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ABSTRACT

Solitary fibrous tumor (SFT), formerly known as hemangiopericytoma, is an uncommon brain tumor often confused with men-
ingioma on MRI. Unlike meningiomas, SFTs exhibit a myoinositol peak on magnetic resonance spectroscopy (MRS). This study
aimed to develop automated classifiers to distinguish SFT from meningioma grades using MRS data from a 26-year patient
cohort.

Four classification tasks were performed on short echo (SE), long echo (LE) time, and concatenated SE + LE spectra, with data-
sets split into 80% training and 20% testing sets. Sequential forward feature selection and linear discriminant analysis identified
features to distinguish between meningioma Grade 1 (Men-1), meningioma grade 2 (Men-2), meningioma grade 3 (Men-3), and
SFT (the 4-class classifier); Men-1 from Men-2 + 3 + SFT; meningioma (all) from SFT; and Men-1 from Men-2+ 3 and SFT. The
best classifier was defined by the smallest balanced error rate (BER) in the testing phase.

A total of 136 SE cases and 149 LE cases were analyzed. The best features in the 4-class classifier were myoinositol and alanine at
SE, and myoinositol, glutamate, and glutamine at LE. Myoinositol alone distinguished SFT from meningiomas. Differentiating
Men-1 from Men-2 was not possible with MRS, and combining higher meningioma grades did not improve distinction from Men-
1. Notably, combining short and long echo times (TE) enhances classification performance, particularly in challenging outlier
cases. Furthermore, the robust classifier demonstrates efficacy even when dealing with spectra of suboptimal quality. The result-
ing classifier is available as Supporting Information of the publication. Extensive documentation is provided, and the software is
free and open to all users without a login requirement.

Abbreviations: BER, balanced error rate; FWHM, full width at half maximum; Glx, glutamate and glutamine; HLSVDPRO, Hankel-Lanczos singular value decomposition with partial
reorthogonalization; LDA, linear discriminant analysis; Men-1, meningioma grade 1; Men-2, meningioma grade 2; Men-3, meningioma grade 3; MRS, magnetic resonance spectroscopy; NAA,
N-acetylaspartate; PCA, principal component analysis; SFFS, sequential forward feature selection; SFT, solitary fibrous tumor; SNR, signal-to-noise ratio; SV, single voxel; WHO, World Health
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1 | Introduction

Solitary fibrous tumor (SFT), previously termed hemangio-
pericytoma, is a rare mesenchymal tumor accounting for < 1%
of all primary central nervous system tumors. The nomen-
clature and classification of SFTs have changed over time,
reflecting an evolving understanding of these tumors as addi-
tional information has been uncovered through research and
clinical studies [1, 2]. Preoperative diagnosis of SFTs is crucial
due to their aggressive nature, elevated local recurrence rate,
and tendency for late distant metastases [3].

As of today, SFT is often poorly recognized presurgically and
remains a diagnostic challenge [4, 5]. Due to its rarity and re-
semblance to meningioma, SFT is usually misdiagnosed as
meningioma on imaging, and the actual diagnosis is often not
suspected until confirmed with postsurgical histopathology
[6, 7]. Previous studies have compared the value of metabo-
lites measured by magnetic resonance spectroscopy (MRS)
between SFT (formerly termed hemangiopericytoma) and
meningioma [8, 9]. The characteristic metabolites associated
with meningioma include notably elevated choline levels, the
presence of alanine, glutamate and glutamine (Glx), and min-
imal to undetectable N-acetylaspartate (NAA) and creatine
[10-12]. Studies carried out with three hemangiopericytomas
and five SFT cases, respectively [8, 9], described high levels of
myoinositol.

On the other hand, the distinction among the different grades
and subtypes of meningiomas is challenging based on con-
ventional MRI [4, 7]. This may be of relevance because me-
ningioma of Grade 2 (Men-2) has a 40% risk of recurrence if
untreated [13], in contrast with Grade 1 (Men-1). In this re-
spect, using the WHO 2000 classification on radiological re-
ports of conventional MRI, one study found sensitivities of
100% for low-grade meningioma and 0% for high-grade me-
ningioma in a retrospective multicenter cohort of 393 patients
[14]. Moreover, a study from 2020 found similar sensitivities
(93.7%, low-grade meningioma and 17.2, high-grade meningi-
oma) [15]. Recent studies using other MRI cohorts have pro-
posed methods to distinguish between low- and high-grade
meningiomas, usually by also aggregating Grades 2 and 3
[16-18] with variable success.

Most previous studies using MRS for distinguishing SFT and
meningioma involved a small number of cases, particularly
for SFT, or the software used for data processing [19] is no lon-
ger receiving updates, highlighting the need for conducting
research with expanded datasets and reproducible methodolo-
gies to confirm and validate these findings.

Therefore, the main aim of this work was the retrospective
analysis of single-voxel (SV) MRS, to extract and assess a com-
bination of features, allowing us to develop novel tools to im-
prove diagnosis of SFT and the refinement of the classification
of meningioma grades, using a single-center, retrospective co-
hort of meningioma, and SFT from the period spanning from
1997 to 2023. A secondary aim was to evaluate the effect of
spectral quality in the MRS-based classification.

