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MRI of bone tumors: advances in 
diagnosis and treatment assessment

  REVIEW

MRI is a unique imaging technique that allows direct visualization of bone marrow with high spatial 
resolution and is considered the best tool for local staging of bone tumors. Owing to its high natural 
contrast resolution, it can depict specific tissue components useful for tumor characterization. Moreover, 
there is great interest in MRI capability to assess post-chemotherapy changes in order to identify 
unresponsive tumors early in the course of therapy. To increase the accuracy in the assessment of tumor 
response to treatment, new and more sophisticated approaches using fast and ultrafast MRI are under 
evaluation. This article presents an overview of the state-of-the-art of MRI in staging bone lesions, 
discusses the role that this technique plays in tumor characterization and provides a quick look at future 
technological advancements.
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The evaluation of bone tumors often requires 
more than one imaging modality, including radio
graphy, bone scintigraphy, CT, MRI and PET. 
Conventional radiography is usually the first step 
in the diagnostic process, representing an essen
tial tool in the evaluation of the aggressiveness of 
the lesion and the response of the host bone. It 
provides important information regarding lesion 
site and edges, bone matrix mineralization, corti
cal involvement and periosteal reaction; thus, it 
remains the cornerstone for differential diagnosis 
of skeletal tumors and tumorlike lesions [1]. 

A bone scan is a nonspecific but sensitive 
modality for assessing abnormalities in bone for
mation and bone perfusion, helpful in the iden
tification of active versus indolent lesions and in 
screening multiple skeletal lesions. This technique 
is less important in assessment of solitary lesions 
but can add valuable information in the case of 
polyostotic involvement.

Multidetector CT allows quick and accurate 
assessment of bone lesions. CT is particularly use
ful when lesions are located in areas of complex 
anatomy (e.g., the spine or pelvis), where conven
tional radiographs fail owing to limited contrast 
resolution, complex skeletal anatomy and/or super
position of skeletal elements. It is superior to MRI 
for the visualization of fine bony details or small 
calcifications. In fact, CT is the best modality in 
depicting cortical alteration, periosteal reaction 
and subtle matrix calcifications. Finally, abdomi
nal and chest CT remains the fundamental tool in 
the staging of patients with bone tumors.

Owing to its exquisite evaluation of bone mar
row, MRI is considered the best tool for local 
staging of bone tumors, providing an accu
rate depiction of bone marrow and soft tissue 
involvement.

By applying the various techniques, MRI 
can identify specific tissue components that are 
useful for the characterization of a bone lesion. 
However, it must be stressed that magnetic reso
nance (MR) images should only be interpreted 
with  concurrent radiographic correlation.

In summary, many benign bone tumors and 
tumorlike lesions, including most connective
tissue and fibroosseous lesions of bone, can reli
ably be diagnosed by radiography and do not 
require further imaging. However, if a lesion is 
not characterized or shows an aggressive behav
ior, a crosssectional modality may be helpful or 
even necessary. Compared with radiography and 
CT, MRI has proven to be especially advanta
geous in identification of nonmineralized 
 chondroid matrix, vascular tissue, cysts and 
hemosiderotic tissues.

Using tailored sequences, MRI can assess post
chemotherapy changes, as many of these tumors 
are treated before surgery. To increase the accu
racy in the assessment of treatment response, new 
and more sophisticated approaches using fast and 
ultrafast MRI are under evaluation. 

FDG PET represents a noninvasive means of 
estimating tumor aggressiveness and can be used 
to detect progression or regression of disease. 
Such information, in combination with anatomic 
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imaging modalities such as CT and MRI, can 
be used to optimize staging, restaging and 
 assessment of therapy response [2,3]. 

staging
TNM and Enneking’s are two major systems 
of bone tumor staging. TNM is applicable to 
most bone tumors, except malignant lymphoma, 
multiple myeloma, periosteal and other surface 
osteo sarcomas (OS), and parosteal chondrosar
coma. The T factor represents the tumor extent: 
T1 represents tumors 8 cm or less in greatest 
dimension; T2, tumors over 8 cm in greatest 
dimension; and T3, discontinuous tumors in 
the primary bone site. The N factor is not as 
important in bone tumors as lymph node metas
tases are rare. If lymph node metastasis exists, 
the prognosis is poor and it is regarded as dis
tant metastasis. The M factor is divided into two 
grades: M0 for the absence of metastases; and 
M1 for the presence of metastases. The G fac
tor, the histological grade, is divided into four 
grades: G1, highly differentiated; G2, moder
ately differentiated; and G3 and G4, poorly dif
ferentiated. G4 is the highest grade and includes 
Ewing’s sarcoma and malignant lymphoma.

Enneking’s surgical grading system is similar 
to the TNM system with some modifications; it 
is only applicable to mesenchymal tumors and 
not hematopoietic ones. The T factor is divided 
into two grades: T1, limited to one compart
ment; and T2, transcompartmental extension. 
The N factor is regarded as metastasis (M fac
tor) in this system. The G factor includes histo
logical, radiological and clinical features. Three 
grades include imaging features: G0, benign; 
G1, lowgrade malignant; and G2, highgrade 
malignant. Surgeons prefer this system since 
it includes the concept of compartments, an 
important element for planning tumor resec
tion and reconstruction. A compartment is 
an anatomic region surrounded by a natu
ral barrier; for example, the synovial capsule, 
articular cartilage, bone cortex, periosteum, 
major fasciae and tendinous origins represent 
natural boundaries. A lesion confined to one of 
these spaces is called intracompartmental. The 
regions without natural boundaries (e.g., para
spinal, periclavicular, axillary regions and the 
dorsum of the hands and feet) are designated 
as  extracompartmental spaces.

The staging of hematopoietic tumors deserves 
a brief mention. Staging of malignant lymphoma 
involving bone is the same as that of other organs 
and is based on the disease extent evaluated by 
clinical and imaging studies. According to the 

Cotswolds modification of the Ann Arbor stag
ing classification, lymphoma of bone without 
regional nodal involvement or disseminated 
disease is classified as stage 1E, whereas lym
phoma of bone with regional nodal involvement 
and without disseminated disease is classified as 
stage 2E [4]. 

