

regional staging of chondrosarcomas whilst PET/CT is not usually used in the staging 

of chondrosarcomas. Furthermore, in contrast to MRI, PET/CT is associated with a 

radiation burden. Hence, PET/CT plays no significant role in the diagnostic workup of 

patients with chondrosarcoma.  
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Figure 24: 

Figure 24a:   

Figure 24b: 

Figure 24: Eccentric enchondroma of the humeral head. Axial T2W FS MRI-study of the left 

humerus (a) shows imaging features in keeping with an eccentric enchondroma of the 



63 

humeral head (a, arrow) . On FDG-PET/CT (b), the lesion demonstrates increased FDG-uptake 

with an SUVmax of 3.6. The lesion was a histologically confirmed enchondroma.  

 Figure 25: 

Figure 25a:      Figure 25b: 

Figure 25: Grade 1 chondrosarcoma of the left proximal humerus. Coronal CT (a) shows a 

19cm in the maximum craniocaudal dimension measuring grade 1 chondrosarcoma of the 

left proximal humerus. On FDG-PET/CT (b), the lesion demonstrates mild increased FDG-

uptake with an SUVmax of 3.4. The lesion was a histologically confirmed grade 1 

chondrosarcoma. 
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On 99m-Technitium methylene diphosphonate (MDP) bone scintigraphy, 82% of all 

chondrosarcomas demonstrate marked radio-isotope uptake which is greater than 

the uptake of the anterior iliac crest (Figure 26a,b) whilst avid isotope uptake is only 

observed in 21% of all enchondromas.15 Similarly, a heterogeneous radionuclide 

uptake pattern is observed in 63% of chondrosarcomas but only in 30% of 

enchondromas.15 As the above figures however demonstrate, there is significant 

overlap in the intensity of radio-isotope uptake and the pattern of uptake between 

enchondromas and chondrosarcomas. Therefore, skeletal scintigraphy cannot be 

used to differentiate between the two disease entities. 
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Figure 26 

Figure 26a:  Figure 26b:  

Figure 26: Chondrosarcoma of the proximal femur. Anteroposterior radiograph of the femur 

(a) shows a heavily calcified ill-defined lesion (arrow) in the right proximal femur. On 99m-

Technitium methylene diphosphonate (MDP) bone scintigraphy (b), the lesion demonstrates 

a heterogeneous and avid radio-isotope uptake which is greater than the uptake of the 

anterior iliac crest. The lesion was a histologically confirmed grade 2 chondrosarcoma. 
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1.2.2.6 Staging of chondrosarcomas 

In contrast, skeletal scintigraphy is recommended and therefore widely used in the 

staging of chondrosarcomas at time of presentation to exclude/detect skeletal 

metastases. Similarly, Computed Tomography of the chest is widely recommended 

in the staging of chondrosarcomas to evaluate the presence of pulmonary 

metastases. 52-56 An in depth review of the literature however reveals that this 

recommendation is largely based on evidence acquired from osteosarcomas and 

Ewing sarcomas where skeletal and pulmonary metastases at presentation are 

observed in 4%-19% of all patients.57-62 However, the incidence of skeletal and 

pulmonary metastases in chondrosarcomas at presentation, the role of skeletal 

scintigraphy and Computed Tomography of the chest in the staging of 

chondrosarcomas have not been evaluated previously. In chapter 7, I present a study 

which forms part of the submitted thesis evaluating the role of bone scintigraphy and 

Computed Tomography of the chest in the staging of chondrosarcomas showing 

some intriguing findings.  

1.2.2.7 Management of chondrosarcomas 

In contrast to enchondromas which are only treated if found to be symptomatic, 

chondrosarcomas are always treated with surgery.  This is of particular importance 

in view of the fact that chondrosarcomas are insensitive to radiotherapy or 

chemotherapy and therefore the only hope for cure at present is surgery. The lack of 
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non-surgical treatment options is therefore associated with a poor prognosis in 

patients with metastatic chondrosarcoma.  

There has been a change in the surgical treatment technique of low-grade and high-

grade chondrosarcomas in recent years. Whilst previously, both low-and high-grade 

chondrosarcomas were treated with limb-salvage surgery and endoprosthetic 

reconstruction or amputation, low-grade chondrosarcomas are treated in many 

centres with intralesional curettage and local adjuvant therapy. In contrast, high-

grade chondrosarcomas continue to be treated with endoprosthetic reconstruction 

or amputation.36-43,63-66 Therefore, accurate preoperative differentiation of low-

grade chondrosarcomas from high-grade chondrosarcomas is crucial.   

1.2.3 Enchondroma versus low-grade chondrosarcoma 

The differentiation of enchondroma from low-grade chondrosarcoma is one of the 

most difficult topics in musculoskeletal oncology and is challenging for pathologists, 

radiologists and clinicians alike. In the following section, the scientific evidence 

regarding the role and limitation of both histopathology and the various imaging 

modalities in the differentiation of enchondromas from low-grade chondrosarcomas 

is discussed in-depth thereby emphasizing the difficulties in the differentiation of the 

two disease entities.  
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1.2.3.1 Histology 

The difficulties that pathologists face in the distinction of the two disease entities has 

been highlighted in two previous studies which evaluted the interobserver variability 

in the differentiation of enchondromas from low-grade chondrosarcomas and in the 

grading of chondrosarcomas even by experienced musculoskeletal pathologists.67,68

The “Skeletal Lesions Interobserver Correlation among Expert Diagnosticians 

(SLICED) Study Group” quantified the interobserver reliability in the differentiation 

of enchondromas from low-grade chondrosarcomas and in the grading of 

chondrosarcomas among a group of experienced musculoskeletal pathologists and 

radiologists. Nine musculoskeletal pathologists and eight musculoskeletal 

radiologists who were experts in the interpretation of chondroid tumours reviewed 

forty-six cartilaginous tumours of long bone which underwent open biopsy, curettage 

or excision. Both pathologists and radiologists were asked to classify the chondroid 

tumours as benign, low-grade malignant or high-grade-malignant using  whatever 

criteria they use in their daily clinical practice. This study demonstrated that the 

interobserver reliability in the grading of cartilaginous neoplasms in long bones was 

only moderate for pathologists (kappa value=0.443) and only fair for radiologists 

(kappa value=0.345) although the inclusion of Magnetic Resonance Imaging resulted 

in a slightly improved agreement between radiologists (kappa value=0.437).68

Similarly, Eefting and co-workers evaluated the interobserver variability in the 

histological diagnosis of enchondromas from grade 1 chondrosarcomas and in the 

grading of chondrosarcomas. In their study, the authors included 16 chondroid 

tumours which were evaluated by 18 musculoskeletal pathologists. The authors 
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discovered that the distinction between enchondroma and grade 1 chondrosarcoma 

was most  discordant demonstrating only moderate agreement (kappa 

coefficient=0.54) whilst the differentiation between grade 1 and grade 2 

chondrosarcomas demonstrated substantial agreement (kappa coefficient=0.8).67,69

This discrepancy is of significance particularly when comparing these findings with 

the interobserver reliability in the grading observed in other tumours. In contrast to 

this finding for example the interobserver reliability in the histopathological grading 

of soft tissue sarcomas demonstrates kappa coefficients of 0.68 and 0.78.70,71

Similarly, histopathological grading of breast carcinoma has shown similar kappa 

coefficients ranging from 0.69 to 0.73.72-74

The diagnostic dilemma in the differentiation of enchondromas from grade 1 

chondrosarcomas has also been highlighted in multiple publications. In these 

publications central cartilage tumours which on histology are moderately cellular, 

may show focal myxoid change and mild nuclear atypia however fail to demonstrate 

a permeative growth have been variably classified as “CLUMPs” (= cartilaginous 

lesions of unknown malignant potential),24 “grade 0 chondrosarcomas”, “atypical 

enchondromas”25 or as “borderline lesions”. Whilst the diagnostic uncertainty in the 

differentiation of enchondromas from grade 1 chondrosarcomas is widely accepted, 

proven and highlighted in the latest World Health Organization Classification of bone 

tumours published in 2013, the above described terms for low-grade chondroid 

tumours which are difficult to classify  havenot been adpoted in the most recent 

WHO Classification of bone tumours.75 These terms continue to be used in many 

bone tumour centres highlighting the diagnostic dilemma in the differentiation of the 

two disease entities.  
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The reported interobserver variability and diagnostic uncertainty in the distinction of 

enchondromas from grade 1 chondrosarcomas is of clinical relevance as the lack of a 

gold standard in the diagnosis of the two disease entities may result in inappropriate 

surgical treatment of an enchondroma or in lack of treatment of a grade 1 

chondrosarcoma with potentially adverse consequences.68 Furthermore, there is 

controversy regarding the biological behaviour and hence treatment approach of 

these borderline cartilage tumours with some institutions opting for a watch-and-

wait approach24,76 whilst other centres decide to perform intralesional curettage for 

these lesions.25,51,66

Therefore, in the absence of a permeative growth pattern on histology, consensus 

between imaging findings, histopathology and clinical findings is most prudent in the 

distinction of enchondromas from grade 1 chondrosarcomas.10,14 Hence, in the next 

section, the scientific evidence of the role and the limitations of the various imaging 

modalities in the differentiation of enchondromas from low-grade chondrosarcomas 

is discussed. 

The differentiation of enchondromas and grade 1 chondrosarcomas is particularly 

challenging in the long tubular bones such as the femur, tibia and humerus where 

enchondromas are very commonly observed. Similarly, the long tubular bones are 

the most common location for chondrosarcomas accounting for approximately 45% 

of all cases.10
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1.2.3.2 Imaging  

As stated previously, imaging is vital in the differentiation of enchondromas from 

grade 1 chondrosarcomas. In the following section, the role of the various imaging 

modalities in the differentiation of enchondromas from grade 1 chondrosarcomas 

will be discussed in more detail. The imaging modalities discussed below include: 

Radiography, Computed Tomography, Skeletal scintigraphy, Positron Emission 

Tomography and Magnetic Resonance Imaging with a particular emphasis on 

advanced MRI-techniques which include Diffusion-weighted MRI and Dynamic-

contrast enhanced MRI. 

1.2.3.2.1 Radiography 

Geirnaert and co-workers have previously evaluated the role of radiography in the 

differentiation of enchondromas from grade 1 chondrosarcomas. The authors 

included 35 enchondromas and 43 central grade 1 chondrosarcomas. The diagnosis 

of chondroid tumours was based on histology and long-term follow-up. In their study, 

51% of all enchondromas were located in the hands and feet whilst only 5% of all 

grade 1 chondrosarcomas were located in the hands and feet. In contrast, within the 

axial skeleton, grade 1 chondrosarcomas were statistically more commonly observed 

than enchondromas whilst there was no statistically significant difference in the 

number of enchondromas and grade 1 chondrosarcomas identified in the femora and 

humeri. Furthermore, in their study, grade 1 chondrosarcomas were significantly 

larger (median size: 5cm) than enchondromas (median size: 2cm) although there was 
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significant overlap in size when enchondromas of the hands and feet were excluded. 

The authors also discovered that only the presence of ill-defined margins and 

lobulated contours on radiography were statistically significant differentiating 

features between enchondromas and grade 1 chondrosarcoma.  The authors 

however reported that radiographic features such as endosteal scalloping, cortical 

thinning, destruction, periosteal reaction and soft tissue extension were not 

statistically significant differentiating features.  The major limitation of this 

publication is however the study design which did not differentiate between the 

radiographic appearances of low-grade chondroid tumours of the hands and feet, 

low-grade chondral tumours of the axial skeleton and low-grade chondroid tumours 

of the long tubular bones. Furthermore, 51% of enchondromas in this study were 

located in the hands and feet whilst 35% of grade 1 chondrosarcomas were located 

in the axial skeleton. The diagnostic challenge in the differentiation of enchondromas 

and grade 1 chondrosarcomas is however largely one centered around the long 

tubular bones (such as the femur, humerus, tibia) because both enchondromas and 

chondrosarcomas are frequently observed in this location particularly as 45% of all 

chondrosarcomas are diagnosed in the long tubular bones.10

Therefore, Murphey and co-workers evaluated the role of radiographs in the 

distinction of enchondromas from chondrosarcomas of the appendicular skeleton. 

The authors included 92 enchondromas and 95 chondrosarcomas which included 35 

grade 1 chondrosarcomas (37% of all chondrosarcomas), 29 grade 2 

chondrosarcomas (31% of all chondrosarcomas) and 31 grade 3 chondrosarcomas 

(33% of all chondrosarcomas). They found that a depth of endosteal scalloping of 

more than two-third of the cortical thickness as well as the extent of endosteal 
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scalloping were statistically significant differentiating features on radiography. 

