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Abstract We herein reviewed 'SF-fluoro-2-deoxyglucose
("®F-FDG) positron emission tomography (PET)/computed
tomography (CT) findings in a number of musculoskeletal
lesions including malignant tumors, benign tumors, and
tumor-like lesions with correlations to other radiographic
imaging modalities, and described the diversity of the '*F-
FDG PET/CT findings of this entity. Malignant primary
musculoskeletal tumors are typically '®*F-FDG avid,
whereas low-grade malignant tumors show mild uptake.
Benign musculoskeletal tumors generally show a faint
uptake of '"*F-FDG, and tumor-like conditions also display
various uptake patterns of '®F-FDG. Although muscu-
loskeletal tumors show various uptakes of '*F-FDG on
PET/CT, its addition to morphological imaging modalities
such as CT and MRI is useful for the characterization and
differentiation of musculoskeletal lesions.

Keywords FDG - PET/CT - Bone tumor - Soft tissue
tumor

Introduction
Positron emission tomography (PET)/computed tomogra-

phy (CT) is a molecular imaging technique that uses
positron-emitting radionuclides to image the molecular
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interactions of biological processes. Most PET imaging
studies in malignant tumors are performed using '*F-flu-
oro-2-deoxyglucose ('®F-FDG), which is a tracer of
increased intracellular glucose metabolism and, thus, is
taken up by malignant tumors. "*F-FDG accumulation
reflects the rate of glucose utilization in a tissue, since
"E_FDG is transported into a tissue by the same mech-
anisms of glucose transport and trapped in the tissue as
FDG-6-phosphate, which cannot serve as a substrate for
further metabolism of glycolysis or glycogen storage.
More aggressive tumors may have increased rates of
glycolysis in comparison to less aggressive tumor and
normal tissues; therefore, "8E_FDG PET has been used for
evaluation of aggressiveness, tumor grading, and prog-
nostication. Similar to other malignancies, malignant
musculoskeletal tumors also exhibit an increased rate of
glycolysis and a strong uptake of '*F-FDG, whereas low-
grade malignant tumors show mild uptake. Benign mus-
culoskeletal tumors generally show mild uptake, while
tumor-like conditions display various uptake patterns of
"E_FDG. These lesions need to be differentiated from
malignant tumors including metastatic bone tumors in
cancer patients. Therefore, a clearer understanding of the
diversity of '"®F-FDG PET/CT findings on musculoskeletal
lesions is important for the proper interpretation of 'SF-
FDG PET/CT in conjunction with CT and magnetic res-
onance imaging (MRI).

We herein reviewed '®F-FDG PET/CT findings in a
number of musculoskeletal lesions including malignant
tumors, benign tumors, and tumor-like lesions with corre-
lations to other radiographic imaging modalities such as
CT and MRI, and described issues related to the '*F-FDG
PET/CT findings of various musculoskeletal lesions
(Table 1).
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Table 1 '8F-FDG accumulation in musculoskeletal tumors

"E_-FDG uptake Mild Moderate Strong
Malignant Osteosarcomas
tumors
DSRCT
Undifferentiated
sarcomas
Leiomyosarcomas
Malignant peripheral nerve sheath tumors
Rhabdomyosarcomas
Liposarcomas
Chondrosarcomas
Chordomas
Benign tumors Enchondromas
or lesions -
Hemangiomas
Neurogenic tumors
Fat necrosis
Langerhans cell
histiocytosis

DSRCT desmoplastic small round cell tumors, undifferentiated sarcomas undifferentiated/unclassified sarcomas

Malignant tumors
Osteosarcomas

Osteosarcomas are the most common primary malignant
bone tumors in children and adolescents and are also
regarded as the second most common primary bone tumor
following plasma cell myeloma in adults [1, 2]. Osteosar-
comas are classified into several subtypes based on their
locations within the bone, the cell type, histological grade,
and age at presentation, and its subtypes vary in their
clinical presentation and features, radiographic findings,
and prognosis [1, 2]. These tumors most commonly occur
in the distal end of the femur and the proximal ends of the
tibia and humerus, and less commonly in the pelvic bone.
The potential of osteosarcomas to metastasize is very high,
particularly to the lungs [1].