2 | Materials and Methods
2.1 | Patient Selection and Inclusion Criteria

SV MRS data were collected at Hospital de Bellvitge, Spain, be-
tween 1997 and 2023. The dataset contains 231 SV spectra ac-
quired from two models of 1.5 T MR scanners, Philips Intera and
1.5T and 3T Philips Ingenia. The parameters of the acquisition
conditions are summarized in Table 1. From the internal re-
cords of the Hospital de Bellvitge, cases were selected for training
given that they met the following inclusion criteria:

1. Diagnosis of Men-1, Men-2, meningioma grade 3 (Men-
3), or SFT, according to the World Health Organization
(WHO) classification of brain tumors 2021 [1, 20].

2. At least one SV MRS acquisition at one echo time (TE)
available.

3. Both water-suppressed and water-unsuppressed spectra
available.

4. The spectra can be opened with j]MRUI versions 4, 5, or 6
[21].

5. Phase correction can be performed using the correspond-
ing water-unsuppressed file.

6. Entire processing pipeline can be accomplished using jM-
RUI2XML [22, 23].

7. Signal-to-noise (SNR) ratio greater than 10 [24].

8. The full width at half maximum height (FWHM) should
be less than 8 Hz [24].

2.2 | Data Processing

Spectra were first opened with jMRUI versions 4, 5, or 6, de-
pending on the acquisition year and format and converted into
jMRUI format. Subsequently, each water-suppressed file's phase
was corrected by dividing it with the water-unsuppressed file.
The spectra then were opened with the JMRUI2XML plugin
[22, 23] of jJMRUI version 6.0 [21]. The j]MRUI2XML plugin pro-
cessed the data, using the INTERPRET [25] parameters, as fol-
lows: First, the water reference peak was set at 4.75ppm, then
Lorentzian apodization with 1Hz was applied. Subsequently,
the remnant water signal within the range of 4.31-5.11 ppm was
filtered out. For this, the 4.2- to 5.1-ppm region was set to zero
so that any remnant unsuppressed water does not interfere with
the normalized peak heights of the relevant metabolite signals.
This was followed by baseline correction in two distinct regions
(9.0 to 11.0ppm and —2.0 to —1.0 ppm). Finally, the spectra were
aligned, including a priority order for alignment correction of
3.03ppm, followed by 3.21ppm, and then 1.29 ppm [22]. After
performing these steps, each spectrum was exported in XML
format, yielding XML files with 512 data points spanning the
range from —2.7 ppm to 7.1 ppm.

Quality control parameters were calculated in the following
way: FWHM was calculated from the water unsuppressed
spectra with Hankel-Lanczos Singular Value Decomposition
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TABLE1 | Summary of the acquisition parameters used in the dataset.

Study parameter

Information provided in this manuscript

a. Field strength

b. Manufacturer

¢. Model

d. RF coil

e. Additional hardware

a. Pulse sequence

b. Volume of interest (VOI)
c. Nominal VOI size

d. TE/TR

e. Number of samples acquired (NSA)

f. Additional parameters (BW, frequency offsets, 2D or 3D,
matrix size, acceleration factors, and sampling method)

g. Water suppression method

h. Shimming method and thresholds

i. Triggering or motion correction method
a. Analysis software

b. Processing steps deviating from quoted reference or
product

c. Output measure (e.g., absolute concentration,
institutional units, and ratio), processing steps deviating
from quoted reference or product

d. Quantification references and assumptions, fitting
model assumptions

a. Reported variables (SNR, linewidth with reference
peaks)

b. Data exclusion criteria

c. Quality measures of postprocessing model fitting (e.g.,
CRLB, goodness of fit, and SD of residuals)

d. Sample spectra

1.5and 3.0T (1 case of Men-1 recorded
at 3T used in the classifiers)

Philips Medical Systems

1.5T: Achieva dStream/Glyroscan/Intera
3T:Ingenia

« Achieva dStream — transmit: body; receive: synergy
« Ingenia:

o Transmit: Body/Surface

o Receive: NVC-base, NVC-head, NVC-head/neck,

dsHead-32channels

« Intera:

o Transmit: surface

o Receive: head/volume

None
PRESS
Not mentioned
3-8cm?