Furthermore, increased tumour size, the presence of cortical destruction, cortical 

thickening, pathological fracture, periosteal reaction and soft tissue extension were 

statistically significant differentiating features favouring the diagnosis of a 

chondrosarcoma.  A major limitation of this study is that the study cohort included 

chondrosarcomas in general and did not differentiate between low-grade and high-

grade chondrosarcomas in their analysis. It is well established that both the 

histological and imaging differentiation of enchondromas from high-grade 

chondrosarcomas does not represent a diagnostic challenge. In contrast, the 

difficulty lies in the differentiation of enchondromas from low-grade 

chondrosarcomas. Therefore, the results published by Murphey et al. have to be 

interpreted in the context of this significant limitation and it cannot be assumed that 

the described differentiating features are also applicable in the differentiation of 

enchondromas from low-grade chondrosarcomas of the appendicular skeleton.15

1.2.3.2.2 Computed Tomography 

In the above quoted publication by Murphey et al., the authors also evaluated the 

role of CT in the differentiation of enchondromas and chondrosarcomas of the 

appendicular skeleton. In their study, the authors analyzed the CT-examinations of 

88 lesions of which 39 were enchondromas and 49 lesions were chondrosarcomas. 

On CT, the size of the lesion, depth and extent of endosteal scalloping, cortical 

destruction, the presence of a pathological fracture, periosteal reaction, and soft 

tissue extension were statistically significant differentiating features. In contrast, 
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cortical remodeling, cortical thickening, the presence and extent of matrix 

calcification as well as the attenuation values of the non-mineralized component on 

CT were not statistically significant. As stated above, the major limitation of this study 

is the lack of differentiation of enchondromas from low-grade chondrosarcomas.15

1.2.3.2.3 Skeletal Scintigraphy 

The role of skeletal scintigraphy in the differentiation of enchondromas from 

chondrosarcomas in the appendicular skeleton has also been assessed by Murphey 

and co-workers. The authors retrospectively reviewed the skeletal scintigraphs of 67 

enchondromas and 51 chondrosarcomas. Isotope uptake in the lesions was graded 

on a scale of 1-3. Grade 1 was classified as uptake within the lesion less than that of 

the anterior iliac crest, grade 2 was similar to the uptake in the anterior iliac crest 

whilst grade 3 was defined as uptake greater than in the anterior iliac crest. 

Furthermore, the authors assessed if the radio-isotope in the lesions was 

homogeneous or heterogeneous.  The authors found that bone scintigraphy showed 

greater isotope uptake when compared to the anterior iliac crest in 82% of 

chondrosarcomas (figure 26) whilst this finding was only observed in 21% of all 

enchondromas (figure 8). In contrast, 79% of all enchondromas demonstrated equal 

or lower activity than the anterior iliac crest (figure 7b). Similarly, heterogeneous 

uptake was observed in 63% of all chondrosarcomas but only in 30% of all 

enchondromas. This finding was thought to be due to increased biological activity of 

chondrosarcomas.15 Although the difference in radio-isotope uptake between 

enchondromas and chondrosarcomas of the appendicular skeleton was statistically 
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significant in this study, the authors as stated above did not differentiate between 

enchondromas and grade 1 chondrosarcomas and therefore these findings cannot 

be used to differentiate between the two disease entities. 

1.2.3.2.4 Positron emission tomography  

The potential role of FDG PET in the differentiation of benign cartilaginous tumours 

and chondrosarcomas has been assessed in three studies.  

Aoki et al. studied the SUV values in four enchondromas, one osteochondroma and 

six chondrosarcomas which included one grade 1 chondrosarcoma, four grade 2 

chondrosarcomas and one grade 3 chondrosarcoma. They found that the mean SUV 

in benign cartilage tumours was 0.96 whilst the mean SUV of chondrosarcomas was 

2.23. However, the sample size of the study was very small and included only one 

grade 1 chondrosarcoma. Therefore, the findings cannot be used to differentiate 

enchondromas from low-grade chondrosarcomas.77

Similarly, Feldman et al. also studied the role of PET in 29 chondroid tumours. In this 

study, the benign chondroid tumour group included 11 enchondromas and 7 

osteochondromas whilst the chondrosarcoma-group included 5 grade 1 

chondrosarcomas, 2 grade 2 chondrosarcomas, 1 grade 3 chondrosarcoma and 2 

dedifferentiated chondrosarcomas. The authors found that a cut-off maximum SUV 

of 2.0 resulted in a sensitivity of 90.9%, a specificity of 100% and a diagnostic accuracy 

of 96.6% in the differentiation of benign cartilage tumours from chondrosarcomas. 

In view of the heterogeneity of benign cartilage tumours which were included in this 

study and in view of the inclusion of low-grade and high-grade chondrosarcomas, no 
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conclusions about the role of PET in the differentiation of enchondromas from low-

grade chondrosarcomas can be made based on this study.50

In contrast, a study by Lee and co-workers retrospectively assessed PET in 35 

cartilaginous tumours which included ten enchondromas, three osteochondromas, 

twelve grade 1 chondrosarcomas, five grade 2 chondrosarcomas and five grade 3 

chondrosarcomas. In this study, the mean SUV of benign chondral tumours was 

1.147, the mean SUV of grade 1 chondrosarcomas was 0.898 whilst the mean SUV of 

high-grade chondrosarcomas was 6.903. The authors therefore concluded that 

although PET could be used to differentiate low-grade chondrosarcomas from high-

grade chondrosarcomas, it could not distinguish between benign cartilage tumours 

and grade 1 chondrosarcomas (Figures 24, 25).  Hence, there is no role for PET in the 

differentiation of enchondromas from low-grade chondrosarcomas.16

1.2.3.2.5 Magnetic Resonance Imaging  

The utility of MRI in the differentiation of enchondromas from chondrosarcomas has 

been investigated in a few studies. In the following section, the role of anatomical 

MRI in the differentiation of the two disease entities will be discussed followed by a 

review of the literature on the role of functional MRI (dynamic-contrast enhanced 

MRI and diffusion-weighted MRI) in the distinction of enchondromas from low-grade 

chondrosarcomas.  
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1.2.3.2.5.1 Anatomical Magnetic Resonance Imaging 

Murphey et al. retrospectively analyzed the MR Imaging of 35 enchondromas and 33 

chondrosarcomas of the appendicular skeleton.  They evaluated lesion size, 

endosteal scalloping, cortical remodeling, cortical destruction, pathological fracture, 

periosteal reaction, cortical thickening and soft tissue extension. The group found 

that the mean length of enchondromas was 5cm whilst the mean length of 

chondrosarcomas was 8cm. Similarly, the depth and extent of endosteal scalloping 

was significantly different in enchondromas and chondrosarcomas with endosteal 

scalloping of more than two-thirds being observed in 67% of chondrosarcomas but 

only in 11% of enchondromas. Furthermore, cortical remodeling, cortical 

destruction, soft tissue extension and pathological fracture were statistically 

significant differentiating features between enchondromas and chondrosarcomas 

whilst cortical thickening and periosteal reaction could not differentiate between the 

two disease entities. However, a significant limitation of this study is that the authors 

did not perform a subgroup analysis to evaluate potential differentiating MRI-

features between enchondromas and low-grade chondrosarcomas.15

There have been two studies which evaluated the role of MRI in the differentiation 

of enchondromas from low-grade chondrosarcomas. Ferrer-Santacreu et al. assessed 

the role of MRI in the differentiation of enchondromas and low-grade 

chondrosarcomas of the appendicular skeleton in 82 patients. The authors found no 

statistically significant differentiating imaging features between enchondromas and 

low-grade chondrosarcomas.78
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Another study by Choi et al. assessed the MRI-features in 16 enchondromas and in 

18 low-grade chondrosarcomas. In contrast to Ferrer-Santacreu, the authors found 

that predominantly intermediate signal intensity on T1WI, a multilobular appearance 

on contrast-enhanced T1WI, cortical destruction, soft tissue extension, surrounding 

bone marrow oedema, abnormal soft tissue signal, epiphyseal involvement and 

location in the flat bone were more commonly observed in low-grade 

chondrosarcomas than in enchondromas. A significant limitation of this publication 

is that the authors included chondrosarcomas of the flat bones and enchondromas 

of the hand in their study. As previously stated, the differentiation of enchondromas 

from low-grade chondrosarcomas does not represent a diagnostic challenge in these 

locations. Similarly, the imaging findings of chondroid lesions of the hands and pelvis 

are very different to the imaging findings of chondroid lesions of the appendicular 

system. Therefore, the role of conventional MRI in the differentiation of 

enchondromas from low-grade chondrosarcomas remained uncertain until very 

recently.79 A recent study by the author of this thesis specifically evaluated the role 

of conventional MRI, DCE-MRI and clinical findings in the differentiation of 

enchondromas from low-grade chondrosarcomas of long bones (see Appendix 1). In 

this study, we retrospectively analyzed the MRI-findings in 60 central chondroid 

tumours which included 27 enchondromas, 10 cartilaginous tumours of unknown 

malignant potential, 15 grade 1 chondrosarcomas and 8 high-grade 

chondrosarcomas. The subgroup analysis which evaluated the conventional MRI-

findings of enchondromas and grade 1 chondrosarcomas, revealed that more than 

2/3 endosteal scalloping demonstrated a sensitivity of 71.4% (95% confidence 

intervals: 41.9%-91.6%) and a specificity of 92.9% (95% confidence interval: 76.5%-
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99.2%), bone expansion showed a sensitivity of 50% (95% confidence interval: 23%-

77%) and a specificity of 89.3% (95% confidence interval: 71.8%-97.7%), cortical 

destruction showed a sensitivity of 35.7% (95% confidence interval: 12.8%-64.9%) 

and a specificity of 100% (95% confidence interval: 87.7%-100%) whilst the presence 

of a soft tissue mass revealed a sensitivity of 40% (95% confidence interval: 16.3%-

67.7%) and a specificity of 100% (95% confidence interval: 87.2%-100%). Of note is 

that the presence of pain attributed to the lesion resulted in a sensitivity of 60% (95% 

confidence interval: 32.3%-83.7%) and a specificity of 88.9% (95% confidence 

interval: 70.8%-97.7%) in the differentiation of enchondromas from grade 1 

chondrosarcomas. Subsequent calculation of Odds ratios showed an Odds ratio for 

pain attributable to the lesion of 12 (95% confidence interval: 2.5-58.5), an Odds ratio 

for more than 2/3 endosteal scalloping of 25 (95% confidence interval: 4.2-15.7), and 

an Odds ratio for bone expansion of 14.3 (95% confidence interval: 2.5-83.1) whilst 

cortical destruction and the presence of a soft tissue mass were diagnostic for a grade 

1 chondrosarcoma. Of note is that the 95% confidence intervals for the sensitivity, 

specificity and the Odds ratios were wide. This finding is most likely due to the small 

sample size of the study. Despite the wide confidence intervals of the results, the 

study demonstrated a positive relationship between pain attributable to the lesion, 

more than 2/3 endosteal scalloping, bone expansion and the diagnosis of a grade 1 

chondrosarcoma. Although the study confirmed that cortical destruction and the 

presence of a soft tissue mass are diagnostic for a grade 1 chondrosarcoma, these 

findings are not commonly observed in grade 1 chondrosarcomas. However, the 

study demonstrated that more than 2/3 of endosteal scalloping is the most sensitive 

conventional MRI sign of grade 1 chondrosarcomas. Similarly, pain attributed to the 
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lesion was an important clinical sign of grade 1 chondrosarcomas highlighting the 

importance of a close collaboration between radiologists, clinicians and pathologists 

in order to differentiate between enchondromas from grade 1 chondrosarcomas.80

1.2.3.2.5.2 Dynamic Contrast-Enhanced Magnetic Resonance Imaging 

Dynamic contrast-enhanced MRI (DCE-MRI) is a functional MRI-technique which 

allows the non-invasive assessment of tumour vascularity.81 DCE-MRI has previously 

been utilized in an attempt to differentiate benign bone tumours from malignant 

bone tumours.82 More specifically, there have been three studies which attempted 

to differentiate benign chondroid tumours from chondrosarcomas using DCE-

MRI.83,84

Geirnaerdt and co-workers assessed eight enchondromas, eleven osteochondromas 

and eighteen chondrosarcomas which included seven grade 1 chondrosarcomas, 

nine grade 2 chondrosarcomas and two grade 3 chondrosarcomas using DCE-MRI in 

an attempt to differentiate benign cartilage tumours from chondrosarcomas. The 

authors evaluated the start of contrast uptake (early versus delayed) and the 

progression of contrast uptake (exponential versus gradual) within chondroid 

tumours. They found that early enhancement was observed in 89% of all 

chondrosarcomas but not in enchondromas whilst delayed enhancement was seen 

in 11% of chondrosarcomas and in 38% of enchondromas. In contrast, no 

enhancement was described in 63% of all enchondromas but in no case of a 

chondrosarcoma. Furthermore, exponential uptake was seen in 61% of all 

chondrosarcomas but not in enchondromas whilst gradual enhancement was 
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observed in 38% of enchondromas and in 39% of chondrosarcomas. The authors 

therefore concluded that lack of enhancement within a cartilage tumour excluded a 

chondrosarcoma. Furthermore, they concluded that the differentiation of benign 

cartilage tumours from chondrosarcomas was possible with a sensitivity of 61%, a 

specificity of 95%, a positive predictive value of 92% and a negative predictive value 

of 72%. A significant limitation of this study is that the authors assessed the contrast 

uptake pattern in enchondromas versus chondrosarcomas in general and did not 

perform a subgroup analysis evaluating the contrast uptake pattern in 

enchondromas versus low-grade chondrosarcomas.84 As stated previously, the 

distinction between enchondromas and high-grade chondrosarcomas does not 

represent a diagnostic challenge.10 A further limitation of this study is the small 

sample size which most likely would have hampered a subgroup analysis.  

