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Abstract
Background. Malignant peripheral nerve sheath tumors (MPNST) carry a dismal prognosis and require early 
detection and complete resection. However, MPNSTs are prone to sampling errors and biopsies or resections 
are cumbersome and possibly damaging in benign peripheral nerve sheath tumor (BPNST). This study aimed to 
systematically review and quantify the diagnostic accuracy of noninvasive tests for distinguishing MPNST from 
BPNST.
Methods. Studies on accuracy of MRI, FDG-PET (fluorodeoxyglucose positron emission tomography), and liquid 
biopsies were identified in PubMed and Embase from 2000 to 2019. Pooled accuracies were calculated using 
Bayesian bivariate meta-analyses. Individual level-patient data were analyzed for ideal maximum standardized 
uptake value (SUVmax) threshold on FDG-PET.
Results. Forty-three studies were selected for qualitative synthesis including data on 1875 patients and 2939 le-
sions. Thirty-five studies were included for meta-analyses. For MRI, the absence of target sign showed highest 
sensitivity (0.99, 95% CI: 0.94-1.00); ill-defined margins (0.94, 95% CI: 0.88-0.98); and perilesional edema (0.95, 95% 
CI: 0.83-1.00) showed highest specificity. For FDG-PET, SUVmax and tumor-to-liver ratio show similar accuracy; sen-
sitivity 0.94, 95% CI: 0.91-0.97 and 0.93, 95% CI: 0.87-0.97, respectively, specificity 0.81, 95% CI: 0.76-0.87 and 0.79, 
95% CI: 0.70-0.86, respectively. SUVmax ≥3.5 yielded the best accuracy with a sensitivity of 0.99 (95% CI: 0.93-1.00) 
and specificity of 0.75 (95% CI: 0.56-0.90).
Conclusions. Biopsies may be omitted in the presence of a target sign and the absence of ill-defined margins or 
perilesional edema. Because of diverse radiological characteristics of MPNST, biopsies may still commonly be re-
quired. In neurofibromatosis type 1, FDG-PET scans may further reduce biopsies. Ideal SUVmax threshold is ≥3.5.

Key Points

1.  Biopsies may be omitted in nerve sheath tumors in the presence of a target sign and the 
absence of ill-defined margins or perilesional edema.

2. In neurofibromatosis type 1, FDG-PET scans may further reduce biopsies.

3. Ideal maximum standardized uptake value threshold is >3.5.
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Peripheral nerve sheath tumors are relatively common 
and include both benign and malignant tumors. 
Schwannomas are the most common benign periph-
eral nerve sheath tumors (BPNSTs) and neurofibromas 
make up the largest proportion of remaining BPNSTs.1,2 
Nerve sheath tumors may arise sporadically or in as-
sociation with neurofibromatoses. Malignant periph-
eral nerve sheath tumors (MPNSTs) may, in contrast to 
schwannomas, arise from neurofibromas and are rare 
and aggressive soft-tissue sarcomas (STS), accounting 
for 2%-3% of all STS.3,4 Although MPNSTs are very rare 
in the common population, neurofibromatosis type 1 
(NF1) patients have an 8%-13% lifetime risk of developing 
an MPNST being the leading cause of mortality in these 
patients.5,6 Prognosis of MPNSTs is poor with median 
survival ranging between 5 and 6 years, demanding ag-
gressive treatment.7,8 Adequate and timely recognition is 
paramount as surgical resection is key in improving sur-
vival.7–9 This is in contrast to BPNST treatment where re-
section should only be considered in selected cases but 
which can be removed by intracapsular resections, min-
imizing neurologic damage.10,11

Unfortunately, BPNSTs and MPNSTs are difficult to dis-
tinguish based on presenting symptoms.12,13 Computed 
tomography and ultrasound play a limited role in the 
diagnostic work-up and are mainly used to guide bi-
opsies. Magnetic resonance imaging (MRI) should be 
used to further characterize lesions, but several studies 
argue that MRIs alone are insufficiently reliable to de-
tect MPNSTs.14,15 Biopsies are therefore commonly used, 
but may be needlessly cumbersome and because of their 
origin in nerve tissue biopsies are often painful and, in 
some cases, may lead to persisting nerve damage.16 
Additionally, MPNSTs commonly arise within neuro-
fibromas and harbor significant intratumoral heteroge-
neity making them prone to sampling errors possibly 
more so than other sarcomas.17,18 Lastly, not all lesion 
sites are approachable for biopsy.19 In NF1 patients, the 
use of 18F-fluorodeoxyglucose positron emission to-
mography/computed tomography (18F-FDG PET-CT) has 
gained popularity as several researches have suggested 
a high sensitivity of detecting MPNSTs using maximum 
standardized uptake values (SUVmax) as a quantitative 
metabolic imaging marker. However, ideal threshold 
values remain unknown and suggested thresholds may 

yield high false positive rates leading to unnecessary 
biopsies or even surgeries.20,21 It is thus far difficult to 
find a balance in NF1 patients between prevention and 
overdiagnosis.