Multiple myeloma has a different grading 
system from that of malignant lymphoma. The 
Durie–Salmon grading system includes a sim
ple, plain radiographic scoring system, but is not 
as accurate for determining the disease extent. 
As the value of MRI for a sensitive detection 
and the prognostic significance of marrow infil
tration, Durie and coworkers introduced the 
Durie–Salmon PLUS grading system, which 
includes wholebody (WB)MRI and PET as 
diagnostic tools [5,6]. In this system, stage IA 
represents a single plasmacytoma and/or lim
ited disease on imaging (smoldering or indolent 
myeloma); stage IB, less than five focal lesions or 
mild diffuse disease; stage IIA/B, between five 
and 20 lesions or moderate diffuse disease; and 
stage IIIA/B, over 20 lesions or severe diffuse 
disease (when the signal intensity [SI] reaches 
the SI of the intervertebral disc on T1weighted 
spinecho [T1w SE] images). The letter A indi
cates normal renal function and B indicates 
abnormal renal function.

 n Local staging
MRI is a unique imaging technique that allows 
direct visualization of bone marrow with high 
spatial resolution (Figure 1). Its high soft tissue con
trast enables a precise assessment of bone marrow 
infiltration and surrounding tissue involvement 
at high sensitivity, even in the absence of evident 
osteolytic or metabolic changes. Therefore, MRI 
is undoubtedly the best modality for the detec
tion of bone tumors of the peripheral skeleton 
and is routinely employed for its accuracy in 
defining origin, anatomic extent and margins of 
a bone lesion [7]. The advances in software, reso
lution and faster imaging times have increased 
the capability of MRI to accurately stage bone 
tumors preoperatively.

Local staging should be performed prior to 
biopsy because postbiopsy hemorrhage or edema 
may interfere with the assessment leading to over 
staging; furthermore, MRI can guide the surgeon 
in choosing the best biopsy path and site.

Staging malignant primary tumors requires 
the evaluation of both intra and extra medullary 
involvement. Intramedullary extension includes 
an assessment of longitudinal extent, epiphyseal 
involvement and skip metastases; these factors 
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will determine the site of bone resection [7]. 
Extramedullary extension includes an assess
ment of muscle compartments and joint involve
ment, and the relationship with the neuro
vascular bundle; these factors will determine the 
feasibility and type of limb salvage performed. 
Therefore, they represent invaluable information 
for  surgical planning. 

Radiologists have an important role in 
ensuring the appropriate execution of the imag
ing and analysis of the lesion in all its extent. 
Technically, two different approaches can be 
chosen: either a single examination, using the 
proper coils and large field of view to entirely 
cover the segment, or a twostep examination, 
performing exploration of all the bone segment 
followed by a more detailed study tailored to the 
lesion, with a dedicated coil. For example, when 
a bone tumor is encountered in skeletally imma
ture children, evaluation of the growth plate 

and epiphysis involvement must be accurately 
assessed (Figure 2). Indeed, physeal sparing may be 
significant to the very young, in whom growth 
is essential; moreover, the preservation of the 
natural joint has a better functional outcome. 
Therefore, it is advisable to image the lesion with 
a dedicated coil that assures a higher spatial reso
lution, using both sagittal and coronal planes, 
since focal abnormalities of the physis can be 
underestimated if only one plane is imaged. In 
addition, employment of surface coils enables 
a more accurate depiction of the neurovascular 
bundle and joint anatomical structures.

The intramedullary longitudinal extent of a 
tumor can be assessed by considering an anatomic 
palpable landmark as a reference point for the 
surgeon; for example, if the lesion is in the distal 
femur, a plane crossing through the knee joint 
may be used as the reference point from which 
to measure the longitudinal extent of the tumor.

Figure 1. osteosarcoma in left femur of an 11-year-old boy. (A) Anteroposterior radiograph shows an aggressive mixed, lytic and 
sclerotic extensive lesion of the diaphysis, with periosteal reaction. (B) The sagittal T1-weighted magnetic resonance image shows the 
extent of the bone marrow lesion owing to its low signal intensity. (C) The coronal short tau inversion-recovery image detects bone 
alteration and provides a better depiction of the associated extraosseus mass and perilesional edema. 
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The evaluation of bone marrow edema (BME) 
extension is another significant aspect in staging 
primary bone tumors [8]; it is fundamental to 
differentiate the true tumor margins from the 
peritumoral marrow edema. BME exhibits a 
poorly defined, patchy appearance with homo
geneous intermediate SI on T1w and high SI on 
T2w fatsuppressed SE or short tau inversion
recovery (STIR) sequences. STIR is more accu
rate than the T1w sequence in depicting BME 
but can overestimate the degree of intraosseous 
macroscopic extent of the tumor.

Differentiating BME from the underlying 
lesion may be problematic as both may demon
strate similar signal characteristics. It is useful to 
examine the T1w images to identify the lesion 
margin and then compare this with the water
sensitive sequence. This will enable the assess
ment of the volume of edema versus tumor size. 
Moreover, the peritumoral BME is often homo
geneous in appearance, whereas the underlying 
lesion usually has a more heterogeneous signal 
pattern. Finally, dynamic contrast MRI can 
improve the depiction of the true tumor margin 
owing to the differing enhancement curves of 
the BME and the adjacent tumor [8]. 

MRI is considered the best technique to visual
ize skip lesions (Figure 3). Skip lesions are simulta
neous, secondary foci of disease that reflect the 
hematogenous spread of the tumor in the affected 
bone. They are correlated with a higher incidence 
of distant metastases and local recurrence and, 
consequently, with a worse prognosis [9]. The pres
ence of skip lesions determines the level of surgical 
resection; hence, the importance of examining the 
entire bone segment. However, not all marrow 
abnormalities are necessarily skip metastases. In 
fact, marrow SI changes can be caused by edema, 
infarction, focal hyperplasia and marrow recon
version. Differential diagnosis between these enti
ties is essential for surgical planning; FDG PET 
or even biopsy can be helpful in ambiguous cases. 