Osteosarcomas have an increased rate of glycolysis like
many other malignancies, and consequently demonstrate
strong uptake of '®F-FDG [1-3] (Fig. 1). "*F-FDG PET/CT
provides detailed information on tumor staging, treatment
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responses, and the monitoring of recurrence [3-5]. Tumor
staging and histological grades play an important role in
treatment strategies and the prediction of prognoses [6, 7].
Previous studies demonstrated that the maximum stan-
dardized uptake value (SUVmax) correlated with histo-
logical grades and increased '®F-FDG uptake in parallel
with tumor grades, and also that '®F-FDG PET has the
capacity to differentiate between low- and high-grade
osteosarcomas [3, 5, 8]. Other studies proposed that '“F-
FDG PET-guided biopsy contributes to accurate grading
and prognostication [9, 10]. '"F-FDG PET/CT is also
useful for the non-invasive assessment of treatment
responses after chemotherapy [11, 12] (Fig. 1). Moreover,
"E_.FDG PET/CT has demonstrated high diagnostic accu-
racy for the detection of recurrence in the follow-up of
patients with osteosarcomas [13, 14]. Quartuccio et al.
reported that 'SF-FDG PET/CT was more accurate than
conventional imaging for the detection of recurrence with
diagnostic benefits [14]. Furthermore, in patients with
metallic prostheses, imaging artifacts often hamper CT and
MRI findings [2].
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Fig. 1 An 11-year-old female with osteosarcoma (Grade 2) of the
right femur. a, b '"®F-FDG PET/CT and MIP images demonstrate
strong uptake with SUVmax of 6.1. ¢ CT shows an osteolytic and
osteoblastic tumor of the distal femur. d, e MRI reveals

CT shows tumors as densely mineralized lesions
resulting from osteoblastic formations in most cases [15].
MRI displays tumors as hypointensity on TI1-weighted
images (T1WI), and heterogeneous hyperintensity on T2-
weighted images (T2WI). Ossified formations show signal
voids on all sequences. Gadolinium (Gd)-enhanced T1WI
shows heterogeneous enhancements [15].

Chondrosarcomas

Chondrosarcomas are malignant cartilaginous tumors that
account for approximately 20% of all primary malignant
bone tumors and are the third most common tumors after
myelomas and osteosarcomas [16]. Most patients are
adults, and its peak incidence is between 50 and 70 years
of age [1]. It is more common in males than in females.
This tumor most commonly occurs in the pelvis and femur
[16]. Conventional chondrosarcomas and clear cell

heterogeneous hypointensity on TIWI and hyperintensity on fat-
suppressed T2WL. f '"SF-FDG PET/CT MIP image after chemotherapy
shows mild uptake with SUVmax of 3.1, consistent with the treatment
response

chondrosarcomas are often low- to intermediate-grade
tumors that are not very aggressive and mostly remain in
one location, whereas dedifferentiated and mesenchymal
chondrosarcomas are high-grade tumors that exhibit
aggressive behavior and are more likely to spread [16].
Most chondrosarcomas are locally aggressive, non-meta-
static, low-grade tumors [2].

"E_.FDG PET demonstrates mild to moderate uptake in
parallel with tumor grades [17-19] (Figs. 2, 3) and may
predict prognostication in patients with chondrosarcoma
[17, 18]. A previous study reported that the mean SUVmax
was 3.4 for grade I, 5.4 for grade II, and 7.1 for grade III
[17].

