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ARTICLE INFO ABSTRACT

Keywords: Purpose: To assess the role of histogram analysis of apparent diffusion coefficient (ADC) maps based on whole-
Solitary fibrous tumor tumor in differentiating intracranial solitary fibrous tumor/hemangiopericytoma (SFT/HPC) from angiomatous
Hemangiopericytoma meningioma (AM).

Angiomatous meningioma
Apparent diffusion coefficient
Histogram analysis

Materials and methods: Pathologically confirmed intracranial SFT/HPC (n = 15) and AM (n = 20) were retro-
spectively collected and their clinical and conventional MRI features were analyzed. Diffusion-weighted (DW)
images (b = 0 and 1000 s/mm?) were processed with the mono-exponential model. Regions of interest covering
the whole tumor were drawn on all slices of the ADC maps to obtain histogram parameters, including mean ADC
(ADCmean), median ADC (ADCmedian), maximum ADC (ADCmax), minimum ADC (ADCmin), skewness and
kurtosis, as well as the 5th, 10th, 25th, 75th, 90th and 95th percentile ADC (ADC5, ADC10, ADC25, ADC75,
ADC90 and ADC95). Differences of histogram parameters between SFT/HPC and AM were compared using
Mann-Whitney U test. Receiver operating characteristic (ROC) curve was used to determine the diagnostic per-
formance.

Results: The ADCmin (P = 0.001) and ADC5 (P = 0.045) were significantly lower in SFT/HPCs than in AMs,
while no significant difference was found in sex, age, conventional MRI features or any other histogram para-
meters between the two entities (P = 0.051 —1.000). ADCmin showed the best diagnostic performance (area
under curve [AUC], 0.86; sensitivity, 81.3%; specificity, 83.3%) in differentiating SFT/HPC from AM with op-
timal cutoff value being 569.00 x 10~ mm?/s, followed by ADC5 (AUC, 0.72; sensitivity, 68.8%; specificity,
75%) with optimal cutoff value being 781.97 x 10~ mm?/s.

Conclusion: SFT/HPC and AM share similar conventional MR appearances. Whole-tumor histogram analysis of
ADC maps may be a useful tool for differential diagnosis, with ADCmin and ADC5 being potential parameters.

1. Introduction

Solitary fibrous tumor/hemangiopericytoma (SFT/HPC) is an un-
common type of neoplasm of meningeal mesenchymal origin [1]. It
accounts for about 0.4% of all primary central nervous system tumors
with an increasing incidence [2,3]. Radiologically, angiomatous me-
ningioma (AM), a histological subtype of meningioma, is one of the
most challenging differential diagnoses for SFT/HPC [4-7]. However,
they greatly differ with respect to biological behavior, clinical course,
treatment methods and prognosis. SFT/HPC has malignant biological

behavior with a high rate of local recurrence and well-known pro-
pensity for extracranial metastases, with gross total resection followed
by radiotherapy as the main treatment choice [3,8,9]. In contrast, AM is
benign and can achieve a good prognosis after surgical resection alone
[10-12]. Therefore, accurate preoperative differentiation between SFT/
HPC and AM is of vital importance in clinical routine practice.
Conventional MR imaging (MRI) is difficult to reliably distinguish
between the two entities [4]. Advanced MRI techniques, such as dif-
fusion weighted imaging (DWI), can provide information on the tissue
microstructural characteristics and may be valuable in this regard.
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Some researchers have studied the role of apparent diffusion coefficient
(ADC) measurements in differentiation of these two but with no
agreement obtained [4,5,13,14]. This may be mainly due to the re-
search methods they used. They just measured so-called representative
areas of the tumor using manual regions of interest (ROIs) for further
analysis, which is readily subject to selection bias. Furthermore, they
used only one parameter, mean ADC value from regional ROIs, to
evaluate the tumors, which fails to reflect the overall spatial hetero-
geneity of histological features of tumors and thus may dilute or even
miss the mild but important differences between them.

Histogram analysis of ADC maps, based on the whole tumor volume,
is an objective and robust method that can provide quantitative in-
formation on tissue characteristics and tumor heterogeneity [15]. This
method has been shown promising in differential diagnosis as well as
predicting tumor grade and prognosis [15-19]. Therefore, the purpose
of this study was to determine the diagnostic performance of whole-
tumor ADC histogram analysis for differentiating SFT/HPC from AM.

2. Materials and methods
2.1. Patients

This study was approved by our institutional review board, and the
written informed consent was waived due to the retrospective nature of
our study. Twenty-one SFT/HPC and 24 AM cases were searched from
January 2014 to October 2018 from the electronic hospital information
system and picture archiving and communication system, according to
the following including criteria: 1) available pretreatment brain MRI; 2)
final diagnosis confirmed by surgery and histopathologic examinations.
Six patients with SFT/HPC and 3 patients with AM were excluded be-
cause of absence of DWI images. One AM patient only with cystic
component was excluded. Finally, 15 patients with SFT/HPC (10 men
and 5 women; mean age, 51.1 * 16.1 years) and 20 patients with AM
(12 men and 8 women; mean age, 55.6 + 8.8 years) were enrolled in
the study.