Assessment of the relationship between the 
tumor and neurovascular bundle is another 
crucial point for surgical planning. To evaluate 
this feature, the axial plane is preferable since it 
enables the visualization of adipose tissue around 
the neurovascular bundle. The absence of adi
pose tissue can represent a mere contact between 
tumor and neurovascular bundle or an initial 
infiltration; this latter aspect is hard to define 
by imaging and requires histological correlation. 

Figure 2. ewing sarcoma in a 10-year-old boy. (A) Sagittal T1-weighted and (B) fast spin-echo inversion-recovery clearly depict the 
medullary extension of the lesion. The involvement of the growth plate is better assessed on the coronal fast spin-echo T2-weighted 
image (C) owing to the contrast between growth plate signal intensity and the tumor. Physis involvement must always be accurately 
evaluated since it heavily influences the surgical strategy.
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Joint involvement requires extraarticular 
resection; therefore, it is essential to assess the 
presence of intraarticular masses or focal replace
ment of intrasynovial fat. Finally, a pathological 
fracture is taken to confirm joint contamination, 
as it is equivalent to an  extracompartmental 
extension.

Despite all the technological advances in MRI, 
T1w SE or fastSE images still represent the most 
accurate sequences for imaging bone marrow, 
and are considered the best way to detect skip 
lesions and epiphysis involvement [7]. This sim
ple sequence must, therefore, be included in any 
protocol when staging a bone tumor.

MRI protocol must also include T2w 
sequences, with and without fat saturation, as 
these can be helpful for evaluating cartilage, 
joint and soft tissue involvement but also to 
characterize the different tissue components. 

By careful evaluation, MRI is also able to catch 
findings suggestive of the tumor growth pattern. 
The presence of transtrabecular or transcortical 
infiltration and periosteal extension can help to 
assess the aggressiveness of a bone lesion and 
cannot be defined by other imaging modalities 
[10]. For example, transcortical infiltration is a 
frequent finding in the Ewing/PNET group and 
in bone lymphomas. The tumor growth pattern 
was found to be an independent prognostic 
factor to help predict oncologic outcome. Kim 
et al. reported a better survival in patients with 
stage IIB longitudinally growing OS (that usu
ally have a diaphyseal location), compared with 
concentric ones [11]. 

The administration of contrast media should 
always be performed in the staging phase using 
both dynamic MRI study and T1w sequences in 
the static phase. In fact, contrast enhancement 
enables the detection of areas of tumor viabil
ity prior to biopsy and allows differentiation 
between the tumor and adjacent edema.

Finally, postcontrast MRI, as well as diffusion 
weighted sequences, can be useful to monitor the 
response to neoadjuvant chemotherapy and to 
identify postsurgical recurrences.

Characterization 
The primary goal of imaging should be the spe
cific diagnosis of a bone lesion, thus eliminating 
the need for biopsy or narrowing of the differen
tial diagnosis, in order to decide whether biopsy, 
surgical intervention or simple observation are 
required for further management.

Despite the availability of advanced imaging 
methods such as CT and MRI, the diagnosis 
of a tumor or tumorlike lesion of the bone 

still depends on the conventional radiograph. 
The diagnosis of a bone tumor can frequently 
be suggested on the basis of age, location and 
classical radiographic findings. In fact, the 
findings derived from xrays allow formula
tion of a  reasonable hypothesis regarding the 
histo logical nature and possible differential 
diagnosis of a lesion. 

Lytic bone lesions can only be detected on a 
standard radiogram when the tumor has deter
mined 30–50% of trabecular bone destruction. 
Therefore, MRI may be useful in any case of 
neoplastic infiltration without bony destruc
tion. Moreover, in specific cases, crosssectional 
imaging represents an additional helpful and 
even necessary modality.

Although MRI may have a limited additional 
role in the characterization of bone tumors, 
contrast resolution can be manipulated by 
varying the signal parameters. Therefore, a 
wide variety of images can be obtained, and 
allow characterization of some tissue compo
nents based on their signal characteristics. The 
careful use and interpretation of these studies 
can lead to a reasonable differential diagnosis 
prior to biopsy [12]. A detailed ana lysis of some 
specific features can allow the diagnosis of some 
entities with good reliability.

Figure 3. examples of skip lesions and medullary hyperplasia. On the 
T1-weighted sagittal image (A) a skip lesion (black arrow) is easily recognizable 
distal to the tumor. Note the different pattern of signal alteration caused by 
medullary hyperplasia in the distal diaphysis of the femur in another case of 
osteosarcoma (B); the low signal intensity is less pronounced and has a blurred 
margin (*).
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 n SI ana lysis 
During analysis of the SI of a lesion it is pos
sible to recognize specific tissue components. 
High SI on T1w images that persists on fat
suppressed sequences, indicates the presence 
of metahemoglobin and can be found in tel
angiectatic OS, aneurysmal bone cyst (ABC), 
giant cell tumor (GCT), fibrous dysplasia or, 
rarely, in chondroblastoma or osteoblastoma. 
This finding can also be observed in malignant 
tumors after radiotherapy or chemotherapy. 

Similarly, the presence of fat tissue in a bone 
lesion (e.g., intraosseous lipoma, periosteal and 
parosteal lipoma, and hemangioma) displays 
high SI on T1w images, which will be annulled 
when fat saturation is applied.

Low SI on T2w sequences can be caused by 
hemosiderin deposition, fibrous tissue, calcifica
tion or mineralized osteoid matrix. It may be 
encountered in GCT, fibrous dysplasia, parosteal 
or osteoblastic OS and cartilaginous tumors. 
Fibrous tumors may also exhibit low SI on T2w 
images caused by a dense fibrous component 
within the collagenous matrix. In these lesions, 
the SI depends on the ratio between cellularity 
and collagenous matrix.