De Coninck et al. also evaluated the role of DCE in the differentiation of 

enchondromas from chondrosarcomas. In their retrospective study, the authors 

included 75 enchondromas and 31 chondrosarcomas which included 18 low-grade 

chondrosarcomas, 10 intermediate grade chondrosarcomas and 3 high grade 

chondrosarcomas. The authors found that enhancement within the tumour which 

was two times more when compared to muscle combined with a 76 degree slope of 

the uptake curve resulted in a 100% sensitivity and 63.3% specificity in the detection 

of chondrosarcomas. A significant limitation of this study is the inclusion of low-grade 

and high-grade chondrosarcomas and the fact that the authors did not differentiate 

between low-grade chondrosarcomas from high-grade chondrosarcomas in this 

study. Therefore, the obtained results cannot be utilized in the differentiation of 

enchondromas from low-grade chondrosarcomas.83 Hence, the role of DCE-MRI in 
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the differentiation of the two disease entities remained unclear until very recently. 

As stated above, the author of this thesis re-evaluated the role of conventional MRI, 

DCE-MRI and clinical assessment in the differentiation of enchondromas from low-

grade chondrosarcomas and high-grade chondrosarcomas of long bone (see 

Appendix 1). In this study, we evaluated the median angle of the curve, the median 

absolute enhancement of the curve and the relative enhancement of the curve for 

enchondroma, CLUMPs,  grade 1 chondrosarcoma and high-grade chondrosarcomas. 

Whilst the study demonstrated a statistically significant difference in the median 

angle of the curve this was due to differences in the angle of the curve between 

enchondromas versus high-grade chondrosarcomas, due to differences in the angle 

of the curve between the CLUMP-group and grade 1 chondrosarcomas and due to 

differences in the group between the CLUMP-group and the high-grade 

chondrosarcoma group. Similarly, the statistically significant difference in the median 

absolute enhancement of the various curves was due to differences in the absolute 

enhancement of enchondromas versus high-grade chondrosarcomas and due to 

differences between the CLUMP-group and high-grade chondrosarcoma group. In 

contrast, there was no statistically significant difference in the pairwise comparison 

between the various chondroid groups. Similarly, there was no statistically significant 

difference of the various DCE-MRI parameters between enchondromas and grade 1 

chondrosarcomas. This study therefore demonstrates that the previously reported 

potential role of DCE-MRI in the differentiation of enchondromas from 

chondrosarcomas is most likely due to the inclusion of high-grade chondrosarcomas. 

In contrast, according to our findings, DCE-MRI cannot be utilized to differentiate 

enchondromas from low-grade chondrosarcomas.80
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1.2.3.2.5.3 Diffusion-Weighted Magnetic Resonance Imaging (DWI) 

Another functional MRI-technique which has gained increased popularity and is a 

promising tool in the diagnosis and treatment response assessment in oncological 

imaging is diffusion-weighted MRI (DWI). DWI exploits the principle of Brownian 

motion of water molecules. Within biological tissues, the motion of water molecules 

is restricted by barriers such as large molecules and cell membranes. The degree of 

diffusion restriction of water molecules in biological tissue is inversely correlated to 

tissue cellularity and the integrity of cell membranes. Hence, high cellular tissue may 

demonstrate more restricted diffusion than low cellular tissue.85,86 DWI has therefore 

been utilized to differentiate benign skeletal lesions from malignant skeletal 

lesions.87,88 As one differentiating feature between enchondromas from low-grade 

chondrosarcomas on histology is cellularity, DWI appears to be an attractive 

functional imaging technique in the differentiation of the two disease entities. There 

has been a paucity of evidence in the literature about the potential role of DWI in the 

differentiation of enchondromas from low-grade chondrosarcomas.  

A recent study assessed the utility of DWI in the differentiation of enchondromas 

from chondrosarcomas. The authors found that the ADC-values between 

enchondromas, grade 1, grade 2 and grade 3 chondrosarcomas were statistically 

significant, however the differences were only small and the authors therefore 

concluded that a larger sample size was required to assess the utility of DWI in the 

differentiation of enchondromas from grade 1 chondrosarcomas.89 In the fifth 

chapter of this thesis, the author therefore presents a study evaluating the role of 
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DWI in the differentiation of enchondromas from low-grade chondrosarcomas which 

showed some interesting findings. 

Whilst it has become evident from the extensive review of the literature, that 

imaging plays a role in the diagnosis of central chondroid bone tumours, there 

remains uncertainty about the role that imaging may play in advancing the 

understanding of the pathogenesis of enchondromas and in the precise role that 

imaging may play in the diagnosis, grading and staging of chondrosarcomas of bone. 

In the following chapters, the authors’ published work submitted for consideration 

of a PhD therefore investigates the theory that imaging may aid in the understanding 

of the pathogenesis of enchondromas and may aid in the diagnosis, grading and 

staging of chondrosarcomas of bone. 

The first two chapters are review articles which summarize the role of imaging in the 

diagnosis of enchondromas and chondrosarcomas. The third article investigates the 

role that MRI may play in advancing the understanding of the pathogenesis of 

enchondromas. The fourth article assesses the role of DWI-MRI as a functional MRI-

technique in the differentiation of enchondromas from low-grade chondrosarcomas. 

The fifth article evaluates the utility of conventional MRI in the grading of 

chondrosarcomas of long bone. Finally, the sixth article examines the role of bone 

scintigraphy and Computed Tomography of the chest in the staging of 

chondrosarcomas. The presented thesis therefore investigates the role of imaging in 

the diagnosis, grading and staging of chondrosarcomas.  
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Chapter 8: Discussion  

8.1 Summary 

Enchondromas are the second most common benign cartilage tumour whilst 

chondrosarcomas are the second most common malignant primary bone tumour 

after osteosarcoma. Despite this, there has been a paucity of evidence about the role 

of imaging in the diagnosis, grading and staging of chondrosarcomas. The hereby 

presented portfolio of peer-reviewed published work submitted for consideration of 

a PhD thesis significantly enhances the understanding of the pathogenesis of 

enchondromas and significantly contributes to the knowledge about the role of 

imaging in the diagnosis, grading and staging of chondrosarcomas. 

The first two articles, which form part of the thesis are review articles providing an 

overview of imaging of benign chondroid tumours and chondrosarcomas. In these 

articles, the role of imaging in the diagnosis of benign chondroid tumours and 

chondrosarcomas, in the grading and staging of chondrosarcomas is discussed.  

The third article, which is an original article, critically appraises the commonly held 

belief about the pathogenesis of enchondromas. Whilst it is widely believed that 

enchondromas arise from cartilage remnants which have been displaced from the 

growth plate during the process of skeletal maturation, the origin of this very theory 

has been forgotten in modern medicine. Furthermore, this theory remains unproven. 

In the original article entitled “Can MR imaging challenge the commonly accepted 

theory of the pathogenesis of solitary enchondroma of long bone?”, we have 
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investigated the origin of the above stated theory and  have surprisingly discovered 

that this theory was first postulated by the “father of modern pathology” Rudolf 

Virchow in 1863 in his 3-volume book “Die krankhaften Geschwülste” and later 

expanded upon by Virchow in the article “Über die Entstehung des Enchondroma und 

seine Beziehungen zu der Ecchondrosis und der Exostosis cartilaginea” which he 

published in “Monatsberichte der Königlich Preussischen Akademie der 

Wissenschaften” in 1875. Furthermore, we discovered after studying the original 

manuscripts in German, that Virchow’s theory was based on observations he made 

in patients suffering from rickets (Figure 27).90,91 Until our publication, both the origin 

and historic background of this theory were unknown in modern medicine. The re-

discovery of the very origin, background and reasoning of this theory in our article is 

therefore a significant contribution to the history of medicine in general and the 

understanding of the history of the pathogenesis of enchondromas in particular.  

We subsequently challenged this theory using MR Imaging in skeletally immature 

patients.  The article which forms part of the thesis, raises doubts about the widely 

believed but unproven theory that enchondromas arise from displaced cartilage 

islands during the process of skeletal maturation as we did not identify any 

macroscopically detectable cartilage islands on MRI. The doubt about the validity of 

this theory is also supported by the discovery of mutations in the genes encoding 

Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) in enchondromas, periosteal 

chondromas and central chondrosarcomas therefore highlighting their role in the 

tumourigenesis of enchondromas.33 There are limitations to our study. Our 

investigations and study do not refute the theory that enchondromas arise from 
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cartilage remnants which have been displaced from the growth plate during the 

process of skeletal maturation. The study raises doubts about the validity of this 

theory for the following reasons:  

Firstly, Virchow based his theory on observations he made in pathology specimen of 

children with rickets where he observed proliferations and islands of cartilage 

extending from the growth plate into the metadiaphysis. He therefore concluded 

that such foci of cartilage proliferation could have persisted into adulthood and 

would have subsequently formed into enchondromas. Whilst rickets was endemic in 

Europe of the 19th century, its incidence although slightly increasing lately, has 

dramatically reduced since the 19h century and can therefore not be an important 

cause for the development of enchondromas. Other causes, which could result in 

disruption of the growth plate, cannot be ruled out as potential causative agents in 

the pathogenesis of enchondromas. In particular, trauma in the skeletally immature 

individual, continues to be frequently observed and remains a possible cause for the 

development of enchondromas. This is of particular importance when one considers 

that repetitive injuries as seen in elite athletes or single event insults such as 

fractures, may lead to injury and disruption of the growth plate and on MRI may 

manifest themselves as extension of physeal cartilage into the metaphysis.92-98

Similar extensions of cartilage from the growth plate into the metaphysis were 

observed in seven MRI-examinations of six patients in our studied cohort (2.9% of all 

cases). In all seven MRI-studies, the cartilage extensions into the growth plate were 

in continuity with the growth plate. The aetiology of these cartilage extensions in our 

study remains unknown due to the retrospective nature of the study. We can 
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therefore not exclude that such cartilage extensions may become separated from the 

growth plate at a later stage during the process of skeletal maturation and could 

potentially develop into enchondromas. This is of importance especially when one 

considers that growth plate closure is usually observed at the age of 16 years and the 

median age of patients in our study was 13 years. 99 However, as stated above, similar 

cartilage extensions have been described previously and have been attributed to 

single event or multi event injuries such as previous trauma which either regress after 

cessation of the repetitive injury or in the case of severe injuries may lead to 

significant clinically evident growth disturbances.94,96

Furthermore, we did not identify any enchondromas in our cohort which evaluated 

240 MRI-studies of the knee in 209 skeletally immature patients. The absence of 

enchondromas in skeletally immature patients in our study is however in contrast to 

the prevalence of incidental enchondromas on MRI-examinations of the knee in 

adults which has been quoted to be 2.8-2.9%.  6,100 Our study therefore also highlights 

the rarity of enchondromas in skeletally immature individuals which is in contrast to 

adults where enchondromas are frequently observed.  

We cannot exclude that some of the patients in our study could potentially develop 

displacement of cartilage islands into the growth plate in the future or may have 

developed displacement of cartilage islands not depicted on conventional MRI. 

Hence, the presented study does not refute the above stated theory. Our study 

findings and the investigation and subsequent rediscovery of the very origin of the 

theory justifies raising doubts about the validity of the widely believed but unproven 

theory. Furthermore, the discovery that a majority of enchondromas are associated 
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with mutations in the genes IDH1 and IDH2 strongly favours that enchondromas are 

neoplastic lesions rather than developmental abnormalities.33
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Figure 27:  
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Figure 27 (Illustrations taken from the article: “Über die Entstehung des Enchondroma und 

seine Beziehungen zu der Ecchondrosis und der Exostosis cartilaginea” published in 

“Monatsberichte der Königlich Preussischen Akademie der Wissenschaften” in 1875 by R. 

