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Abstract

Purpose To demonstrate the clinical use of FDG-PET/MRI for monitoring enlargement and metabolism of plexiform neurofi-
bromas (PNF) in patients with neurofibromatosis type 1 (NF1), in whom the development of a malignant peripheral nerve sheath
tumor (MPNST) is often a life limiting event.

Methods NF1 patients who underwent a simultaneous FDG-PET/MRI examination in our institution from September 2012 to
February 2018 were included. Indication was suspicion of malignant transformation of a PNF to MPNST. A maximum of six
peripheral nerve lesions per patient were defined as targets. Standardized uptake values (SUV) and apparent diffusion coefficients
(ADC) were measured. The presence of target sign and contrast-medium enhancement was visually recorded. Growth rates were
estimated comparing prior or follow-up examinations and correlated with FDG uptake and ADC values. The presence of CNS
lesions in cerebral T2 weighted images was recorded.

Results In 28 NF1 patients a total number of 83 peripheral nerve tumors, 75 benign PNFs and eight MPNSTSs, were selected as
target lesions. The SUVs of MPNSTs were significantly higher than the SUVs of PNF (3.84 +3.98 [SUV ,can MPNSTs] vs. 1.85

+1.03 [SUV jean PNF], P <.01). Similarly, lesion SUV ean-to-liver SUV ., ratios significantly differed between MPNSTs and
PNF (3.20+£2.70 [MPNSTs] vs. 1.23+0.61 [PNF]; P <.01). For differentiation between still benign PNF and MPNSTs, we
defined SUV ., >2.78 as a significant cut-off value. Growth rate of PNF correlated significantly positively with SUV ,can
(ry=.41; P=.003). MRI parameters like ADCpnean (1.87 £0.24 x 10> mm?*/s [PNF] vs. 1.76 £0.11 x 10> mm?/s [MPNSTs];
P> .05], contrast medium enhancement (P =.50) and target sign (P =.86) did not differ between groups.

Conclusion Simultaneous FDG-PET/MRI is a comprehensive imaging modality for monitoring PNF in NF1 patients. The
combined acquisition of both morphologic information in MRI and metabolic information in PET enables the correlation of
lesion growth rates with metabolic activity and to define SUV thresholds of significance to identify malignant transformation,
which is of utmost clinical significance.
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Introduction within the tumor suppressor gene NF1 (17q11.2) [1].
Typical manifestations are focal cutaneous or subcutaneous
neurofibromas and solitary and plexiform neurofibromas

(PNF) of peripheral nerves, which can occur in all parts of
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the peripheral nervous systems, beginning in the first, still
intradural millimeters, over the intraforaminal and
paravertebral part of peripheral nerves to the last distribution
in muscles and skin. Physical examination focuses on the NIH
criteria based on characteristic features such as cutaneous and
nervous neurofibromas, Café au lait macules, osseous dyspla-
sia, optic pathway gliomas, and iris hamartoma (Lisch nod-
ules) [2]. Peripheral nerve neurofibromas appear either as a
nodular (solitary) tumor or as diffuse multifocal plexiform
neurofibromas (PNF), the latter carrying a significant risk for
malignant transformation into malignant peripheral nerve
sheath tumors (MPNSTs) with a lifetime risk between 5 and
13% [3, 4]. MPNSTs in NF1 patients which are virtually in-
sensitive to radiation and chemotherapy are the most signifi-
cant threat to NF1 patients, since they can only be cured by
radical resection, which is often only possible at an early stage
of disease. Localized MPNSTs may be embedded within parts
of more extended PNFs and are, thus, often diagnosed in late
stages leading to a poor prognosis [4, 5].

Due to either anatomically difficult to access localizations
or involvement of functionally important nerves, surgical re-
section or (repeated) biopsies of suspicious PNF can be com-
plicated or can carry significant risks [6]. Hence, imaging
surveillance plays an important role in NF1 patients. MRI
provides a superior soft-tissue contrast compared to CT,
allowing a high anatomical resolution. Therefore, MRI is the
method-of-choice for anatomical depiction of PNF and for
presurgical planning [7]. In addition, MRI is the imaging ref-
erence standard for the examination of CNS manifestations of
NF1 such as optic nerve gliomas or white matter lesions which
are considered to correlate with cognitive dysfunction [8].
Optic gliomas are accompanied by a symptomatic visual loss
and carry the risk of malignant transformation into glioblasto-
mas, which are associated with a poor prognosis and poor
quality of life [9, 10].