On T2w images and especially on gradient
echo T2* and fatsaturated sequences, non
mineralized chondroid tissue has a high SI; 
when a mineralized matrix is present, areas of 
low SI can be displayed with punctate, floccu
lent or ring morphology. Owing to its accurate 
depiction of cartilage, MRI is the most reliable 
method for the measurement of cartilage cap 
thickness in osteochondroma, a very important 
finding to assess the malignant transformation 
of these lesions.

Unfortunately, most skeletal tumors demon
strate nonspecific SI behavior on MRI; hetero
geneous SI with significant overlap on T1w and 
T2w sequences is frequently encountered in both 
benign and malignant lesions. 

 n Margins & morphology 
Conventional radiography remains the prime 
study for the definition of margins. This feature, 
referred to as the appearance of the lesion on 
conventional radiographs, can also be applied 
to CT. Overall, CT can give a better evaluation 
of peripheral margins of the lesion and pro
vides the assessment of the interface between 
lesion and normal bone. It also improves the 
depiction of the patterns of osteolysis, which 
is useful for assessing the biologic activity of a 
bone neoplasia. Conversely, these features can
not be applied to MRI. In fact, some benign 

lesions can be overestimated as a result of bone 
marrow and soft tissue edema; furthermore, 
MRI has less potential to show different pat
terns of bone destruction. Nevertheless, MRI 
can have a  specific role in the characteriza
tion of some bone tumors that have particular 
 morphological aspects. 

It is well known that cortical penetration, 
periosteal reaction and soft tissue involvement 
are signs of biologically aggressive lesions, and 
are usually encountered in malignant tumors.

Identification of fluidfluid levels in cystic 
cavities within a welldefined lesion is a char
acteristic of ABC, although it can also be found 
in GCT (Figure 4), fibrous dysplasia, plasmacy
toma, telangiectatic OS, chondroblastoma and 
some bone metastases.

Benign and lowgrade cartilaginous tumors 
are characterized by their lobulated morpho
logy representing cartilage nodules separated by 
septa (Figure 5). On the other hand, the features 
of highgrade and dedifferentiated chondro
sarcoma can be nonspecif ic, and resemble 
other aggressive tumors. Dedifferentiation is 
the development of a new highgrade malig
nancy in association with a preexisting low
grade malignancy or a benign tumor. Typical 
signs are cortical involvement and the presence 
of a soft tissue mass. MRI has an important 
role in delineating the extent of the intraosseous 
and soft tissue involvement preoperatively [13]. 
A third of dedifferentiated chondrosarcoma are 
characterized by bimorphic features visible by 
radiography, most commonly secondary to a 
dominant lytic area within or adjacent to a min
eralized tumor. In these cases, the highgrade 
noncartilaginous component usually exhibits 
a lower SI than the conventional chondro
sarcomatous component and prominent diffuse 
enhancement is seen after contrast administration 
on MRI [14].

Dedifferentiation into a more aggressive 
lesion is also frequent in parosteal OS, a low
grade welldifferentiated malignant tumor nor
mally characterized by low SI on both T1w and 
T2w images. When present, dedifferentiation is 
usually visible as a lytic area in a sclerotic mass. 
Although the radiolucent area can be absent, the 
highgrade component of the tumor is charac
terized by T2w hyperintensity on MRI; owing 
to its hypervascularity, it can be detected after 
contrast administration [15]. Differentiation 
of parosteal OS into a telangiectatic OS has 
been reported; in this case, a purely lytic mass, 
partially composed of fluid cavities, was easily 
detected by CT and MRI [16].
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 n Bone marrow edema 
MRI is the best technique in depicting BME, 
which can be associated with both benign and 
malignant lesions [8]. Extensive BME related to 
smallsized lesions is often predictive of benign 
tumors and is typically associated with osteoid 
osteoma (Figure  6), osteoblastoma, chondro
blastoma, Langheran’s cell histiocitosis and, less 
 frequently, ABC or GCT. 

Conversely, minimal BME surrounding a 
large lesion is more likely to be associated with 
malignant lesions and is often found in Ewing’s 
sarcoma, chondrosarcoma, OS and, particularly, 
in bone metastases. 

 n Dynamic contrast-enhanced study
In the characterization step, the dynamic 
contrastenhanced (DCE) study can give 
additional diagnostic information, providing 
a noninvasive assessment of microcirculatory 
characteristics of a lesion. The curves obtained 
by plotting the SI changes over time provide 
qualitative and semiquantitative information, 
which reflect the passage of the contrast agent 
within the target tissue. 

Some lesions exhibit specific enhancement 
patterns useful for their characterization. The 
marked enhancement of the nidus in the arterial 
phase makes the diagnosis of osteoid osteoma very 
specific even when it is located in atypical sites 
(Figure 6) [17]. An early enhancement with a steep 
slope followed by an early and rapid washout, has 
been proved to characterize GCT [18]. 

A DCE study can help to distinguish benign 
from malignant cartilaginous tumors. Benign 
chondromas do not enhance or enhance slowly, 
while chondrosarcomas display early enhance
ment (Figure 5) [19]. These rapidly enhancing areas 
can be very small and must be looked for very 
carefully on dynamic images. 

Although some tumors can be character
ized by the pattern of enhancement, the slope 
of the time–intensity curve (TIC) in dynamic 
sequences is not always reliable for differentiat
ing benign from malignant lesions, because the 
overlap is too large. Therefore, TIC and slope 
values can help to formulate a reasonable diagno
sis, only when taking into account all the other 
imaging features as well as the clinical data.

Interestingly, Lavini et al. proposed a new way 
to look at TICs, such that these are not averaged 
over a selected region of interest, but rendered 
pixelbypixel [20]. The authors applied this 
method to chondroid tumors, comparing the 
two approaches, and proposed the pixelbypixel 
ana lysis to be a more appropriate tool to classify 

the tumors (Figure 7). Owing to its simplicity, this 
method can be implemented in routine practice 
when a quantitative ana lysis of tissue permeability 
is not essential. 

