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Introduction

Musculoskeletal (MSK) tumors are a heterogeneous
group of bone and soft tissue neoplasms. Initial MSK

tumor imaging workup relies on radiographs (Fig. 1a), which
are essential in the evaluation of MSK bone lesions and even
if negative may add to the evaluation of soft tissue tumors.
Correlation with clinical findings is also of great importance.1

Due to their complexity, these tumors require complex,
multi-disciplinary treatment strategies to achieve optimal
local control and avoid metastatic spread.
Magnetic resonance (MR) imaging plays a major role in the

workup and treatment of MSK tumors, with the first mag-
netic resonance imagining (MRI) machines becoming com-
mercially available in the 1980s.2 It frequently represents the
imaging modality of choice in detection and characterization
of MSK tumors, provides evaluation of tumor extent, guid-
ance to treatment planning, and is crucial in post-treatment
assessment and surveillance.
Anatomical imaging such as T1-weighted fat sensitive

sequences, fluid-sensitive sequences, and delayed postcon-
trast T1-weighted fat-suppressed (FS) sequences are used
routinely in clinical practice in the MRI evaluation of MSK
tumors. However, some studies have shown that these rou-
tine anatomical MR sequences are not able to accurately char-
acterize many MSK lesions.3,4

Many institutions are now implementing advanced MR
imaging techniques for the workup and follow-up of
MSK tumors.5-8 These sequences interrogate tissues at a
cellular level and include diffusion-weighted imaging,
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chemical shift imaging, dynamic contrast enhancement
(DCE), and MR spectroscopy. While these sequences can
provide essential information and add to the specificity of
the radiology diagnosis, they must be interpreted in con-
junction with the routine anatomical imaging sequences.
This article aims to help radiologists become familiar
with functional MR imaging of MSK tumors, identify
which functional MR imaging techniques would be help-
ful in different situations, and discuss limitations and
technical considerations when employing functional MR
imaging in these settings.
Routine Anatomical MSK Tumor
Imaging
T1-Weighted Sequences
Nonenhanced spin-echo T1-weighted MR sequences without
FS typically serve as the mainstay in assessment of bone mar-
row replacement or intraosseous extension of neoplasm
(Fig. 1b).5,6,9 They provide excellent topographic assessment
of the examined regions. In addition, T1-weighted sequences
can reveal information regarding internal content of a lesion.
For example, lesions containing macroscopic fat such as a
liposarcoma frequently have increased intrinsic T1 signal.
However, the majority of both malignant and benign MSK
tumors show intermediate (isointense to skeletal muscle) to
low signal intensity on these sequences which is frequently
nonspecific.
Fluid-Sensitive Sequences
Both short tau inversion recovery and T2-weighted FS
sequences are routinely used to evaluate MSK tumors.
These sequences optimize contrast between fluid and sur-
rounding tissues, giving essential information regarding
the relationship between tumor and surrounding vital
structures (Fig. 1c).5,6,9,10 Short tau inversion recovery
149

http://crossmark.crossref.org/dialog/?doi=10.1053/j.ro.2018.10.001&domain=pdf
mailto:lana.hirai.gimber@gmail.com
https://dx.doi.org/10.1053/j.ro.2018.10.001


150 L.H. Gimber et al.
sequences can be helpful to avoid heterogeneous fat sup-
pression, which can occur frequently in MR imaging of
MSK masses in the extremities.11 Intermediate-weighted
proton-density FS sequences are sometimes preferred
over T2-weighted FS sequences due to increased signal-
to-noise ratio.11 T2-weighted sequences without FS are
also used by some radiologists for assessing the nature of
the mass by comparing signal intensities of muscle, fat,
and fluid.11 In addition, similar to T1-weighted sequen-
ces, fluid-sensitive sequences can also reveal information
regarding internal content of a lesion. For example,
lesions with a high myxoid component or cystic lesions
typically demonstrate increased intrinsic fluid-sensitive
signal.
Figure 1 Twelve-year-old female with osteosarcoma of the d
destructive intramedullary lesion (arrows) within the distal fe
tissue component (arrowheads). (b) Sagittal T1-weighted MR i
involvement proximally to the femoral mid shaft (arrows) an
STIR MR image of the same region highlights the contrast be
(d) Axial static delayed T1 fat-suppressed (FS) postcontrast M
contrast enhancement and tumor extent (arrows).
Static Delayed Postcontrast T1-Weighted
Sequences, Gradient-Echo With Isotropic
Resolution, and Digital Subtraction