Over the past decades, biomarkers have established 
their key role in diagnosis and treatment of numerous can-
cers, including prostate cancer,22 breast cancer,23 and lung 
cancer.24 Noninvasive liquid biopsies are therefore of in-
terest as well in the diagnosis of malignant transformation 
in nerve sheath tumors. Percutaneous biopsies are ideally 
avoided, but given current uncertainties of accurately dis-
tinguishing MPNSTs and BPNSTs with noninvasive diag-
nostic tools, this study aimed to find diagnostic accuracies 
of MRI, FDG-PET (fluorodeoxyglucose positron emission 
tomography), and liquid biopsies by means of a system-
atic review and meta-analyses. These findings may result 
in the characterization of lesions that obviate the need for 
biopsies.

Methods

Literature Search

A systematic search was performed in both PubMed 
and Embase databases according to the PRISMA 
(Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis) guidelines, in order to identify all po-
tentially relevant articles between January 2000 and 
November 2019. The search string was built with the help 
of a professional librarian using search terms related to 
“MRI,” “PET,” “liquid biopsy,” and “MPNST.” The exact 
search syntaxes for PubMed and Embase are shown in 
Supplementary Table 1. Studies were included when 
both extracranial MPNSTs and BPNSTs were evaluated 
and described their differences using MRI, FDG-PET, and/
or liquid biopsy. Exclusion criteria were lack of full text, 
case reports, conference abstracts, and reviews. The in-
itial review was conducted by two independent authors 
(E.M. and R.T.J.G.). Disagreements were solved through 
discussion, in which two additional authors were in-
volved (D.F.H. and L.H.G.). By cross-referencing included 
articles, additional studies not initially included in our 
search were added.

Importance of the Study

Distinguishing benign from malignant peripheral 
nerve sheath tumors (MPNST) can be troublesome 
and accuracy of imaging is debated which frequently 
results in the need for biopsies. MPNSTs are noto-
rious for sampling errors and biopsies may cause 
nerve damage. By means of Bayesian meta-analyses, 
the accuracy of common MRI and PET characteris-
tics has been quantified which guides current diag-
nostics for MPNST. Using the target sign on MRI, 
biopsies may be obviated in 40% of symptomatic 

patients. The presence of perilesional edema or 
ill-defined margins is highly suspicious for MPNST. In 
NF1 patients, FDG-PET scans may further decrease 
the need for biopsies. SUVmax and tumor-to-liver ratio 
showed equal efficacy and the SUVmax threshold of 
≥3.5 seems to be the ideal threshold, in general, and 
can reduce the biopsies in another 65%. Other im-
aging characteristics and liquid biopsies are of in-
terest as well, but require further research to obtain 
an ideal diagnostic algorithm.
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Data Extraction

Study, patient, and diagnostic test characteristics were 
extracted from included studies by two independent au-
thors (R.T.J.G.  and E.M.). Values of true positives (TP), 
false negatives (FN), false positives (FP), and true nega-
tives (TN) were extracted per study for all mentioned 
diagnostic tests. Whenever this was not directly avail-
able, the rate of MPNST and provided sensitivity and 
specificity were used to recalculate TP, FN, FP, and TN. 
A true positive corresponded to an MPNST, a true neg-
ative to a BPNST. A true negative was concluded when-
ever the lesion was resected, there had been a biopsy 
with adequate follow-up or in NF1 patients, the lesion 
was suspected to be benign and there had been ade-
quate follow-up to exclude potential malignant trans-
formation. Additionally, individual SUVmax values were 
collected when available. When the available data were 
insufficient for recalculation or individual SUVmax were 
missing, the corresponding authors of the study were re-
quested for additional data. A reminder email was sent 
up to three times.