However, malignant transformation of PNF, especially
at an early stage, cannot be detected by morphological
magnetic resonance imaging (MRI) or computed tomog-
raphy alone with sufficient accuracy [11]. As increased
glucose consumption determined by '*F-FDG-PET has
been shown to be a good indicator for malignant transfor-
mation of PNF into MPNSTs, '®F-FDG-PET has signifi-
cantly improved detection and monitoring of malignant
lesions in NF1 patients.

Significantly larger tumor sizes of MPNSTs compared to
benign solitary parts within PNF have been described, there-
fore, the interaction between lesion size dynamic and glucose
metabolism is of diagnostic importance for monitoring of NF1
patients and needs to be further analyzed [12]. With the intro-
duction of combined PET/MRI all the abovementioned rele-
vant imaging information can be obtained in a single exami-
nation [13, 14] thus providing potentially an ideal method for
monitoring of patients with NF1.

High cumulative radiation exposure was reported in pedi-
atric patients who receive numerous follow-up PET/CT exam-
inations [15]. Since NF1 is a genetically determined disease
with a missing tumor suppressor gene product, the potential
risk of induction of malignancy by ionizing radiation is poten-
tially increased compared to other patient cohorts. As the on-
set of repeated imaging in NF1 patients is mostly in childhood,
high radiation exposure should be avoided whenever possible
[2]. In addition, the use of PET/MRI instead of PET/CT has
been shown to significantly reduce diagnostic radiation expo-
sure in children and adolescents [13].

The purpose of this study was to investigate the clinical use
of combined FDG-PET/MRI in patients with NF1 for moni-
toring enlargement and metabolism of PNFs with regard to
malignant transformation, as well as possibility to detect NF1
associated CNS lesions in standard T2 weighted brain images,
which are part of the whole body PET/MRI standard protocol.

Methods
Study population

This retrospective study was approved by our local institution-
al ethical review board and informed consent was waived
(Project Number: 345/2018BO).

The underlying study population consisted of all patients
with NF1 undergoing FDG-PET/MRI in our institution be-
tween September 2012 and February 2018 presenting with a
clinical question referring to malignant transformation of
known plexiform neurofibromas.

PET/MRI imaging

All combined PET/MRI examinations were performed on an
integrated clinical PET/MRI system (Biograph mMR, Siemens
Healthcare GmbH, Erlangen, Germany, software versions
B20P and E11P) which is able to acquire PET and MRI simul-
taneously. For the generation of a segmentation-based PET at-
tenuation correction map, a whole-body 3-D T1-weighted
spoiled gradient-echo sequence in end-expiratory breath-hold
with Dixon-based fat-water separation was acquired. In patients
newly examined after January 2017 atlas-based bone-estima-
tion was additionally available and performed for the purpose
of attenuation correction. In all PET/MRI examinations the fol-
lowing MR measurements were performed: a transversal and
coronal T2-weighted turbo spin echo (TSE) sequence, a coronal
whole body short time inversion recovery (STIR) sequence in
free breathing, whole body diffusion weighted imaging (DWI),
whole body T1-weighted volumetric interpolated breath-hold
examination (VIBE) sequence after intravenous injection of
0.1 mmol/kg gadolinium-based MRI contrast media
(GADOVIST®), a fluid attenuated inversion recovery
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Table 1 Acquisition parameters used in our MRI examination protocol

Variables T2w axial T2w coronal T2 STIR coronal T1 VIBE post KM DWI FLAIR MPRAGE

Voxel size, mm® 0.7%0.7%5  1.6%1.6*5 1.8%1.8%5 1.3*%1.3*3 1.7%1.7*5  0.78*%0.78 0.49*0.49*%0.9
(in-plane resolution, mmz)

Slice thickness, mm 5 5 5 3 5 3 3

B-values, s/mm’ / / / / 50/800

Repetition time, ms 1200 1200 6110 3.97 2500 9000 1900

Echo time, ms 96 91 53 1.26 52 87 2.4

Inversion time, ms 2500 900

Bandwidth, Hz/pixel 651 710 300 1040 2442 200 190

Flip angle, degrees 160 160 120 9 90

(FLAIR) sequence of the head as well as a contrast-enhanced
T1-weighted 3-D magnetization prepared rapid gradient echo
(MPRAGE) sequence of the head.