T1-weighted FS postcontrast sequences are crucial to identify
areas that exhibit contrast enhancement and tumor extent
(Fig. 1d). Three-dimensional gradient-echo sequences with
isotropic resolution can be substituted in effort to decrease
overall scan time, as they can be acquired in a single plane
and then reformatted into other planes. Notably, the gradient
echo sequences are frequently suboptimal in patients with
metal implants due to profound susceptibility artifact,
which is frequently seen in patients with limb salvage pros-
theses. However, many available metal reduction techni-
istal left femur. (a) Lateral radiograph demonstrates a
mur containing osseous matrix with large posterior soft
mage of the same area highlights the extent of medullary
d distally into the knee joint (arrowheads). (c) Sagittal
tween the lesion and surrounding soft tissues (arrows).
R image of the distal femur further highlights areas of



Figure 2 Seventy-year-old female with pain and purulent drainage of the left foot after falling and found to have a soft
tissue abscess. (a) Axial STIR image of the left foot demonstrates confluent high signal intensity edema within the soft
tissues at the plantar aspect of the first through fifth toes (arrows). (b) Axial static postcontrast T1 FS image demon-
strates peripherally enhancing fluid collection in the same region (arrows) consistent with an abscess. (c, d) Axial trace
(mean diffusivity) diffusion-weighted MR image (c) and apparent diffusion coefficient (ADC) map (d) demonstrate
restricted diffusion within the lesion (arrows in c and d), as evidenced by high signal on the trace image and low signal
areas on the ADC map. Note additional heterogeneously enhancing subcutaneous edema consistent with cellulitis (b)
shows high signal on trace (c) and ADC map diffusion-weighted (d) MR images consistent with T2 shine-through phe-
nomenon (arrowheads in c and d).

Advanced MR Imaging of Musculoskeletal Tumors: An Overview 151
ques have been described, with several advanced MR imag-
ing acquisition technologies available.12,13 Some of these
techniques are vendor specific including “VAT” (view angle
tilting), Syngo “WRAP” (metal artifact reduction techniques
in MRI), and “Semac” (slice encoding for metal artifact cor-
rection) from Siemens, “MAVRIC” (multiacquisition vari-
able-resonance image combination) from General Electric,
and “MARS” (Metal artifact reduction sequence) from
Phillips.13

Further, digital image subtraction, a technique in which
the enhanced images are subtracted from the unenhanced
images, can be performed in cases where there is a question
of subtle contrast enhancement.
Advanced Imaging Techniques
Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) measures the Brownian
motion of molecules in tissues.14 Intracellular movement of
water is more restricted when compared to molecules more
freely diffusing in extracellular free water. Therefore, more
cellular tissues will have increased inhibition of molecular
diffusion. Hence, DWI has been used as a marker to gauge
the degree of cellularity or cellular integrity, with more cellu-
lar areas, such as expected in tumors, demonstrating
restricted diffusion.15 As reviewed previously by Ahlawat
and Fayad, DWI can help aid in characterization of soft tissue



Figure 3 Eighty-one-year-old female with history of sclerosing rhabdomyosarcoma involving the dorsal left foot status
post resection and radiation, presenting with a new metastatic lesion in the leg. Patient was unable to receive intrave-
nous contrast. (a) Axial T1-weighted MR image demonstrates a rounded lesion isointense to muscle within the subcu-
taneous tissues and abutting the superficial fascia at the anterolateral aspect of the distal leg (arrows). (b) Axial T2-
weighted FS MR image demonstrates heterogeneous high signal intensity within the lesion (arrows). (c, d) Axial trace
diffusion-weighted MR image (c) and ADC map (d) demonstrate restricted diffusion within the lesion (arrows in c and
d), as evidenced by high signal on the trace image and low signal areas on the ADC map. The minimum ADC value
(circle in d) was found to be 0.94£ 10¡3 mm2/s. Surgical resection was performed with pathology proven metastatic
rhabdomyosarcoma.
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masses as benign vs malignant, cystic vs solid, abscesses vs
postoperative fluid collections, recurrent disease vs nodular
scar, and areas of viable tumor vs post-treatment necrosis.15