Statistical Analysis

Using TP, FN, FP, and TN, sensitivity, specificity, and like-
lihood ratios were calculated for all available diagnostic 
tests. Sensitivity and specificity were plotted in forest 
plots with 95% credible intervals (95% CI). Accuracy 
was based on determining the presence of an MPNST. 
Bayesian bivariate meta-analyses were performed on 
imaging characteristics included in at least three inde-
pendent studies using the package “meta4diag” in R.25 
A  further description for choosing this approach can be 
found in Supplementary File 2. In case of overlapping 
data between studies, data from the largest and most 
appropriate study were chosen for inclusion in quanti-
tative synthesis. Penalized complexity priors were used 
for prior distributions.26 Summary data were presented 
using summary receiver-operating characteristic (SROC) 
plots. Heterogeneity was assessed visually. Sources of 
heterogeneity were searched through subgroup ana-
lyses categorizing both FDG-PET and MRI studies in: 
large number of lesions (≥50 lesions), large proportion 
of MPNST (>33%), symptomatic lesions included only, 
and histologically proven lesions included only (either 
by biopsy or resection). MRI studies were additionally 
categorized for inclusion of NF1 patients only or mixed 
cases. Using the individual patient data of SUVmax values, 
Bayesian bivariate meta-analyses of diagnostic accuracy 
were performed for thresholds at 3.0, 3.5, 4.0, and 4.5. 
The best threshold was obtained by evaluating signifi-
cant differences in sensitivity first, after which lowest sen-
sitivity thresholds were excluded and highest specificity 
was evaluated. For all comparisons made, significant 
differences were concluded whenever the lower bound 
of the 95% CI of the highest accuracy did not include the 
mean of the lower accuracy. We anticipated only a few 
studies on liquid biopsies and functional MRI sequences 
which would exclude them from meta-analyses, thus 
characteristics found in these studies would be assessed 

qualitatively. All statistical analyses were performed 
using R version 3.6.0 (R Core Team, 2019).

Quality Assessment

The quality of included studies was appraised by two in-
dependent authors (R.T.J.G.  and E.M.) using the Quality 
Assessment of Diagnostic Accuracy Studies (QUADAS-2) 
tool (Supplementary File 3). Disagreements were solved 
through discussion. For patient selection, case-control 
studies, exclusion of patients with difficult diagnosis, or in-
clusion of histologically proven lesions only were deemed 
at high risk of bias. For index testing, studies were as-
sessed at high risk of bias when radiologists and nuclear 
medicine physicians were not blinded for pathology re-
sults or when new thresholds were used in results that 
were previously not determined in their method section. 
The reference standard was at high risk of bias when the 
pathologist was not blinded for results of the index test or 
if the lesion was found a BPNST without histological con-
firmation and a follow-up of less than 6 months. Risk of 
bias regarding flow and timing was only present if studies 
changed their reference standard during the study period. 
Applicability concerns were raised whenever a study was 
at high risk of bias.

Results

After removal of duplicates, a total of 8463 citations were 
identified in PubMed and Embase databases. One hundred 
potentially relevant articles were selected through title/ab-
stract screening. After full-text screening 43 studies were 
selected for qualitative synthesis (Fig. 1). These studies in-
cluded data on 1875 patients and 2939 lesions. Amongst 
the included studies were 12 studies on MRI characteris-
tics, 21 studies on FDG-PET characteristics, 7 studies on 
both MRI and FDG-PET, and 3 studies on liquid biopsies 
(Table 1). Twenty-eight studies included NF1 patients only. 
In the remaining studies, the percentage of NF1 patients 
ranged from 12% to 65%. The proportion of MPNST com-
pared to BPNST varied from 2:1 to 1:29. Thirty-five studies 
were included for quantitative synthesis. Diagnostic accur-
acies of characteristics not included in quantitative syn-
thesis are shown in Supplementary Table 2.

Conventional MRI Characteristics

Sixteen studies describing a total of 12 conventional MRI 
characteristics were included for quantitative synthe
sis.12,14,15,20,21,27–37 These studies included a total of 1041 tu-
mors in 925 patients (48% NF1). Eight studies included in 
meta-analyses were at high risk of bias, mainly due to the 
inclusion of histologically confirmed lesions only or the ex-
clusion of patients who had received treatment prior to im-
aging (Supplementary File 3).20,21,27,28,30,31,33,37

Nine studies reported on ill-defined mar-
gins.12,14,21,28,31–33,35,36 Pooled sensitivity and specificity 
were 0.52 (95% CI: 0.40-0.65) and 0.94 (95% CI: 0.88-0.98), 
respectively (Table  2). Pooled pLR was 11.03 (3.83-31.62) 
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and nLR was 0.51 (0.36-0.66). The forest plot and the 95% 
prediction region in the SROC plot (Fig. 2, Supplementary 
Figure 1) demonstrated moderate heterogeneity be-
tween studies. Sensitivity was higher in studies with a 
smaller total sample of lesions (Supplementary Table 3). 
Specificity was lower in studies with a higher proportion of 
MPNSTs, those that included symptomatic lesions only or 
histologically proven lesions only.

Five studies reported on perilesional edema.12,21,27,35,36 
Pooled sensitivity and specificity were 0.65 (95% CI: 0.38-
0.87) and 0.95 (95% CI: 0.83-1.00), respectively. Pooled 

pLR was 3415.18 (3.15-5948.77) and nLR was 0.38 (0.12-
0.69). There was moderate heterogeneity between studies. 
Sensitivity was higher in studies with a smaller proportion 
of MPNST and when only NF1 patients were included and 
was lower when only histologically proven lesions were 
included.