Table 1 shows a list of the used MRI sequence parameters.

Patients fasted for at least 6 h before intravenous injection
of ['*F] fluorodeoxyglucose (FDG). The recommended dose
for whole body FDG-PET is weight-dependent and ranges
between 3.5-7 MBq/kg for a 2-min scan [16]. As the PET
acquisition in PET/MRI is longer (4 min per bed in our case),
we reduced these values by a factor of about 2 based on pre-
vious data [17]. The injected dose of '®F-FDG patients re-
ceived was adjusted to patient body weight (average: 2.5 +
0.60 MBg/kg). The corresponding effective doses of PET in
pediatrics and adults were calculated from the applied activity,
as described in a previous study [18]. PET acquisition was
initiated 60 min after tracer injection.

The whole body scan was acquired over 6 + 2 bed positions.
PET was reconstructed using a 3D ordered-subset expectation-
maximization algorithm with 2 iterations, 21 subsets, matrix
size 256 x 256, Gaussian filtering of 4 mm. The patient exam-
ination times were measured based on the acquisition time
stamps that are documented in our Picture Archiving
Communication System (PACS) and included an interval of
10 min for repositioning patients in order to achieve whole body
coverage, as the scan range was limited to 150 cm until the
scanner was updated with an additional scanner coil in 2016.

Quantitative PNF lesion measurements

A maximum of six peripheral nerve target lesions were de-
fined per patient. Of these, a maximum of four nerve target
lesions per patient with visibly increased FDG uptake above
blood pool levels and a maximum of two target lesions in
similar anatomical localization and with similar size without
visibly increased FDG uptake were selected. Entirely diffuse
configurated plexiform neurofibromas without a definable ge-
ometry in MRI, typically infiltrating skin or muscle, were
excluded from the evaluation. Image analysis was performed
using the software SyngoVia (Siemens, Erlangen, Germany).
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Lesion size was determined by measurement of the maxi-
mum axial diameter of each target lesion using the T1-weighted
MRI sequence after intravenous contrast media application.

For all peripheral nerve lesions, PET quantification was
performed measuring the mean, maximum and peak standard-
ized uptake values (SUVcan/max/peak) based on 50%-
isocontour volumes of interests (VOIs). SUV . is defined
as the highest single-pixel value within a defined volume of
interest (VOI), whereas SUV ¢, is defined as an average SUV
within a small, fixed-sized VOI (1 ml) centered on the
maximum-uptake part of the lesion [19]. For measuring the
SUV 1ean Of reference tissues, we placed a 2 cm-diameter ROI
in the right atrium (bloodpool) and a 5 cm-diameter ROI in the
liver parenchyma. In all patients, lesion SUV ca-to-liver
SUV can ratios were calculated.

In MRI, we measured the mean and minimum apparent
diffusion coefficients (ADC ,ean; ADCyin) of all target lesions
using circular regions of interest (ROI) with a radius compris-
ing the whole of the lesion on the level of its largest transverse
cross-section (large ROI analysis). Additionally, we applied
small ROI measurements as previously described [20] in sus-
picious PNF parts with SUV ,c., above 2 and MPNSTs by
placing a ROI into the lesion area with the highest '*F-FDG-
uptake (small ROI analysis).

To assess the long-term development in size of all included
PNF lesions, we measured the maximum axial lesion size also
in available previous and follow-up PET/MRI or MRI exam-
inations in which the same lesions were assessable (Fig. 1).
The growth rate was calculated by the quotient of axial diam-
eter change from previous to follow-up examination and the
time interval in months.

