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OBJECTIVE. This systematic review and meta-analysis evaluates the diagnostic ac-
curacy of MRI for differentiating malignant (MPNSTs) from benign peripheral nerve 
sheath tumors (BPNSTs).

MATERIALS AND METHODS. A systematic review of MEDLINE, Embase, Scopus, 
the Cochrane Library, and the gray literature from inception to December 2019 was per-
formed. Original articles that involved at least 10 patients and that evaluated the accura-
cy of MRI for detecting MPNSTs were included. Two reviewers independently extracted 
clinical and radiologic data from included articles to calculate sensitivity, specificity, PPV, 
NPV, and accuracy. A meta-analysis was performed using a bivariate mixed-effects re-
gression model. Risk of bias was evaluated using QUADAS-2.

RESULTS. Fifteen studies involving 798 lesions (252 MPNSTs and 546 BPNSTs) were 
included in the analysis. Pooled and weighted sensitivity, specificity, and AUC values for 
MRI in detecting MPNSTs were 68% (95% CI, 52–80%), 93% (95% CI, 85–97%), and 0.89 
(95% CI, 0.86–0.92) when using feature combination and 88% (95% CI, 74–95%), 94% 
(95% CI, 89–96%), and 0.97 (95% CI, 0.95–0.98) using diffusion restriction with or without 
feature combination. Subgroup analysis, such as patients with neurofibromatosis type 
1 (NF1) versus those without NF1, could not be performed because of insufficient data. 
Risk of bias was predominantly high or unclear for patient selection, mixed for index test, 
low for reference standard, and unclear for flow and timing.

CONCLUSION. Combining features such as diffusion restriction optimizes the di-
agnostic accuracy of MRI for detecting MPNSTs. However, limitations in the literature, 
including variability and risk of bias, necessitate additional methodologically rigorous 
studies to allow subgroup analysis and further evaluate the combination of clinical and 
MRI features for MPNST diagnosis.
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Malignant peripheral nerve sheath tumors (MPNSTs) are soft-tissue sarcomas originat-
ing from peripheral nerve sheath cells, including Schwann cells and fibroblasts, with a 
5-year survival rate of only 20–50% [1–4]. They may occur in a de novo (sporadic) fash-
ion or result from the malignant transformation of preexisting benign peripheral nerve 
sheath tumors (BPNSTs), such as in the context of neurofibromatosis. In fact, approximate-
ly 50% of MPNSTs occur in patients with neurofibromatosis type 1 (NF1) [2, 5–9]. Patients 
with NF1 have a 10–15% lifetime risk of developing MPNSTs, which are a leading cause of 
morbidity and mortality in this patient group [2, 6, 8, 10–13]. Although NF1 is considered 
a poor prognostic factor for patients with MPNSTs, the difference in outcome between 
patients with and those without NF1 has decreased in recent years, most likely due to 
technologic imaging advancements resulting in better diagnostic capabilities. Earlier de-
tection of MPNSTs and differentiation of these tumors from BPNSTs are clinically import-
ant, because surgical resection is the only curative approach for these highly aggressive 
tumors [14, 15].

Consensus guidelines currently recommend MRI as the imaging modality of choice to 
evaluate for location, extent of disease, and tumor growth [16]. However, controversy re-
garding the accuracy of MRI in differentiating MPNSTs from other BPNSTs persists [16–
18]. Therefore, current recommendations suggest multidisciplinary treatment planning 
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in addition to biopsy and/or surgery for diagnostic confirmation 
[19]. The purpose of this systematic review and meta-analysis was 
to evaluate the diagnostic accuracy of individual and combined 
MRI features for differentiating MPNSTs from BPNSTs.

Materials and Methods
This systematic review was performed and reported according 

to current best practices described in the PRISMA Diagnostic Test 
Accuracy statement and other guidelines [20–22]. The specific 
methodologic approach has been used in a similar fashion by our 
group in previous meta-analyses [23, 24]. A preestablished pro-
tocol was designed and submitted to the PROSPERO database 
before initiation of the review (CRD42020163771). Our analysis 
included only deidentified data, with individual studies acquir-
ing ethical approval through the necessary institutions where re-
quired; as such, this study is exempt from ethical approval.

