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Abstract
BACKGROUND—Correct pretreatment classification is critical for optimizing diagnosis and
treatment of patients with peripheral nerve sheath tumors (PNSTs). The aim of this study was to
evaluate whether F18-fluorodeoxyglucose positron emission tomography (FDG PET) can
differentiate malignant (MPNST) from benign PNSTs.

METHODS—Thirty-four adult patients presenting with PNST who underwent a presurgical FDG
PET/computed tomography (CT) scan between February 2005 and November 2008 were included
in the study. Tumors were characterized histologically, by FDG maximum standardized uptake
value (SUVmax [g/mL]), and by CT size (tumor maximal diameter [cm]). The accuracy of FDG
PET for differentiating MPNSTs from benign PNSTs (neurofibroma and schwannoma) was
evaluated by receiver operating characteristic (ROC) curve analysis.

RESULTS—SUVmax was measured in 34 patients with 40 tumors (MPNSTs: n = 17;
neurofibromas: n = 9; schwannomas: n = 14). SUVmax was significantly higher in MPNST
compared with benign PNST (12.0 ± 7.1 vs 3.4 ± 1.8; P < .001). An SUVmax cutoff point of ≥6.1
separated MPNSTs from BPSNTs with a sensitivity of 94% and a specificity of 91% (P < .001).
By ROC curve analysis, SUVmax reliably differentiated between benign and malignant PNSTs
(area under the ROC curve of 0.97). Interestingly, the difference between MPNSTs and
schwannomas was less prominent than that between MPNSTs and neurofibromas.

CONCLUSIONS—Quantitative FDG PET imaging distinguished between MPNSTs and
neurofibromas with high accuracy. In contrast, MPNSTs and schwannomas were less reliably
distinguished. Given the difficulties in clinically evaluating PNST and in distinguishing benign
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PNST from MPNST, FDG PET imaging should be used for diagnostic intervention planning and
for optimizing treatment strategies.
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schwannoma; neurofibroma

Peripheral nerve sheath tumors (PNSTs) are benign or malignant neoplasms that arise from
peripheral nerves. They include, among others, schwannoma and neurofibroma and their
malignant variants. Several hereditary syndromes are associated with PNST.
Neurofibromatosis type 1 (von Recklinghausen disease) is the most important known risk
factor for the development of malignant PNST (MPNST), as about 50% of these occur in
patients with neurofibromatosis type 1.1 Notably, neurofibromatosis type 1 patients carry an
up to 10% lifetime risk of developing MPNST, compared with a risk of <0.1% in the general
population.2,3

MPNST is the sixth most common type of soft tissue sarcoma (STS), accounts for 3% to
10% of all STS,2,4,5 is highly malignant, and carries a poor prognosis.1,6,7 Another
hereditary disease, neurofibromatosis type 2, is associated with schwannoma.8

Differentiating MPNST from benign PNST such as neurofibroma and schwannoma is
difficult, particularly in patients with neurofibromatosis type 1. First, neurofibromatosis type
1 patients frequently have synchronous benign and malignant PNSTs. Second, multiple
PNSTs (ranging in number from 2 to >10) are characteristic of neurofibromatosis type 1.
Third, PNSTs in neurofibromatosis type 1 can arise in sites that are not amenable to biopsy.
Fourth, even if a biopsy is feasible, sampling errors can occur, because these tumors are
quite heterogeneous with benign and malignant areas present within 1 lesion. Fifth,
malignant degeneration is not necessarily associated with changes in clinical symptoms.
Finally, existing cross-sectional imaging modalities, including computed tomography (CT)
and magnetic resonance imaging (MRI), can define the anatomic extent of the lesions, but
cannot reliably distinguish malignant from benign PNST.9,10

The concept of using glucose metabolic positron emission tomography (PET) imaging with
F18-fluorodeoxyglucose (FDG) as a noninvasive metabolic biopsy was introduced several
years ago. FDG PET imaging has been shown to be highly accurate (>90%) in correctly
distinguishing malignant from benign chest and extrathoracic lesions that were equivocal for
malignancy by biopsy.11,12 A noninvasive metabolic biopsy that would reliably differentiate
MPNST from benign PNST would provide an invaluable and critical mechanism for
managing patients with PNST.