Seven studies reported on cystic degeneration or necro
sis.12,14,21,28,34–36 Pooled sensitivity and specificity were 0.48 
(95% CI: 0.23-0.71) and 0.86 (95% CI: 0.61-0.98), respec-
tively. Pooled pLR was 5.75 (1.27-23.69) and nLR was 0.61 
(0.34-0.91). There was moderate heterogeneity between 
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studies. Sensitivity was higher in studies with smaller 
sample of lesions, smaller proportion of MPNST, and 
when only histologically proven lesions were included. 
Specificity was higher among studies with larger sample 
of lesions and lower in studies including NF1 patients only 
or histologically proven lesions only.

Three studies reported on signal heterogeneity on T1 
sequences.14,29,32 Pooled sensitivity and specificity were 
0.85 (95% CI: 0.56-1.00) and 0.48 (95% CI: 0.03-0.96), re-
spectively. Pooled pLR was 9.23 (0.81-31.82) and nLR was 
1.60 (0.01-5.42). There was substantial heterogeneity be-
tween studies. Sensitivity was lower in studies including 
NF1 patients only. Specificity was higher in studies 

including NF1 patients only and those with a higher pro-
portion of MPNST.

Five studies reported on signal heterogeneity on T2 
sequences.14,27–29,35 Pooled sensitivity and specificity were 
0.78 (95% CI: 0.64-0.90) and 0.52 (95% CI: 0.23-0.80), respec-
tively. Pooled pLR was 1.94 (0.90-4.82) and nLR was 0.49 
(0.15-1.37). There was substantial heterogeneity between 
studies. Sensitivity was lower in studies with a smaller 
sample of lesions and in those that included histologically 
proven lesions only.

Six studies reported on irregular or peripheral tumor 
enhancement after contrast administration.12,14,15,27,31,36 
Pooled sensitivity and specificity were 0.63 (95% CI: 
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Fig. 2 SROC plots of MRI characteristics.
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0.50-0.76) and 0.81 (95% CI: 0.60-0.95), respectively. 
Pooled pLR was 4.81 (1.44-16.60) and nLR was 0.46 
(0.28-0.72). There was moderate heterogeneity between 
studies. Sensitivity was lower in studies including 
histologically proven lesions only. Specificity was higher 
in studies with a smaller sample of lesions and higher 
prevalence of MPNST.

Five studies reported on intratumoral lobulat
ion.32,33,35,36 Pooled sensitivity and specificity were 0.57 
(95% CI: 0.41-0.72) and 0.89 (95% CI: 0.83-0.93), respec-
tively. Pooled pLR was 5.38 (2.87-9.31) and nLR was 0.49 
(0.30-0.68). There was limited heterogeneity between 
studies. Heterogeneity in sensitivity may be caused by 
studies with higher total number of lesions and including 
NF1 patients only. No sources were found explaining 
heterogeneity in specificity.

Three studies reported on the absence of split-fat 
sign.28,31,36 The split-fat sign represents fat deposition 
around the lesion and is usually seen as a tapered rim 
of fat signal near the proximal and distal ends of the le-
sion. Pooled sensitivity and specificity were 0.76 (95% 
CI: 0.57-0.91) and 0.44 (95% CI: 0.16-0.78), respectively. 
Pooled pLR was 1.67 (0.82-4.56) and nLR was 0.68 (0.15-
1.94). There was limited heterogeneity between studies. 

Sensitivity was higher in studies with smaller proportion 
of MPNSTs. Specificity was higher in studies including NF1 
patients only.

Seven studies studied the use of absence of target sign, 
a classic sign in neurogenic tumors on T2-weighted im-
aging referring to a high signal intensity ring peripher-
ally surrounding an area of low signal intensity centra
lly.12,15,28,32,35,36 Pooled sensitivity and specificity were 0.99 
(95% CI: 0.94-1.00) and 0.33 (95% CI: 0.15-0.54), respec-
tively. Pooled pLR was 1.51 (1.13-2.25) and nLR was 0.04 
(0.00-0.30). There was substantial heterogeneity between 
studies. Sensitivity was higher in studies with smaller 
amount of lesions, higher proportion of MPNSTs, including 
symptomatic lesions only, and histologically proven le-
sions only. Sensitivity was lower in those including NF1 
patients only. Specificity was higher in studies including 
NF1 patients only.