Literature Search
We performed a comprehensive database search of Ovid MED-

LINE, Ovid Embase, Scopus, and the Cochrane Library (including 
the Cochrane Central Register of Controlled Trials, Cochrane Cen-
tral Register of Protocols, and the Cochrane Database of System-
atic Reviews) from inception to December 28, 2019, to identify 
studies that used MRI for the detection of MPNSTs. Title, abstract, 
keyword, and medical subject heading terms varied by database 
and were searched as follows: MRI AND malignant AND periph-
eral nerve AND (sensitivity OR specificity OR accuracy). Individ-
ual database search strategies are outlined in Appendix 1, which 
can be viewed in the AJR electronic supplement to this article at 
www.ajronline.org. No beginning date or language restrictions 
were applied, and translation was acquired where necessary. The 
search was performed according to best practices for electron-
ic search strategies [25]. Articles from each database were then 
combined, and duplicate articles were removed from the list. Ti-
tles and abstracts were screened for relevance, and then two re-
viewers with 6 and 9 years of imaging experience (M.P.W. and 
A.S.J., respectively) independently performed a full-text review 
of potentially relevant studies. Discrepancies were rereviewed to 
achieve consensus between reviewers. A gray literature search 
was also performed by one author (M.P.W.), who evaluated the 
most recent 3 years of major radiologic and peripheral nerve 
conference proceedings, including Radiological Society of North 
America, International Society for Magnetic Resonance in Medi-
cine, and Peripheral Nerve Society conferences. Conference ab-
stracts with sufficient information to meet the inclusion criteria 
were included in the analysis. Finally, reference lists were checked 
for key studies, and forward searching of these key studies was 
performed in Google Scholar.

Selection Criteria
All original articles evaluating the diagnostic accuracy of MRI 

for detecting MPNSTs as compared with a histopathologic refer-
ence standard were evaluated with full-text review. To be includ-
ed in the analysis, studies were required to assess at least 10 pa-
tients, assess MPNST as the target lesion, include an MRI index 
test, use a histopathologic reference standard for MPNST diag-
nosis and histopathology and/or 1 year of stability (defined as 
at least 1 year of clinical and/or imaging follow-up showing no 

tumor change) as a reference standard for BPNST diagnosis, and 
report sufficient data to reconstruct a 2 × 2 contingency table. 
Studies using a comparator other than BPNSTs or using a comput-
er algorithm for diagnosis were excluded. Authors were contact-
ed via e-mail if additional information was required to construct 
a contingency table, and studies were included if sufficient infor-
mation was supplied. Nonoriginal articles including review arti-
cles, guidelines, consensus statements, and letters to the editor 
were excluded from review.

Data Extraction
Relevant data from included studies were extracted inde-

pendently by two reviewers (M.P.W. and A.S.J.). Patient charac-
teristics were recorded, including the total number of patients, 
mean age and range, number and percentage of male patients, 
number of patients with NF1, total number of lesions, total num-
ber of MPNSTs, total number of BPNSTs, number and type of 
BPNSTs (divided into schwannoma, neurofibroma, and other), 
combined mean size for all tumors, and location of tumors. Study 
characteristics including first author, year of publication, pro-
spective versus retrospective study design, single versus mul-
ticenter data acquisition, reported reference standard, num-
ber of readers, use of consensus reading, and level of training of 
the reader or readers were recorded. Details of MRI characteris-
tics including scanner brand, magnet strength, sequences used, 
and sequence-specific data (such as TR, TE, and slice thickness) 
were recorded when reported in the primary study. Finally, study 
performance values including true-positives, true-negatives, 
false-positives, and false-negatives were recorded in relation to 
the presence of MPNSTs. If a study did not report these perfor-
mance values directly but reported the sensitivity and specifici-
ty in combination with total tumors and total MPNSTs, then the 
true-positive, true-negative, false-positive, and false-negative re-
sults were calculated. For studies with multiple reviewers, a sin-
gle result was recorded as the mean of all reviewers [26]. When 
data were inconsistent between the reviewers, the article was re-
viewed and consensus reached. Data were collected using Excel 
(version 15.14, Microsoft).