A more sophisticated approach using DCE 
imaging and deconvolution ana lysis allows 
the measurement of tumor blood flow (TBF); 
however, the role of this parameter in the char
acterization of bone tumors still needs to be 
clarified [21].

In summary, MRI has high specificity when a 
bone lesion presents particular features, specific 
morphology or a welldefined enhancement pat
tern. Some entities, such chondrogenic tumors, 
solitary cysts and ABC, GCT, lesions contain
ing fatty tissue and, to a certain extent, osteoid 
osteomas, can be diagnosed with good reliability 
by MRI. 

 n MR spectroscopy
Magnetic resonance spectroscopy (MRS) is an 
interesting application of MRI that can give 
additional information for tumor characteri
zation by revealing the presence or absence of 
watersoluble choline metabolites. Choline is a 
component of phospholipid metabolism of cell 
membranes. The composition of membrane 
phospholipids in tumor tissue is an important 

Figure 4. Aneurysmal bone cyst. (A) Anteroposterior radiograph of the femur of 
a 2-year-old girl shows an osteolitic, expansive lesion in the metaphysis extending 
into the diaphysis. (B) Sagittal T2-weighted MR image reveals heterogeneity of the 
lesion with multiple internal and fluid-fluid levels, which are typical findings of 
aneurysmal bone cyst.
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indicator of tumor cellularity, proliferative 
capacity and differentiation state. 

Increased choline probably reflects increased 
membrane synthesis or an increased number of 
cells, and can be detected in malignant bone 
and soft tissue tumors [22]. Nevertheless, in a 
study focused on the evaluation of the MRS 

features of GCT, the results indicated that this 
particular bone tumor may show raised choline 
levels on proton MRS. Therefore, this finding 
is not always an indicator of malignancy [23].

Therefore, although radiography remains 
the first modality able to characterize bone 
tumors, MRI may represent an adjunctive tool 
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Figure 5. Chondrosarcoma of the left femur in a 63-year-old woman. (A) A sagittal T1-weighted (T1w) image, (B) T2w image, 
(C) gradient-echo (GRE) T2* image, (d) coronal GRE T1 image with fat saturation after contrast sequences and (e) dynamic study curve 
are shown. The lesion has a lobulated pattern best seen at the lesion margin, high signal on both fast spin-echo T2w and GRE T2* 
sequences. (d) After contrast, enhancement with anular pattern can be seen. These are typical features of chondroid tumors. The 
cortical penetration (black arrow (A)) is indicative of an aggressive lesion. On the dynamic study (e), the enhancement pattern (rapid and 
with high slope) confirms the malignant nature of the lesion (on the graph: 1, tumor; 2, artery).
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for characterization of bone lesions by evalu
ating SI, enhancement characteristics and 
growth patterns. It must be kept in mind that 
its major role is local staging, surgical planning 
and followup.

Post-treatment survey
To monitor the effect of chemotherapy or radio
therapy, the ideal technique should be reliable, 
reproducible, noninvasive and able to identify 
nonrespondent tumors early in the course of 
therapy. This could help to reduce unneces
sary toxicity and optimize patient manage
ment. There is also a need to identify patients 
at higher risk of relapse for strategic therapeutic 
choices [24].

MRI is the conventional method used to 
monitor the response to therapy of bone tumors. 
The traditional method of measuring tumor 
size has proved to be of limited value as it does 
not reflect changes in tumor viability induced 
by therapy. Moreover, osseous tumors may 
respond well to therapy without substantially 
changing in size [25].

WHO and RECIST criteria take into consid
eration only the measurement of the maximum 
tumor diameter in the axial plane of CT and/
or MRI; for this reason they are not routinely 
used in the clinical practice.

The Japanese Orthopaedic Association (JOA) 
has conducted a retrospective validation study of 
the JOA criteria of preoperative chemotherapy 
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Figure 6. osteoid osteoma in a 49-year-old man complaining of knee pain. (A) On the fast spin-echo inversion-recovery image 
extensive bone marrow edema in the tibia is present as well as in the Hoffa fat pad. (B) On the T1-weighted image, no other findings 
useful for a diagnosis are shown. (C) On an early-phase image of the dynamic contrast study, a hypervascular area is detected on the 
cortical tibia (white arrow). This finding is suggestive of the nidus of an osteoid osteoma. (d) The typical marked enhancement of the 
nidus at the arterial phase is observed. On the graph: 1, nidus; 2, artery; 3, bone marrow edema; and 4, muscle. (e) A tailored CT 
section confirms the nidus with a tiny calcification. 
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for bone and soft tissue sarcomas, modifying 
the WHO/RECIST criteria. In malignant bone 
tumors, the JOA criteria are only directed to extra
osseous involving bone lesions. In this method, 
the maximal distance from the surface of affected 
bone to the top of the extraosseous mass lesion is 
measured on CT and/or MRI images. The tumor 
reduction ratio is then calculated according to the 
following formula [26]: 

Pretreatment MD - post-treatment MD/

 pretreatment MD x 100%

Owing to the aforementioned limitations 
of the morphologic study, new methodologi
cal approaches have been evaluated. In par
ticular, measuring changes in tumor perfusion 
might allow discrimination between responders 
and nonresponders, irrespective of volumetric 
response.

In an attempt to increase the accuracy of 
MRI in identifying treatment response, func
tional imaging techniques, such as DCE study 
and diffusionweighted imaging (DWI), are 
being investigated. 

 n DCE study
Dynamic contrastenhanced study provides a 
method of quantifying TBF that better reflects 
tumor viability. Therefore, it may help moni
tor treatment response. It consists of a rapid 
acquisition associated with paramagnetic con
trast media injection. High temporal resolu
tion (<15 s) is mandatory to differentiate viable 
tumor zones from the avascular necrotic areas 
and fibrosis. Recent advances in MR systems 
and ultrafast MRI sequence provide dynamic 
sequences with higher temporal and spatial 

resolution. Usually, a 2D or 3D fast multi
planar spoiled gradientecho or turboFLASH 
sequence is used; parallel imaging can be helpful 
to increase temporal resolution. 