Virchow) 

In figure 27.1 Virchow uses an image of pathology specimen in a child with rickets of the 

distal femur to demonstrate proliferation of cartilage of the growth plate with islands of 

cartilage which have “separated completely and lie backwards within the fully developed 

spongiosa” (translated from German into English by me).   

In figure 27.2 Virchow shows an image of a pathology specimen in a child with rickets of the 

distal femur to demonstrate “a large and a smaller completely separated island of 

proliferating cartilage which lies within the spongiosa” (translated from German into English 

by me).   

In figure 27.3 Virchow demonstrates an image of a pathology specimen of a skeletally mature 

patient with an enchondroma of the distal femur. In his publication, he states that the 

location of the enchondroma “correlates so precisely with the location of the islands of 

cartilage observed in the skeletally immature bones (of figure 27.1 and 27.2) that one cannot 

have any doubt, that such a remnant of cartilage really persisted (into adulthood)” 

(translated from German into English by me).   
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The diagnosis and grading of chondrosarcomas represent major challenges for 

pathologists, clinicians and radiologists alike. Particularly, the differentiation of 

enchondromas from low-grade chondrosarcomas is one of the most difficult and 

controversial diagnostic dilemmas in musculoskeletal oncology. Whilst anatomical 

MRI has been used in attempt to differentiate between the two disease entities, 

there remains considerable uncertainty in the diagnosis.  

In the fourth article (original article), we have attempted to use diffusion-weighted 

MRI (DWI), - a non-invasive functional MRI-technique which indirectly assesses the 

cellularity of biologic tissues - in an attempt to differentiate enchondromas from 

chondrosarcomas. A previous retrospective study stated that DWI might be 

promising in the differentiation of enchondromas from low-grade chondrosarcomas. 

However, the results of this study were hampered by a small sample size which 

included only 14 central chondroid tumours. In this study, the authors measured 

mean ADC-values in three consecutive slices and correlated the mean ADC-values 

with the histological grading of the chondroid tumours. Whilst the authors found a 

statistically significant difference in the ADC-values of enchondromas from 

chondrosarcomas, they concluded that there was only a slight difference in the ADC-

values of enchondromas from chondrosarcomas and therefore a significantly larger 

patient cohort was required to evaluate the role that DWI may play in the 

differentiation of enchondromas from chondrosarcomas and low-grade 

chondrosarcomas in particular.89

The aim of our study was therefore to investigate the potential role that DWI could 

play in the differentiation of enchondromas from chondrosarcomas in general and in 
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the differentiation of enchondromas from low-grade chondrosarcomas in a larger 

patient cohort. In the fourth article, which forms part of this PhD-thesis, we therefore 

re-assessed the role of DWI in the differentiation of enchondromas from 

chondrosarcomas in a larger patient cohort. We included 52 central chondroid bone 

tumours of which there 24 enchondromas, 5 cartilaginous lesions of unknown 

malignant potential, 15 grade 1 chondrosarcomas, three grade 2 chondrosarcomas, 

two grade 3 chondrosarcomas and three dedifferentiated chondrosarcomas. We 

found that there was a statistically significant difference in the mean and minimum 

ADC values in all groups. Post hoc analysis demonstrated that this difference in mean 

and minimum ADC values was due to the ADC values in the dedifferentiated 

chondrosarcoma group. In contrast, the mean and minimum ADC-values of low-

grade chondroid tumours and high-grade chondrosarcomas were not statistically 

significantly different. We therefore concluded that DWI could not differentiate 

between enchondromas and chondrosarcomas and that it does not aid in the 

distinction of low-grade chondroid tumours from high-grade chondrosarcomas. This 

study which forms part of the portfolio of publications submitted for consideration 

of a PhD therefore significantly advances the understanding about the role of 

Diffusion-weighted MRI in the differentiation of enchondromas from 

chondrosarcomas. 

There are several limitations to our study.  

Firstly, the retrospective nature of the study and the fact that the study was 

performed in a bone tumour centre most likely has resulted in a selection bias as 

many enchondromas observed on routine MRI-examinations are not referred to a 
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bone tumour centre where the study was performed. Secondly, whilst 81% of all 

central cartilage tumours were histologically confirmed, ten enchondromas did not 

undergo histological confirmation representing 19% of all central cartilaginous 

tumours and 42 % of all enchondromas in our study. We have applied stringent 

criteria for designating a lesion as an enchondroma based on widely accepted 

imaging features.  

Thirdly, minimum and mean ADC values were measured in one slice.  This slice was 

carefully selected to correspond with the slice on conventional MR imaging, which 

showed the most aggressive imaging features. Furthermore, there is no standardised 

technique in the literature which has been widely accepted for analysis of DWI-data. 

Whilst some authors have analysed DWI-data using a whole-tumour volume 

approach,101-104 analysis of DWI data using the region of interest approach continues 

to be most widely performed technique similar to the analysis method used in our 

publication.87,88,105-109 110,111 Although analysis of skeletal lesions using a whole tumour 

volume approach is likely to be more accurate taking into consideration 

heterogeneity of ADC-values within skeletal lesions, this technique is very time-

consuming, not widely performed and very difficult to implement in routine clinical 

practice due to its impracticality and time-consuming nature. Thus, the aim of our 

data analysis was to investigate an analysis method which could be easily 

implemented in routine clinical practice and hence if found to be useful could be 

widely adopted. Whilst there have been no studies which compared the different 

analysis methods of DWI in bone tumours, there has been a very recent study which 

evaluated the interobserver variability of three selective region-of-interest 
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measurement protocols for apparent diffusion coefficient quantifications in soft 

tissue tumours and compared them with whole tumour volume ADC measurements. 

The authors found that whilst all selective and whole tumour volume measurements 

offered good to excellent interobserver agreement, the selective observer based 

method of ADC measurement resulted in the closest values to whole tumour volume 

measurements. The authors therefore concluded that a simplified observer-based 

manual method of ADC quantification in the evaluation of soft tissue tumours was 

comparable to whole tumour volume measurements of the minimum and mean 

ADCs, and required significantly less analysis time.112 Further research is required to 

evaluate which analysis method in bone tumours and skeletal lesions are most 

feasible and accurate in the interpretation of ADC-values in daily clinical practice. This 

is of importance if DWI is to be implemented as a routine MRI-sequence in daily 

clinical practice.  

Furthermore, the inter-observer reliability of measurement of ADC-values has not 

been tested in this article because both the slice selection and the measurement of 

ADC-values was performed by one reader only. Therefore, the reliability of the study 

remains untested. Lastly, we did not calculate 95% confidence intervals for the 

minimum and mean ADC-values. However, the measured sample mean values in the 

study may not reflect the population mean values. Therefore, the range of ADC 

values which contain the true population mean with 95% certainty cannot be 

quantified based on the study results provided.  

The fifth article (original article) presented as part of the submitted PhD-thesis 

represents an original article which evaluates the role of MRI in the grading of 
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chondrosarcomas. Whilst a previous publication showed that the presence of a soft 

tissue mass favoured the diagnosis of a high-grade chondrosarcoma, the utility of this 

study was hampered by the fact that the authors only assessed a few MRI-features 

which are associated with chondrosarcomas and by the small sample size of the 

study.48 Therefore, there remained uncertainty about the role of other MR Imaging 

features in the differentiation of high-grade from low-grade appendicular 

chondrosarcomas. Hence, we evaluated a wide range of MRI-features, which are 

used in the characterization of chondrosarcomas representing the largest study 

published on this topic. In this retrospective study, we analysed the MRI-

examinations of 179 chondrosarcomas of long bones and divided them into low-

grade chondroid lesions and high-grade chondrosarcomas. We found that on 

multivariate analysis, bone expansion, active periostitis, the presence of a soft tissue 

mass, and tumour length are statistically significant differentiating factors between 

low-grade and high-grade chondroid tumours. On logistic regression analysis, the 

Odds ratio for bone expansion, active periostitis, soft tissue mass and tumour length 

were: 8.8 (95% confidence interval 2.4-32.4), 52.8 (5-562.2), 21.1 (4-111.1) and 1.4 

(1.2-1.7) for the diagnosis of a high-grade chondrosarcoma. The above stated figures 

in the study demonstrate wide confidence intervals for all four MRI-features which 

could be due to the variation of MRI-features in the high-grade chondrosarcoma 

group although the sample size albeit large in our study could also be a contributing 

factor. However, it is important to note that the study demonstrated a positive 

relationship between the above described MRI features and the diagnosis of a high-

grade chondrosarcoma. Our study also demonstrated that the presence of the above 

described four MRI features showed a diagnostic accuracy of 95.6%. We therefore 
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concluded that these imaging features accurately predicted the presence of a high-

grade chondrosarcoma. Thus, MRI can be used accurately to differentiate low-grade 

chondroid tumours from high-grade chondrosarcomas of the major long bones which 

in turn may avoid inadequate surgery. This is of particular clinical importance when 

one considers that biopsy may result in sampling errors of chondrosarcoma of long 

bone of up to 17% and hence may result in inappropriate treatment.44

There are nevertheless limitations to our study.  

Firstly, due to the retrospective nature of our study, the MRI protocol was not 

standardised. In view of the rarity of chondrosarcomas, there have been no 

prospective studies evaluating the role of MRI in the diagnosis and grading of 

chondrosarcomas. Furthermore, our article continues to be one of the largest studies 

evaluating the role of MRI in chondrosarcoma hence highlighting challenges faced in 

the development and conduct of potential prospective studies which would require 

inclusion of a large patient cohort in order to evaluate MRI-features in the 

differentiation of low-grade from high-grade chondrosarcomas.  

Secondly, our study included a higher number of high-grade chondrosarcomas than 

is usually observed in other series which was most likely due to the tertiary nature of 

the institution in which the study was conducted. This may therefore have led to a 

selection bias.  

Thirdly, the differentiation of enchondromas from low-grade chondrosarcomas 

demonstrate a low reliability even among subspecialised histopathologists due to the 

lack of a gold standard in the distinction of the two disease entities.67,68 The difficulty 
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that radiologists, pathologists and clinicians face in the differentiation of 

enchondromas from low-grade chondrosarcomas was also reflected in our study by 

the fact that our study included 28 “borderline malignant chondroid lesions” which 

were classified as grade 0.5 chondrosarcomas. All chondral tumours at the institution 

in which the study was performed were reviewed by two musculoskeletal 

pathologists and the diagnosis of benign versus malignant chondral tumours was 

made in consensus with radiologists, pathologists and clinicians. Furthermore, the 

author of this thesis performed an unpublished analysis at the time when the original 

analysis was performed which excluded the above stated 28 “borderline malignant 

chondroid lesions” or CLUMPs. The results of this analysis demonstrated that on 

multivariate analysis, bone expansion, active periostitis, soft tissue mass and tumour 

length continued to be statistically significant differentiating factors whilst the other 

MRI-features continued to be not statistically significant. Therefore, the inclusion of 

28 indeterminate chondroid lesions has not resulted in a significant change in the 

findings of the publication.   

Lastly, the inter-observer reliability of the above described conventional MRI-findings 

remains untested as the analysis of the MRI-features was performed in consensus 

between the two readers and in case of disagreement the opinion of the most senior 

reviewer was accepted. However, this approach to the data analysis precludes 

assessment of inter-observer reliability of the above described MRI-features.  

In conclusion, the above described study identified several MRI features which allow 

accurate differentiation of low-grade chondroid tumours from high-grade 

chondrosarcomas of long bones. Therefore, this study significantly enhances the 
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understanding and knowledge that MRI plays in the accurate preoperative grading of 

chondrosarcomas of long bones. Furthermore, the findings of this study may result 

in a more accurate diagnosis prior to surgery and may significantly improve patient 

care.51

The sixth article (original article) included in the submitted PhD-thesis evaluates the 

role of staging in chondrosarcomas. Prior to this publication, it has been widely 

assumed that skeletal scintigraphy and Computed Tomography of the chest are 

mandatory in the initial staging of chondrosarcomas to assess for the presence of 

skeletal and pulmonary metastases. This management approach however has been 

based on evidence obtained from other sarcomas such as osteosarcoma and Ewing 

sarcoma which demonstrate skeletal and pulmonary metastases in 4-19% at initial 

presentation. The biological behaviour of chondrosarcomas is very different to 

osteosarcomas and Ewing sarcomas which tend to be more aggressive. Hence, this 

management approach was not evidence-based.  