Risk of Bias Assessment
The methodologic quality of each study was evaluated us-

ing the QUADAS-2 tool [27]. QUADAS-2 is frequently used in sys-
tematic reviews of diagnostic test accuracy to review individual 
studies for potential sources of bias and concerns regarding ap-
plicability by evaluating four individual domains: patient selec-
tion, index tests, reference standard, and flow and timing. Stud-
ies with a high risk evaluation result for any signaling question in 
a domain were considered high risk for that respective domain.

Data Analysis
From each study, the number of true-positives, true-negatives, 

false-positives, and false-negatives was extracted to create a 2 × 
2 contingency table. To pool diagnostic accuracy measures, we 
used a bivariate mixed-effects regression model that allows cor-
relation between sensitivity and specificity. When the regression 
model did not converge because of a small number of studies 
(fewer than four) and zero values in a 2 × 2 table, we used a sim-
ple random-effects univariate model to pool diagnostic accuracy 
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measures across studies. Results are presented as summary sensi-
tivities, specificities, and ROC AUC values with 95% CIs.

Interstudy variability was assumed, and an exploration of the 
causes of variability, including clinical features (patients with vs 
those without NF1), study design (consensus vs nonconsensus), 
and imaging-specific (1.5 vs 3 T) differences, was planned accord-
ing to our a priori protocol. Statistical analyses of variability and 
publication bias are not included in this report according to up-
dated recommendations by the PRISMA Diagnostic Test Accuracy 
Group [20]. Analysis was conducted using Stata software (version 
16, StataCorp).

Results
Literature Search

Figure 1 shows the PRISMA flow diagram for the literature 
search. A total of 62 articles underwent full-text review. Fifteen 
studies were included in analysis, with 14 studies providing suffi-
cient data in the article to construct a 2 × 2 contingency table [5, 
15, 18, 28–38] and one study providing sufficient information for 
analysis after the authors were contacted [39]. Forty-seven stud-
ies were excluded from the review for reasons outlined in Figure 1.

Patient, Study, and MRI Characteristics
Table 1 shows patient characteristics of individual included 

studies. A total of 798 lesions evaluated with MRI were included 
in the review. Of these, 252 lesions were MPNSTs and 546 were 
BPNSTs. The mean age of patients included in each study ranged 
from 30 to 50 years. Lesions were reported throughout the entire 
body, including the upper and lower extremities, neck, chest, ab-
domen, and pelvis.

Table 2 provides the study characteristics of included studies. 
Fourteen studies were retrospective, with only one study using 
a prospective design [15]. All studies used a histopathologic ref-
erence standard for MPNSTs. Three studies used clinical and im-
aging follow-up for at least some BPNSTs, which were defined as 
such if they showed no change for at least 1 year after initial im-
aging [15, 34, 38]. Most studies used at least two readers and con-
sensus reading. Two studies included only one reader [31, 38]. All 
studies that described the imaging interpreter used a radiologist 
with general and/or subspecialty musculoskeletal training.

Table 3 shows the MRI strength and sequences used by indi-
vidual included studies. Expanded descriptions of MRI protocols 
by sequence for each study are provided in Appendix 2, which 
can be viewed in the AJR electronic supplement to this article at 
www.ajronline.org. Most studies used a Siemens, Philips, or GE 
Healthcare magnet (or a combination of these magnets) with 1.5- 
and/or 3-T magnet strength. Two studies used magnet strengths 
ranging from 0.5 to 1.5 T to acquire their images [5, 29]. Sequenc-
es were variable but mostly included a combination of T1 weight-
ing, T2 weighting with or without fat saturation and/or STIR, DWI 
and ADC, and contrast enhancement.