SE: 30-32ms and LE: 135-136 ms
TR almost entirely 2000ms

513 and 1024

BW: 1000 or 2000Hz
Points: 512
Unsuppressed water acquisition
Suppressed water acquisition

Not mentioned
Not mentioned
Not mentioned
jMRUI with the jMRUI2XML plugin and SpectraClassifier

Frequency alignment was performed over (in
order of priority): 3.03, 3.21, and 1.29 ppm

Class

N/A

FWHM with water reference at 4.75 ppm
SNR = (maximum intensity in [2.7-7.1])/(2-SD noise in [2.7-7.1])

Excluded if SNR <10 and FWHM >8 Hz

N/A
Thresholds of intensities on the y-axis of —0.025 for SE and —0.2
for LE were applied in the range of —2.7-7.1 ppm to filter out
spectra containing potentially artifactual negative intensity values

Figures 2-5
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with Partial ReOrthogonalization (HLSVDPRO) [26, 27] for
one component, and SNR was calculated by jMRUI2XML [22].
Additionally, thresholds of intensities on the y-axis of —0.025 for

SE and —0.2 for LE were applied in the range of —2.7-7.1 ppm
to filter out spectra containing potentially artifactual negative
intensity values.
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2.3 | Classification Tasks

Classifiers were trained on 80% of the data and tested on
the remaining 20%, with cases shuffled for randomization.
Distribution of cases in each dataset is available in Table 2.

Four classification questions were performed:

Four-class task:

A. Men-1 versus Men-2 versus Men-3 versus SFT: Is it possi-
ble to simultaneously separate SFT and identify different
grades of meningioma?

Two-class task:

B. Meningioma (all grades) versus SFT: Can fibrous solitary
tumor be distinguished from meningiomas?

C. Men-1 versus Men-2: Can we distinguish between Grade 1
and Grade 2 meningiomas?

Three-class task:

D.Men-1 versus Men-2 + 3 (Men-2 and Men-3) versus SFT: Is
it possible to simultaneously separate SFT from low risk
of recurrence meningioma and high risk of recurrence
meningioma?

Each task was performed on the SE, LE, and concatenated SE+ LE
spectra (as in [28]), yielding 12 classification tasks in total.

2.4 | Feature Selection and Classification

The feature selection and classification steps were imple-
mented using the SpectraClassifier program [29]. Feature se-
lection methods used were sequential forward feature selection
(SFFS) and principal component analysis (PCA), from 1 to 20
features or components. PCA was set to cover 95% of variance.
Classification was performed using linear discriminant analy-
sis (LDA).

2.5 | Classifier Evaluation

Classifier performance was evaluated using the balanced error
rate (BER), area under the receiver operating characteristic
curve (AUC), and the Fl-score for both training and testing
phases. For Questions A and D, we calculated the macro F1-
scores. Best performance was defined as the smallest testing
phase BER. Differences in AUCs were tested with the Hanley-
McNeil test (significance level: 0.05). Secondary analysis in-
cluded previously discarded low-quality spectra as a test set to
evaluate data quality impact.

2.6 | Handling Limited Test Cases

To address the limited number of cases in the test sets, we
trained classifiers using the entire dataset and evaluated them
through bootstrapping and fivefold cross-validation. Details on

the extracted features and classifier evaluations are provided in
the Supporting Information.

3 | Results

Figure 1 shows the results of applying the inclusion criteria. Out of
the initial 231 potential cases, 137 were female (Men-1: 109, Men-
2:25, Men-3: 2, and SFT: 1), and 93 were male (Men-1: 71, Men-2:
17, Men-3: 1, and SFT: 4); one did not specify gender. The mean
cohort age is 58.5+13.90years. Average ages for females were
Men-1: 57.9+13.5, Men-2: 62.7+12.6, Men-3: 71.0+£11.3, and SFT:
65.0+£0.00 and for males: Men-1: 57.3+14.3, Men-2: 63.4+13.4,
Men-3: 45.0+£0.00, and SFT: 42.0+15.8. Figure 2 shows the aver-
age spectra for each tumor type for the two echo times. Key dif-
ferences include a large peak around 3.55ppm in the SE spectra of
SFTs, which is absent in the meningioma group, the absence of the
inverted alanine doublet ca. 1.4ppm in SFTs at LE, and low Glx
resonances (ca. 2-2.2ppm) at both TE in SFT.

The processed SFT spectra are shown in Figure 3, revealing vari-
ability in spectral patterns. At SE, myoinositol at 3.57 ppm is prom-
inent in Case 215, while other cases show varying myoinositol/
choline ratios. At LE, choline at 3.21 is predominant with addi-
tional signals like creatine and N-acetyl containing compounds
[30] (NAA is usually undetectable in extracts of SFTs [8]).

3.1 | Classification Results

The selected features of the classifiers are summarized in
Table 3, while performance metrics are summarized in Table 4.
The best results for most tasks were achieved through feature
selection using SFFS followed by classification by LDA. An ex-
ception is Question C, where the BER with PCA at LE is smaller
(0.268) than with SFFS (0.542), although the SE+LE model
yields better results. Similarly, Question D shows lower BER val-
ues in the LE train and test sets, but the best model is achieved
with LE + SE. Further details about the selected features can be
found in the Supporting Information.