CT shows these tumors as a soft tissue attenuation mass
with internal calcification and the destruction of bone [16].
MRI reveals these tumors as hypo- to intermediate inten-
sity on TIWI and as strong hyperintensity on T2WI with a
lobular growth pattern. Gd-enhanced TIWI shows
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Fig. 2 A 69-year-old female
with periosteal chondrosarcoma
(Grade 2) of the right tibia. a,
b "®F-FDG PET/CT and MIP
images demonstrate mild uptake
with SUVmax of 1.8. ¢, d CT
shows a low attenuation mass
with heterogeneous, peripheral-
dominant enhancement

heterogeneous, moderate to strong septal and peripheral
rim enhancements corresponding to the fibrovascular septa
[16].

Chordomas

Chordomas are malignant bone tumors that arise from the
remnants of the primitive notochord, which is locally
aggressive and slow growing. The tumor occurs at the end
of the axial skeleton, most commonly at the sacrococcygeal
level and skull base [20]. These tumors typically manifest
between 40 and 70 years of age and there is a slight male
predominance [20].

"E_.FDG PET shows heterogeneously mild to moderate
uptake (Fig. 4), and the SUVmax of chordomas was
reported to vary between 2.1 and 5.8 in previous case
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reports and clinical studies [20-23]. Slow growth and
histological findings of the relatively low metabolic
activity of abundant mucin and low cellularity may explain
the mild uptake of '®F-FDG in spite of malignant tumors
[21]. In a previous case report, since the uptake of "*F-FDG
by recurrent chordomas was greater than that of the initial
tumors, '®F-FDG PET contributes to the detection of
recurrence by chordomas [20].

CT shows these tumors as well-circumscribed, destruc-
tive lytic, and expansile soft tissue masses with irregular
intratumoral calcifications [15, 20]. MRI reveals these
tumors as hypo- to intermediate intensity with small
hyperintense foci on TIWI, and as strong hyperintensity
with several septal bands on T2WI. Gd-enhanced T1WI
shows moderate and heterogeneous enhancements in most
cases [15, 20].
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Fig. 3 A 68-year-old female with mesenchymal chondrosarcoma of
the right thigh. a '®F-FDG PET/CT demonstrates focal strong uptake
with SUVmax of 10.4. b CT shows a soft tissue attenuation mass with

Leiomyosarcomas

Leiomyosarcomas are aggressive soft tissue sarcomas
derived from smooth muscle tissues, typically of a uterine,
gastrointestinal, or soft tissue origin. Leiomyosarcomas of
soft tissue typically develop between 40 and 60 years of
age with a twofold higher incidence in females, and more
frequently occurs in the retroperitoneum and proximal
extremities [24]. The tumor grade is assessed based on
histological findings and is considered an important pre-
dictor of tumor behavior and outcome. Most soft tissue
leiomyosarcomas are of high or intermediate grade and,
thus, have a poor prognosis [25].

"SE_.FDG PET shows strong uptake in correlation with
larger and higher-grade tumors (Fig. 5). Punt et al. reported
that tumor SUVmax ranged between 2.8 and 26.1, and
SUVmax correlated with the tumor grade and size [25].
"E_.FDG PET may differentiate tumor grading and predict
tumor behavior [25].

CT generally shows heterogeneous attenuation and
commonly displays central low attenuation represent-
ing necrosis, while calcification is very rare [24, 26].
MRI reveals these tumors as being isointense to
muscle on TIWI and variably hyperintense to muscle
on T2WI, with moderate heterogeneous contrast
enhancement [26].

internal calcification. c—e MRI shows heterogeneous hypointensity on
T1WI, hyperintensity on T2WI, and heterogeneous, moderate
enhancement with a peripheral rim on Gd-enhanced T1WI

Liposarcomas

Liposarcomas are one of the most common soft tissue
sarcomas and commonly develop between 30 and 60 years
of age [27]. Liposarcomas arise in fat cells in deep soft
tissues, such as the buttocks, thighs, lower extremities, and
retroperitoneum [27]. Liposarcomas have been divided into
four subtypes: well-differentiated, myxoid, dedifferenti-
ated, and pleomorphic liposarcomas [28, 29].