Qualitative radiological evaluation

For qualitative analysis, all image data were assessed by two
radiologists in consensus. The morphological characteristics
of all target lesions were categorized as target-like or not tar-
get-like. Target-like lesions were defined as centrally
hypointense in T2-weighted images with a hyperintense rim
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Fig. 1 10-years-old NF1 patient
with a PNF lesion in the right
upper thoracic aperture in coronal
STIR sequence showing
significantly increasing size after
3 years of follow-up (left side:
MRI only, performed 2013; right
side: PET/MRI, performed 2016).
In PET/MRI the measured MRI
ADC\can 0f the lesion was 1779
+180 x 10 * mm?/s. The
measured PET SUV ,ean Was 2.9
(SUVnax 4.2). A MPNST has
been proven after surgical
resection with subsequent
histopathological examination

resembling a target within PNF of peripheral nerves or large
PNF accumulations in certain body areas. Contrast-medium
enhanced target lesions were defined visually as clearly hy-
perintense lesions in T1-weighted images after intravenous
MRI contrast medium injection.

Furthermore, we evaluated the presence of incidental areas
of high signal intensity on T2-weighted FLAIR sequence in
the white substance (white matter lesions), which are typical
MR findings in the cerebellum, brainstem, basal ganglia and
thalami [21]. Also, the presence of visible optic nerve gliomas
was evaluated.

Reference standard

All specimens of resected lesions were histologically exam-
ined by our in-house pathologists. For non-resected lesions,
both the clinical course and imaging follow-up were used as
clinical reference standard to characterize the lesion as benign
or malignant. The surgical indication was based on a tumor
board decision in which all individual cases were discussed.

Statistics

All statistical calculations and graphical illustrations were per-
formed using SPSS Version 22 (IBM Corporation, Armonk,
NY). All parameters were tested by the Kolmogorov-Smirnov
test for normality. The Kruskal-Wallis test was used for com-
paring the PET and MRI parameters of benign or malignant
target lesions in NF1. The significance level was set at a P value
of <.05. Bars with one asterisk mark a level of significance
P <.05, bars with two asterisks mark a level of significance
P <.01. The correlation of SUV and neurofibroma growth
was assessed by estimating a bivariate correlation and compu-
tation of the Spearman’s rank correlation coefficient. ROC anal-
ysis, including calculation of cut-off values, was performed for
differentiation between neurofibromas and MPNSTs.

Results

Study population

Twenty-eight patients [14 female; mean age 20 (2—44) years]
with neurofibromatosis type 1 were included. Fifteen patients
were children below the age of 18 years.

Of these, 6/28 patients presented with one target lesion, 5/
28 patients presented with two target lesions, 8/28 patients
presented with three target lesions, 4/28 patients with four
target lesions, 3/28 patients with five target lesions and 2/28
patients with six target lesions, respectively.

In the 28 patients cohort, 83 lesions were evaluated, of which
75 were rated as benign target lesions, 53/75 lesions were his-
tologically examined after surgical resection and 22/75 lesions
were not resected due to completely stable clinical course and
imaging follow-ups (reference standard). In six patients eight
histologically proven MPNSTs were found, 5/6 patients had
one MPNST and one patient had three MPNSTs.

PET/MRI imaging

There were 23/83 target lesions localized in the extremities, 25/
83 target lesions were localized subcutaneously at the abdom-
inal body trunk, intraabdominally or in the pelvis, 25/83 target
lesions were localized thoracocervically and 10/83 target le-
sions were localized paravertebrally. Image examples of a be-
nign target lesion and a MPNST are illustrated in Fig. 2. The
mean effective radiation dose patients received in our study was
3.24 £1.65 mGy. The estimated mean examination time was
95 £+ 21 min per patient including five NF1 patients who had to
be repositioned in order to achieve whole body coverage.