The aim of this study was to evaluate the ability of FDG PET/CT to distinguish benign from
malignant PNST in a large group of patients. Furthermore, we assessed whether sporadic
and hereditary MPNST, schwannoma, and neurofibroma exhibit different glucose metabolic
phenotypes.

MATERIALS AND METHODS
From February 2005 to November 2008, 34 adult patients (≥18 years old) with PNST were
enrolled in the study. The study population consisted of 34 patients with 40 tumors for
which pathology was available. There were 20 men and 14 women with a mean age of 46
years (range, 21–82 years). Twenty-five (74%) subjects were enrolled in prospective study
protocols that were approved by the University of California Los Angeles Institutional
Review Board. Nine (26%) patients had undergone a clinical FDG PET/CT study and were
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enrolled retrospectively after the institutional review board had granted a waiver of the
consent requirement.

PET/CT Image Acquisition and Reconstruction
PET/CT imaging was performed on the Siemens (Erlangen, Germany) Biograph Duo PET/
CT scanner that consists of an ECAT ACCEL and dual detector helical CT scanner. Patients
were instructed to fast for at least 6 hours before FDG PET imaging to standardize blood
glucose and insulin levels. Blood glucose levels measured before injection of FDG ranged
from 70 mg/dL to 105 mg/dL.

For CT imaging, intravenous (IV) contrast (Omnipaque; GE Healthcare, Waukesha, Wis)
was administered in 29 of 34 patients at a rate of 2 mL per second 30 to 40 seconds before
imaging commenced. In the remaining patients, CT images were acquired without IV
contrast because of elevated creatinine levels or the recent administration of IV contrast.

The CT acquisition parameters were 130 kVp, 120 mA, 1-second tube rotation, 4-mm slice
collimation, and a bed speed of 8 mm/second. To minimize misregistration between the CT
and PET images, patients were instructed to use shallow breathing throughout the image
acquisition.13

Approximately 60 minutes before image acquisition, patients were injected with 0.21 mCi/
kg of FDG. The PET emission scan duration ranged from 1 to 5 minutes/bed position
depending on the patient’s body weight.14,15 The CT images were reconstructed using
conventional filtered back-projection, at 3.4-mm axial intervals to match the slice separation
of the PET data. PET images were reconstructed using iterative algorithms (ordered-subset
expectation maximum, 2 iterations, 8 subsets). The CT data were also used to correct for
photon attenuation.16

PET/CT Image Analysis
FDG PET/CT images were analyzed by 1 observer. The Mirada workstation
(REVEALMVS; CTI Mirada Solutions, Oxford, UK) was used to view PET and CT images
and to measure tumor FDG uptake and the maximum tumor diameter. The maximum
standardized uptake value (SUVmax [g/mL]) was evaluated in all histopathologically proven
lesions as previously described.17 SUVmax was used as a measure of tumor glucose
utilization, as this parameter allows the best comparison between studies because of high
reproducibility and low interobserver variability.17

Pathology Assessments
Specimens were reviewed by a pathologist with specialty training in sarcoma pathology
(S.M.D.). Standard diagnostic criteria were used.5 Briefly, neurofibroma was diagnosed for
lesions showing spindled cells with tapered nuclei set in a matrix containing collagen fibers
of various thicknesses; in addition, immunohistochemical stains showed scattered S100
protein positivity.18 Schwannomas were also composed of spindled cells with tapered
nuclei. However, they were characterized by hyper- and hypocellular regions, areas of
palisaded nuclei (Verocay bodies) and hyalinized blood vessels, and an S100 stain that was
strongly and diffusely positive. In both neurofibroma and schwannoma, mitoses were absent
or sparse (no more than 1 of 10 high-power fields [HPFs]). In contrast, MPNSTs showed
high cellularity, nuclear anaplasia, obvious mitoses (usually >20–10 HPFs), and necrosis. In
patients without neurofibromatosis type 1, a diagnosis of MPNST was made only if the
tumor arose from a nerve trunk or from a pre-existing benign PNST.