"E_.FDG PET demonstrates various uptakes in parallel
with tumor grades [30]. Low-grade liposarcomas including
well-differentiated and myxoid liposarcomas show mild to
moderate uptake (Figs. 6, 7), while high-grade tumors
show moderate to strong uptake. Brenner et al. showed
that, in addition to tumor grades, I8E_FDG PET was also a
useful parameter for predicting outcomes in liposarcoma
[30]. Another study reported that '"SF-FDG PET was sig-
nificantly more accurate than size-based criteria in assess-
ing histopathological responses to neoadjuvant therapy in
patients with high-grade sarcomas including liposarcomas
[31]. Furthermore, a previous review described BE_FDG
PET as a useful modality for the detection of local recur-
rence and grading of recurrent tumors [2].

CT findings reflect histological subtypes, specifically the
amount of fat in a mass with heterogeneous attenuation.
Low-grade tumors are almost entirely fat attenuation with
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thick septa, enhancements, or evidence of local invasion,
whereas higher-grade tumors are often devoid of macro-
scopic fat with a poor definition of adjacent structures due
to infiltration or invasion. The likelihood of calcification is
threefold higher in these tumors [29]. MRI shows various
findings depending on the grade and amount of fatty tissue,
similar to CT. Low-grade tumors show almost entirely fat
signal intensities with thick septa; therefore, these tumors
show hyperintensity on TIWI and T2WI and hypointensity
on fat-suppressed T2WI. These features are used to dis-
tinguish these tumors from simple lipomas. Myxoid
liposarcomas show hypointensity on TIWI and hyperin-
tensity on T2WI, reflecting a high water content, and a
small amount of adipose tissue is observed in the septa or
as small nodular foci superimposed on the background of
myxoid tissue. Pleomorphic liposarcomas are high-grade
sarcomatous lesions and typically appear as heterogeneous
soft tissue masses; however, small amounts of fat are
observed on MRI [27, 29].

Rhabdomyosarcomas

Rhabdomyosarcomas account for more than 50% of soft
tissue sarcomas in children [2]. They are found essentially
anywhere in the body, but most frequently occur in the
head and neck regions (orbit, oro/nasopharynx, and palate)
[32].

"E.FDG PET/CT demonstrates moderate to strong
uptake, and SUVmax was previously reported to range
between 2 and 20 [2, 32-35] (Fig. 8). The role of '*F-FDG
PET in the diagnosis, staging, outcome prediction, and
assessment of treatment responses and recurrence in
patients with rhabdomyosarcomas was reviewed, and '°F-
FDG PET/CT has been suggested to provide further ben-
efits in addition to CT and MRI [2, 33].

CT shows these tumors as soft tissue attenuation masses
with indistinct margins, adjacent bony erosion, and some
enhancement following contrast media [32]. MRI reveals
these tumors as isointense to muscle with hyperintensity
due to intratumoral hemorrhage on T1WI, and hyperintense
to muscle on T2WI, sometimes with heterogeneous inten-
sity. Gd-enhanced TIWI most commonly shows poorly
defined margins and diffuse, often prominent heteroge-
neous enhancement [34].

Desmoplastic small round cell tumors

Desmoplastic small round cell tumors (DSRCT) are a
member of the small round cell tumor family of soft
tissue sarcomas. DSRCT typically affect adolescents and
young adults, with a fourfold higher incidence in males
[36]. It has an aggressive course with generally poor
survival.
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"E.FDG PET/CT demonstrates strong uptake and the
SUVmax of DSRCT was previously reported to be higher
than 5 [36-38] (Fig. 9). "*F-FDG PET/CT is useful for
detecting metastasis and evaluating the progression of
disease and treatment responses [36, 37].

CT shows these tumors as soft tissue masses with patchy
hypoattenuation foci due to hemorrhagic tumor necrosis
and heterogeneous and mild enhancement following con-
trast media [36, 38]. MRI reveals these tumors as hetero-
geneous, iso- or hypointensity on T1WI and hyperintensity
on T2WI. Gd-enhanced T1WI shows heterogeneous and
mild enhancement [38].