Quantitative PNF lesion measurements
The mean size of benign PNF lesions was 2.65+ 1.83 cm,

whereas the mean size of MPNSTs was 3.54+1.11 cm
(P<.01).
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Fig.2 a 28-years-old NF1 patient a
with a MPNST in the left upper
thoracic aperture located within a
large PNF manifestation showing
a heterogeneous diffusion
restriction in ADC map (first row,
left side). A small ROI was placed
in the area with the most increased
glucose metabolism in FDG-PET
(first row, right side), copied and
pasted in the ADC map for
measurement. The second row on
the left side shows the lesion in
T2-weighted axial sequence. b
10-years-old NF1 patient with a
benign PNF lesions in the left
ischiorectal fossa showing a
target-like configuration in T2-
weighted axial sequences (fourth
row, left side), a heterogeneous
diffusion restriction in ADC map
(third row, left side) and a glucose
metabolism in FDG-PET below
bloodpool SUV (third/fourth row,
right side)

The measured PET SUV ¢, of histologically proven
MPNSTSs was significantly higher than the SUV e, of benign
PNF lesions (3.84 +3.98 [MPNSTs] vs. 1.85+1.03 [PNF];
P<.01) (Fig. 3a). The SUV .« of histologically proven
MPNSTs was similarly higher than the SUV .« of benign
PNF (5.84+6.10 [MPNSTs] vs. 3.03+£1.92 [PNF]; P<.01)
(Fig.3b). Similarly, the lesion SUV ,,¢ap-to-liver SUV,eqn 1atio
significantly differed between MPNSTs and PNF lesions
(3.20+2.70 [MPNSTs] vs. 1.23+0.61 [PNF]; P<.01) (Fig.
4). As significant cut-off values for differentiation between
still benign PNF and MPNSTs, we calculated SUV .« >
2.78 (sensitivity 0.88; specificity 0.73) and 1.45 for lesion
SUVmean-to-liver SUVmean ratio (sensitivity 0.88; specific-
ity 0.79).

MPNSTs showed only a tendency for higher diffusion re-
striction in large ROI analysis, which, however, did not reach

@ Springer

62
ADC,.., 1413 SUVrax 5.6
SUVpean  4.69
ADC,;, 1301 o 0.48
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-
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statistical significance (ADC,,,can values of benign PNF lesions
and MPNSTs (1.87+0.24 x 10 >mm?/s [PNF] vs. 1.76 +
0.11 x 10 mm?/s [MPNSTs]; P=1.0]. (Fig. 5a). Similarly,
small ROI analysis in lesion areas with the highest '*F-FDG-
uptake showed a tendency towards lower ADCcan/min Values
in MPNSTs compared to benign PNF with SUV ., > 2 with-
out statistical significance (P> .05) (Fig. 5b).

There were 24/28 patients that had both a previous (mean
time interval: 21.63 £ 13.38 months) and follow-up (mean
time interval: 13.26 £+ 7.94 months) PET/MRI or MRI exam-
ination. The estimated lesion growth rate correlated signifi-
cantly with an increased glucose consumption as measured
by means of PET SUV ean (rs=.41; P=.003) (Fig. 6a),
whereas no significant correlation was found between the le-
sion growth rate and the MRI ACD,,,, in large ROI analysis
(r;=.07; P=.67) (Fig. 6b).
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Fig.3 a SUV can £95% Cl of all a l ‘
benign PNF lesions (n=75),

lesions <2 c¢m in diameter

(n=21), lesions 2—4 cm in

diameter (n =30), lesions >4 cm 6.0

in diameter (n = 16) and MPNSTs
n=28). b SUV o £95% Cl of all
benign PNF lesions (n=75),
lesions <2 c¢m in diameter
(n=21), lesions 24 c¢cm in
diameter (n =30), lesions >4 cm

in diameter (n = 16) and MPNSTs

(n=8)
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Fig. 5 a ADCypean+95% CI

P > .05

using large ROI analysis of all a |
benign PNF lesions ( n=75),
lesions <2 c¢m in diameter 21000
(n=21), lesions 2—4 cm in di- o
ameter ( 7 =30), lesions >4 ¢cm in
diameter (n = 16) and MPNSTs (
n=28).b ADC ean and ADC ;i = c {*
95% CI using small ROI analysis ® 1.8000 ‘
of lesions with a measured Q
SUVmean >2 (= 13) and £
MPNSTs (n=8) 2
<
1.500,0
1.2000 All PNF lesions PNF lesions PNF lesions PNF lesions MPNSTs
<2cm 2-4cm >4cm
b ADCmean
P> .05 BADCmin
1.800,0 [ 1
1.500,0
v
~
£
3
= 12000
(=]
-
% L
900,0
o0e PNF lesi ith
esions wi MPNSTs
SUVmean > 2
+1.00%/month [SUVmean < bloodpool] vs. 1.10+2.25%/  Discussion

month [SUVmean > bloodpool]; P <.05) (Fig. 7).