3.1.1 | Question A: Men-1 Versus Men-2 Versus Men-3
Versus SFT

For Question A, BER values for test cases could not be calcu-
lated due to a limited number of SFT and Men-3 cases. The
lowest BER in the training phase is achieved with SE (Table 4).
AUC for SFT is 1.000 for the training test set and 0.990 for
Men-3. For Men-1 and Men-2, performance is lower (0.865 and
0.763, respectively, in the training, and 0.557 and 0.753 in the
test). The selected features are 3.571 (likely corresponding to
the doublet-of-doublets of myoinositol centered at 3.52ppm,
that strongly decreases at LE), 3.495 (likely corresponding to
contributions from the taurine triplet centered at 3.42 and/or
the D-glucose multiplet at 3.43 ppm), and 1.404ppm (likely
corresponding to the alanine doublet centered at 1.47 ppm)
[31]. The first feature (3.571ppm) is the same as the single
feature selected in Question B, indicating that it is related to
SFTs. For LE, performance in terms of AUC for SFT slightly
decreases (0.923 training), with the classifier using a feature
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TABLE2 | Distribution of cases in training and test set for short echo (SE) and long echo (LE) spectra. Quality parameters split by echo time (short
or long), set (training or test), and class. FWHM in hertz, SNR calculated as in [22]. Median and standard deviation. * As can be seen from the upper
value of the range, one SFT had an FWHM higher than 8 Hz. We decided to include this case in the analysis since the spectra visually appeared to

be of good quality.
Echo time Set Men-1 Men-2 Men-3 SFT
SE Train Cases 79 23 2 4
FWHM 4.88 (2.4-7.97) 4.90 (2.86-6.06) 6.42 (5.19-7.65) 5.49 (3.78-9.08
SNR 41.5 (10.3-142) 61.0 (15.6-156) 41.9 (34.0-49.8) 72.2 (65.4-102)
Test Cases 24 3 0 1
FWHM 4.77 (3.80-661) 475 (2.71-77.9) — 4.36
SNR 46.7 (19.4-142) 71.10 (14.4-131) — 497
LE Train Cases 91 22 2 4
FWHM 4.78 (1.93-7.98) 4.68 (2.73-7.22) 6.58 (5.11-8.05) 5.04 (3.56-7.72)
SNR 48.6 (10.2-314) 48.0 (10.6-164) 32.0(23.3-40.7) 62.2 (45.0-124)
Test Cases 21 8 0 1
FWHM 4.77 (3.80-6.61) 4.75 (2.71-7.79) — 4.36
SNR 46.7 (19.4-142) 71.0 (14.4-49.7) — 49.7
SE+LE Train Cases 66 21 2 4
FWHM 4.73 (1.93-7.98) 4.75 (2.73-6.06) 6.42 (5.11-8.05) 5.49 (4.36-9.08)*
SNR 44.9 (10.3-198) 59.6 (15.06-156) 37.3(23.3-49.8) 65.5 (45.0-124)
Test Cases 21 2 0 1
FWHM 4.83(2.30-7.97) 4.83 (4.58-5.85) — 3.67 (3.56-3.78)
SNR 52.1(22.3-314) 57.1(48.7-93.4) — 70.6 (62.3-78.9)

related to the myoinositol peak (3.514 ppm), and other two fea-
tures. One of them is 2.190 ppm, likely corresponding to Glx
(Figure 2), where it can be observed that neither of the classes
displays a NAA peak, in accordance with previous literature
[8, 12]. The other feature was 4.108 ppm, which may have
contributions from the lactate CH methine or from one of the
myoinositol resonances. Additionally, there may be a contri-
bution from the incomplete water suppression and related to
the remnants of the water peak tail. For the SE + LE, two fea-
tures are extracted from the SE dataset, 3.533 is again related
to the myoinositol peak, and 2.152 likely corresponding to the
Glx peaks range. The third feature comes from the LE data-
set, 3.015 ppm is indicative of creatine (3.03 ppm). Notably, the
classifier trained with LE performs the least effectively.

3.1.2 | Question B: Meningioma (All Grades) Versus SFT

For Question B, all yielded low BERs, noteworthy 0.019 and
0.000, respectively, in the SE and LE and test sets. Additionally,
the AUC values were especially high (SE train: 0.999, LE train:
0.886, SE + LE train: 1.000). While the SE + LE combined data
demonstrated the highest AUC, it is important to note that
statistical analysis of AUC (Hanley-McNeil test, p<0.001)
revealed no significant differences when compared to the
SE model.

The extracted features of 3.571 ppm (SE) and 3.533ppm (SE+LE)
are due to the doublet of myoinositol centered at 3.52ppm. Cases
23 and 36, both Men-1, are misclassified in the SE and SE+LE
training set and test set, respectively, but notably, Case 36 is clas-
sified correctly in the test set when using a combination of SE and
LE data (Figure 4). Based on this model, we developed a proto-
type decision support system featuring a user-friendly graphical
interface, allowing clinicians to easily calculate the intensity at
3.571ppm and accurately classify MRS spectra as either SFT or
meningioma according to the classification equation from our
results. The tool, along with detailed instructions, is available as
Supporting Information and in [32].