For interpretation of the DCE study data, 
different approaches have been proposed. A 
standard and simple approach is the qualita
tive assessment of the curve’s shape and its 
empirical semiquantitative ana lysis. The main 
parameters include peak enhancement, rate of 
enhancement and terminal slope. Posttreatment 
changes cause decreased vascular permeability of 
the tumor vessels, reflected by a decrease in the 
rate of enhancement. Moreover, washin accu
mulation can be encountered, caused by reduced 
diffusibility related to repair mechanisms [27]. 
Although these parameters are simple and 
straightforward, they lack reproducibility and 
comparability; in fact, they vary greatly depend
ing on the dose and flow rate of contrast agent 
injection, acquisition protocols and scanners. 

To overcome these limitations, a more sophis
ticated method of ana lysis has been developed, 
the socalled pharmacokinetic model. After 
converting the dynamic signal to contrast agent 
concentration, several pharmacokinetic param
eters can be assessed on the basis of pharmaco
kinetic modeling. This ana lysis is able to define 
tumor microvascularization in a more precise 
way, thus allowing the prediction of the acces
sibility of the tumor to drugs before treatment 
and the assessment of the viability of the residual 
tumor after treatment. 

By means of this model, some authors esti
mated the necrotic fraction that represents a pre
dictor of good response to therapy in patients 
with OS and Ewing’s sarcoma. Furthermore, 
tumor size and the pharmacokinetic parameter 
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Figure 7. Grade I chondrosarcoma. (A) Example of a postcontrast dynamic T1-weighted image (displaying the regions of interest), 
(B) maximum enhancement and (C) shape map with an explanation of the shape color coding in a chondrosarcoma. 
1: Nonenhancement; 2: slow steady enhancement; 3: fast enhancement followed by a plateau; 4: fast enhancement followed by a quick 
washout; 5: fast enhancement followed by a slower raise; 6: arterial enhancement; and 7: unclassified. 
Courtesy of Dr Cristina Lavini (Academic Medical Centre, Department of Radiology, Amsterdam, The Netherlands).
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 (rate of contrast between the plasma and the 
tumor extravascular fluid space), calculated at 
the end of therapy, were significantly associated 
with the diseasefree survival in pediatric OS 
[28,29]. The authors observed that the pharmaco
kinetic model was able to assess important 
parameters related to vascular permeability, 
perfusion and extravascular volume. 

Another quantitative parameter that can be 
extracted by DCE study using deconvolution 
ana lysis is TBF. TBF maps are able to demon
strate heterogeneity of blood flow in tumors; a 
substantial decrease of TBF after chemotherapy 
has been reported [30]. Kajihara et al. calculated 
TBF and the steepest slope –  determined from 
the time–intensity curve – in a group of patients 
with musculoskeletal lesions. They demon
strated a possible role of TBF in evaluating the 
preoperative treatment response in malignant 
tumors. Kajihara et al. also reported that TBF 
reflects therapeutic changes better than steepest 
slope, since the latter parameter is affected by 
factors other than tumor vascularity [31].

Despite the many research papers in this 
field, a clear consensus on the exact kinetic 
model to be used for analyzing DCEMRI is 
still lacking and the empirical quantification 
of DCE data is still widely applied. This was 
highlighted in an interesting review that also 
reported the lack of any validation of the abso
lute perfusion parameters provided by DCE 
data [32]. Moreover, DCEMRI data ana lysis 
is complex and influenced by several factors 
(choice of pharmacokinetic model, selection 
of artery input function and accuracy of the 
intrinsic baseline T1 measurement) that can 
significantly interfere with the accuracy and 
repeatability of DCE results [33–35].

Therefore, new approaches to analyze the 
data from DCEMRI are required. Guo et al. 
proposed a novel method called curve pattern 
ana lysis. It automatically generates quantitative 
curve pattern analysis parameters, which are 
less sensitive to acquisition protocols, without 
requiring aortic input function and baseline 
T1 measurement [36]. This relatively simple 
method is able to characterize permeability and 
flow in the tissue according to the curve pattern. 
However, further studies are needed to verify its 
diagnostic accuracy.

In summary, the implementation of 
pharmaco kinetic model ana lysis for the inter
pretation of the DCE study data in daily clini
cal practice has been hampered by the lack of a 
standardized methodology. The heterogeneity 
in scan acquisition and data ana lysis complicates 

the interpretation of study results; moreover, 
data ana lysis can be complex and time con
suming. For these reasons, simpler methods are 
under investigation. 

 n Diffusion imaging
Diffusion imaging relies on selective excitation of 
the water resonance and generation of a contrast 
image that depends on differential nuclear relaxa
tion times and selfdiffusion coefficients. Thus, 
DWI reflects the microstructural characteristics 
and physiological state of the tissues. 

Posttherapeutic changes, such as cell mem
brane injury, cell death or a reduction in cell 
density, cause an expansion of the extracellular 
diffusion space and a greater degree of unre
stricted extracellular water motion, leading to 
a high apparent diffusion coefficient (ADC). 
Therefore, viable and necrotic tumor tissue can 
be differentiated by means of ADC. In par
ticular, necrotic tissue shows rapid diffusion, 
and thus higher ADC values, as a result of loss 
 membrane integrity.

In 2006, two studies investigated whether 
DWI can be useful for monitoring the thera
peutic response of primary bone tumors. The 
authors demonstrated that ADC changes in good 
responders were significantly higher than in non
responders, thus making ADC value an interest
ing tool [37]. In particular, Uhl et al. correlated 
DCE study and DWI results, demonstrating that 
both methods allowed the recognition of tumor 
necrosis induced by chemotherapy in OS. By 
evaluating microvessel density, vascular perme
ability, local blood volume and flow, the authors 
hypothesized that DWI correlates directly with 
tumor necrosis, while DCE indirectly reflects 
tumor necrosis [38].