Diffusion-sensitizing gradient strengths, or b-values, are
used to describe the magnitude of sensitivity to Brownian
motion, with at least 2 different b-values normally used. The
individual source images are combined into a single trace
image for interpretation. In addition, they are used to gener-
ate the apparent diffusion coefficient (ADC) map, which is
the slope of exponential decrease in signal intensities between
the different b-values.5,6 At the authors’ institution, similar to
other protocols published,6 b-values of 50, 400, and 800 s/
mm2 are used. The lowest b-value of 50 s/mm2 has been
used previously in order to reduce the contribution of blood
perfusion, which can affect ADC measurements.16 The trace
image is used in conjunction with the ADC map, which may
be interpreted using qualitative or quantitative methods.
For the qualitative method of interpreting DWI sequences,

one visually assesses if restricted diffusion is present. This
would manifest as high signal intensity on trace images with
corresponding low signal in this area on the ADC map.
While the qualitative method of restricted diffusion may be
helpful in identifying more cellular areas in a tumor, we have
used this method most in identifying soft tissue abscesses
when no contrast-enhanced MR imaging sequences are avail-
able (Fig. 2), as an abscess will demonstrate restricted diffu-
sion.17 Lesions with a very high T2 relaxation time that do
not have true restricted diffusion appear bright on both the
trace image and the ADC map, a phenomenon known as T2
shine through (Fig. 2).18

Lower ADC values are reflective of more cellular
areas.19 A region of interest (ROI) is drawn and the mini-
mum, mean, and maximum ADC measurements can be
obtained. Although some studies have explored manual
methods of ADC measurements,20-22 there is currently no
standard procedure for the size or placement of the ROI,
which can be a potential cause of inter-reader variability.
At the authors’ institution, the ROI is placed within the
lesion with the lowest visual signal on the ADC map. It
is of importance to include the largest possible area
within the lesion while being careful to exclude sur-
rounding extralesional tissues.16,20,23,24



Figure 4 Sixty-nine-year-old female with great toe soft tissue gan-
glion. Patient was unable to obtain contrast. (a) Axial T2-weighted
FS MR image of the medial forefoot demonstrates a lobulated high
signal intensity lesion (arrows) within the subcutaneous tissues at
the medial aspect of the first metatarsal. (b) Axial trace MR image
demonstrates high signal within the lesion (arrows). (c) ADC map
image demonstrates no corresponding low signal to sugges
restricted diffusion (arrows). Mean ADC value (circle in c) was found
to be 2.6£ 10¡3 mm2/s, most consistent with a benign cystic lesion.
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Multiple studies have explored DWI in evaluating soft tissue
masses, with promising results published regarding the use
of minimum ADC values (Fig. 3). Using minimum ADC val-
ues with noncontrast routine, MR sequences has been found
to have equal diagnostic accuracy compared to static con-
trast-enhanced MR sequences for discriminating benign from
malignant soft tissue tumors.24 Different minimum ADC cut-
off values have been suggested in the literature. A study by
Demehri et al found that a minimum ADC equal to or less
than 1.0£ 10¡3 mm2/s and tumor diameter more than 4.2
cm resulted in 100% sensitivity in distinguishing malignant
vs benign peripheral nerve sheath tumors.23 Another study
by Del Grande et al reported that a mass is 6 times more
likely to be malignant if it has a minimum ADC � 0.8 £
10¡3 mm2/s.24