3.1.3 | Question C: Men-1 Versus Men-2

For Question C, the SE dataset yielded the lowest BER values
of 0.375 in the test set but looking at the AUC values (0.319) in
the test set, while the model might have low BER, it struggles to
effectively discriminate between the two classes. The SE+LE
model yielded a BER of 0.440 in the testing set, but the AUC
value of 0.642 is higher than in the case of only using SE. This
model contains one feature (1.404 ppm) from the SE data, likely
corresponding to the alanine doublet centered at 1.47ppm
and six other features (2.938, 2.996, 3.015, 3.053, 3.072, and
3.111 ppm) all centered around the creatine peak.
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231 potential cases
Men-1: 179 Men-2: 42 Men-3: 3 SFT: 5

v v

Unsuppressed and suppressed spectra available for acquisition

194 recovered short echo cases
Men-1: 150 Men-2: 36 Men-3: 2 SFT. 5

194 recovered long echo cases
Men-1: 151 Men-2: 35 Men-3: 2 SFT. 5

A A

Spectra has SNR>=10, FWHM<8 Hz and alignment possible with jMRUI2XML

162 short echo cases
Men-1: 125 Men-2: 30 Men-3: 2 SFT. 5

154 long echo cases
Men-1: 117 Men-2: 30 Men-3: 2 SFT: 5

l Spectra with negative points discarded

136 short echo cases selected for analysis
Men-1: 103 Men-2: 26 Men-3: 2 SFT. 5

149 long echo cases selected for analysis
Men-1: 112 Men-2: 30 Men-3: 2 SFT: 5

FIGURE1 | Results of applying the inclusion criteria; spectra with potentially artifactual negative peaks were discarded.

018 - MEN-1 —MEN-2 —MEN-3 —SFT

MEN-1 —MEN-2 —MEN-3 —SFT

0.35 -

0.30

Intensity
e o o o
S NN
o o o o
T

0.05
0.00
-0.05 -

FIGURE 2 | Mean spectra of each tumor type. (A) Short echo (SE)
spectra (meningioma grade 1 (Men-1): 103, meningioma grade 2 (Men-
2): 26, meningioma grade 3 (Men-3): 3, solitary fibrous tumor (SFT): 5.
(B) Long echo (LE) spectra (Men-1: 112, Men-2: 30, Men-3: 3, and SFT:
5).

Looking at the SE and LE classifiers, there are no significant
differences neither between the training (Hanley-McNeil
test, p=0.888) nor between the test sets (Hanley-McNeil test,
p=0.601). The first two features of those two other models
are 1.519 ppm (SE) and 0.599 ppm (LE). The other five features

(SE: 4.012, 4.032, 4.051, 4.070, 4.089, 4.108 ppm, LE: 4.012,
4.032, 4.051, 4.070, 4.081, and 4.108 ppm) are almost identical,
indicating that these features are probably related as above,
to incomplete water suppression, myoinositol, and/or lactate
contributions. Also, one particular aspect regarding the cor-
relative selection of features is that when the SpectraClassifier
software does SFFS, it starts by the end (from 4.1 ppm in its
default mode); the criterion is correlation-based. When suc-
cessive features near 4.1 ppm are chosen, it means that in fact
all features are more or less equally important by the inter-
nal feature quality criterion, in sequential forward mode from
4.1 ppm. This provides further evidence of the low discrimina-
tive capacity of the classifier.

3.1.4 | Question D: Men-1 Versus Men-2 and Men-3
Versus SFT

Question D aims to address whether pooling together the higher
grade meningiomas improves the classification. In comparison
to Question A, the lower BER values are achieved by combining
the two echo types. The first feature of both the SE and SE+LE
model are 3.571 and 3.533 ppm, respectively, and is indicative of
SFT, which both models can identify quite well. The second fea-
ture varies in the models, but in the case of the combined echo
types, it is 3.015ppm (creatine), which is a feature which was
also present in the model for Question C.

The second feature extracted in both the SE and SE+ LE cases
corresponds to the features (SE: 3.495 ppm, SE+ LE: 3.105 ppm
[LE]) identified in Question A. However, in the case of LE, the
features differ from those in Question A, yet they are the same
as the features observed in Question C. This suggests a probable
association with incomplete water suppression in these features.

Looking at the AUC values of each class in Table 4, we can see
that the identification of Men-1 decreases in this situation in

60f13

NMR in Biomedicine, 2025

A 'S 'Se0C ‘Z6rTE60T

wouy

IIPUOD PUe SWIB 1 8y} 88S *[S5202/90/0T] U0 Aelqi8UlIUO A3]IM ‘eAUN[EIED 8P B0J808Y 8P SSAILBD ONYISU 919epUNS YOXFD-1 919epund AQ ZE00L WGU/Z00T OT/I0P/Lo0 A1

00 Ao

-pLe:

3SUBO1T SUOWILLOD dANERID 3|qeat|dde au Aq peuseAob afe sajoie YO ‘8sn Jo S8l 1oy AriqiTauluQ AS|IMm Uo



>

203

Zo.1

203
(7}

Zo1

203

£041

203
[22]