In a recent study of patients with OS treated 
with chemotherapy, the authors assumed that the 
minimum ADC reflects the highest cellular com
ponent in the tumor, providing more valuable 
information. By means of the minimum ADC 
calculated in the solid tumor components, they 
demonstrated a significant difference between 
good and poor responders, while no statistically 
significant difference was observed in the average 
ADC ratio. Based on their results, the minimum 
ADC is considered preferable for evaluating the 
histological response to chemotherapy in OS 
than the average ADC [39].

 n MR spectroscopy
Magnetic resonance spectroscopy can also have 
a role in monitoring patients with bone tumor 
by identifying the early metabolite changes 
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after chemotherapy. Decline of choline after 
treatment in malignant bone tumors has been 
reported. MRS results correlate with the DCE
MRI data and tumor size. Therefore, proton 
MRS could improve the diagnostic specificity 
of MR examination in the followup of tumor 
treatment [40].

In conclusion, MRI shows promising results 
in assessing the response to neoadjuvant chemo
therapy and may be useful in the early differ
entiation of good and poor responders. This 
distinction is fundamental since it heavily influ
ences subsequent therapeutic choices. In fact, 
based on this element, it is possible to modify 
the treatment plan in nonresponders, either by 
introducing different pharmaceutical drugs or 
by anticipating surgical intervention. 

Future perspective
 n WB-MRI & higher field magnets 

Significant improvements in hardware, with the 
introduction of a multireceiver channel scanner 
with automated free table movement, have made 
WBMRI clinically feasible. Moreover, innova
tion in sequence design and image acquisition, 
such as the parallel strategy, have reduced overall 
examination time. 

In the field of oncologic imaging, various useful 
application have been proposed for WBMRI [41]. 
In particular, the STIR and DWI sequences have 
been demonstrated to be more sensitive than bone 
scintigraphy for the detection of cortical bone and 
bone marrow metastasis [42]. Therefore, patients 
might benefit from early accurate staging and 
improved therapeutic options.

As a WB bone marrow screening method, 
WBMRI is a useful tool for the precise assess
ment of the total skeletal status and is highly 
effective in staging specific malignant bone 
marrow diseases, such as multiple myeloma, 
lymphoma or early bone metastasis. 

In particular, WBMRI has been demon
strated to be a sensitive tool in the initial workup 
of patients with multiple myeloma or monoclonal 
gammopathy of undetermined significance. In 
the study of Bäuerle et al., a half of all observed 
lesions would have been missed by standard spi
nal MRI. The authors also reported that clini
cal parameters could not exclude the presence of 
extraaxial lesions [6].

In childhood lymphoma, in which marrow 
involvement is usually focal and can be missed 
at blind biopsy, STIR WBMRI represents a 
complementary imaging tool to detect otherwise 
unrecognized marrow involvement. However, it 
is important to note that the abnormal findings 

may be unspecific and must be interpreted in the 
context of the clinical setting and other imaging 
results [43].

Recently approved clinical WBMRI scanners 
with a field strength of 3 T have become com
mercially available. This has opened the way for 
a migration of multiorgan and WB protocols to a 
higher field strength. Thus, 3 T imaging has the 
potential to improve small lesion evaluation and 
tumor staging, and it can be used for WB screen
ing for metastasis. The gain of signaltonoise 
ratio (SNR) reduces the overall examination 
time without compromising contrast resolution, 
especially for the acquisition of T2w imaging. 
Furthermore, the increased SNR at 3 T allows 
the recording of highly resolved isotropic 3D 
data sets with shorter acquisition times. High 
SNR and the ability to acquire highresolution 
thin section images are major advantages of 
3 T that benefit musculoskeletal imaging [44]. 
Furthermore, 3 T MRI provides good quality 
images even for small field of views, which can 
be an advantage in children. The maximum con
trasttonoise ratio also depends on the magnetic
field strength and it has been demonstrated that 
the contrasttonoise ratio between muscle and 
bone, bone and cartilage, and cartilage and fluid 
is higher at 3 T than at 1.5 T [45].

The implementation of hyperechoes and vari
able flip angle techniques can keep specific absor
tion rate (radiofrequency energy absorbed by the 
body tissues) levels within a tolerable range. 

Concerning MRS, sensitivity for metabo
lite detection and quantification are expected 
to improve at 3 T owing to the increased SNR 
and resolution compared with lowerfield
strength scanners. In fact, the increased absolute 
chemical shift separation at 3.0 T may be advan
tageous since it results in a better resolution of 
distinct resonances in MRS and tends to cause 
spin systems to be less strongly coupled. Thus, 
more metabolites and coupling patterns can be 
identified and quantification is enabled [45,46].

 In a recent paper, MRS at 3 T has been used 
to characterize musculoskeletal lesions. Lee et al. 
assessed whether the concentration of choline 
correlated with the pathologic degree of malig
nancy. They concluded that MRS is a helpful 
method with high specificity, but relatively low 
sensitivity [47].

 n MR thermography  
& MR-guided interventions
Recent advances in MRI technology have pro
vided noninvasive imaging for guiding focused 
ultrasound treatment, because of its capability to 
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monitor tissue temperature elevation and ther
mal coagulation. The integration of MRI and 
focused ultrasound surgery has resulted in real
time, imagecontrolled, noninvasive  thermal 
ablation systems. 