We have therefore investigated the role of whole-body skeletal scintigraphy and 

Computed Tomography of the chest in the initial surgical staging of 

chondrosarcomas. In this retrospective study, we evaluated the bone scintigraphy 

reports and bone scintigraphs in 188 patients with chondrosarcomas. We discovered 

195 chondrosarcomas in 188 patients.   In our study, there were no patients with 

skeletal metastases at presentation. However, we discovered 3 patients with 

multifocal chondrosarcomas, 2 of whom had known Ollier’s disease and who would 

have been adequately imaged on the staging MRI-study. A third patient with 

multifocal chondrosarcoma was found to have a low-grade central chondrosarcoma 
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in the opposite femur. This finding did not alter surgical management as the lesion 

was observed and remained unchanged. We therefore concluded that there is little 

role of skeletal scintigraphy in the initial surgical staging of chondrosarcomas. The 

importance of this publication also lies in demonstrating that unlike in osteosarcoma 

and Ewing sarcoma, skeletal metastases in chondrosarcomas at presentation are 

very rare. This is of significance because previous studies have demonstrated that 

incidental enchondromas are commonly observed on routine MRI-examinations of 

the knee and shoulder.6,7 Since publication of our findings, the rarity of skeletal 

metastases in chondrosarcoma has been corroborated by Gulia et al. who evaluated 

69 patients with chondrosarcoma and identified only one patient with skeletal 

metastases (1.6% of all cases). Of note is, that in their study the single patient with 

skeletal metastases was also found to have concomitant pulmonary metastases. In 

contrast, Gulia et al. confirm that the prevalence of pulmonary metastases in 

chondrosarcoma of bone is significant being observed in 9.8% of all cases (6 patients) 

in their patient cohort.113

Similarly, a multicentre retrospective study published by Andreou et al. recently, 

evaluated the metastatic potential of grade 1 chondrosarcomas. The authors 

included 225 patients with grade 1 chondrosarcoma and found that 14 patients 

developed metastases after a median time of 49 months with a range of 4 to 125 

months. In their study, only two patients (0.9% of all patients) developed skeletal 

metastases whilst 12 patients (5.3% of all patients) developed pulmonary 

metastases. This recent study further supports our findings that skeletal metastases 
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are a rare occurrence in chondrosarcoma of bone in contrast to pulmonary 

metastases.114

We also assessed the CT-chest reports of all patients with chondrosarcoma at the 

time of diagnosis. In our study, we identified pulmonary metastases in approximately 

5% of chondrosarcomas at initial presentation. In contrast to skeletal scintigraphy, 

we found therefore evidence supporting the added value of Computed Tomography 

of the chest in the detection of pulmonary metastases in the initial staging of 

chondrosarcomas.  

There are limitations to our study.  

Firstly, of the 352 patients identified on the database with a chondrosarcoma, 154 

did not have bone scintigraphy images or reports available for review. Whilst review 

of clinical letters in these patients made no reference about the presence of skeletal 

metastases, we were therefore not in a position to definitely rule out that some of 

these patients may have presented with occult skeletal metastases.  

Secondly, of the 195 chondrosarcomas included in the study, only bone scintigrams, 

which demonstrated increased uptake outside the site of the chondrosarcoma 

according to the bone scintigraphy report were re-reported by the first author of the 

article. Whilst review of the clinical notes made no reference to the presence of 

skeletal metastases, we are again unable to rule out that some of these patients may 

have had occult skeletal metastases. Furthermore, the inter-observer reliability of 

the findings of the re-reported bone scintigrams has not been tested because bone 

scintigraphy studies were re-reported by the author of this thesis only.  
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Thirdly, in our patient cohort, three patients were diagnosed with synchronous 

multifocal chondrosarcomas. Whilst the presence of multifocal synchronous 

chondrosarcomas could be interpreted as skeletal metastases, two of these patients 

suffered from Ollier’s disease which is characterised by multifocal enchondromas in 

which malignant transformation is a well-recognised complication therefore strongly 

favouring that the presence of further chondrosarcomas is due to multiple 

chondrosarcomas rather than skeletal metastases. In contrast to the other two cases, 

the third patient with synchronous multifocal chondrosarcomas was not known to 

suffer from Ollier’s disease as there were no further manifestations on other imaging 

to suggest multiple enchondromas. The existence of multicentric primary 

chondrosarcomas in the absence of enchondromatosis or hereditary multiple 

exostosis remains uncertain.115  The third patient in our cohort was found to have a 

grade 2 chondrosarcoma of the left pubis, a grade 2 chondrosarcoma of the left 

proximal femur and a grade 1 chondrosarcoma of the right proximal femur. We 

therefore cannot exclude that one of the lesions in the left femur or pelvis 

represented a skip metastasis. The preoperative staging MRI-study accurately 

depicted both lesions. In contrast, the grade 1 chondrosarcoma of the contralateral 

right proximal femur was only depicted on the bone scintigraphy study. However, 

this lesion in view of its lower grade most likely represented a primary 

chondrosarcoma rather than a skeletal metastasis.  

Although some clinicians may wish to continue performing skeletal scintigraphy or 

may even consider whole-body MRI in the initial staging of chondrosarcomas, our 

findings highlight the rarity of skeletal metastases in this disease entity. Hence, the 
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presence of other adjacent chondroid lesions on skeletal scintigraphy or whole-body 

MRI should not be misinterpreted as skip metastases. This is of particular importance 

when one considers that incidental enchondromas are identified in approximately 

2% of all MRI-scans of the shoulder and in approximately 3% of all MRI-scans of the 

knee.6,7

In conclusion, this study, which forms part of the PhD-thesis demonstrates the rarity 

of skeletal metastases in chondrosarcoma of bone at presentation and highlights the 

significant prevalence of pulmonary metastases. This study therefore significantly 

advances the knowledge about the role of skeletal scintigraphy and Computed 

Tomography of the chest in the initial staging of chondrosarcoma of bone. 

In summary, the authors’ published work submitted for consideration of a PhD, 

investigates the theory that imaging may aid in the understanding of the 

pathogenesis of enchondromas and may aid in the diagnosis, grading and staging of 

chondrosarcomas of bone.  
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8.2 Future research 

Whilst the  author’s work has significantly advanced the understanding about the 

pathogenesis of enchondromas, the role of imaging in the diagnosis, grading and 

staging of chondrosarcomas, there remains diagnostic uncertainty in the 

differentiation of enchondromas from low-grade chondrosarcomas.  

Although the  author’s most recent publication demonstrated that the presence of 

more than 2/3 of endosteal scalloping on conventional MR shows a sensitivity of 

71.4% and a specificity of 92.9% in the differentiation of enchondromas from low-

grade chondrosarcomas and hence is the most sensitive feature on conventional 

MRI, the differentiation of the two disease entities remains challenging. Similarly, 

diffusion-weighted MRI cannot be used to differentiate between enchondromas and 

low-grade chondrosarcomas as demonstrated by the author. Furthermore, whilst 

dynamic-contrast enhanced MRI aids in the detection of high-grade 

chondrosarcomas, DCE-MRI crucially cannot be utilized to differentiate 

enchondromas from low-grade chondrosarcomas as published by the author of this 

thesis very recently (see Appendix 1).80

Other imaging techniques such as radiography, CT and PET/CT are of limited value in 

the distinction of the two disease entities. Other functional imaging modalities such 

as conventional MR-spectroscopy and hyperpolarized MRI have not been evaluated 

in the diagnosis of enchondromas and low-grade chondrosarcomas.  These functional 

imaging techniques have the potential to allow unique and fascinating insights into 

the tumour biology, into the molecular and genetic make-up of tumours in general 
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and of chondroid tumours in particular. It has been shown relatively recently that a 

majority of enchondromas and chondrosarcomas have somatic mutations in 

isocitrate dehydrogenase 1 and 2 (IDH 1 and 2) which produce the oncometabolite 

2-hydroxyglutarate.33 This oncometabolite could therefore potentially be identified 

and the concentration of this oncometabolite could be quantified non-invasively 

using conventional MR-spectroscopy or hyperpolarized MRI.  Quantification of this 

oncometabolite could therefore possibly result in a cut-off value which could 

differentiate enchondromas from low-grade chondrosarcomas more reliably.  These 

imaging techniques may therefore potentially hold the key to unravel the diagnostic 

uncertainty in the distinction of enchondromas from low-grade chondrosarcomas.  

Whilst molecular MRI-techniques warrant further research, at present, the 

differentiation of enchondromas from low-grade chondrosarcomas continues to be 

challenging. However, a very recent publication by the author of this thesis 

demonstrated that certain clinical and conventional MRI-features aid in the 

distinction of the two disease entities. In particular, the presence of more than 2/3 

of endosteal scalloping on conventional MRI and pain attributed to the lesion 

demonstrate a moderate sensitivity in the differentiation of enchondromas from 

low-grade chondrosarcomas whilst the presence of pain attributed to the lesion and 

more than 2/3 of endosteal scalloping are highly specific for a grade 1 

chondrosarcoma. The authors’ findings however require validation in a larger 

prospective patient cohort. Hence, further research is required to evaluate the role 

of conventional MRI in the differentiation of the two disease entities.   
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At present, there remains considerable diagnostic uncertainty in the differentiation 

of enchondromas from low-grade chondrosarcomas. In particular, the malignant 

potential of central chondroid lesions which do not demonstrate permeation on 

histopathology remains unknown. Hence, a major recommendation of this thesis is 

that future studies should focus on the malignant potential of low-grade central 

chondroid lesions which are not treated. Therefore, prospective long-term follow-up 

studies should be performed to assess the malignant potential of such low-grade 

chondroid lesions and to assess potential predictive imaging biomarkers. Surgery 

remains the only hope for cure in chondrosarcoma and the presence of skeletal 

metastases is associated with a bleak outcome. Advances in the molecular 

understanding of chondrosarcomas are likely to result in the development of non-

surgical therapies such as agents which specifically target mutations in 

chondrosarcoma cells. Therefore, the above described molecular imaging techniques 

may in future also allow the development of a personalized, molecular fingerprint of 

chondrosarcomas which in turn may allow non-invasive monitoring of treatment 

response in patients with chondrosarcoma beyond the current concept of 

conventional, anatomical imaging thus potentially resulting in a paradigm shift in 

imaging. Furthermore, molecular imaging may facilitate the development of new 

drugs which combine diagnostic and therapeutic capabilities (so-called theranostic 

drugs). In particular, the efficacy of drugs targeting IDH 1 and 2 mutations in 

chondrosarcomas could be combined with in-vivo and real-time assessment of 

treatment response in these patients using the above described functional imaging 

techniques. 
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Therefore, future imaging research in chondrosarcomas should focus on the role of 

conventional MRI in the differentiation of enchondromas from low-grade 

chondrosarcomas. However, imaging research should also investigate the potential 

role that the non-invasive detection and quantification of oncometabolites produced 

by genetic mutations may play in the diagnosis and treatment response assessment 

of chondrosarcomas.   



172 

Bibliography

1. Grimer R HP, Vanel D. World Health Organization Classification of Tumours of Soft 
Tissue and Bone. In: Fletcher C.D.M. BJA, Hogendoorn P.C.W., Mertens F., ed. 
World Health Organization Classification of Tumours of Soft Tissue and Bone. Lyon: 
IARCP; 2013:244-247. 

2. NCI. SEER Cancer statistics review, 1975-2008. National Cancer Institute, Bethesda 
Bethesda: National Cancer Institute. http://seer.cancer.gov/csr/1975_2008/. 2011. 

3. Parkin DM WS, Ferlay J. Cancer incidence in five continents. IARCP Press: Lyon. 
1997. 

4. World Health Organization Classification of Tumours of Soft Tissue and Bone. In: 
Fletcher C.D.M. BJA, Hogendoorn P.C.W., Mertens F., ed. World Health 
Organization Classification of Tumours of Soft Tissue and Bone. Lyon: IARCP; 
2013:239-241. 

5. Unni K. Tumors of the bones and joints. Atlas of Tumor Pathology, Series IV. 
American Registry of Pathology in collaboration with the Armed Forces Institute of 
Pathology 2005. 

6. Walden MJ, Murphey MD, Vidal JA. Incidental enchondromas of the knee. AJR. 
American journal of roentgenology. 2008;190(6):1611-1615. 

7. Hong ED, Carrino JA, Weber KL, Fayad LM. Prevalence of shoulder enchondromas 
on routine MR imaging. Clin Imaging. 2011;35(5):378-384. 

8. Bovee JVMG AB. World Health Organization Classification of Tumours of Soft Tissue 
and Bone. In: Fletcher C.D.M. BJA, Hogendoorn P.C.W., Mertens F., ed. Lyon: 
IARCPress; 2013:376-378. 