All 40 lesions had a pathologically confirmed diagnosis.
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Statistical Analysis
Quantitative data are presented as mean ± standard deviation and range. The Mann-Whitney
test was used for unpaired comparisons between quantitative parameters. The significance of
the association between 2 variables was examined by using Fisher exact test. We used
receiver operating characteristic (ROC) curves to define the optimum cutoff values for
SUVmax. The optimum cutoff value for differentiation of malignancy was defined as the
point on the ROC curve with the minimum distance from the 100% true-positive and the 0%
false-positive rate. P values <.05 were considered statistically significant. Statistical
analyses were performed using SPSS software for Windows (version 14.0, SPSS Inc.,
Chicago, Ill), Statistica V8.0 for Windows (StatSoft, Inc., Tulsa, Okla), and Graphpad Prism
software for Windows (version 5.00, GraphPad Software Inc., La Jolla, Calif).

RESULTS
Pathology Findings

There were 17 (42.5%)MPNSTs and 23 benign (57.5%) PNSTs. Two patients had both
malignant and benign PNST. Sixteen (94%) of the MPNSTs were high grade, and 1 (6%)
was intermediate grade (French Federation of Cancer Centers Sarcoma Group grading
system). Among the benign PNSTs, 9 (39%) were neurofibromas and 14 (61%) were
schwannomas (Table 1).

The most common site of disease was the retroperitoneum/abdomen (n = 16, 40%) followed
by chest/trunk (n = 13, 32.5%) and extremity (n = 11, 27.5%). Twelve (71%) MPNSTs were
classified as sporadic disease, and 5 (29%) MPNSTs developed in patients with
neurofibromatosis type 1.

Tumor Size by CT
As a group, MPNSTs were significantly larger than the benign variants (mean: 7.4 ± 4.1 cm
vs 4.8 ± 2.7 cm; P = .008) (Table 1). However, the range in size of the benign and malignant
tumors showed considerable overlap (Table 1; Fig. 1). An ROC analysis revealed that CT
tumor size measurements could not reliably distinguish between malignant and benign
PNSTs (area under the curve = 0.74) (Fig. 2). Tumor size did not differ significantly
between sporadic and neurofibromatosis type 1-associated MPNSTs (P = .38) or between
neurofibroma and schwannoma (P = .69). Maximum tumor diameters are listed in Table 1.

Tumor Glucose Metabolic Activity
The mean SUVmax for MPNSTs was significantly higher than that for benign PNSTs (mean:
12.0 ± 7.1 vs 3.4 ± 1.8 g/mL; P < .001) (Table 1; Fig. 1). Sporadic and neurofibromatosis
type 1-associated MPNSTs showed comparable FDG uptake (mean: 11.7 ± 6.8 vs 12.8 ± 8.6
g/mL; P = 1.0). Among benign tumors, schwannomas exhibited a significantly higher
SUVmax than neurofibromas (mean: 4.2 ± 1.9 vs 2.3 ± 0.7 g/mL; P = .004) (Table 1).

ROC analysis showed that the optimum threshold for separating malignant from benign
tumors was an SUVmax of 6.1 g/mL. This resulted in an area under the ROC curve of 0.97
(Fig. 2) and a sensitivity and specificity for malignancy of 94% and 91%, respectively.

Two schwannomas exhibited SUVs >6.1 g/mL (SUVmax = 7.6 and 8.3 g/mL, respectively),
and 1 patient with a sporadic MPNST had an SUVmax of <6.1 g/mL. Therefore, the positive
and negative predictive values for malignancy by FDG PET were 89% and 95%, and the
diagnostic accuracy was 93% (P < .001).
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DISCUSSION
To our knowledge, this is the largest study to demonstrate the ability of FDG PET imaging
to differentiate neurofibromas and schwannomas from malignant PNSTs. The current
findings have several important clinical implications. First, noninvasive tools for detecting
malignancy are critical, because patients with neurofibromatosis type 1 carry a 10% lifetime
risk of developing MPNST,3 typically have multiple simultaneous PNSTs, and usually
develop synchronous MPNSTs and benign PNSTs. This malignant degeneration cannot be
reliably detected using clinical symptoms, anatomical imaging, or, because of sampling
errors, even biopsy. Because of these limitations, malignant degeneration is often identified
late in the course of the disease, compromising the potential for cure.