Zo1

203

Eo04

149-SE
0.2
P
2
2 0.1
£
0
4.0 3.0 2.0 1.0 0.0
ppm
169-SE
0.2
2
2
2 0.1
£
0
4.0 3.0 2.0 1.0 0.0
ppm
211-SE
0.2
2
2
9041
£
0
4.0 3.0 2.0 1.0 0.0
ppm
215-SE
0.2
2
2
2 0.1
i=
0
4.0 3.0 2.0 1.0 0.0
ppm
68-SE
0.2
2
2
2 0.1
£
0
4.0 3.0 2.0 1.0 0.0
ppm

04 149-LE

S 0.2

4.0 3.0

N
o
-
L=
o
o

ppm

0.4

502

4.0 3.0

N
o
N
o
o
b |

ppm

0.4

2
502

4.0 3.0

N
o
-
o
o
=

ppm

0.4

$0.2

4.0 3.0

N
o
-
o
o
o

ppm

0.4

2
0.2

4.0 3.0

n
o

1.0 0.0
ppm

FIGURE3 | Processed SFT spectra at short echo (SE) and long echo (LE). Last row: testing set. The anonymized case number is the numeric value
before the “-SE” and “-LE” tags, which indicate the echo type (e.g., nn-[LE/SE]).

the training phase, but it is not statistically significant (Train:
p=0.1720, Test: p=0.8328).

3.2 | Classifier Robustness Against Bad
Quality Data

The spectra that did not meet the previously outlined require-
ments and were excluded from the analysis (n=21) are shown
in Figure 5. To assess the robustness of our classifiers, we used
these discarded, suboptimal quality spectra as an additional test
set. Detailed results can be found in the Supporting Information.
The most relevant finding was that for Question B (meningioma
vs. SFT), 97% of all meningiomas at SE and 100% using both echo
times were correctly classified, while only 29.0% of meningio-
mas were correctly assigned as meningioma by the LE classifier
(Figure 6). For Question A, the performance is comparable to
that of the original test set; however, for the other two questions
(C and D), the classifier's performance is noticeably impacted.

4 | Discussion

This work aimed to analyze SV MRS for effectively distin-
guishing SFT from meningiomas and improve the classi-
fication of meningioma grades, utilizing a single-center,
retrospective cohort of meningioma, and SFT spanning from
1997 to 2023.

Our findings show that classifiers trained on SE data effectively
distinguish SFT from meningiomas. The singular feature ex-
tracted (3.571ppm) closely aligns with the major myoinositol
peak (3.52ppm), often elevated in SFTs, according to prior stud-
ies [8, 9]. Notably, classifiers exclusively trained with LE data
exhibit reduced predictive performance, likely attributable to
the low visibility of myoinositol in LE spectra. According to our
results, SFT may be confidently suspected when a large peak
at 3.52ppm is found on a SE spectrum of an extra-axial tumor.
This finding is in agreement with previous reports, as stated in
Section 1 [8, 9].
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TABLE 4 | AUC and BER values for training and test sets. Shaded rows highlight the lowest testing BER. N/A indicates cases where the value

could not be calculated due to missing true positive instances in the test set.

Question Set AUC BER
A) Men-1 versus Men-2 versus Men-3 versus SFT Train Test Train Test
SE Men-1 0.865+0.040 0.557+0.665 0.214 N/A
Men-2 0.763 £0.099 0.753£0.102
Men-3 0.990+0.000 N/A
SFT 1.000£0.000 N/A
LE Men-1 0.577+£0.063 0.624£0.062 0.554 N/A
Men-2 0.691+0.117 0.639+0.124
Men-3 0.715+0.000 N/A
SFT 0.923+0.163 N/A
SE+LE Men-1 0.735+0.061 0.674+0.066 0.232 N/A
Men-2 0.691+0.116 0.749 £0.107
Men-3 0.910£0.000 N/A
SFT 1.000£0.000 N/A
B) Meningioma versus SFT SE 0.999+0.000 N/A 0.004  0.019
LE 0.886+0.029 N/A 0.169 0.103
SESHLEE 1.000£0.000 N/A 0.006  0.000
C) Men-1 versus Men-2 SE 0.782+0.051 0.319+0.067 0.308  0.375
LE 0.772+0.049 0.505+00.069 0.256  0.542
SE+LE 0.879 £0.042 0.666 +0.076 0.201  0.440
D) Men-1 versus Men2 + 3 versus SFT SE Men-1 0.762+0.053 0.687+0.060 0.229 0.403
Men2+3 0.744+0.099 0.660£0.111
SFT 0.999+£0.000 N/A
LE Men-1 0.529+£0.069 0.621+£0.069 0.565 0.696
Men2+3 0.606 +£0.116 0.548+0.119
SFT 0.593+0.316 N/A
SE+LE Men-1 0.771+0.056 0.698 £0.064 0.213 0.190
Men2+3 0.764+0.104 0.568 £0.135
SFT 1.000+0.000 N/A