In addition, using the mean ADC can be helpful in cases of
soft tissue cystic lesions (Fig. 4). A study by Subhawong et al
found a mean ADC value of greater than 2.5£ 10¡3 mm2/s
yielded 80% sensitivity and 100% specificity for classifying a
high fluid-signal intensity soft tissue mass as a cyst, distin-
guishing a high fluid content solid tumor from a cyst without
postcontrast sequences.25

However, while promising results have been published
regarding minimum ADC values and soft tissue masses, vary-
ing results have been published regarding the mean ADC in
predicting malignancy, and caution should be taken when
using this value. Overlap in mean ADC between benign and
malignant soft tissue tumors has been shown,26 especially in
the setting of soft tissue myxomas and malignant myxoid
tumors.27,28

DWI results in the assessment of bone lesions have been
mixed. A prior study29 suggested that qualitative DWI may
be helpful in differentiating benign pelvic skeletal lesions
from malignant lesions, although no significant differences
were seen with quantitative ADC values. In comparison,
another study that explored the accuracy of quantitative
DWI to characterize intramedullary lesions as benign or
malignant found higher ADC values in benign lesions, with
minimum ADC as providing the highest accuracy.16 In this
study, a threshold minimum ADC value of 0.9£ 10¡3 mm2/
s had a sensitivity of 92% and 78% specificity for differentiat-
ing benign and malignant lesions.16 However, overlap of
ADC values was seen in biologically aggressive benign lesions
and malignant lesions, possibly reflecting their underlying
aggressive biologic behavior and cellularity. In addition, cau-
tion should be taken when evaluating chondroid matrix
lesions, as a study demonstrated that ADC values could not
distinguish between enchondroma and chondrosarcoma of
any grade, or low vs high grade chondrosarcoma.30 Current
literature supports the value of F-18 2-[fluorine-18]fluoro-2-
deoxy-d-glucose (FDG) Positron emission tomography
(PET) in differentiation of benign from malignant chondroid
neoplasms31 and future use of PET MR imaging may be of
value.

The role of DWI in grading post-treatment response of
MSK tumors has also been explored. Prior studies and review
articles suggest higher ADC ratios in osteosarcoma patients,
who have good response vs poor response post chemother-
apy.32,33 A recent review discussed that some studies have
shown an increase in ADC value post-treatment in multiple
myeloma lesions around 4-6 weeks, although timing of the
post-treatment assessment appears crucial with return of
normal marrow fat and decrease in ADC value as time pro-
gressed.34 Similarly, another study has suggested that ADC
values have a high degree of correlation with tumor volumes
after anticancer therapy in subjects with soft tissue sarcomas,
although in this study the imaging intervals were too hetero-
geneous for analysis regarding treatment period length.35

DWI has many advantages as part of the MSK tumor proto-
col. In addition to the added information it can provide, the



Figure 5 Fifty-year-old male with remote history of carcinoma with left knee pain, and incidentally found focal areas of
prominent red marrow reconversion. (a) Sagittal STIR MR image demonstrates focal confluent high to intermediate sig-
nal lesions within the distal femur and proximal tibia (arrows). Sagittal T1-weigthed MR image demonstrates corre-
sponding low signal (arrows) within these regions concerning for a marrow replacing process. (c, d) Axial in-phase (c)
and opposed-phase (d) MR images through the area of marrow replacement in the proximal tibia demonstrate greater
than 20% signal drop from 427 on the in-phase image (circle in c) to 251 on the opposed-phase image (circle in d)
most consistent with red marrow. Similar measurements were obtained in the other lesion areas and there were no
findings concerning for malignancy.
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sequence can be performed relatively quickly, does not
require intravenous contrast, and allows quantitative assess-
ment. However, as a Gradient echo (GRE) technique, DWI is
not reliable in the evaluation of very small subcentimeter
lesions, and is susceptible to artifacts such as hardware and
air. Therefore, the DWI sequence should always be inter-
preted in conjunction with the routine anatomical sequences.
Chemical Shift Imaging
Chemical shift imaging, or in-phase and opposed-phase
imaging, allow sensitive identification of fat within bone mar-
row. When fat and water are contained in a single voxel, they
will cancel each other out on the opposed-phase sequences
and reinforce each other on the in-phase sequences due to
their inherent differences in precession frequencies. There-
fore, signal loss within the bone marrow on the opposed-
phase sequence when compared to the in-phase sequence
confirms the presence of fat. At the authors’ institution,
typical TR/TE for long bones on 1.5T are 220/4.7 millisec-
onds for in-phase and 220/2.3 milliseconds for opposed-
phase; on 3T typical TR/TE values are 180/2.46 milliseconds
for in-phase and 180/1.23 milliseconds for opposed-phase.