Diagnostic Accuracy of MRI for MPNST
Appendix 3, which can be viewed in the AJR electronic supple-

ment to this article at www.ajronline.org, presents the results of 
individual imaging features reported in the studies. Pooled and 
weighted sensitivity, specificity, and ROC AUC by imaging crite-
ria are detailed in Table 4. Detection of MPNSTs using diffusion 
restriction alone showed a sensitivity of 93% (95% CI, 85–96%) for 
all DWI and ADC assessment values and 100% (95% CI, 28–100%) 
for minimum ADC (ADCmin) alone. Feature combination showed a 
sensitivity of 68% (95% CI, 52–80%), and diffusion restriction with 
or without feature combination showed a sensitivity of 88% (95% 
CI, 74–95%).

The specificity of diffusion restriction for detecting MPNST was 
95% (95% CI, 86–98%) for all DWI and ADC assessment values and 
74% (95% CI, 51–89%) for ADCmin alone. Perilesional edema and 
irregular margin had specificities of 94% (95% CI, 76–98%) and 
90% (95% CI, 81–95%), respectively. The specificity was 93% (95% 
CI, 85–97%) for feature combination and 94% (95% CI, 89–96%) 
for diffusion restriction with or without feature combination. The 
overall AUC values for feature combination and for diffusion re-
striction with or without feature combination were 0.89 (95% CI, 
0.86–0.92) and 0.97 (95% CI, 0.95–0.98), respectively. Figures 2 
and 3 show the sensitivity and specificity forest plots for feature 
combination and for diffusion restriction with or without feature 
combination, respectively.

For studies evaluating tumor size alone, threshold values for 
MPNSTs versus BPNSTs ranged between 4.7 and 6.25 cm. Most of the 
studies evaluating ADCmin used a threshold value of 1 × 10−3 mm2/s 

MEDLINE: 251 Embase: 1783

Total articles:
2220

Total articles
with duplicates
removed: 2016

Full articles
reviewed: 62

Studies
included in
review: 15

Scopus: 173 Cochrane
Library: 10

Gray
literature: 3

Total articles excluded: 47
• At least 10 patients included: 2
• Data included in another article: 2
• Wrong index test: 4
• Wrong target lesion: 16
• No or wrong comparator: 6
• Wrong reference standard: 1
• Computational algorithm used: 1
• MR spectroscopy used: 1
• Insufficient data for contingency table: 4
• Nonoriginal article: 9

Articles excluded based on title and abstract: 1954 

Fig. 1—PRISMA flowchart shows screening and 
selection of studies included in systematic review. 
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or less, with mean ADC threshold values between 1.15 and 
1.6 × 10−3 mm2/s. Three studies reported reader agreement in the 
evaluation of individual imaging features [35, 37, 39]. Agreement 
ranged from substantial to almost perfect for each feature across 
all three studies (kappa statistics between 0.64 and 0.94) [40].

Although a robust subgroup analysis evaluating for clinical, 
study, and imaging differences among studies was planned in an 
a priori protocol, no meaningful analysis could be performed be-
cause of the limited number of individual performance values in-
cluded in each category.