9. Flemming DJ, Murphey MD. Enchondroma and chondrosarcoma. Seminars in 
musculoskeletal radiology. 2000;4(1):59-71. 

10. Logie CI, Walker EA, Forsberg JA, Potter BK, Murphey MD. Chondrosarcoma: A 
Diagnostic Imager's Guide to Decision Making and Patient Management. Seminars 
in musculoskeletal radiology. 2013;17(2):101-115. 

11. Lucas DR VJ. World Health Organization Classification of Tumours of Soft Tissue and 
Bone. In: Fletcher C.D.M. BJA, Hogendoorn P.C.W., Mertens F., ed. World Health 
Organization Classification of Tumours of Soft Tissue and Bone. Lyon: IARCP; 
2013:252-254. 

12. Brien EW, Mirra JM, Kerr R. Benign and malignant cartilage tumors of bone and 
joint: their anatomic and theoretical basis with an emphasis on radiology, 
pathology and clinical biology. I. The intramedullary cartilage tumors. Skeletal 
Radiol. 1997;26(6):325-353. 

13. Douis H, Saifuddin A. The imaging of cartilaginous bone tumours. I. Benign lesions. 
Skeletal Radiol. 2012. 

14. Douis H, Saifuddin A. The imaging of cartilaginous bone tumours. II. 
Chondrosarcoma. Skeletal Radiol. 2013;42(5):611-626. 

15. Murphey MD, Flemming DJ, Boyea SR, Bojescul JA, Sweet DE, Temple HT. 
Enchondroma versus chondrosarcoma in the appendicular skeleton: differentiating 
features. Radiographics : a review publication of the Radiological Society of North 
America, Inc. 1998;18(5):1213-1237; quiz 1244-1215. 

16. Lee FY, Yu J, Chang SS, Fawwaz R, Parisien MV. Diagnostic value and limitations of 
fluorine-18 fluorodeoxyglucose positron emission tomography for cartilaginous 
tumors of bone. J Bone Joint Surg Am. 2004;86-A(12):2677-2685. 



173 

17. Subhawong TK, Winn A, Shemesh SS, Pretell-Mazzini J. F-18 FDG PET differentiation 
of benign from malignant chondroid neoplasms: a systematic review of the 
literature. Skeletal Radiol. 2017;46(9):1233-1239. 

18. Ryzewicz M, Manaster BJ, Naar E, Lindeque B. Low-grade cartilage tumors: 
diagnosis and treatment. Orthopedics. 2007;30(1):35-46; quiz 47-38. 

19. Hogendoorn PCW BJ, Nielsen GP. World Health Organization Classification of 
Tumours of Soft Tissue and Bone. In: Fletcher C.D.M. BJA, Hogendoorn P.C.W., 
Mertens F., ed. Lyon: IARCPress; 2013:264-268. 

20. Bovee JV, van der Heul RO, Taminiau AH, Hogendoorn PC. Chondrosarcoma of the 
phalanx: a locally aggressive lesion with minimal metastatic potential: a report of 
35 cases and a review of the literature. Cancer. 1999;86(9):1724-1732. 

21. Murphey MD, Walker EA, Wilson AJ, Kransdorf MJ, Temple HT, Gannon FH. From 
the archives of the AFIP: imaging of primary chondrosarcoma: radiologic-pathologic 
correlation. Radiographics : a review publication of the Radiological Society of 
North America, Inc. 2003;23(5):1245-1278. 

22. Qasem SA, DeYoung BR. Cartilage-forming tumors. Seminars in diagnostic 
pathology. 2014;31(1):10-20. 

23. Crim J, Schmidt R, Layfield L, Hanrahan C, Manaster BJ. Can imaging criteria 
distinguish enchondroma from grade 1 chondrosarcoma? Eur J Radiol. 
2015;84(11):2222-2230. 

24. Grimer RJ, Carter SR, Tillman RM, Mangham DC, Abudu A, Fiorenza F. 
Chondrosarcoma of bone. J Bone Joint Surg Am. 2000;82-A(8):1203-1204. 

25. Lee FY, Mankin HJ, Fondren G, et al. Chondrosarcoma of bone: an assessment of 
outcome. J Bone Joint Surg Am. 1999;81(3):326-338. 

26. Evans HL, Ayala AG, Romsdahl MM. Prognostic factors in chondrosarcoma of bone: 
a clinicopathologic analysis with emphasis on histologic grading. Cancer. 
1977;40(2):818-831. 

27. Kreicbergs A, Boquist L, Borssen B, Larsson SE. Prognostic factors in 
chondrosarcoma: a comparative study of cellular DNA content and 
clinicopathologic features. Cancer. 1982;50(3):577-583. 

28. Ozaki T, Hillmann A, Lindner N, Blasius S, Winkelmann W. Metastasis of 
chondrosarcoma. Journal of cancer research and clinical oncology. 
1996;122(10):625-628. 

29. Sanerkin NG. The diagnosis and grading of chondrosarcoma of bone: a combined 
cytologic and histologic approach. Cancer. 1980;45(3):582-594. 

30. Giuffrida AY, Burgueno JE, Koniaris LG, Gutierrez JC, Duncan R, Scully SP. 
Chondrosarcoma in the United States (1973 to 2003): an analysis of 2890 cases 
from the SEER database. J Bone Joint Surg Am. 2009;91(5):1063-1072. 

31. Angelini A, Guerra G, Mavrogenis AF, Pala E, Picci P, Ruggieri P. Clinical outcome of 
central conventional chondrosarcoma. Journal of surgical oncology. 
2012;106(8):929-937. 

32. Bjornsson J, McLeod RA, Unni KK, Ilstrup DM, Pritchard DJ. Primary 
chondrosarcoma of long bones and limb girdles. Cancer. 1998;83(10):2105-2119. 

33. Amary MF, Bacsi K, Maggiani F, et al. IDH1 and IDH2 mutations are frequent events 
in central chondrosarcoma and central and periosteal chondromas but not in other 
mesenchymal tumours. The Journal of pathology. 2011;224(3):334-343. 

34. Janzen L, Logan PM, O'Connell JX, Connell DG, Munk PL. Intramedullary chondroid 
tumors of bone: correlation of abnormal peritumoral marrow and soft-tissue MRI 
signal with tumor type. Skeletal Radiol. 1997;26(2):100-106. 



174 

35. Brown MT, Gikas PD, Bhamra JS, et al. How safe is curettage of low-grade 
cartilaginous neoplasms diagnosed by imaging with or without pre-operative 
needle biopsy? 

Intralesional curettage and cementation for low-grade chondrosarcoma of long 
bones: retrospective study and literature review. Bone Joint J. 2014;96-B(8):1098-
1105. 

36. Campanacci DA, Scoccianti G, Franchi A, et al. Surgical treatment of central grade 1 
chondrosarcoma of the appendicular skeleton. Journal of orthopaedics and 
traumatology : official journal of the Italian Society of Orthopaedics and 
Traumatology. 2013;14(2):101-107. 

37. Di Giorgio L, Touloupakis G, Vitullo F, Sodano L, Mastantuono M, Villani C. 
Intralesional curettage, with phenol and cement as adjuvants, for low-grade 
intramedullary chondrosarcoma of the long bones. Acta orthopaedica Belgica. 
2011;77(5):666-669. 

38. Funovics PT, Panotopoulos J, Sabeti-Aschraf M, et al. Low-grade chondrosarcoma 
of bone: experiences from the Vienna Bone and Soft Tissue Tumour Registry. Int 
Orthop. 2011;35(7):1049-1056. 

39. Hickey M, Farrokhyar F, Deheshi B, Turcotte R, Ghert M. A systematic review and 
meta-analysis of intralesional versus wide resection for intramedullary grade I 
chondrosarcoma of the extremities. Annals of surgical oncology. 2011;18(6):1705-
1709. 

40. Kim W, Han I, Kim EJ, Kang S, Kim HS. Outcomes of curettage and anhydrous 
alcohol adjuvant for low-grade chondrosarcoma of long bone. Surg Oncol. 
2015;24(2):89-94. 

41. Meftah M, Schult P, Henshaw RM. Long-term results of intralesional curettage and 
cryosurgery for treatment of low-grade chondrosarcoma. J Bone Joint Surg Am. 
2013;95(15):1358-1364. 

42. Mermerkaya MU, Bekmez S, Karaaslan F, et al. Intralesional curettage and 
cementation for low-grade chondrosarcoma of long bones: retrospective study and 
literature review. World journal of surgical oncology. 2014;12:336. 

43. Verdegaal SH, Brouwers HF, van Zwet EW, Hogendoorn PC, Taminiau AH. Low-
grade chondrosarcoma of long bones treated with intralesional curettage followed 
by application of phenol, ethanol, and bone-grafting. J Bone Joint Surg Am. 
2012;94(13):1201-1207. 

44. Roitman PD, Farfalli GL, Ayerza MA, Muscolo DL, Milano FE, Aponte-Tinao LA. Is 
Needle Biopsy Clinically Useful in Preoperative Grading of Central Chondrosarcoma 
of the Pelvis and Long Bones? Clinical orthopaedics and related research. 
2017;475(3):808-814. 

45. De Beuckeleer LH, De Schepper AM, Ramon F, Somville J. Magnetic resonance 
imaging of cartilaginous tumors: a retrospective study of 79 patients. Eur J Radiol. 
1995;21(1):34-40. 

46. Geirnaerdt MJ, Bloem JL, Eulderink F, Hogendoorn PC, Taminiau AH. Cartilaginous 
tumors: correlation of gadolinium-enhanced MR imaging and histopathologic 
findings. Radiology. 1993;186(3):813-817. 

47. Varma DG, Ayala AG, Carrasco CH, Guo SQ, Kumar R, Edeiken J. Chondrosarcoma: 
MR imaging with pathologic correlation. Radiographics : a review publication of the 
Radiological Society of North America, Inc. 1992;12(4):687-704. 

48. Yoo HJ, Hong SH, Choi JY, et al. Differentiating high-grade from low-grade 
chondrosarcoma with MR imaging. European radiology. 2009;19(12):3008-3014. 

49. Radiologists TRCoPatRCo. Evidence-based indications for the use of PET-CT in the 
UK. London: RCP, RCR2013. 



175 

50. Feldman F, Van Heertum R, Saxena C, Parisien M. 18FDG-PET applications for 
cartilage neoplasms. Skeletal Radiol. 2005;34(7):367-374. 

51. Douis H, Singh L, Saifuddin A. MRI differentiation of low-grade from high-grade 
appendicular chondrosarcoma. European radiology. 2014;24(1):232-240. 

52. Stacy GS, Mahal RS, Peabody TD. Staging of bone tumors: a review with illustrative 
examples. AJR. American journal of roentgenology. 2006;186(4):967-976. 

53. Huang AJ WM, Kattapuram SV, Bredella MA. Surgical staging 2: metastatic disease.
Berlin: Springer; 2009. 

54. Heck RK, Jr., Peabody TD, Simon MA. Staging of primary malignancies of bone. CA: 
a cancer journal for clinicians. 2006;56(6):366-375. 

55. RA G. Nuclear medicine. Berlin: Springer; 2009. 
56. National Guideline C. ACR Appropriateness Criteria&reg; primary bone tumors.  

http://www.guideline.gov/content.aspx?id=47672. Accessed 7/12/2015. 
57. Pradhan A, Grimer RJ, Spooner D, et al. Oncological outcomes of patients with 

Ewing's sarcoma: is there a difference between skeletal and extra-skeletal Ewing's 
sarcoma? The Journal of bone and joint surgery. British volume. 2011;93(4):531-
536. 

58. Byun BH, Kong CB, Lim I, et al. Comparison of (18)F-FDG PET/CT and (99 m)Tc-MDP 
bone scintigraphy for detection of bone metastasis in osteosarcoma. Skeletal 
Radiol. 2013;42(12):1673-1681. 

59. Paulussen M, Bielack S, Jurgens H, Casali PG, Group EGW. Ewing's sarcoma of the 
bone: ESMO clinical recommendations for diagnosis, treatment and follow-up. 
Annals of oncology : official journal of the European Society for Medical Oncology / 
ESMO. 2009;20 Suppl 4:140-142. 

60. Bielack S, Carrle D, Casali PG, Group EGW. Osteosarcoma: ESMO clinical 
recommendations for diagnosis, treatment and follow-up. Annals of oncology : 
official journal of the European Society for Medical Oncology / ESMO. 2009;20 
Suppl 4:137-139. 

61. Kager L, Zoubek A, Potschger U, et al. Primary metastatic osteosarcoma: 
presentation and outcome of patients treated on neoadjuvant Cooperative 
Osteosarcoma Study Group protocols. Journal of clinical oncology : official journal 
of the American Society of Clinical Oncology. 2003;21(10):2011-2018. 