As described by Fayad et al,6 this sequence can distinguish
between an infiltrative marrow replacing tumor from
hematopoietic marrow or bone marrow edema. Bone mar-
row, including hematopoietic red marrow, contains both
water and fat and therefore drops in signal intensity on the
opposed-phase imaging (Fig. 5). In contrast, osseous tumors
replace the normal marrow and do not demonstrate signifi-
cant drop in signal intensity on the opposed-phase imaging
(Fig. 6).

This drop in signal can be measured quantitatively as the
percentage change in signal intensity on the opposed-phase
sequence relative to the in-phase sequence. A systematic
review and meta-analysis performed by Thawait et al36 dem-
onstrated that the strongest predictor in differentiating
benign from malignant fractures was a 20% signal drop on



Figure 6 Fifty-four-year-old female with remote history of retroperitoneal liposarcoma and pathology proven metastatic
lesion in the left glenoid. (a) Axial T1-weighted MR image of the left shoulder demonstrates a bone marrow replacing
process (arrows) at the anterior aspect of the glenoid. (b) Axial proton density FS MR image in the same location dem-
onstrates high signal within the lesion (arrows). (c, d) Axial in-phase (c) and opposed-phase (d) MR images demon-
strate less than 20% signal drop from 90 on the in-phase image (circle in c) to 82 on the opposed-phase image (circle
in d) in the lesion highly concerning for malignancy.
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the opposed phase images. Another study demonstrated a
sensitivity of over 91% and specificity of 73% using this
cut-off value of 20%.37 Similar results have also been seen in
the pelvis.38 Using this cut-off value of 20% could eliminate
the need for biopsy in a large number of patients with other-
wise indeterminate bone lesions.
Exploring chemical shift imaging on 3T, a recent study

found that a 25% threshold of signal drop can be used for
differentiating benign from malignant bone marrow replac-
ing lesions, providing 100% sensitivity and at least 86%
specificity.39

Similar to DWI, chemical shift imaging requires no intra-
venous contrast. One consideration when performing this
sequence is to obtain the opposed-phase at the shorter TE
than the in-phase sequence when acquiring on a 3T MRI. A
prior study demonstrated a high false-negative rate for red
marrow when the opposed-phase was acquired at the longer
echo time.40
Dynamic Contrast Enhanced MR Imaging
DCE, or perfusion imaging, evaluates exchanges of intravas-
cular contrast and extravascular space.41 Previously
described in the literature,6,42 it is a rapid, volumetric, and
GRE sequence that covers a volume of interest repeatedly
after intravenous contrast is administered, allowing
characterization of the enhancement of the tissues. The
underlying principle is that the rapid arterial enhancement
should be seen in malignant tissue due to increased perfusion
at a microscopic level. DCE can be helpful in distinguishing
malignant vs benign MSK neoplastic lesions, tumor recur-
rence vs postoperative nodular scar, and post-treatment
response.8,24,42-48

The suggested MR imaging protocol for DCE of MSK
tumors has been previously published.6 Intravenous gadolin-
ium-based contrast agent is injected at a rate of 2-5 mL/sec.
Imaging takes approximately 3-5 minutes with a temporal
resolution of about 5-15 seconds, depending on the spatial
resolution and field of view.

DCE can be evaluated using both qualitative and quantita-
tive methods.49 At the authors’ institution, the qualitative
method is used. The lesion enhancement is evaluated and
compared to the enhancement of adjacent arteries and veins
to determine whether enhancement is early arterial, late arte-
rial, or venous. A semiquantitative measurement is available
which generates time-to-intensity curves from an ROI,5,6,41

with multiple parameters extracted from these graphs using
commercial software. An absolute quantitative measurement
relies on pharmacokinetic modeling to quantify tumor blood
flow, microvasculature, and capillary permeability,41

although technically demanding and not ready for routine
clinical practice.