Undifferentiated/unclassified sarcomas

In 2013, the World Health Organization (WHO) declassi-
fied malignant fibrous histiocytomas (MFH) as a formal
diagnostic entity and renamed them as undifferentiated/
unclassified sarcomas [39]. These tumors typically occur in
adults with the highest incidence being reported between
40 and 60 years of age, and more often present in the lower
limbs (thigh), followed by the retroperitoneum and upper
limbs [2].

"E_.FDG PET/CT demonstrates strong uptake in most
cases [1, 2, 40-42] (Fig. 10). Although BE_FDG PET/CT
has not yet been performed to evaluate this tumor because
of its rarity, several case reports and reviews have referred
to '"®F-FDG PET/CT as a valuable tool for detecting the
primary site and metastasis [1, 2, 40-42]. Furthermore, 18R,
FDG/PET/CT may be useful for treatment assessments
after chemotherapy, similar to other '®F-FDG avid sarco-
mas (Fig. 11).

CT shows these tumors to be similar to the adjacent
muscle, with heterogeneous low-attenuation areas if hem-
orrhage, necrosis, or myxoid material is abundant [43].
MRI reveals these tumors as intermediate intensity, similar
to the adjacent muscle on TIWI, and hyperintensity on
T2WI with a lobulated margin and hypointense rim, and
sometimes as heterogeneous intensity if hemorrhage, cal-
cification, necrosis, or myxoid material is present. Gd-en-
hanced TIWI shows the prominent enhancement of solid
components [43].

Malignant peripheral nerve sheath tumors
(MPNST)

Malignant peripheral nerve sheath tumors (MPNST) are the
malignant transformation from benign neurogenic tumors,
typically neurofibromas. MPNST are generally observed in
patients aged between 20 and 50 years [44]. MPNST are
typically aggressive and have poor clinical outcomes [45].

"8E_.FDG PET demonstrates moderate to strong uptake,
as reflected by increased metabolism in malignant cells
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Fig. 4 A 70-year-old male with chordoma of the sacrum. a '8F-FDG with hyperintense foci on T1WI, heterogenous hyperintensity with a
PET/CT shows heterogeneous and mild uptake with SUVmax of 1.7. septal rim on T2WI, and heterogeneous enhancement on Gd-
b CT shows a bone destructive tumor. c—e MRI shows hypointensity enhanced T1WI

-

Fig. 5 An 81-year-old male with leiomyosarcoma in the left erector attenuation mass and heterogeneous enhancement. d—f MRI reveals
spinae muscles. a '®F-FDG PET/CT demonstrates strong uptake with isointensity to the muscle on TIWI, heterogeneous hyperintensity on
SUVmax of 8.3. b, ¢ CT images show a poorly marginated soft tissue T2WI, and heterogeneous enhancement on Gd-enhanced TIWI
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Fig. 6 A 73-year-old male with a well-differentiated liposarcoma in heterogeneous fatty tumor with calcified foci. c—e MRI reveals a
the pelvis and buttock. a 'SF-FDG PET/CT demonstrates heteroge- heterogenous fatty signal intensity mass
neous and mild uptake with SUVmax of 2.1. b CT shows a

Fig. 7 A 65-year-old male with
myxoid liposarcoma in the
posterior mediastinum. a, b 18p_
FDG PET/CT and MIP images
demonstrate heterogeneous and
moderate uptake with SUVmax
of 2.4. ¢, d CT shows a low
attenuation mass with
heterogeneous enhancement
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Fig. 8 A 4-month-old boy with rhabdomyosarcoma of the nasal
cavity. a "F-FDG PET/CT demonstrates moderate uptake with
SUVmax of 2.2. b CT shows an osteolytic soft tissue attenuation

[45-47] (Fig. 12). Khiewan et al. reported that "*F-FDG
PET/CT provided more accurate diagnostic performance
than conventional imaging for staging and restaging,
resulting in changes in treatment plans [47].