Qualitative radiological evaluation

There were 49/75 benign PNF lesions and 6/8 MPNSTs that
showed an enhancement of contrast media, whereas 26/75 benign
PNF lesions did not enhance (P =.50). Also, 35/75 benign PNF
lesions and 4/8 MPNSTSs had a positive target sign (P = .86).

In addition, 8/28 patients did not get an examination of the
brain in PET/MRI because of an inconspicuous brain MRI
examination performed shortly before the PET/MRI scan.
The PET/MRI of 20/28 patients included a dedicated T2
weighted FLAIR brain protocol for screening purposes as de-
scribed above. Out of these 20 patients, 14 patients (70%) had
T2-hyperintense focal areas of signal intensity (FASI) in brain
parenchyma. Furthermore, we found changes compatible with
optic nerve gliomas in eight patients (40%) (Fig. 8).

@ Springer

In this study, we investigated the clinical usability of combined
FDG-PET/MRI imaging in patients with neurofibromatosis type
1. PET/MRI provides the unique possibility to unite the advan-
tages of high sensitive MRI, namely the superior soft-tissue con-
trast compared to CT, the ability to acquire information about
cellular density with diffusion weighted imaging and the possi-
bility of multiparametric tissue characterization by acquisition of
complementary metabolic information in PET. The combination
of these two image modalities in one examination simplifies the
clinical workflow and reduces both the number of necessary
sedations in younger children and, compared to PET/CT, the
radiation exposure, which is most important in a disease that is
characterized by a loss of a tumor suppression gene product and
where many children and adolescents need to be investigated.
MPNSTs showed significant higher glucose metabolic activ-
ity than benign PNF lesions in PET and tend to have a higher
diffusion restriction in diffusion weighted MRI as a sign of
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Fig. 6 a Bivariate correlation a
curve between the SUV .., and
. 5,0%
the lesion growth rate (percent per
month) with a calculated =
Spearman’s rank correlation c
coefficient r, = .4 and a P value of g . °
.003. b Bivariate correlation curve e 20% °
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increased cellularity. No differences between MPNSTs and be-
nign PNF lesions were observed in lesion morphology or con-
trast behavior.

These results are in concordance with previous studies show-
ing that MPNSTSs have an increased consumption of '*F-FDG
compared to benign PNF lesions in NF1 patients [5, 22-24].
However, the predictive performance of PET SUV for non-
invasive detection and characterization of MPNSTSs is still under
debate. Our calculated cut-off SUV .« (2.78) has a sensitivity of
88% and a specificity of 73%, which is in the range of the
published heterogeneous range of SUV ., cut-off values from

1.5 to 6.1 to distinguish between MPNSTs and benign PNF
lesions [25, 26]. Nevertheless, a SUV .« > 3.5 has been widely
used in the literature as a cut-off for malignant transformation
into MPNSTSs [5, 25, 27-31].

Due to technical and physiological factors, PET quantification
with SUV measurements has a limited reliability [32, 33], there-
fore, an interinstitutional standardization in SUV quantification is
advisable. To improve reproducibility of quantitative SUV mea-
surement, the use of lesion-to-liver ratios has been recommended
as a semi-quantitative index [5, 11]. Therefore, several authors
have performed semi-quantitative analyses measuring the FDG-
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Fig. 7 Growth rate (percent per
month) +95% CI in benign PNF
lesions with a measured SUV ,can
< bloodpool (n=25) and in
benign PNF lesions with a
measured SUV ., > bloodpool
(n=50)

4,50%

3,00%

1,50%

Lesion growth (% per month)

-1,50%

SUVmean < bloodpool

uptake in the liver as the most used reference tissue [34]. In our
study, we calculated lesion SUV ean-to-liver SUV can ratios
using a cut-off value of 1.45 to distinguish between benign
PNF lesions and MPNSTs with a sensitivity of 0.88 and a spec-
ificity of 0.79. This was our threshold parameter with the highest
discriminatory power, which is slightly lower than in a study of
Combemale et al. [35]. However, Combemale et al. used the
SUV,ax Values of the measured lesions and liver.