Four studies reported on irregular shape.29,32,35,36 Pooled 
sensitivity and specificity were 0.33 (95% CI: 0.04-0.73) and 
0.82 (95% CI: 0.71-0.90), respectively. Pooled pLR was 2.03 
(0.18-5.42) and nLR was 0.81 (0.26-1.22). There was sub-
stantial heterogeneity between studies. Sensitivity was 
higher in studies including a larger proportion of MPNST 
and those including NF1 patients only.
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Fig. 3 SROC plots of FDG-PET characteristics.
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Three studies reported on tumor size.20,30,33 Thresholds 
varied from 4.7 to 6.3 cm. Pooled sensitivity and specificity 
were 0.72 (95% CI: 0.47-0.92) and 0.85 (95% CI: 0.69-0.94), 
respectively. Pooled pLR was 5.63 (2.05-13.65) and nLR 
was 0.34 (0.07-0.67). There was moderate heterogeneity 
between studies. Sensitivity was higher in studies with 
a higher proportion of MPNST. Specificity was higher in 
studies with smaller sample of lesions, lower proportion 
of MPNST, and those including histologically proven le-
sions only. Specificity was lower in studies including NF1 
patients only.

Three studies reported on qualitative MRI assess-
ment.14,30,37 Pooled sensitivity and specificity were 0.71 
(95% CI: 0.53-0.85) and 0.92 (95% CI: 0.81-0.98), respec-
tively. Pooled pLR was 12.44 (2.13-39.05) and nLR was 
0.32 (0.15-0.56). There was limited heterogeneity between 
studies, but no source of heterogeneity was found.

Functional MRI Characteristics

Six studies reported on 16 functional MRI characteristics 
(Supplementary Table 2).20,27,29,35,38,39 No characteristic was 
evaluated in more than 2 different populations. Mean ap-
parent diffusion coefficient (ADCmean) was evaluated in two 
studies.35,38 Sensitivity ranged from 0.91 to 0.92 and speci-
ficity from 0.91 to 0.98. pLR ranged from 10.46 to 50.42 and 
nLR from 0.09 to 0.10. Minimal ADC (ADCmin) was evalu-
ated in two studies as well.20,35 Sensitivity ranged from 
0.89 to 0.98 and specificity from 0.93 to 0.94. pLR ranged 
from 14.15 to 14.43 and nLR from 0.03 to 0.12. One study 
used diffusion coefficient D and perfusion fraction f to 
investigate a number of characteristics.35 Sensitivities 
ranged from 0.81 to 0.96 and specificity from 0.55 to 0.98. 
pLR ranged from 2.11 to 99.08 and nLR from 0.04 to 0.22. 
Dmin and fcenter yielded highest sensitivities (0.96), and dark 
and Dmargin highest specificity (0.99). One study reported 
on using the target sign on ADC and diffusion-weighted 
imaging (DWI).27 Sensitivity ranged from 0.80 to 0.97 and 
specificity from 0.39 to 0.63. pLR ranged from 1.32 to 2.64 
and nLR from 0.05 to 0.51. One study evaluated early ar-
terial enhancement on dynamic contrast enhancement 
MRI.29 Sensitivity was 0.50 and specificity 0.89, with a 
pLR of 4.50 and nLR of 0.56. Accuracy was highest when 
evaluating target sign on ADC mapping with higher spec-
ificity compared to static T1-weighted imaging. One study 
reported on trimethylamine (TMA) peak and TMA frac-
tion.39 Sensitivity was 0.90 for both and specificity was 0.50 
for TMA peak and 0.62 for TMA fraction. pLR ranged from 
1.8 to 2.35 and nLR from 0.16 to 0.20.

FDG-PET Characteristics

Twenty studies describing a total of 3 FDG-PET characteris-
tics were included for quantitative synthesis.14,15,19–21,34,40–53 
These studies included a total of 1850 tumors in 924 pa-
tients. Most studies scanned 60 minutes after FDG in-
jection, except for two studies that scanned at 45- and 
90-minute postinjection, respectively. Seven studies in-
cluded in meta-analyses were at high risk of bias for pa-
tient selection, mainly because they included histologically 

confirmed lesions only or patients who had received treat-
ment prior to imaging were excluded (Supplementary File 
3).19–21,43,46,51,53 Two studies were at high risk of bias for 
the use of their reference standard which was a follow-up 
period of ≤6 months.42,47 One study scored a high risk of 
bias for index test because the nuclear medicine physician 
was not blinded to the pathology report.19

Thirteen studies reported on SUVmax (Table  2).15,19–

21,34,40–47 Thresholds varied from 2.35 to 6.1. Pooled sen-
sitivity and specificity were 0.94 (95% CI: 0.91-0.97) and 
0.81 (95% CI: 0.76-0.87), respectively. Pooled pLR was 5.22 
(3.74-7.51) and nLR was 0.07 (0.03-0.12). The forest plot 
and the 95% prediction region in the SROC plot demon-
strated moderate heterogeneity between studies (Fig.  3, 
Supplementary Figure 2). Higher specificity was found 
in studies that included a higher proportion of MPNST 
(Supplementary Table 3).