TABLE 1: Characteristics of Patients in Included Studies

First Author 
[Reference] Year

Total 
Patients

Age (y)
Male 
Sex

Patients 
With NF1

Total 
Lesions

Total 
MPNST

Total 
BPNST Schwannoma Neurofibroma OtherMean Range

Ahlawat [38] 2019 21 30 8–53 12 (57) 21 55 19 36 1 35 NR

Broski [37] 2016 38 38 16–79 NR 23 NR NR NR NR NR NR

Chhabra [36] 2011 56 50 15–92 30 (54) 14 56 21 35 11 24 NR

Demehri [35] 2014 31 45 13–78 17 (55) 14 31 9 22 14 5 2

Derlin [34] 2013 31 30 2–63.2 13 (42) 31 75 8 67 NR NR NR

Furniss [33] 2008 NR NR NR NR NR 54 16 38 27 10 1

Karsy [18] 2016 127 42 NR 55 (43) 58 127 24 103 17 82 4

Li [32] 2008 26 47 20–82 19 (73) NR 26 9 17 16 1 NR

Matsumine [31] 2009 37 43 14–80 18 (49) 37 37 19 18 0 18 NR

Razek [30] 2018 34 34 9–64 18 (53) NR 34 11 23 17 6 NR

Schwabe [39] 2019 41 30 9–62 29 (41)a 41 70 36 34 NR NR NR

Stull [29] 1991 17 36 14–75 8 (47) 1 22 3 19 12 7 NR

Wasa [5] 2010 61 39b 16-83 32 (52) 34 61 41 20 0 20 NR

Well [15] 2019 26 34.2 17–54 13 (50) 26 67 12 55 NR NR NR

Yun [28] 2016 50 NR NR NR NR 50 8 42 NR NR NR

Note—Values are the number of patients or tumors with the percentage in parentheses unless otherwise indicated. NF1 = neurofibromatosis type 1, MPNST = 
malignant peripheral nerve sheath tumor, BPNST = benign peripheral nerve sheath tumor, NR = not reported.

aPercentage is calculated from the total number of lesions (29/70).
bValue is the median.

TABLE 2: Characteristics of Individual Included Studies

First Author 
[Reference] Year Study Design No. of Hospitals Reference Standard

No. of 
Readers

Consensus 
Reading Reader Experience

Ahlawat [38] 2019 Retrospective Single Histology + follow-upa 1 No MSK radiologist

Broski [37] 2016 Retrospective Single Histology 2 Unclear MSK radiologists (6 and 19 y)

Chhabra [36] 2011 Retrospective Single Histology 2 Yes Radiologists (6 and 14 y)

Demehri [35] 2014 Retrospective Single Histology 2 Yes NR

Derlin [34] 2013 Retrospective Single Histology + follow-upa 2 Yes Radiologists

Furniss [33] 2008 Retrospective Multicenter Histology NR NR NR

Karsy [18] 2016 Retrospective Single Histology NR NR MSK radiologist

Li [32] 2008 Retrospective Multicenter Histology 2 Yes Radiologists

Matsumine [31] 2009 Retrospective Multicenter Histology 1 No MSK radiologist

Razek [30] 2018 Retrospective Single Histology 2 Yes Radiologists (10 and 20 y)

Schwabe [39] 2019 Retrospective Single Histology 2 Unclear MSK radiologist

Stull [29] 1991 Retrospective Single Histology NR NR NR

Wasa [5] 2010 Retrospective Multicenter Histology 2 Unclear NR

Well [15] 2019 Prospective Single Histology + follow-upa 2 No Radiologists (4 and 7 y)

Yun [28] 2016 Retrospective Single Histology NR NR NR

Note—NR = not reported, MSK = musculoskeletal.
aClinical and imaging follow-up for benign lesions with no change for at least 1 year.
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Risk of Bias Assessment
Appendix 4, which can be viewed in the AJR electronic supple-

ment to this article at www.ajronline.org, outlines the risk of bias 
by domain for each study. Most studies had high or unclear risk of 
bias in their patient selection. Seven studies used specific patient 
cohorts (i.e., only patients with NF1) [15, 18, 31, 33, 34, 38, 39]. One 

study used a case-control study design [33], and another includ-
ed six cases in which imaging was performed only at the time of 
tumor recurrence [32]. Studies showed a mix of low and high risk 
for index test, a finding that was largely dependent on the type of 
performance evaluation used in a study. Most studies showed a 
low risk for dichotomous performance evaluations (e.g., presence 