Interestingly, lesion growth rate of benign PNF lesions corre-
lated significantly positively with an increased glucose metabo-
lism. Thus, quantitative analysis of FDG-uptake as a marker of
cell glucose metabolism allows not only to differentiate between
benign PNF lesions and MPNSTSs but also to characterize lesions
carrying an increased risk of malignancy. As CT-based volume
measurements do not provide information about lesion viability,
we therefore advocate the monitoring of both size development

Fig. 8 Axial FLAIR-sequence
(left side) and coronal T2-
weighted TSE sequence of a 10-
years-old NF1 patient with multi-
ple T2-hyperintense focal areas of
signal intensity (FASI) in the tha-
lamic region of the brain (arrows)
and a glioma of the left optic
nerve (arrowhead)
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SUVmean > bloodpool

and metabolic changes in benign PNF lesions. A further im-
provement of the correlation between growth rate and metabolic
activity might be possible if benign PNF lesions are assessed by
volumetric analysis, which is, however, technically, and regard-
ing time efforts, more demanding in clinical routine than simple
assessment of the largest axial diameter of a lesion.

In DWI, MPNSTs showed a tendency for lower ADC values
using large ROI analysis, however, this result was not statistically
significant in our cohort. A tendency for lower ADC values in
MPNSTs was also observed using small ROIs in lesion areas
with the highest '*F-FDG-uptake. Our results are consistent with
previous studies showing overlapping ADC values for soft tissue
benign and malignant tumors [36, 37]. As a marker of tumor
cellularity due to restricted diffusion of water in regions of high
cellularity, the use of quantitative DWI has been reported for
distinguishing benign and malignant soft tissue tumors [38].
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Thus, DWI may be a potentially useful marker for monitoring
PNF development in NF1 patients in a larger study cohort.
However, DWI might be affected not only by cellularity alone
but also by the nature of the extracellular matrix. Both benign
PNF lesions and MPNSTs characteristically contain myxoid ex-
tracellular matrix in varying extent [39, 40]. Myxoid tissue has a
gelatinous stroma with high levels of hyaluronic acid and imma-
ture collagen fibers leading to abundant free water molecules in
extracellular spaces [7]. Atypical neurofibromas with variable
pathologic features containing degenerative cytological atypia
or increased cellularity, as well as “hybrid” nerve sheath tumors
showing histologic features of both neurofibromas and
schwannomas have been described [41, 42]. As MPNSTs are
most often embedded within preexisting plexiform neurofi-
bromas, the tumor tissue within a chosen ROI for ADC analysis
may contain both benign and malignant fractions [30].

The previously reported target sign as a morphological fea-
ture of malignancy and contrast enhancement behaviour did
not significantly differ between benign and malignant lesions.
Several other studies reported the target sign as a useful diag-
nostic sign of MPNSTs compared to benign plexiform neuro-
fibromas [23, 43, 44]. Our study did not support this observa-
tion and is in concordance with a study of Demehri et al.
showing no significant difference in the presence of a target
sign comparing neurofibromas and MPNSTs [12]. As a hy-
perintense peripheral zone on T2-weighted sequences reflects
nonfibrillary myxomatous tissue and a hypointense central
zone reflects dense collagen, the abovementioned heterogene-
ity of both myxoid extracellular matrix and cellularity may
result in more or less uniform signal characteristics [42, 45].
Intratumoral necrotic or less well perfused areas within faster
growing still benign PNF lesions or MPNSTs may be an ex-
planation for heterogeneous contrast enhancement [30].