Initially, two meningioma cases (Case 23 in training, Case 36
in testing) are misclassified as SFTs when using SE. However,
when combining the two echo times, Case 36 is correctly clas-
sified. While both cases met the SNR and FWHM constraints,
visual inspection of Figure 4 reveals other indicators of an un-
common spectral pattern in Case 23. For example, the lack of a
prominent choline peak, which is expected in classical meningi-
omas. Comparing the spectra of these two cases to the average
spectra of their respective tumor type clearly shows their visual
differences (Figure 4). This pattern of misclassification under-
scores the importance of spectral quality. Similarly, Figure 3
shows variability among the SFT spectra. In the SE spectra, we
observe myoinositol and varying levels of choline. In the LE
spectra, choline at 3.21 ppm is the most prominent peak. Case

169 is a notable outlier, as it also exhibits additional signals,
including creatine and N-acetyl-containing compounds. Since
NAA is typically undetectable in extracts of SFTs, as described
in [8], the presence of these peaks may suggest that the patient
moved during acquisition, leading to spurious signals. Although
we confirmed the voxel location at both echo times, according
to the headers of the corresponding files and the accompanying
MRI series are not artifactual, we cannot rule out that the pa-
tient moved during the acquisition [33].

Although SFTs are rare, these findings may be highly relevant
on daily clinical practice. SFT are mainly reported as extra-axial
tumors and difficult to distinguish from meningiomas with
conventional imaging alone. In fact, these tumors are often

90f13

A 'S 'Se0C ‘Z6rTE60T

e /sciny wouy

250117 SUOLLILLIOD AR 3]0 jdce ) Ag PRUBA0G 31 SOILIE YO ‘38N J0 SO 10 ARIGIT SUIIUO AB]IAA UO (SO IPUO-PUE-SWBIALIOS" A3 1M AIR.q 1[pUIIUO//SChiL) SUONIPUOD) PUB SULS | 841 395 *[6202/90/0T] U0 Aq1T aUIIuO Ad]1A 'BAUNIED 3 B9800 3P SAIILBD 0IONYISU OI9EPUIN YOXFO-| 019epUNS AJ ZE00, WAU/Z0OT OT/IOpALGD™ a1 AIqIRU



confounded with meningioma presurgically. Nevertheless, SFT
is an aggressive tumor requiring prompt surgical resection and
complementary radiation therapy treatment, different to Men-1,
which, depending on patient symptoms, could be conservatively
managed with follow-up due to low or absent growth tendency
on follow-up. Thus, from our results, we deduce that when a
neuroradiologist identifies an extra-axial tumor resembling a
meningioma on imaging, MRS using SE should be performed. If
amyoinositol peak is detected, there should be a strong consider-
ation of a SFT, potentially needing expedited surgical resection.

The datasets have a limited number of Men-3 and SFT cases,
however, the low numbers reflect the rarity of SFTs and Men-3,

23-SE

Intensity

which prevalence is one new case per million people per year
[34]. To our knowledge, the data described here belong to the
largest SFT/meningiomas datasets reported in the literature [9].

In comparison to a similar study by Ohba et al. [9], which in-
cluded 84 patients (72 Men-1, 7 Men-2, and 5 SFT) aged 16-86
(69% female, 31% male), our study confirms the relevance
of myoinositol in distinguishing SFTs from meningiomas.
However, while Ohba et al. identified an association between
SFT and age <45years, our SFT patients have an average age of
46.5, with two individuals surpassing the age of 45 (64 years in
male patient 169 and 65years in female patient 68). We attribute
the discrepancy to the fact that all SFT patients in Ohba et al.
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FIGURE4 | Comparison of spectra from misclassified cases and mean spectra of meningioma grade 1 (Men-1) and solitary fibrous tumor (SFT).

(A) Short echo (SE). (B) Long echo (LE).

A

0.3 0.5
.02 04
2 0.1 2 03
] 9]
€ € 0.1

0.0 0.0

-0.0 -0.1

ppm
‘ ----------- spectra mean Men-1 mean SFT|

FIGURE 5 | Superimposed spectra of suboptimal quality cases. (A) Short echo (SE). (B) Long echo (LE).

Question B (SE+LE): Train

[ ] [ ] [ N [ ) O GIIED GENDEEDOUNENNES 00 © ‘
-60 -50 -40 -30 -20 -10
Question B (SE+LE): Test
° ® 000 000 @0 000 00 o0 o‘
-60 -50 -40 -30 -20 -10

Question B (SE+LE): Test (suboptimal quality)

-60 -50 -40

-30 -20 -10

* SFT + meningioma

FIGUREG6 |

Classification results for training, test, and suboptimal meningioma (Men) cases (n =21) in the test set for Question B.

10 of 13

NMR in Biomedicine, 2025

A 'S 'Se0C ‘Z6rTE60T

wouy

IIPUOD PUe SWIB 1 8y} 88S *[S5202/90/0T] U0 Aelqi8UlIUO A3]IM ‘eAUN[EIED 8P B0J808Y 8P SSAILBD ONYISU 919epUNS YOXFD-1 919epund AQ ZE00L WGU/Z00T OT/I0P/Lo0 A1

00 Ao

250117 SUOLLILLIOD AR 3|01 jdce ) Ag PRUBAOB 3 SOPILE YO ‘38N J0 SO 10 ARIGITBUIUO AB]IAA UO



(n=5) were below that age (38.6years on average). Our results
highlight the importance for clinicians to consider SFTs in pa-
tients older than 45.