TABLE 3: MRI Strength and Sequences Used in Individual Included Studies

First Author [Reference] Year MRI Strength Sequence

Ahlawat [38] 2019 NR T1, T2 FS, DWI and ADC, enhancement

Broski [37] 2016 1.5 and 3 T T1, intermediate-weighted FS, enhancement

Chhabra [36] 2011 1.5 and 3 T T1, T2, T2 FS or STIR, enhancement

Demehri [35] 2014 3T T1, T2 FS, STIR, DWI and ADC, enhancement or DCE

Derlin [34] 2013 1.5 T T1, T2 STIR, enhancement

Furniss [33] 2008 NR NR

Karsy [18] 2016 NR NR

Li [32] 2008 1.5 T T1, T2, T2 FS, enhancement

Matsumine [31] 2009 1.5 T T2, T2 or T2 FS, enhancement

Razek [30] 2018 1.5 T T1, true FISP, DWI and ADC

Schwabe [39] 2019 NR NR

Stull [29] 1991 0.5–1.5 T T1, PD, T2

Wasa [5] 2010 0.5–1.5 T T1, T2, enhancement

Well [15] 2019 3T T1, T1 IP or OOP Dixon, T2, T2FS, DWI and ADC

Yun [28] 2016 NR NR

Note—An expanded description of specific sequence protocols is detailed in Appendix 2, which can be viewed in the AJR electronic supplement to this article at www.
ajronline.org. FS = fat saturation, DCE = dynamic contrast enhancement, NR = not reported, FISP = fast imaging with steady state precession, PD = proton density, IP = 
in phase, OOP = out of phase.

TABLE 4: Pooled and Weighted Sensitivity, Specificity, and ROC AUC of MRI for Detecting Malignant 
Peripheral Nerve Sheath Tumors by Imaging Criteria

Imaging Features Sensitivity (%) Specificity (%) AUC

Size 64 (52–74) 80 (66–89) 0.74 (0.70–0.78)

Deptha 91 (81–96) 22 (12–35)

Lobulation 50 (33–66) 88 (81–92) 0.84 (0.80–0.87)

Irregular margins 56 (43–69) 90 (81–95) 0.80 (0.76–0.83)

Perilesional edema 60 (39–78) 94 (76–98) 0.84 (0.80–0.87)

Absence of split fat signa 74 (50–89) 52 (36–68)

Absence of target signa 93 (80–98) 38 (30–48)

Heterogeneous signal with or without necrosis 63 (44–79) 88 (75–95) 0.84 (0.81–0.87)

DWI and ADC 93 (85–96) 95 (86–98) 0.96 (0.94–0.97)

ADCmin alone 100 (28–100) 74 (51–89) 0.88 (0.85–0.91)

Enhancementb 72 (46–89) 82 (60–93) 0.84 (0.81–0.87)

Feature combinationc 68 (52–80) 93 (85–97) 0.89 (0.86–0.92)

ADCmin or ADCmean with or without feature combination 88 (74–95) 94 (89–96) 0.97 (0.95–0.98)

Note—Values in parentheses are the 95% CI. ADCmin = minimum ADC value, ADCmean = mean ADC value.
aRandom-effects univariate analysis was used because of a small number of studies.
bEnhancement includes a combination of studies evaluating early arterial enhancement [35] and heterogeneous and/or peripheral enhancement [5, 31, 34].
cFeature combination includes studies evaluating a combination of clinical and MRI features [28, 33, 37], a radiologist gestalt diagnosis of malignant peripheral nerve 
sheath tumor [18, 33], and a combination of mean size and ADCmin value [35].
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of perilesional edema) but a high risk for performance evaluations 
with continuous variables requiring a threshold value (e.g., tumor 
size and ADC value). Risk of bias was predominantly low for refer-
ence standard and unclear for flow and timing.

Discussion
This review shows that combining features on MRI may increase 

the diagnostic accuracy of MRI in differentiating MPNSTs and 
BPNSTs. When studies assessing diffusion restriction and those as-
sessing combined features were evaluated together, the AUC val-
ue was 0.97 (95% CI, 0.95–0.98). Few studies, however, evaluated 
the accuracy of combining multiple imaging features. In a study by 
Broski et al. [37], the progressive combination of perilesional ede-
ma, cystic degeneration or necrosis, and irregular margins sequen-
tially increased the specificity from 65% with any single feature to 
100% when all three features were included. However, sensitivi-
ty also decreased from 82% with any single feature to 44% with 
all three. Conversely, in a retrospective single-surgeon study, Yun 
and Winfree [28] reported that a scoring system using a combina-
tion of clinical features (pain, neurologic defects, schwannomato-
sis, and entrapment) and imaging features (perilesional edema, ir-
regular margins, and contrast enhancement) resulted in perfect 

performance (100% sensitivity and specificity). Similarly, another 
study found that the diagnostic accuracy increased from 83% to 
89% when the interpreting radiologist used clinical and imaging 
features compared with imaging features alone [33].