Using MRI as a guiding method, it is possible 
to accurately delineate the tumor, allowing pre
cise 3D treatment planning. Moreover, the con
tinuous temperature mapping in the treatment 
zone (MR thermography) avoids thermal injury 
of normal tissues and offers the unique potential 
for closedloop feedback control of tissue heat
ing and for direct measurement of the deposited 
thermal dose. This can significantly enhance the 
safety and efficacy of focused ultrasound surgery 

[48]. In a recent study the authors reported their 
successful results using MRIguided focused 
ultrasound treatment in patients with bone 
metastases. The lack of adverse events, short 
treatment duration and the ability to perform 
the procedure on an outpatient basis make MRI
guided focused ultrasound an effective palliative 
treatment in selected patients with painful bone 
metastases [49,50]. 

In conclusion, the role of MRI in the local 
staging of bone tumors is well established, as 
is its capability in characterizing some specific 
pathologic entities. 

The more recent studies are focused on inter
preting perfusion parameters as possible predic
tors of posttreatment response and survival. 
Despite strong efforts and the interesting results 
concerning DCE study and diffusion imaging, 
up to now, the gold standard in posttreatment 
survey is still resection specimen histology, which 
influences the therapeutic strategy. Nevertheless, 
this fact should not impede the search for newer, 
more reliable methods of ana lysis. 

For example, a correlation between VEGF 
expression, assessed in biopsy and resected 
specimens by immunohistochemistry in OS, 
and  vascular permeability, detected by DCE, is 
reported in a noteworthy paper. This study sug
gests an important role of DCEMRI as a nonin
vasive imaging surrogate of tumor  angiogenesis 
in OS [51].

Any discussion of the monitoring of posttreat
ment changes must include PET. FDG PET has 
opened a new avenue in the evaluation of response 
to treatment. Although the method is not with
out limitations, it has some important advantages 
in the case of tumors. One particular advantage 
of FDG PET imaging is that it is a quantita
tive study from which statistical measure ments 
can be determined. The ability to distinguish 
viable from nonviable tumors is perhaps the 

most powerful attribute of FDG PET imaging 
and explains its increasing use among clinicians 
in recent years [52]. Several studies have demon
strated the capability of FDG PET to determine 
the response after neoadjuvant chemotherapy for 
primary tumors of bone, although discrepancies 
in the results are reported. In the study by Igara 
et al., the pathologically determined degree of 
necrosis postneoadjuvant chemotherapy was only 
concordant with PET in 57.1% of cases, while 
a significant number of patients had discrepan
cies [53]. These discrepancies may, in part, be 
explained by chemotherapyinduced inflamma
tion, an effect that can potentially cause increased 
FDG uptake. This element should be considered 
during posttherapy PET interpretation in bone 
and soft tissue sarcoma.

Nowadays, the role of FDG PET in some 
pathologies is well defined. In patients with 
lymphomas, FDG PET has been established as 
the imaging modality of choice for staging and 
treatment monitoring. MRI maintains a role 
only in selected cases, such as those with a high 
risk of bone marrow involvement, equivocal 
findings on PET, extracompartmental tumor 
growth or to evaluate potential treatment com
plications. Already established in many institu
tions, future developments will almost certainly 
include ‘fusion’ or ‘hybrid’ imaging methods, 
such as PETCT and PETMR in the treat
ment monitoring of patients. This fascinating 
technique opens up new research horizons and 
offers potential for the development of more 
specific radiotracers. 

Higher field magnets (up to 7 T) will further 
increase the potentials of MRI in the diagnostic 
and screening phase. The increasing availabil
ity of 3 T equipment will reveal the high field’s 
actual advantages and the proper indications for 
its use. Much of the literature mainly describes 
the application concerning joint structure evalu
ation, while little has been written on the neo
plastic pathology of the musculoskeletal system. 
The performance of MRI perfusion and diffu
sion sequences as well as spectroscopy could 
probably be improved at higher magnetic fields. 
In particular, WBMR diffusion imaging is a 
novel and promising technique that may con
tribute to superior sensitivity in the detection 
of tumor manifestations.

In the assessment of distant metastatic spread 
WBMRI is highly sensitive and has advan
tages over PET/CT, especially in tumors that 
frequently spread to the liver, bone or brain. 
WBMRI is also very attractive as a radiation
free alternative for imaging pediatric tumor 
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patients who may require multiple followup 
examinations. It allows for precise assessment 
of the bone marrow and has been proven to be 
highly accurate for the staging of hematologic 
diseases, such as multiple myeloma, and in 
screening for metastasis.

Finally, minimally invasive surgery will 
potentially greatly benefit from MR guidance. 
To date, the only reported applications are bone 
metastases and in patients treated with external 
beam radiation therapy and hyperthermia for 
highgrade extremity soft tissue sarcomas [54]. 

In the literature, reports dedicated to the 
application of ultrasonographically guided high
intensity focused ultrasound in the salvage of 

limbs in patients with OS can be found [55]. 
Therefore, we can expect an expansion of this 
field in the future and a possible new application 
for MR thermography.
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executive summary

 � Development of new surgical techniques and treatments for skeletal tumors has resulted in the need for a way to accurately evaluate 
patients with bone tumors in the staging phase and after therapy. 

 � MRI is the method of choice for local staging of bone tumors. 
 � The advances in computer software that allow better image spatial resolution and faster acquisition times have improved the capability 

of MRI to precisely define the anatomical extent of a tumor and to more accurately stage bone tumors preoperatively.
 � Dynamic study and diffusion imaging play an important role in the evaluation of treatment response.
 � The main drawback is the heterogeneity in scan acquisition and data ana lysis that complicates the interpretation, mainly of the  

dynamic-study MRI. 
 � The parameters analyzed may lack repeatability or stability for different acquisition protocols or scanners, which could prevent wider 

application. Moreover, the ana lysis is computationally demanding.
 � Newer, simpler, reproducible approaches for dynamic study ana lysis are under investigation.
 � The introduction of whole-body MRI and 3 T scanners represent a new imaging approach for systemic tumor detection and staging;  

its potential advantages in musculoskeletal imaging must be further developed. 
 � Magnetic resonance-guided focused ultrasound surgery represents the most promising interventional MRI method in the field of  

image-guided therapy.
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