Seven studies reported on the tumor SUVmax to liver 
SUVmean ratio (T/L ratio).15,21,34,40,42,48,49 Thresholds varied 
from 1.4 to 3.0. Pooled sensitivity and specificity were 0.93 
(95% CI: 0.87-0.97) and 0.79 (95% CI: 0.70-0.86), respec-
tively. Pooled pLR was 4.69 (2.89-7.41) and nLR was 0.09 
(0.03-0.18). There was moderate heterogeneity between 
studies, but no source for heterogeneity was found.

Five studies reported on qualitative FDG-PET anal-
ysis.14,50–53 Pooled sensitivity and specificity were 0.94 
(95% CI: 0.88-0.98) and 0.82 (95% CI: 0.71-0.91), respec-
tively. Pooled pLR was 5.86 (3.00-11.24) and nLR was 0.07 
(0.02-0.16). There was moderate heterogeneity between 
studies. Higher sensitivity was found in studies including a 
smaller sample of lesions. Higher specificity was found in 
studies that included symptomatic lesions only.

Eleven studies reported individual patient-level data of 
SUVmax on 246 patients.20,21,43,44,46,50,51,54–57 Highest sensi-
tivities were found for thresholds at 3.0 and 3.5 (0.99) and 
highest specificity was found for a threshold at 4.5 (0.88, 
Table 2). Accuracy was not significantly different between 
thresholds of 3.0, 3.5, and 4.0. However, sensitivity at a 
threshold of 3.5 was nonsignificantly higher than 4.0 (0.99 
vs 0.97) and specificity was higher at 3.5 compared to 3.0 
(0.75 vs 0.61). There was substantial heterogeneity be-
tween studies (Fig. 3, Supplementary Figure 2). Sensitivity 
was higher in studies including a larger amount of lesions 
and a higher proportion of MPNST (Supplementary Table 
3). Sensitivity was lower in studies that included symp-
tomatic lesions only. Specificity was higher in studies in-
cluding a smaller amount of lesions and symptomatic 
lesions only. Specificity was lower for studies including 
histologically proven lesions only.

Liquid Biopsies

Three studies reported on liquid biopsies, identifying 4 po-
tential circulating biomarkers. One study used microarray 
analysis to identify genes that encode putative secreted 
proteins in 22 patients with BPNSTs and/or MPNSTs.58 
They found elevated serum levels of adrenomedullin 
(ADM) as a potential biomarker for malignant transfor-
mation of PNST with significantly higher mean ADM con-
centrations in NF1 patients with MPNST compared to 
NF1 patients with plexiform neurofibromas only (0.24 vs 
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0.18 ng/mL; P = .03). The diagnostic accuracy was not pro-
vided. A  second study found that soluble fraction from 
the extracellular domain of AXL (sAXL) serum levels was 
higher in NF1 patients with plexiform neurofibromas and 
MPNSTs compared to those with dermal neurofibromas 
only, sAXL could not differentiate MPNST from others.59 
A third study performed screening for 56 potential serum 
biomarkers in 104 NF1 patients (with and without MPNST) 
compared with 41 controls.60 Insulin growth factor binding 
protein 1 (IGFBP1) was elevated in MPNST patients and 
was able to discriminate them with a sensitivity of 0.90 and 
specificity of 0.50. Regulated upon Activation Normal T-cell 
Expressed and Secreted (RANTES) was also elevated and 
had a sensitivity of 0.90 and a specificity of 0.26 to discrim-
inate MPNST patients.

Discussion

MRI characteristics could varyingly detect MPNST, but the 
absence of a target sign was highly sensitive. Ill-defined 
margins and perilesional edema could adequately distin-
guish MPNSTs from BPNST. FDG-PET has the highest diag-
nostic accuracy for detecting MPNST in NF1 patients, with 
equal efficacy when using SUVmax or T/L ratio. Functional 
MRI and liquid biopsies may be useful tools as well, but do 
require more research.

MRI in Nerve Sheath Tumors

Both MPNSTs and BPNSTs can exhibit rather different char-
acteristics on MRI, highlighted by findings in this study. 
The presence of a target sign was the only MRI character-
istic that might rule out MPNSTwith a nLR of <0.1.61 Based 
on this finding, biopsies could be obviated for tumors with 
target signs. However, two studies reported 6/94 MPNSTs 
in this meta-analysis with a target sign.14,15 One may argue 
that in order to omit a biopsy, in addition to the presence 
of a target sign, perilesional edema and ill-defined mar-
gins should be absent as well. Moreover, many BPNSTs do 
not show a target sign; 59.9% (range: 43.3%-94.3%) in this 
meta-analysis. Nevertheless, in the remaining 40.1%, a bi-
opsy may possibly be omitted. The presence of perilesional 
edema and ill-defined margins can adequately detect 
MPNST as the pLRs are more than 10, but biopsies may 
still be needed because these features can be present in 
a minority of BPNST as well. Unfortunately, perilesional 
edema and ill-defined margins are only present in 29%-
92% and 25%-68% of MPNSTs, respectively. Other charac-
teristics that only have a moderate ability to differentiate 
MPNST and BPNST should therefore also be considered, 
including cystic changes, heterogeneity on T1, intratumoral 
lobulation, and large tumor size. An ideal combination 
of moderately specific characteristics adjacent to ill-de-
fined margins and perilesional edema is still lacking, but 
may further reduce the need for biopsies. This is partially 
reflected by the diagnostic accuracy of qualitative assess-
ment of MRIs which could not outperform either sensi-
tivity or specificity of single characteristics.14,30,37 Likewise, 
studies that reported diagnostic algorithms combining 