62. Cotterill SJ, Ahrens S, Paulussen M, et al. Prognostic factors in Ewing's tumor of 
bone: analysis of 975 patients from the European Intergroup Cooperative Ewing's 
Sarcoma Study Group. Journal of clinical oncology : official journal of the American 
Society of Clinical Oncology. 2000;18(17):3108-3114. 

63. Donati D, Colangeli S, Colangeli M, Di Bella C, Bertoni F. Surgical treatment of grade 
I central chondrosarcoma. Clinical orthopaedics and related research. 
2010;468(2):581-589. 

64. Mohler DG, Chiu R, McCall DA, Avedian RS. Curettage and cryosurgery for low-
grade cartilage tumors is associated with low recurrence and high function. Clinical 
orthopaedics and related research. 2010;468(10):2765-2773. 

65. Verdegaal SH, Hartigh J, Hogendoorn PC, Brouwers HF, Taminiau AH. Phenol levels 
during intralesional curettage and local adjuvant treatment of benign and low-
grade malignant bone tumours. Clinical sarcoma research. 2012;2(1):10. 

66. Hanna SA, Whittingham-Jones P, Sewell MD, et al. Outcome of intralesional 
curettage for low-grade chondrosarcoma of long bones. European journal of 
surgical oncology : the journal of the European Society of Surgical Oncology and the 
British Association of Surgical Oncology. 2009;35(12):1343-1347. 

67. Eefting D, Schrage YM, Geirnaerdt MJ, et al. Assessment of interobserver variability 
and histologic parameters to improve reliability in classification and grading of 



176 

central cartilaginous tumors. The American journal of surgical pathology. 
2009;33(1):50-57. 

68. Reliability of histopathologic and radiologic grading of cartilaginous neoplasms in 
long bones. J Bone Joint Surg Am. 2007;89(10):2113-2123. 

69. Landis JR, Koch GG. The measurement of observer agreement for categorical data. 
Biometrics. 1977;33(1):159-174. 

70. Coindre JM, Trojani M, Contesso G, et al. Reproducibility of a histopathologic 
grading system for adult soft tissue sarcoma. Cancer. 1986;58(2):306-309. 

71. Hasegawa T, Yamamoto S, Nojima T, et al. Validity and reproducibility of histologic 
diagnosis and grading for adult soft-tissue sarcomas. Human pathology. 
2002;33(1):111-115. 

72. Harvey JM, de Klerk NH, Sterrett GF. Histological grading in breast cancer: 
interobserver agreement, and relation to other prognostic factors including ploidy. 
Pathology. 1992;24(2):63-68. 

73. Robbins P, Pinder S, de Klerk N, et al. Histological grading of breast carcinomas: a 
study of interobserver agreement. Human pathology. 1995;26(8):873-879. 

74. Theissig F, Kunze KD, Haroske G, Meyer W. Histological grading of breast cancer. 
Interobserver, reproducibility and prognostic significance. Pathology, research and 
practice. 1990;186(6):732-736. 

75. World Health Organization Classification of Tumours of Soft Tissue and Bone. In: 
Fletcher C.D.M. BJA, Hogendoorn P.C.W., Mertens F., ed. World Health 
Organization Classification of Tumours of Soft Tissue and Bone. Lyon: IARCP; 
2013:240-241. 

76. Gaston CL WH, Sumathi V, Douis H, Reddy K, Abudu AT, Carter SR, Jeys LM, Tillman 
RM, Grimer RJ. Cartilaginous lesions of unknown malignant potential (CLUMP): a 
different clinical entity from grade 1 chondrosarcomas? Paper presented at: 27th 
Annual Meeting of the European Musculo-Skeletal Oncology Society (E.M.S.O.S); 
21th May - 23rd May 2014, 2014; Vienna, Austria. 

77. Aoki J, Watanabe H, Shinozaki T, Tokunaga M, Inoue T, Endo K. FDG-PET in 
differential diagnosis and grading of chondrosarcomas. Journal of computer 
assisted tomography. 1999;23(4):603-608. 

78. Ferrer-Santacreu EM, Ortiz-Cruz EJ, Gonzalez-Lopez JM, Perez Fernandez E. 
Enchondroma versus Low-Grade Chondrosarcoma in Appendicular Skeleton: 
Clinical and Radiological Criteria. J Oncol. 2012;2012:437958. 

79. Choi BB, Jee WH, Sunwoo HJ, et al. MR differentiation of low-grade 
chondrosarcoma from enchondroma. Clin Imaging. 2013;37(3):542-547. 

80. Douis H, Parry M, Vaiyapuri S, Davies AM. What are the differentiating clinical and 
MRI-features of enchondromas from low-grade chondrosarcomas? European 
radiology. 2018;28(1):398-409. 

81. Padhani AR. Dynamic contrast-enhanced MRI in clinical oncology: current status 
and future directions. Journal of magnetic resonance imaging : JMRI. 
2002;16(4):407-422. 

82. Verstraete KL, De Deene Y, Roels H, Dierick A, Uyttendaele D, Kunnen M. Benign 
and malignant musculoskeletal lesions: dynamic contrast-enhanced MR imaging--
parametric "first-pass" images depict tissue vascularization and perfusion. 
Radiology. 1994;192(3):835-843. 

83. De Coninck T, Jans L, Sys G, et al. Dynamic contrast-enhanced MR imaging for 
differentiation between enchondroma and chondrosarcoma. European radiology. 
2013. 



177 

84. Geirnaerdt MJ, Hogendoorn PC, Bloem JL, Taminiau AH, van der Woude HJ. 
Cartilaginous tumors: fast contrast-enhanced MR imaging. Radiology. 
2000;214(2):539-546. 

85. Koh DM, Collins DJ. Diffusion-weighted MRI in the body: applications and 
challenges in oncology. AJR. American journal of roentgenology. 2007;188(6):1622-
1635. 

86. Kransdorf MJ, Bridges MD. Current developments and recent advances in 
musculoskeletal tumor imaging. Seminars in musculoskeletal radiology. 
2013;17(2):145-155. 

87. Ahlawat S, Khandheria P, Subhawong TK, Fayad LM. Differentiation of benign and 
malignant skeletal lesions with quantitative diffusion weighted MRI at 3T. Eur J 
Radiol. 2015;84(6):1091-1097. 

88. Hayashida Y, Hirai T, Yakushiji T, et al. Evaluation of diffusion-weighted imaging for 
the differential diagnosis of poorly contrast-enhanced and T2-prolonged bone 
masses: Initial experience. Journal of magnetic resonance imaging : JMRI. 
2006;23(3):377-382. 

89. Stratta M, Robba T, Clementi, V, Regis, G, Gallo, A, Piana, R, Linari, A, Faletti, C. DWI 
in the Differential Diagnosis of Enchondroma and Central Chondrosarcoma. Skeletal 
Radiol. 2012;41(9):1179–1187. 

90. R V. Über die Entstehung des Enchondroma und seine Beziehungen zu der 
Ecchondrosis und der Exostosis cartilaginea. Monatsberichte der Königlich 
Preussischen Akademie der Wissenschaften. 1875:760-773. 

91. R V. Die krankhaften Geschwülste. Berlin: Verlag von August Hirschwald; 1863. 
92. Chang CY, Shih C, Penn IW, Tiu CM, Chang T, Wu JJ. Wrist injuries in adolescent 

gymnasts of a Chinese opera school: radiographic survey. Radiology. 
1995;195(3):861-864. 

93. Kleinman PK, Marks SC, Jr., Spevak MR, Belanger PL, Richmond JM. Extension of 
growth-plate cartilage into the metaphysis: a sign of healing fracture in abused 
infants. AJR. American journal of roentgenology. 1991;156(4):775-779. 

94. Laor T, Hartman AL, Jaramillo D. Local physeal widening on MR imaging: an 
incidental finding suggesting prior metaphyseal insult. Pediatric radiology. 
1997;27(8):654-662. 

95. Laor T, Jaramillo D. MR imaging insights into skeletal maturation: what is normal? 
Radiology. 2009;250(1):28-38. 

96. Laor T, Wall EJ, Vu LP. Physeal widening in the knee due to stress injury in child 
athletes. AJR. American journal of roentgenology. 2006;186(5):1260-1264. 

97. Liebling MS, Berdon WE, Ruzal-Shapiro C, Levin TL, Roye D, Jr., Wilkinson R. 
Gymnast's wrist (pseudorickets growth plate abnormality) in adolescent athletes: 
findings on plain films and MR imaging. AJR. American journal of roentgenology. 
1995;164(1):157-159. 

98. Shih C, Chang CY, Penn IW, Tiu CM, Chang T, Wu JJ. Chronically stressed wrists in 
adolescent gymnasts: MR imaging appearance. Radiology. 1995;195(3):855-859. 

99. Sasaki T, Ishibashi Y, Okamura Y, Toh S, Sasaki T. MRI evaluation of growth plate 
closure rate and pattern in the normal knee joint. J Knee Surg. 2002;15(2):72-76. 

100. Stomp W, Reijnierse M, Kloppenburg M, et al. Prevalence of cartilaginous tumours 
as an incidental finding on MRI of the knee. European radiology. 2015. 

101. Perez-Lopez R, Mateo J, Mossop H, et al. Diffusion-weighted Imaging as a 
Treatment Response Biomarker for Evaluating Bone Metastases in Prostate Cancer: 
A Pilot Study. Radiology. 2017;283(1):168-177. 



178 

102. Blackledge MD, Tunariu N, Orton MR, et al. Inter- and Intra-Observer Repeatability 
of Quantitative Whole-Body, Diffusion-Weighted Imaging (WBDWI) in Metastatic 
Bone Disease. PloS one. 2016;11(4):e0153840. 

103. Giles SL, Messiou C, Collins DJ, et al. Whole-body diffusion-weighted MR imaging 
for assessment of treatment response in myeloma. Radiology. 2014;271(3):785-
794. 

104. Blackledge MD, Collins DJ, Tunariu N, et al. Assessment of treatment response by 
total tumor volume and global apparent diffusion coefficient using diffusion-
weighted MRI in patients with metastatic bone disease: a feasibility study. PloS 
one. 2014;9(4):e91779. 

105. Cao J, Xiao L, He B, et al. Diagnostic value of combined diffusion-weighted imaging 
with dynamic contrast enhancement MRI in differentiating malignant from benign 
bone lesions. Clinical radiology. 2017. 

106. Cha MJ, Yoon YC. Clinical relevance of the apparent diffusion coefficient value of 
metastatic bone tumours on diffusion-weighted MRI images: differences according 
to the types of primary tumour, the affected bones, and clinical factors. Clinical 
radiology. 2015;70(10):1116-1121. 

107. Oh E, Yoon YC, Kim JH, Kim K. Multiparametric approach with diffusion-weighted 
imaging and dynamic contrast-enhanced MRI: a comparison study for 
differentiating between benign and malignant bone lesions in adults. Clinical 
radiology. 2017;72(7):552-559. 

108. Baunin C, Schmidt G, Baumstarck K, et al. Value of diffusion-weighted images in 
differentiating mid-course responders to chemotherapy for osteosarcoma 
compared to the histological response: preliminary results. Skeletal Radiol. 
2012;41(9):1141-1149. 

109. Douis H, Davies MA, Sian P. The role of diffusion-weighted MRI (DWI) in the 
differentiation of benign from malignant skeletal lesions of the pelvis. Eur J Radiol. 
2016;85(12):2262-2268. 

110. Rheinheimer S, Gorlach J, Figiel J, Mahnken AH. Diffusion weighted MRI of osteoid 
osteomas: Higher ADC values after radiofrequency ablation. Eur J Radiol. 
2016;85(7):1284-1288. 

111. Subhawong TK, Jacobs MA, Fayad LM. Insights into quantitative diffusion-weighted 
MRI for musculoskeletal tumor imaging. AJR. American journal of roentgenology. 
2014;203(3):560-572. 

112. Ahlawat S, Khandheria P, Del Grande F, et al. Interobserver variability of selective 
region-of-interest measurement protocols for quantitative diffusion weighted 
imaging in soft tissue masses: Comparison with whole tumor volume 
measurements. Journal of magnetic resonance imaging : JMRI. 2016;43(2):446-454. 

113. Gulia A, Puri A, Byregowda S. Staging investigations in chondrosarcoma: Is 
evaluation for skeletal metastases justified? Analysis from an epidemiological study 
at a tertiary cancer care center and review of literature. South Asian J Cancer. 
2016;5(1):3-4. 