Figure 7 Twenty-two-year-old female with leg mass and pain who was found to have a pathology proven malignant
peripheral nerve sheath tumor. (a) Axial T1-weighted MR image demonstrates an isointense to muscle large intramus-
cular soft tissue mass (arrows) at the posterior aspect of the thigh abutting the femoral cortex. (b) Axial T2-weighted
FS MR image demonstrates mildly heterogeneous increased signal within the lesion (arrows). (c) Axial static postcon-
trast MR image demonstrates relatively uniform avid enhancement within the lesion (arrows). (d) Coronal dynamic
contrast enhanced (DCE) T1�weighted 3D FS Volumetric Interpolated Breathhold Examination (VIBE) MR image
demonstrates early arterial enhancement of the lesion (arrows), with enhancement of the surrounding arteries (arrow-
heads) consistent with malignancy.

156 L.H. Gimber et al.
Multiple studies have analyzed DCE in the setting of MSK
tumors. Prior studies have demonstrated increased predic-
tion of malignant lesions with the addition of DCE sequen-
ces, as malignant lesions tend to show early arterial
enhancement24,43,44 (Figs. 7 and 8). In the setting of post-
treatment and surveillance imaging, DCE has also been
shown to play a crucial role. While recurrence, nodular scar,
fibrosis, granulation tissue, and postradiation changes all
show enhancement on static delayed contrast enhanced
images and are at times indistinguishable on this sequence,
DCE can be helpful in this area. On the DCE sequence, post-
operative soft tissue recurrence would most likely demon-
strate early arterial enhancement, while benign entities such
as nodular scar would not (Fig. 9). A study by Del Grande et
al demonstrated that the addition of DCE MR sequence
increases the specificity for detection of recurrent disease to
97% vs 52% with only static post-contrast enhancement
sequences.45 Multiple additional studies have found DCE to
be a potential predictor for response to treatment,8,42,47,48

with one in particular having demonstrated that early rapidly
progressive enhancement correlated histologically with resid-
ual viable tumor, while late and gradual or absence of
enhancement was associated with necrosis or granulation
tissue.46

DCE can add valuable information with little additional
scan time, especially since static postcontrast enhanced
sequences are usually also obtained. Pitfalls to DCE include
poor spatial resolution and susceptibility to artifacts. In addi-
tion, some older studies have demonstrated that patterns of
contrast enhancement in benign and malignant lesions have
been shown to overlap and lack of typical enhancement pat-
terns have been seen in some lesions.23,50,51
MR Spectroscopy
MR spectroscopy is currently used primarily in the research
setting. This technique adds molecular characterization of
tumors without the addition of intravenous contrast. In this
technique, an ROI is selected and the water, lipid, and other
metabolite frequencies are shown, with the amplitude of
these frequencies proportional to the metabolite concentra-
tion.41,52 This theoretically provides a noninvasive method
of distinguishing malignant vs nonmalignant tissues based
on certain biochemicals that have been established as
markers of malignancy. Two types of MR spectroscopy are
available, proton MR spectroscopy and phosphorus MR
spectroscopy.52 Proton MR spectroscopy is more commonly
used in the MSK system and more easily integrated into clini-
cal practice.41,52

Malignant lesions may have higher choline-containing
compounds, as these are constituents of the phospholipid
metabolism of cell membranes.53,54 MR spectroscopy can