features decreased in sensitivity, albeit a rise in speci-
ficity.12,21 Hence, conventional MRIs are imperfect and fur-
ther diagnostics including FDG-PET in NF1 and biopsies 
may still be necessary in many cases. Few studies report 
on interobserver agreement of MRI characteristics in PNST, 
but two studies showed very good to excellent agreement 
between radiologists.27,29 Functional MRI sequences may 
provide additional value in MPNST as DWI and ADC map-
ping yielded higher accuracy of detecting malignancy than 
conventional MRI characteristics.20,35 MPNSTs show in-
creased cellularity which makes ADCmin values relevant. Its 
use has, however, only been tested in two distinct popula-
tions and warrants further investigation.

FDG-PET in NF1 Patients

FDG-PET scans are increasingly being applied to detect 
malignancy in NF1 patients with varying frequency of 
use across centers. Many efforts have been made to find 
ideal semi-quantitative parameters that adequately de-
tect MPNSTs as well as exclude benign neurofibromas. 
SUVmax is the most commonly used characteristic, but 
ideal thresholds vary across studies. The threshold of 
≥3.5 has been proposed most commonly as the ideal 
threshold.14,47,53 This has been debated as several authors 
claim the threshold should be higher for it to be useful. 
Nonetheless, the threshold of ≥3.5 yielded highest accur-
acies across 11 different populations, which strengthens 
the belief that this threshold should be used. Indeed the 
characteristic remains imperfect as it is only has a mod-
erately good positive likelihood ratio (4.7), meaning bi-
opsies still play an important role as neurofibromas may 
also exhibit SUVmax values of ≥3.5 in 34.6% of patients in 
this meta-analyses. Nevertheless, the remaining 65.4% 
with SUVmax values of <3.5 do not require biopsies if they 
do not present ill-defined margins or perilesional edema 
on MRI. Delayed scans have been proposed to increase 
the accuracy of detecting MPNSTs, but it has not yet re-
peatedly been proven.41,47,52 Besides, this method requires 
more resources and exposes patients to additional radi-
ation. SUV measurement may additionally vary across 
scanners due to differing reasons. The use of proportional 
SUV values of tumor to tissue may be more reproducible 
as it reduces measurement variations. Most commonly, 
the T/L ratio is used, but ideal thresholds are still missing. 
The T/L ratio did provide equal diagnostic accuracy com-
pared to SUVmax. To diminish variations across scanners 
and increase reproducibility of thresholds, the European 
Association of Nuclear Medicine Research Ltd. (EARL) 
set up criteria to which scanners should adhere.62 To our 
knowledge, none of the studies in this review reported on 
a population scanned with a PET scanner that adheres to 
these criteria. Qualitative assessment of FDG-PET scans 
is also not subjected to variation in measurements and al-
though interobserver agreement is good within studies, 
standardized criteria are currently lacking. Besides the use 
of FDG-PET scans to identify malignant transformation, 
it may also facilitate CT-guided biopsies and increase ac-
curacies.63 MPNSTs arising from plexiform neurofibromas 
can show heterogeneous degrees of malignancy within 
one tumor and are notorious for sampling errors,17,18 thus, 
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PET-CT-guided biopsies may be beneficial. Several studies 
in this review have shown that PET-MRI may adequately be 
used in the NF1 population and is particularly interesting 
in these patients as it combines the accuracy of both diag-
nostic modalities.15,21 Moreover, replacing the CT with an 
MRI scan diminishes radiation exposure, which may accu-
mulate due to numerous follow-up scans necessary in NF1 
populations.64,65