CT shows these tumors as heterogeneous low attenua-
tion and heterogeneous enhancement reflecting necrosis,
hemorrhage, or cystic degeneration [44]. MRI reveals these
tumors as intermediate to hypointensity on TIWI, and as
heterogeneous hyperintensity on T2WI, consistent with
cystic or necrotic degeneration [26, 44, 45]. The imaging
findings of MPNST include rapid growth, a large size,
infiltrative margins, irregular peripheral enhancement with
central necrosis, and peritumoral edema [26].

Benign tumors and tumor-like conditions
Intraosseous hemangioma
Intraosseous hemangioma is a benign and slow-growing

vascular malformation of an endothelial origin [1]. Histo-
logically, hemangiomas have been classified as capillary,

mass. c—e MRI demonstrates intermediate intensity on TI1WI,
hyperintensity on T2WI, and heterogeneous, mild enhancement on
Gd-enhanced TIWI

cavernous, venous, or mixed according to the predominant
vessel type. Cavernous hemangioma is the most common
type [48]. Intraosseous hemangioma is most commonly
located in the vertebra (particularly, the thoracic vertebra)
and skull [1].

Most cases of '®F-FDG PET/CT show no or faint
uptake, reflecting metabolically stable benign tumors
[1, 48, 49] (Fig. 13). Hatayama et al. reported that the
SUVmax of hemangioma, including osseous and soft tis-
sues, ranged between 0.7 and 1.6 on '"®F-FDG PET/CT in
16 hemangiomas [49]. In contrast, moderate to strong
uptakes are sometimes reported (Fig. 14), and the SUVmax
of hemangioma ranged between 4.7 and 5.5 in previous
case reports [48, 50, 51]. Although the reason for increased
uptake remains unclear, 'SF-FDG uptake may reflect
internal hemorrhage accompanied by inflammation [51].

CT typically shows these tumors to have the lobular
architecture of osteolytic lesions as well as coarse trabec-
ulation and matrix mineralization [50]. MRI findings of
intraosseous hemangiomas vary according to the propor-
tion of vascular and lipomatous soft tissue elements. Signal
intensities on TIWI and T2WI increase as the amount of

@ Springer



446

Ann Nucl Med (2017) 31:437-453

Fig. 9 A 42-year-old male with a desmoplastic small round cell
tumor of the pelvis. a, b 'SFE-FDG PET/CT and MIP images
demonstrate strong uptake with SUVmax of 8.5. An MIP image
shows mediastinal lymph node metastasis (open arrow) and liver

Fig. 10 A 74-year-old female with undifferentiated sarcoma of the
left thigh. a, b "8E_.FDG PET/CT and MIP images demonstrate strong
uptake with SUVmax of 36.2. An MIP image shows pulmonary

the fat component becomes larger, whereas these tumors
show hypointensity on TIWI and hyperintensity on T2WI
with the primary composition of vascular structures. Gd-
enhanced T1WI shows variable degrees of enhancement
[48, 50].
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metastasis (arrow). ¢ Contrast-enhanced CT shows a heterogeneously
enhanced mass. d, e MRI demonstrates hypointensity on TIWI and
heterogeneous hyperintensity on T2WI

metastasis (open arrow). ¢ CT shows a soft tissue attenuation mass
with calcification. d, e MRI reveals hypointensity on TIWI and
heterogeneous hyperintensity on FS-T2WI

Enchondromas

Enchondromas are the second most common benign
bone tumor and are characterized as solitary, benign,
intramedullary cartilaginous tumors that most commonly
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Fig. 11 A 44-year-old female with undifferentiated sarcoma of the
lower end of the left femur. a, b 'SF-FDG PET/CT and MIP images
demonstrate strong uptake with SUVmax of 48.1. ¢ CT shows a soft
tissue attenuation mass with bone destruction. d, e 8F_FDG PET/CT

and MIP images demonstrate mild uptake with SUVmax of 2.1,
consistent with a complete treatment response. f CT shows shrinkage
of the soft tissue mass; however, the tumor appears to be residual