Ohba et al.'s study did not identify distinguishing factors between
Men-1 and Men-2. Through our study with a larger cohort and
additional Men-3 cases, we found several evidences, from the
classification point of view, pointing towards a continuum of the
intensities for various peaks, between Men-1 and Men-3, with in-
creasing mobile lipids and macromolecules from lower to higher
grade (Figure 2). The results differentiating between Men-1 and
Men-2 indicate a failure based on AUC and BER values.

It should be pointed out that the distinction of Men-1 versus Men-2
of Question C, using both TEs has an AUC of 0.666 in the test set.
For Question D, the AUC of Men-1 in the test set, again using both
TEs, is 0.698. From this point of view, our results represent an im-
provement with respect to the described performances in the dis-
tinction of Men-1 and Men-2 by conventional imaging [14, 15] and
would be comparable to more sophisticated methodologies like
those used in [17, 18]. Notably, two TEs are required, as with only
one TE, the AUCs measures are below 0.50. These results would
prompt future studies to assess the discriminative potential of
using multiparametric data such as MRS together with other im-
aging modalities for meningioma grade discrimination.

Finally, any user can test our pipeline with their own data.
Testing it only requires to install the j]MRUI2XML plugin, which
can be downloaded free of charge from [23] and process a short
TE spectrum (TE=30-32ms) acquired with either 1.5- or 3-T
scanners. Since our dataset is mostly composed of spectra at
TR=2000ms and voxel sizes 3-8cm?, we recommend to use
these parameters as well. The spectrum in this way can be en-
tered into the prototype decision-support system accompanying
this work as Supporting Information or in [32]. This prototype
interface has the preloaded discrimination equation and meta-
data for the cases we analyzed in Question B, that is, SFT versus
all meningioma and can be used in any standard computer.

Potential limitations in generalizability, such as differences in ac-
quisition protocols and scanner field strength, should be offset by
our robust processing pipeline based on the INTERPRET parame-
ters and unit length normalization, which have demonstrated to be
robust against variations in the magnetic field (1.5/3T) or slightly
different acquisition conditions [35]. With regard to the limitation
in generalizability in different patient populations, it remains to be
tested, which can be done with our prototype interface.

SFTs are caused by a NAB2-STAT6 gene fusion event. Both
NAB2 and STATS6 are located in Chromosome 12, and are tran-
scribed in opposite directions. The fusion event transforms a
transcriptional repressor (NAB2) into a transcriptional activa-
tor (NAB2-STAT6), which in turn induces EGR1 and its down-
stream signaling pathways, driving neoplastic progression [36].
The NAB2-STAT6 gene fusion is pathognomic of SFTs in any
part of the body. There are different variants of NAB2-STAT6
fusions, and in extrameningeal SFTs, the variants have been re-
ported to be associated to distinct clinicopathological character-
istics and prognosis [37].

Myoinositol is synthesized from Glucose-6P by Inositol-3-
phosphate Synthase 1 (ISYNA1 [EC 5.5.1.4]), which converts
glucose-6P to inositol-3P and Inositol Monophosphatase 1
(IMPA1 [EC 3.1.3.25] or IMPase 1), which dephosphorylates
inositol-3P to form myoinositol.

The CDP-Diacylglycerol-Inositol 3-Phosphatidyltransferase
(CDIPT [EC 2.7.8.11]) or Phosphatidylinositol Synthase (PIS)
can use inositol to synthesize lipid phosphatidylinositol (PI).
However, it is still unclear which is the origin of the myoinosi-
tol pool that regulates osmolarity, as three different symporters
have been described: sodium symporters SMIT1 and SMIT2,
and proton symporter HMIT. Both synthesis and transport have
been reported to be regulated by osmotic stress (ISYNA1 and
SMIT1, respectively). On the other hand, little is known about
myoinositol degradation pathways [38].

The nature of the connection between the NABT-STATG6 fusion
event and the observed myoinositol increase observed in SFTs of
the brain is largely unknown nowadays. Also, to our knowledge,
there are no reports on MRS of SFTs in other parts of the body.
Exploring the metabolism of SFTs further, particularly the link
between myoinositol regulation and NAB2-STAT6, could pro-
vide insights into the biology of SFTs and potentially uncover
novel therapeutic targets.

5 | Conclusions

The detection of myoinositol, with its resonance centered at
3.52ppm, which nearly disappears at LE, is crucial for the pre-
surgical identification of SFTs. Differentiating between me-
ningioma grades remains a significant challenge; however,
employing two echo times improves the distinction between
Grade 1 (Men-1) and Grade 2 (Men-2) meningiomas beyond
random chance. In cases of poor spectral quality, the use of two
echo times is advisable. Additionally, patients' age should not be
considered a reliable predictor for identifying SFTs, in contrast
to previous literature.
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