Figure 8 Fifty-seven-year-old male with pathology proven hemosideric fibrohistiocytic lipomatous soft tissue lesion in
his wrist which is presumably benign. (a) Coronal T1-weighted MR image of the wrist demonstrates a mildly heteroge-
neous, predominantly high signal intensity lesion (arrows) within the subcutaneous tissues at the radial aspect of the
wrist. Internal architecture of the lesion is more complex than that of the surrounding subcutaneous fat, concerning
for malignancy. (b) Coronal T2-weighted FS MR image demonstrates heterogeneous areas of high signal within the
lesion (arrows). (c) Coronal T1-weighted FS static postcontrast MR image demonstrates mild heterogeneous enhance-
ment within the lesion (arrows), concerning for malignancy. (d) Coronal DCE MR image in the early arterial phase
demonstrates no enhancement of the lesion (arrows). (e) Coronal DCE MR image in the venous phase demonstrates
heterogeneous internal enhancement of the lesion (arrows) which is most consistent with a benign lesion.
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Figure 9 Seventeen-year-old male with history of distal femoral osteosarcoma status post above knee amputation with
concern for tumor recurrence on follow-up imaging 2 years after surgery. (a) Preoperative sagittal STIR MR image dem-
onstrates an aggressive heterogeneous, bone marrow replacing intramedullary lesion (arrows) within the distal femur
with anterior and posterior soft tissue components (arrowheads) and surrounding soft tissue edema consistent with
osteosarcoma. (b) Follow-up static post contrast T1-weighted FS coronal MR image after above knee amputation dem-
onstrates a nodular area of enhancement (arrow) at the amputation site concerning for tumor recurrence. (c) Concur-
rent fused axial PET-CT image demonstrates increased radiotracer uptake in the same region (arrow), also concerning
for tumor recurrence. (d) Axial trace MR image demonstrates no restricted diffusion in the area of concern (arrow). (e,
f) Coronal DCE MR image in arterial phase (e) demonstrates no early arterial enhancement of the lesion. However, on
the coronal DCE MR image in venous phase (f), there is venous enhancement (arrows). Diffusion-weighted and DCE
MR images were most consistent with a benign etiology. Biopsy was negative for malignancy with the area of nodular
enhancement representing a collapsed bursa.
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detect these compounds using single voxel or multi voxel
techniques.52,53 Qualitatively, the presence of choline peaks
or qualitative choline ratios can be used. Quantitative meas-
urements of choline can also be obtained.
Some studies and review articles have shown that the

metabolite choline has the potential to differentiate malig-
nant from benign lesions.6,54-59 A review performed by
Subhawong et al demonstrated 88% sensitivity and 68%
specificity in detection of malignancy using the choline peak,
with increased accuracy when absolute choline quantifica-
tion was used.58 However, choline peaks have also been
found in some benign tumors (Fig. 10).59,60

There are some technical drawbacks to MR spectroscopy.
Manual shimming is needed to overcome field inhomogeneity



Figure 10 Fifty-eight-year-old female with incidental painless mass found in the thigh during a massage. (a) Coronal
static postcontrast T1-weighted FS MR image demonstrates a uniformly enhancing rounded intermuscular mass
(arrows) at the medial aspect of the proximal left thigh. (b) Proton MR spectroscopy imaging obtained at 3T with a TE
of 144 ms with single voxel (rectangular outline) technique in the mass shows a prominent 3.2 ppm choline peak
(arrow). Note that the lipid peak is partially visualized, extending beyond the limits of the display. Despite this choline
peak, 2 biopsies demonstrated a benign nerve sheath tumor. It was unchanged in size on 2-year follow-up MR imaging.
Images courtesy of Mark Krandsdorf, MD.
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issues, which is technically complex.52 The technique is time
consuming, which limits its use to the research arena. When
drawing ROIs, the largest region should be drawn to obtain
the most data, however areas of calcification, fat, or vascular
structures should be avoided due to obscuration of metabolic
peaks of interest or signal drop-out.52,58,61
Conclusion
MSK neoplasms are a complex and heterogeneous group of
tumors, which require a multidisciplinary treatment strategy.
Conventional MR imaging offers information complementary
to radiography that is essential in tumor workup and is
invaluable in post-treatment assessment and surveillance.
Functional MR imaging can add to the specificity of interpre-
tations, however, these sequences must always be interpreted
in conjunction with routine anatomical imaging sequences. It
is important to understand which functional MR imaging
techniques would be helpful in different situations, and to
recognize limitations and technical considerations when
employing these techniques.
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