Fig. 12 A 52-year-old male with a malignant peripheral nerve sheath
tumor of the right retroperitoneum. a '*F-FDG PET/CT demonstrates
heterogeneous and moderate uptake with SUVmax of 3.1. b CT

occur in the small bones of the hands and feet.
Enchondromas are generally observed between 20 and
40 years of age with equal gender distribution, being
discovered incidentally in almost all cases [52]. The
involvement of multiple growth plates is considered to

shows a soft tissue attenuation mass. c—e MRI reveals hypointensity
on TIWI, heterogeneous hyperintensity on T2WI, and heteroge-
neously enhancement on Gd-enhanced TIWI

result in enchondromatosis (Ollier disease and Maffucci
syndrome) [52].

8E_FDG PET/CT demonstrates mild uptake, and the
SUVmax of enchondromas was previously reported to be
lower than 3 [18, 19, 53] (Fig. 15).
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Fig. 13 A 70-year-old male
with intraosseous hemangioma
of the lumbar vertebra. a, b 18
FDG PET/CT demonstrates
mild uptake with SUVmax of
1.7. ¢ CT shows the typical
findings of hemangioma, a
multi-lobulated osteolytic lesion
with sclerotic foci

CT shows these tumors as small osteolytic lesions with
non-aggressive features, typically with ring and arc calci-
fications [4]. On MRI, these tumors typically have lobular
contours with intermediate intensity on TIWI and hyper-
intensity on T2WI, consistent with hyaline cartilage [52].

Neurogenic tumors

Benign peripheral neurogenic tumors including schwan-
nomas and neurofibromas are well-demarcated, round, or
fusiform lesions located on the course of the peripheral
nerve [2].

8E_FDG PET/CT demonstrates mild uptake, or often
strong uptake based on cell density [1, 54, 55]
(Fig. 16).

CT shows these tumors as well-defined masses that are
homogenous and soft tissue attenuation masses [44, 56].
MRI reveals these tumors as intermediate to hypointensity
on TIWI and central hypointensity with peripheral hyper-
intensity on T2WI, which is often referred to as the target
appearance. Gd-enhanced T1WI shows central enhance-
ment and target signs [45, 56]. Imaging findings of
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schwannomas and neurofibromas are similar, and, thus,
cannot be distinguished in most cases.

Langerhans cell histiocytosis

Langerhans cell histiocytosis (LCH) is a rare disease of
unknown etiology that is characterized by abnormal clonal
proliferation and the accumulation of pathological
Langerhans cells in the involved regions, which are often
organized in granulomas [57, 58]. LCH may occur in
patients of all ages, with most patients being children [59].
LCH may affect any organ, with bone lesions being the
most frequent manifestation of the disease [57]. Bone
lesions have been reported in the skull and flat bones, and
are often present with localized painful swelling [57, 61].

"E_.FDG PET/CT shows bone lesions uptake as strong
as that of malignant bone tumors [57-60] (Fig. 17). '®F-
FDG PET/CT is useful for the detection of all the dis-
semination throughout the body and provides more clear
demonstration of soft tissue involvement such as in the
lymph nodes, lungs, or spleen. However, healed lesions
may appear non-'*F-FDG avid [57, 58].
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Fig. 14 A 62-year-old female
with vertebral hemangioma of
the lumbar vertebra confirmed
by biopsy. a '®F-FDG PET/CT
demonstrates moderate uptake
with SUVmax of 2.8. b CT
shows a multi-lobulated
osteolytic lesion and sclerotic
column. ¢, d MRI reveals mild
hypointensity on TIWI and
hyperintensity on T2WI

)

Fig. 15 A 74-year-old male with enchondromatosis (Ollier disease) of the right femur and tibia. a-d '®F-FDG PET/CT and MIP images
demonstrate mild to moderate uptake with SUVmax between 1.3 and 2.6. e-g CT shows osteolytic lesions with calcification
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Fig. 16 A 64-year-old male with schwannoma of the left abdominal wall. a "®F-FDG PET/CT demonstrates mild uptake with SUVmax of 1.8
(arrow). b, ¢ CT shows a soft tissue attenuation mass with central enhancement (open arrow)

CT shows bone lesions as osteolytic lesions and soft
tissue involvement [57-60]. MRI typically reveals these
lesions as hypointensity on TIWI and hyperintensity on
T2WI [61].