Diffusion restriction may represent a particularly important 
feature for identifying malignant transformation. When all DWI 
and ADC performance values were evaluated together, the AUC 
was 0.96 (95% CI, 0.94–0.97). Although the AUC value of ADCmin 
alone was slightly lower (0.88; 95% CI, 0.85–0.91), sensitivity was 
high (100%; 95% CI, 28–100%). Given the prognosis of MPNSTs, 
this high sensitivity represents a preferred test characteristic to 
avoid a missed diagnosis. Moreover, AUC values of 0.84 were 
found for lobulation, perilesional edema, heterogeneous signal 
with or without necrosis, and enhancement, which is in keeping 
with a previous study of adult soft-tissue tumors that identified 
irregular or blurred margins and central necrosis as predictors of 
malignancy [41].

Size alone showed an accuracy of only 0.74 (95% CI, 0.70–0.78). 
However, both large size and increasing size have been correlat-
ed with malignancy in soft-tissue tumors [41]. Demehri et al. [35] 
combined a size threshold of 4.2 cm with diffusion restriction 
(ADCmin ≤ 1 × 10−3 mm2/s), yielding a sensitivity of 100%.
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Fig. 2—Pooled sensitivity and specificity of combined features on MRI for differentiating malignant peripheral nerve sheath tumors from other peripheral nerve 
sheath tumors. Multiple entries for individual studies represent different feature combinations evaluated within an individual study (see Appendix 3, which can be 
viewed in the AJR electronic supplement to this article at www.ajronline.org). Circles show sensitivity or specificity of individual studies, horizontal lines represent 95% 
CIs, diamonds denote pooled sensitivity or specificity of all studies, and vertical lines represent line of no effect.
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Limitations
Variability is a well-recognized and expected limitation of di-

agnostic test accuracy studies [20–22]. To account for this, we 
used a random-effects model that calculates the sensitivity 
and specificity with a mean and variance rather than estimat-
ing a setting-specific sensitivity and specificity. Subgroup anal-
ysis, though also planned, was not possible given that few stud-
ies evaluated the effect of combining features versus assessing 
individual features alone. Despite our efforts, variability is likely 
present and multifactorial in nature. Variability may relate to clin-
ical features (e.g., proportion of included patients with NF1, fol-
low-up, or type of comparator BPNST), study design (e.g., num-
ber of hospitals included, consensus reading among radiologists, 
or reader experience), differences in imaging specifics (e.g., MRI 
strength or sequence parameters), or differences in data analy-
sis and reporting (e.g., prespecified vs retrospective threshold 
values). Differences between patient groups with NF1 and those 
without NF1 may represent a particularly important source of 
variability (different prognoses as well as MPNST prevalence and 
pretest probability) [35]; however, one study of 127 patients (58 
with NF1 and 69 without NF1) found no difference in diagnostic 
accuracy when comparing combined features between the two 
patient groups [18]. Because of a relatively small total number of 

available cases in which data were only reported for patients with 
NF1, a meaningful subgroup analysis of this cohort alone could 
not be performed.

Other potential limitations relating to the included studies are 
as follows: comparison of lesions with other BPNSTs only and not 
with other soft-tissue lesions, predominance of consensus read-
ing (which is not common in a clinical setting), the high risk for 
bias among patient selection and index test domains, and the 
lack of granularity on histopathologic reference standards. More 
specifically, other histopathologic classification schemes have 
differentiated low-grade MPNSTs, high-grade MPNSTs, and atyp-
ical neurofibromatous neoplasms of uncertain biologic potential, 
which can all have different imaging characteristics, outcomes, 
and management [42]. Furthermore, histopathologic classifica-
tion also relates to sampling error (particularly if the reference 
standard for BPNSTs was a biopsy and not resection) as a source 
of diagnostic variability.