Currently, anatomical imaging (CT or MRI) is the standard technique for diagnosing and
surveying PNSTs. In this study, ROC analysis revealed that CT was significantly less
accurate than FDG PET for characterizing tumors as malignant or benign (Fig. 2).

Our results in this large patient population support prior observations that PET can
differentiate benign PNSTs from MPNSTs in neurofibromatosis type 1 patients.19–23 In the
largest study,20 FDG PET diagnosed neurofibromatosis type 1-associated MPNST with a
sensitivity of 89% and a specificity of 95%. This is consistent with our observations in both
sporadic and neurofibromatosis type 1-associated PNSTs.

FDG PET accurately identified a MPNST arising from a benign PNST in 1 of the
neurofibromatosis type 1 patients (Fig. 3). This patient had several PNSTs, including 1 in
the right distal thigh that, similar to this patient’s other PNSTs, had shown slight growth
over time. Given the large size of this lesion, biopsy was recommended and showed only a
benign neurofibroma. However, PET showed a heterogeneous tumor with a large area of
markedly increased FDG uptake (SUVmax = 14.9 g/mL), with much lower uptake elsewhere
in the tumor and in a PNST in the contralateral thigh. The resected right distal thigh mass
demonstrated a high-grade MPNST arising from a benign neurofibroma (Fig. 3). Thus, in
this patient, FDG PET accurately identified both components—the benign neurofibroma and
the MPNST—within this single tumor. This case illustrates the potential contribution of PET
imaging for optimal clinical management of patients with PNSTs.

Pretreatment classification of PNSTs dictates subsequent clinical interventions. Benign
PNST patients can be followed with serial imaging or undergo nerve-sparing/function-
sparing surgery. In contrast, patients with MPNST, an aggressive soft tissue sarcoma with a
5-year disease-specific mortality of up to 75%,6 require radical surgical resection, radiation
therapy, and often chemotherapy.24,25 Our results indicate that PET imaging can
differentiate benign PNSTs from MPNSTs with high sensitivity and specificity.
Furthermore, PET imaging can assist in guiding targeted needle core biopsies of PNSTs, as
in the above case. Finally, because of the high sensitivity and specificity, PET imaging may
provide critical information in tumors that are not amenable to biopsy.

FDG uptake varied considerably among patients with MPNSTs. The current study did not
attempt to elucidate the reasons for this variability. However, the substantial variability
might in part be explained by differences in hypoxia-inducible factor-1α expression, as
shown previously in soft tissue sarcomas.26

Currently, the diagnosis of MPNST is made pathologically. Unfortunately, even in
experienced hands, targeted needle core biopsies are often technically not feasible or falsely
negative because of the often heterogeneous nature of these tumors, which frequently exhibit
large areas of necrosis. Furthermore, in many patients with neurofibromatosis type 1, benign
and malignant lesions coexist, and therefore the appropriate target tissue for biopsy
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frequently is unknown. In addition, clinical symptoms such as rapid increase in tumor size,
neurological deficits, and pain, although suspicious, are not specific formalignancy.

Interestingly, the difference between malignant PNSTs and benign schwannomas was less
prominent (Figs. 1 and 4). This was largely because of the finding that 3 of the 14 patients
with schwannoma exhibited SUVs >5 g/mL. A substantial variability in FDG uptake by
schwannoma has been reported previously.27–29 In contrast to a previous report,30 studies by
our group did not find significant differences in proliferative rate (measured by maximal
mitoses per 10 HPFs, Ki-67 rate, skp2 rate), apoptotic rate (measured by TUNEL staining),
expression of markers of glucose utilization (glucose-transport protein 1 and hexokinase II),
or degree of intratumoral lymphocytes between the PET-positive and PET-negative benign
PNST cases in this study (data not shown) that could explain the differences in FDG uptake
as shown in Figure 4. However, different factors such as the expression level of hypoxia-
inducible factor-1α, not measured in these samples, might have contributed to different
glucose metabolic phenotypes by FDG PET imaging.31 Thus, although the mechanism for
increased PET activity in schwannomas remains unclear, it is evident from this and prior
studies that schwannomas are less reliably discriminated from MPNST by FDG PET
imaging.