As further morphologic characteristics of MPNSTs, an ir-
regular tumor shape, unclear margin and intratumoral lobula-
tion were described while still benign PNF lesions were de-
scribed as homogeneous isointense to skeletal muscle on T1-
weighted sequences, heterogeneous hyperintense on fluid-
sensitive sequences and heterogeneous contrast enhancing
[44, 46]. Our study cohort included patients that were closely
monitored due to the underlying disease neurofibromatosis
type 1. In these patients, the histologically proven MPNSTs
were detected in early stages without infiltration of surround-
ing tissue. Therefore, in our qualitative analysis, we focused
on previously described MRI features for peripheral lesions,
target sign and contrast medium enhancement, and their po-
tential change if malignant transformation into MPNSTs oc-
curs. Further MRI imaging features including “perilesional
edema”, “necrosis” and “irregular margins” can be mainly
observed in advanced stage MPNSTs with infiltration of sur-
rounding tissue and were, thus, not observed in our patient
cohort. Nevertheless, no general MRI-derived parameters
have yet been accepted as criteria for distinguishing

MPNSTSs from still benign PNF lesions because none of these
imaging features allowed a clear differentiation [23].

Cerebral FASI were detected in 70% of our NF1 patient
cohort whereas 40% had optic nerve gliomas, resembling ob-
servations of other studies [47]. These findings point out thata
whole body PET/MRI also provides clinically relevant screen-
ing information about the brain in only one examination.
Certainly one cerebral FLAIR sequence is not sufficient to
assess any brain lesion, therefore, we recommend that suspi-
cious changes in such a sequence have to be prompted by a
dedicated diagnostic MRI of the brain including contrast ad-
ministration to reliably evaluate any intracranial changes.

In our study patients received a mean effective radiation dose
of 3.24 + 1.65 mGy, which is significantly lower compared to
the radiation exposure patients normally receive in whole-body
PET/CT scans with CT accounting for the larger part of the total
effective dose [13, 17]. By extending PET acquisition time per
bed position compared to PET/CT, a reduction in administered
tracer activity was already possible in PET/MRI. Further tech-
nical developments, for example the use of newly introduced
Silicon-Photomultiplier Detectors (SiPM), which are not part of
the used PET/MRI scanner, can potentially further reduce radi-
ation exposure to patients [48]. Whole body PET/MRI exami-
nations are associated with long examination times exceeding
1 h, similar to whole body MRI. The additional PET scan does
not significantly increase examination times as it is performed
simultaneously. In the near future the use of advanced MRI
acceleration techniques, such as simultaneous multi-slice
(SMS) DWI and compressed sensing methods will likely result
in marked reduction of examination times [49, 50].

This study has limitations. All included patients in our study
had peripheral nerve lesions due to genetically proven NFI.
Hence, our study cannot answer the question how sporadic
MPNSTs differ compared to MPNSTs in NF1 patients in terms
of lesion characteristics. As NF1-asssociated MPNSTs are most-
ly embedded within preexisting plexiform neurofibromas, this
could be a characteristic to differentiate them from de novo aris-
ing MPNSTs. Further, NF1-associated MPNSTs are associated
with a worse survival outcome compared to sporadic MPNSTs
[51] and could thus be linked with a greater extent of intratumoral
necrotic areas or less well perfused areas due to faster growing.
Another important point is that NF1-associated MPNSTs typi-
cally show a higher incidence of multifocal nature [52].

From a technical point of view, PET quantification of
paravertebral PNF lesions may have reduced accuracy due
to the known error of MR-based attenuation correction in
this localization. However, this shortcoming can be over-
come by using atlas-based methods for PET/MRI attenu-
ation correction as implemented in our cohort in more
recent examinations [53]. The size of our study cohort is
limited. Further prospective studies with a larger group of
patients are necessary in order to obtain more detailed
insight into the rare disease of NF1.
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Conclusions

Simultaneous PET/MRI is a comprehensive imaging modality
for monitoring PNF in NF1 patients. The combined acquisi-
tion of both morphologic information in MRI and metabolic
information in PET enables the correlation of lesion growth
rates with metabolic activity and to define SUV thresholds of
significance to identify malignant transformation, which is of
utmost clinical significance.
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