Fat necrosis

Fat necrosis is a sterile inflammatory process. Although
its etiology is often unclear, there are several causes
such as infection, trauma, ischemia, and surgical proce-
dures [62].

"E.FDG  PET/CT demonstrates variable increased
uptake (Fig. 18). Focal "®F-FDG avid nodular changes are

recognized because of the presence of metabolically active
inflammatory cells [62, 63].

CT shows these lesions as nodular lesions with greater
hypoattenuation than soft tissue, varying between —50 and
30 HU in most cases [63]; however, CT findings vary with
the ages of the lesions. On MRI, fat necrosis shows
hypointensities on TIWI and T2WI as a result of iron-con-
taining siderophages, surrounded by a rim of variable signal
intensity that may represent surrounding edema. Intense
signals from fat in lesions may be useful for the diagnosis of
fat necrosis. Gd-enhanced T1WI shows a variable appear-
ance because of the various stages in the development,
maturation, and resolution of fat necrosis [62].

Fig. 17 A 14-year-old male with Langerhans cell histiocytosis. a '°F-
FDG PET/CT demonstrates strong uptake with SUVmax of 5.9. b CT
shows soft tissue in the left vertebral arch with bony destruction. c—
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e MRI reveals hypointensity on TIWI, heterogenous hyperintensity
on fat-suppressed T2WI, and heterogeneous enhancement on Gd-
enhanced TIWI
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Fig. 18 A 72-year-old male with fat necrosis of the abdominal wall.
a "F.-FDG PET/CT demonstrates mild uptake with SUVmax of 1.1
(arrow). b CT shows a heterogeneous soft tissue attenuation mass

Evaluation of "*F-FDG uptake

In clinical practice, SUVmax is widely used as a semi-
quantitative parameter and useful indicator of tumor
aggressiveness and prognosis indicator in a variety of
malignant tumors including musculoskeletal tumors.
However, SUVmax only represents the single greatest
point of metabolic activity within the tumor; it cannot be
used to evaluate the entire metabolic tumor burden.
Recently, some studies reported the usefulness of volu-
metric analysis using metabolic tumor volume (MTV) and
total lesion glycolysis (TLG) which indicate metabolic
activity throughout the tumor volume in therapeutic
response and prognostication in malignant musculoskeletal
tumors [64—66]. However, there is as yet no standardized
method and suitable SUV threshold for volumetric
analysis.

Non-FDG tracers

"E.FDG is a tracer of increased intracellular glucose
metabolism and not specific for malignant tumor. Besides
BE_FDG, based on different mechanisms and clinical
issues, some PET compounds such as ''C-methionine as
amino acid tracer and 'F-fluorothimidine (FLT) for

with small fat attenuation (open arrow). c—e MRI reveals hypointen-
sity on TIWI and T2WI with small fat signal intensity, and
heterogeneous and mild hyperintensity on FS-T2WI (arrowheads)

proliferation marker, '®F-sodium fluoride as bone-imaging
agent, and '®F-garacto-RGD as biomarkers of neoangio-
genesis are currently under investigation for staging,
grading, detection of recurrence, and assessment of thera-
peutic response in malignant musculoskeletal tumors
[67, 68].

Conclusions

"E_.FDG PET/CT is increasingly being used to evaluate
musculoskeletal tumors and plays an important role in the
staging, tumor grading, evaluation of treatment responses,
and detection of recurrence in malignant tumors.
Although musculoskeletal tumors show various '*F-FDG
uptakes on PET/CT, its addition to morphological imag-
ing modalities such as CT and MRI is useful for the
characterization and differentiation of musculoskeletal
lesions.
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