Future Research and Clinical Application
Future research can further evaluate MRI accuracy using fea-

ture combinations (e.g., size, perilesional edema, and diffusion 
restriction). Considering our study’s findings, including diffusion 
restriction may be of particular importance, with an ADCmin value 

Yun

Well

Well

Razek

Karsy

Furniss

Furniss

Demehri

Broski

Ahlawat

Yun

Well

Well

Razek

Karsy

Furniss

Furniss

Demehri

Broski

Ahlawat

1.00 (0.63–1.00)

0.92 (0.62–1.00)

0.92 (0.62–1.00)

0.91 (0.59–1.00)

0.50 (0.29–0.71)

0.75 (0.48–0.93)

0.79 (0.49–0.95)

1.00 (0.66–1.00)

0.75 (0.48–0.93)

1.00 (0.82–1.00)

1.00 (0.92–1.00)

0.95 (0.85–0.99)

0.98 (0.90–1.00)

0.91 (0.72–0.99)

0.96 (0.90–0.99)

0.95 (0.82–0.99)

0.84 (0.69–0.94)

0.77 (0.55–0.92)

0.88 (0.64–0.99)

0.94 (0.81–0.99)

Sensitivity 
(95% CI)

0.88 (0.74–0.95) 0.94 (0.89–0.96)

Study
Author

Combined Combined

Study
Author

Specificity
(95% CI)

0.3 1.0
Sensitivity

0.5 1.0
Specificity

Fig. 3—Pooled sensitivity and specificity of diffusion restriction with or without combined features on MRI for differentiating malignant peripheral nerve sheath 
tumors from other peripheral nerve sheath tumors. Multiple entries for individual studies represent different feature combinations evaluated within an individual 
study (see Appendix 3, which can be viewed in the AJR electronic supplement to this article at www.ajronline.org). Circles show sensitivity or specificity of individual 
studies, horizontal lines represent 95% CIs, diamonds denote pooled sensitivity or specificity of all studies, and vertical lines represent line of no effect. 
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of 1 × 10−3 mm2/s or less representing a reasonable threshold for 
detecting MPNSTs. Clinical information would also be helpful 
when diffusion restriction is included, such as in the context of 
using NF1 plexiform neurofibromas to monitor for MPNST occur-
rence or recurrence. Previous studies suggest that adding such 
clinical information improves the diagnostic accuracy of MRI for 
differentiating MPNSTs [28, 33]. One study found a high sensitivi-
ty for MPNST in symptomatic patients [38]. Another study found 
a high sensitivity for MPNST in patients with NF1 [35]. Combin-
ing features to yield the highest accuracy while maintaining per-
fect or near-perfect sensitivity is ideal to avoid delayed diagnosis 
of MPNSTs. Patients with imaging and clinical features indicative 
of a perfect sensitivity and near-perfect accuracy could be con-
sidered for active surveillance rather than invasive interventions 
such as biopsy and/or surgery. Regardless, a multidisciplinary 
approach to workup and management remains appropriate for 
most patients, with individualized approaches modified depend-
ing on posttest probabilities. In this regard, combining clinical 
and imaging features to create a validated patient scoring system 
would be useful. Because of the relative importance of these dif-
ferent features, a total score could be calculated from the sum of 
the weighted features, and a decision tree could be constructed 
to guide individualized management. For example, a low score 
(indicating BPNST) could suggest conservative management, a 
high score (indicating MPNST) could suggest operative manage-
ment, and an intermediate score could suggest biopsy. In sum-
mary, this systematic review suggests that combining clinical and 
MRI features, such as diffusion restriction, will optimize the diag-
nostic accuracy of MRI for detecting MPNSTs.
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