Strengths, Limitations, and Future Perspectives

Limitations to this study include the relatively high propor-
tion of studies included to be at high risk of bias, most com-
monly due to concerns regarding patient selection. There 
was heterogeneity among study populations which led to 
heterogeneity of diagnostic accuracy as evaluated by sub-
group analyses. Studies could be too strict in patient selec-
tion when only histologically proven lesions are included, 
possibly representing a group of lesions that are considered 
high risk of malignancy based on imaging. Contrarily, when 
non-symptomatic lesions are included the proportion of 
low-risk lesions rises. Subgroup analyses in this study 
should however be interpreted with caution as many were 
performed on a small number of studies. Most studies were 
also retrospective of nature further diminishing quality of 
evidence. Lastly, MPNSTs can be difficult to distinguish 
histologically from BPNSTs and a central review of pa-
thology would be ideal. Despite these limitations using a 
Bayesian approach, the quantification of diagnostic accu-
racy and uncertainty of common MRI and FDG-PET charac-
teristics were reliable even when a total number of studies 
or patients was small and there was heterogeneity in thresh-
olds.25 Unfortunately many features of interest, such as 
delayed scanning in FDG-PET and functional MRI are thus 
far infrequently studied which excluded them from meta-
analyses. Yet these features seem promising, possibly pro-
viding higher accuracies compared to features analyzed in 
meta-analyses. Based on the findings of this study, future 
research should investigate several knowledge gaps. First, 
the MRI characteristics found in this study should be val-
idated in a large series of patients to distinguish a patient 
group at high risk for malignant transformation which min-
imizes the need for further diagnostics in low-risk patients. 
Second, only symptomatic or growing lesions should 
generally undergo imaging. More regular radiological 
follow-up could be considered of large plexiform neuro-
fibromas at tumor sites that may cause symptoms only in 
a later stage, such as retroperitoneal or mediastinal sites. In 
younger children, more frequent radiological follow-up may 
be indicated as well in case of plexiform neurofibromas at 
tumor sites that may cause morbidity even without malig-
nant transformation. The value of cystic changes, heteroge-
neity on T1- and T2-weighted images, large tumor size, and 
intratumoral lobulation should be studied for additional 
value too. DWI and ADC imaging seem of interest as well 
and might be of particular interest in the sporadic patient 
population. Schwannomas are the most common form of 
BPNST in sporadic patients and cannot be reliably distin-
guished on FDG-PET as schwannomas commonly have 

high levels of FDG uptake.66 Also, schwannomas with cystic 
changes are common (ancient schwannomas) and may ex-
hibit heterogeneous features.29 MRI characteristics need to 
be assessed between sporadic and NF1 patients to explore 
possible variations in diagnostic accuracy which may ne-
cessitate different diagnostic guidelines. In NF1, the use of 
a SUVmax threshold of ≥3.5 should be replicated in a large 
database of patients who underwent scans that adhere to 
EARL criteria. Additionally, late scanning and other semi-
quantitative parameters should be evaluated in the same 
population to find one with higher specificity. Altogether, 
these findings may enable proper diagnostic algorithms to 
arise for evaluating MRI scans and using distinct threshold 
values of FDG-PET characteristics in NF1 populations. This 
way unnecessary imaging, biopsies, and harmful resections 
will diminish. In sporadic patients, suspect lesions should 
then undergo biopsy based on MRI findings. In NF1 pa-
tients, suspect lesions should be evaluated with additional 
FDG-PET imaging. Lesions with SUVmax >3.5 or high T/L ratio 
should have a PET-guided biopsy. Whenever biopsies of sus-
pect lesions are negative one may consider nerve-sparing 
resection or a wait-and-scan approach. Furthermore, the use 
of radiomics and deep learning has not yet been studied in 
nerve sheath tumors, but may be useful when studies are 
performed correctly including sufficient MPNST images. It 
may even help stratifying low- and high-grade MPNSTs.67–69 
The search for an ideal liquid biopsy should be stimulated 
as well since its use may diminish the need for FDG-PET 
scans and decrease radiation exposure in the NF population 
who is already prone to tumorigenesis.

Conclusion

MRI characteristics are varyingly present in MPNSTs. The 
presence of ill-defined margins or perilesional edema is 
highly suspect of malignant transformation and requires 
biopsies or FDG-PET scans in NF1 for further characteri-
zation. Conventional MRI may rule out MPNSTs and may 
obviate the need for biopsies or additional FDG-PET scans 
in the presence of a target sign and absence of ill-defined 
margins or perilesional edema as this is suggestive of a be-
nign lesion. Cystic changes, heterogeneity on T1-weighted 
images, intratumoral lobulation, and large tumor size 
should nevertheless be taken into account as well. FDG-
PET scans should be offered to NF1 patients with suspect 
lesions on MRI that are symptomatic to further reduce 
the need for biopsies. SUVmax and T/L ratio have similar 
accuracies. Ideal threshold for SUVmax seems to be ≥3.5. 
Functional MRI sequences may be useful as well, but re-
quire more research for their exact implementation. Liquid 
biopsies have not yet proven higher diagnostic accuracy 
than available imaging techniques.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
online.
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