The role of metabolic imaging is rapidly evolving. We currently use FDG PET/CT in
patients with suspected malignant PNST, particularly before surgery or biopsy. For
surveillance, we perform FDG PET/CT scans every 6 months for the first 2 years and
annually thereafter, if the clinical status is unchanged. Rarely do we use MRI. In addition,
we have found that FDG PET can accurately monitor response to therapy in MPNST.32,33

Limitations of this study include that all but 1 of the patients with MPNST (intermediate
grade; SUVmax: 8.3 g/mL) had high-grade tumors. Thus, it remains unclear whether FDG
PET can reliably discriminate intermediate- and/or low-grade MPNST from benign tumors.

In summary, our study demonstrated that FDG PET can reliably discriminate MPNST from
benign PNST and confirmed that size criteria, by CT imaging, cannot make this distinction.
ROC curve analysis revealed that an SUVmax threshold of 6.1 g/mL differentiated malignant
from benign PNST with a sensitivity and specificity of 94% and 91%, respectively.
Lowering this threshold to 4.5 g/mL would have increased the sensitivity to 100% but
reduced the specificity to 83%. Conversely, raising the threshold to 8.5 g/mL increased the
specificity to 100% but reduced the sensitivity to 65%. These thresholds need to be applied
prospectively in future PNST studies to determine the best thresholds and the true diagnostic
accuracy of FDG PET. FDG PET imaging can play a critical role and should be considered
in the treatment planning of patients with PNSTs.
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Figure 1.
(A) The maximum standard uptake value (SUVmax) of each lesion is represented by 1
symbol. Mean and standard deviation are depicted for each group. The mean SUVmax of
malignant peripheral nerve sheath tumors (MPNSTs) was significantly higher than that of
benign PNSTs (P < .001). A cutoff value of 6.1 identified 16 of 17 malignant PNSTs as true
positive and 21 of 23 benign lesions as true negative (sensitivity, 94%; specificity, 91%;
accuracy, 93%). (B) The corresponding maximum tumor diameters of each lesion are
depicted. MPNSTs were significantly larger than the benign variants (P = .008). However,
there was considerable overlap in tumor size between malignant and benign tumors. NF1
indicates neurofibromatosis type 1.

Benz et al. Page 9

Cancer. Author manuscript; available in PMC 2011 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Receiver operating characteristic (ROC) curves for assessment of malignancy by tumor
metabolic activity (solid line) and tumor size (dotted line) are shown. The gray line indicates
the expected ROC curve for random guessing of malignancy. SUVmax indicates maximum
standard uptake value; AUC, area under the curve.
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Figure 3.
(A) A positron emission tomography/computed tomography study in a patient with
neurofibromatosis (NF) type 1-associated malignant peripheral nerve sheath tumor
(MPNST) is depicted. The MPNST is located in the right distal thigh (maximum standard
uptake value [SUVmax], 14.9) and arises from a benign neurofibroma. A neurofibroma with
lower F18-fluorodeoxyglucose uptake (SUVmax, 2.3) is located in the left medial thigh. (B–
D) The histologic findings of the patient’s right thigh lesion are depicted. (B) A region of
benign neurofibroma (original magnification, ×20) shows the usual low cellularity and
slender spindled cells with interspersed pink collagen fibers. Note that no mitoses or
necrosis is present. (C) A low-power view (original magnification, ×2) shows transition
from neurofibroma (lower left corner) to high-grade MPNST (upper right corner). Note the
increase in cellularity from the benign to the malignant area. (D) A high-power view
(original magnification, ×20) of the high-grade MPNST is shown. Note the marked increase
in cellularity, obvious mitoses, and nuclear pleomorphism. Extensive necrosis (not pictured
here) was also present.
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Figure 4.
(A) A schwannoma with high F18-fluorodeoxyglucose (FDG) uptake located in the pelvis is
depicted. (B) By comparison, a patient with a schwannoma located in the right
retroperitoneum with low FDG uptake is shown. This illustrates the wide range of maximum
standardized uptake value (SUVmax) among schwannomas. Despite an extensive
histopathologic and immunohistochemical analysis, we could not detect differences that
could account for the divergent FDG uptake of these 2 schwannomas.
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