114. Andreou D, Gilg MM, Gosheger G, et al. Metastatic Potential of Grade I 
Chondrosarcoma of Bone: Results of a Multi-institutional Study. Annals of surgical 
oncology. 2016;23(1):120-125. 

115. Damron TA, Sim FH, Unni KK. Multicentric chondrosarcomas. Clinical orthopaedics 
and related research. 1996(328):211-219. 



179 

Appendix 1: What are the differentiating clinical and MRI-features of 

enchondromas from low-grade chondrosarcomas?



180 



181 



182 



183 



184 



185 



186 



187 



188 



189 



190 



191 

Appendix 2: List of publications by candidate 

Published articles  

1. Douis H, Vaiyapuri S, Davies AM. What are the differentiating clinical and 

MRI-features of enchondromas from low-grade chondrosarcomas? 

European Radiology 2018 Jan;28(1):398-409.

2. Scholfield DW, Sadozai Z, Ghali C, Sumathi V, Douis H, et al. Does 

osteofibrous dysplasia progress to adamantinoma and how should they be 

treated? Bone Joint J. 2017 Mar;99-B(3):409-416 

3. Andritsch E, Beishon M, Bielack S, Bonvalot S, Casali P, Crul M, Delgado 

Bolton R, Donati DM, Douis H, et al. ECCO Essential Requirements for 

Quality Cancer Care: Soft Tissue Sarcoma in Adults and Bone Sarcoma. A 

critical review. Crit Rev Oncol Hematol. 2017 Feb;110:94-105. 

4. Messiou C, Moskovic E, Vanel D, Morosi C, Benchimol R, Strauss D, Miah A, 

Douis H, van Houdt W, Bonvalot S. Primary retroperitoneal soft tissue 

sarcoma: Imaging appearances, pitfalls and diagnostic algorithm. Eur J Surg 

Oncol. 2017 Jul;43(7):1191-1198. 

5. Douis H, Davies MA, Sian P. The role of diffusion-weighted MRI (DWI) in the 

differentiation of benign from malignant skeletal lesions of the pelvis. 

Eur J Radiol. 2016 Dec;85(12):2262-2268 



192 

6. Arnoldi AP, Schlett CL, Douis H, Geyer LL, Voit AM, Bleisteiner F, Jansson AF, 

Weckbach S. Whole-body MRI in patients with Non-bacterial Osteitis: 

Radiological findings and correlation with clinical data. Eur Radiol. 2017 

Jun;27(6):2391-2399 

7. Hiew FL, Douis H, Rajabally Y. Testing Nerves: An Overview of Investigations 

for Neuropathy. Br J Hosp Med (Lond). 2016 Sep 2;77(9):508-15. 

8. Douis H, Davies AM, Jeys L, Sian P. Chemical Shift MRI Can Aid In The 

Diagnosis Of Indeterminate Skeletal Lesions Of The Spine Eur Radiol. 2015 

Jul 11.  

9. Voit A, Arnoldi A, Douis H, Bleisteiner F, Jansson M, Reiser M, Weckbach S, 

Jansson A. Whole-Body MRI in Chronic Recurrent Multifocal Osteomyelitis: 

Clinical Long-term Assessment May Underestimate Activity J Rheumatol. 

2015 Aug;42(8):1455-62 

10. Douis H, Grimer R, Jeys L, Davies AM. Is There A Role For Diffusion-weighted 

MRI (DWI) In The Diagnosis Of Central Cartilage Tumors? Skeletal Radiology 

2015 Jul;44(7):963-9  



193 

11. Puls F, Magnusson L, Niblett Z, Douis H, Peake D, et al. Non-fibrosing 

sclerosing epithelioid fibrosarcoma: An unusual variant. Histopathology. 

2016 Apr;68(5):760-3. 

12. Lau JK, Humphreys GW, Douis H, Balani A, Bickerton WL, Rotshtein P. The 

relation of object naming and other visual speech production tasks: A large 

scale voxel-based morphometric study. Neuroimage Clin. 2015 Jan 27;7:463-

475. eCollection 2015. 

13.  Puls F, Arbajian E, Magnusson L, Douis H, Kindblom LG, Mertens F 

Myoepithelioma of Bone with a Novel FUS-POU5F1 Fusion Gene. 

Histopathology. 2014 Dec; 65(6):917-22.  

14. Puls F, Niblett A, Marland G, Gaston CL, Douis H, Mangham DC, Sumathi VP, 

Kindblom LG. BCOR-CCNB3 (Ewing-like) sarcoma - A Clinicopathologic 

Analysis of 10 cases, in Comparison to conventional Ewing sarcoma. Am J 

Surg Pathol. 2014 Oct; 38(10):1307-18. 

15. Chechlacz M, Terry A, Demeyere N, Douis H, Bickerton WL, Rotshtein P, 

Humphreys GW. Common and distinct neural mechanisms of visual and 

tactile extinction: A large scale VBM study in sub-acute stroke. Neuroimage 

Clin. 2013 Feb 8;2:291-302. 



194 

16. Douis H, Singh L, Saifuddin A, MRI Differentiation of Low-Grade From High-

Grade Appendicular Chondrosarcoma. Eur Radiol. 2014 Jan;24(1):232-40. 

17. Botchu R, Douis H, Davies AM, James SL, Puls F, Grimer R, Post-traumatic 

heterotopic ossification of the distal tibiofibular syndesmosis mimicking a 

surface osteosarcoma. Clin Radiol. 2013 Dec;68(12):e676-9. 

18. Douis H, Saifuddin A, The Imaging of Cartilaginous Bone Tumours: Part 2-

Chondrosarcoma. Skeletal Radiol. 2013 May;42(5):611-26. 

19. Padhani A, Douis H, Gall P, Whole-Body Diffusion-Weighted MRI of 

the Bone Marrow in Health and Disease. Siemens MAGNETOM Flash. The 

Magazine of MRI. Issue Number 2/2012. RSNA Edition. 

20. Douis H, Saifuddin A, The Imaging of Cartilaginous Bone Tumours: Part 1-

Benign lesions. Skeletal Radiol. 2012 Sep;41(10):1195-212. 

21. Douis H, AM Davies, James SL, Kindblom LG, Grimer RJ, Johnson K, Can MR 

Imaging Challenge the Commonly Accepted Theory of the Pathogenesis of 

Solitary Enchondroma of Long Bone? Skeletal Radiol. 2012 Dec;41(12):1537-

42. 



195 

22. Douis H, Dunlop D J, Pearson A M, O’Hara J N, James SLJ; The role of 

ultrasound in the assessment of post-operative complications following hip 

arthroplasty.  Skeletal Radiol. 2012 Sep;41(9):1035-46.  

23. Douis H, James SLJ, Grimer R, Davies AM, Is Bone Scintigraphy Necessary in 

the Initial Surgical Staging of Chondrosarcoma of Bone? Skeletal Radiol. 

2012 Apr;41(4):429-36

24. Douis H, Gillett, James SLJ, Imaging in the diagnosis, prognostication and 

management of lower limb muscle injury. Semin Musculoskelet Radiol. 2011 

Feb;15(1):27-41

25. Douis H, James SLJ, Grimer R, Davies AM, Current and future trends in 

musculoskeletal imaging. Invited review article published in Eur Radiol. 2011 

Mar;21(3):478-84

26. Kassamali RH, Ganeshan A, Hoey ETD, Douis H, Crowe PM, Pain 

Management in Spinal Metastases: The Role of Percutaneous Vertebral 

Augmentation. Review article published in Ann Oncol. 2010 Oct 21.

27. Douis H, James SL, CT Guided Sacroplasty for the treatment of zone II sacral 

insufficiency fractures. Clin Radiol. 2009 Oct;64(10):1037-40 



196 

28. Douis H, Shabir S, Lipkin G, Riley P, Drug eluting stent insertion in the 

treatment of in-stent renal artery restenosis in three renal transplant 

patients,  J Vasc Interv Radiol. 2008 Dec;19(12):1757-60 

29. Douis H, Jafri M, Sherlala K, Bilateral thalamic glioma. Arch Neurol. 2008 

Dec;65(12):1666-7 

30. Douis H, Jafri M, Added value of PET and PET-CT in oesophageal cancer: a 

review of current practice. Nuclear Medicine Communications . 2008 

Sep;29(9):840

31. Jafri M, Douis H, Porfiri E, Prolonged response to Temsirolimus in a pre-

treated patient with metastatic renal cell carcinoma and poor performance 

status, Clin Oncol (R Coll Radiol). 2008 Oct;20(8):657-8  

32. Janse van Rensburg P, Douis H, Progressive enlargement of the great toe: 

presentation. Skeletal Radiol. 2008 Mar;37(3):259, 261-2. 

33. Douis H, Andronikou S, Von Bezing H, Pleomorphic xanthoastrocytoma: case 

series with radiologic-pathological correlation and review of the literature, 

European Journal of Radiology Extra, Volume 68, Issue1, Pages 5-8; DOI: 

10.1016/j.ejrex.2008.05.026  



197 

34. Douis H, Jafri M, Winer JB, Thymoma presenting as acquired pulmonary 

stenosis. European Journal of Radiology Extra  Volume 65, Issue 1, Pages 5-

8; DOI:10.1016/j.ejrex.2007.11.005 

35. Andronikou S, Wieselthaler N, Smith B, Douis H, Fieggen AG, van Toorn R, 

Wilmshurst J, Value of early follow-up CT in paediatric tuberculous 

meningitis. Pediatric Radiology 2005 Nov;35(11):1092-9  

36. Douis H, Andronikou S, Jadwat S, The hyperdense middle cerebral artery 

sign in a polycythaemic child. SA Journal of Radiology 2005 Feb;2:34  

37. Andronikou S, Smith B, Hatherhill M, Douis H, Wilmshurst J, Definitive 

neuroradiological diagnostic features of tuberculous meningitis in children. 

Pediatric Radiology 2004 Nov;34(11):876-85 

38. Andronikou S, Jadwat S, Douis H, Patterns of disease on MRI in 53 children 

with tuberculous spondylitis and the role of gadolinium. Pediatric Radiology 

2002 Nov;32(11):798-805 



198 

Book Chapters 

1. Douis H, Schweitzer M. The postoperative knee and the postoperative 

shoulder. In: Hodler (Eds.)_Musculoskeletal Diseases 2017-2020: 

Diagnostic Imaging; Springer; 2017 

2. Davies AM, Douis H, James SL; Primary Bone Tumors. In: Pope T, Bloem 

HL, Wilson DJ, Beltran J, eds. Imaging of the Musculoskeletal System 2nd

edition; Expert Radiology Series, Saunders Elsevier; 2013 

3. Davies AM, Douis H, James SL; Tumor-like Lesions of Bone. In: Pope T, 

Bloem HL, Wilson DJ, Beltran J, eds. Imaging of the Musculoskeletal 

System 2nd edition; Expert Radiology Series, Saunders Elsevier; 2013 

4. Douis H, Davies AM; Morbus Paget.  In: Bohndorf  K, Imhof H, Woertler 

K, eds. Radiologische Diagnostik Der Knochen Und Gelenke; 3rd edition; 

Thieme; 2013 

5. Douis H, Davies AM; Sarkoidose.  In: Bohndorf  K, Imhof H, Woertler K, 

eds. Radiologische Diagnostik Der Knochen Und Gelenke; 3rd edition; 

Thieme; 2013 



199 

6. Douis H, Davies AM; Melorheostose.  In: Bohndorf  K, Imhof H, Woertler 

K, eds. Radiologische Diagnostik Der Knochen Und Gelenke; 3rd edition; 

Thieme; 2013 

7. Douis H, Davies AM; Hypertrophische Osteoarthropathie.  In: Bohndorf  

K, Imhof H, Woertler K, eds. Radiologische Diagnostik Der Knochen Und 

Gelenke; 3rd edition; Thieme; 2013 

8. Douis H, Davies AM, Chapter 18: Bone and Soft Tissue Tumours. In: 

Victor N. Cassar-Pullicino and A. Mark Davies, eds. Measurements in 

Musculoskeletal Radiology Springer; 2012  

9. Bohndorf K, Douis H; Infective and inflammatory bone disease. In: A. 

Baur-Melnyk, ed. Magnetic Resonance Imaging of the Bone Marrow 

Springer; 2013 

10. Douis H, TB Abdomen.  In: Andronikou S, Alexander A, Kilborn T, Millar 

AJW, Daneman A, eds. ABC of Pediatric Surgical Imaging. Springer 

11. Jafri M, Douis H, Porfiri E, (2009) Prolonged complete remission and 

maintained quality of life during sorafenib treatment.  In: Hancock B, ed. 

Studies in treatment of renal cell carcinoma with sorafenib. Current 

Medicine Group Ltd 