2.2. MRI

All MRI procedures were performed using a 3.0 T GE Signa Excite
MRI system (General Electric, Milwaukee, WI, USA) equipped with an
eight-channel array head coil. The standard MRI protocol included T1-
weighted images (TR/TE, 2500/24 ms, slice thickness, 6 mm, field of
view, 240 mm, matrix, 320 x 224); axial T2-weighted imaging (TR/TE,
5100/130 ms, slice thickness, 6 mm, field of view, 240 mm, matrix,
512 x 288). DWI was performed in the axial plane before injection of
contrast agent using single-shot diffusion-weighted echo planar ima-
ging. The imaging parameters were as follows: TR/TE, 10000/88 ms,
slice thickness, 6 mm, field of view, 240 mm, matrix, 130 X 128, three
orthogonal directions with b-value of 0 and 1000s/mm?. For contrast
enhanced T1-weighted image, contrast agent (Gadopentetate dimeglu-
mine injection, Consun, Guangzhou, China) was intravenously bolus
injected via a power injector with a flow rate of 2.0-2.5ml/s at a dose
of 0.2 mmol/kg of body weight, followed by a 20 ml bolus of saline with
the same injection rate.

2.3. Image analysis

2.3.1. Conventional MRI features analysis

The conventional MRI features, including location (convexity, skull
base, falx or parasagittal, posterior fossa), shape (round or oval, lobu-
lated or irregular), T2WI signal relative to the gray matter (hyper-
intense, isointense, hypointense), enhancement pattern (homogenous
enhancement, heterogeneous enhancement), broad-based attachment,
dural tail sign, flow void sign (dot-like or tubular structures of low
signal intensity due to the blood flow), necrosis or cystic change and
bone destruction, were evaluated and compiled by two radiologists
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(with 15 and 5 years of experience, respectively) in a blind manner.
Discrepancies were resolved in consensus during a joint evaluation with
a third radiologist (with 20 years of experience).

2.3.2. ADC histogram analysis

ADC maps were calculated automatically using the Func-Tool soft-
ware program (GE Medical Systems) with a mono-exponential fit of
diffusion data from the b-values of 0 and 1000s/mm?. All MR data were
transferred to an independent, personal computer for further analysis.
To obtain histograms of ADCs, two independent radiologists (with 10
and 4 years of experience, respectively), who were blinded to the pa-
thological findings, manually placed ROIs covering the whole lesion in
each slice on ADC maps using 3D-Slicer (a free open source software
platform for biomedical imaging research). Tumor boundaries were
determined with reference to the T2-weighted, enhanced T1-weighted,
and diffusion-weighted (b-value, 1000s/mm?) images. Peritumoral
vessels and edema and susceptibility artifacts were avoided. The ROIs
were slightly smaller in size than visible tumor boundaries to reduce the
partial volume effect. A column of ADC values from all voxels of each
tumor was extracted. The following parameters were acquired from the
ADC histogram: mean ADC (ADCmean), median ADC (ADCmedian),
maximum ADC (ADCmax), minimum ADC (ADCmin), skewness, kur-
tosis and six cumulative histogram parameters including the 5th
(ADC5), 10th (ADC10), 25th (ADC25), 75th (ADC75), 90th (ADC90)
and 95th (ADC95) percentiles of ADC. Skewness and kurtosis reflect the
shape of a histogram and were used to measure the asymmetry of the
ADC value distribution around the mean. Skewness is positive if most of
the data are concentrated on the left of the histogram and negative if
most of the data are concentrated on the right. Kurtosis represented the
concentration of values around the mean and reflected the peak of the
distribution. In a normal distribution, skewness is 0, and kurtosis is 3
[20]. Measurements of two radiologists were averaged.

2.4. Pathologic examination

All patients underwent gross total resection (GTR). Surgical speci-
mens were routinely fixed in 4% formaldehyde solution, entirely em-
bedded in paraffin blocks, cut at a 4 um thickness and stained with
haematoxylin and eosin (H-E). Immunohistochemical staining using
MIB-1 antibody was performed for 15 SFT/HPC and 4 AM to evaluate
Ki-67 index. A pathologist (with 15 years of experience) reassessed the
pathological results in a blind manner according to the 2016 WHO
criteria [1].

2.5. Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics for
Windows, Version 23.0 (IBM Corp., Armonk, NY, United States). Inter-
reader agreement of conventional MRI features and the measurements
of histogram parameters were assessed by using intraclass correlation
coefficient (ICC). The ICC value ranging between 0 and 1.00 and was
interpreted as follows: 0-0.40, poor agreement; 0.41-0.60, moderate
agreement; 0.61-0.80, good agreement; 0.81-1, excellent agreement.
Difference of patient age was compared using Student’s t-test.
Differences of sex and conventional MRI features between two groups
were compared using Fisher’s exact test. Differences of histogram
parameters between the SFT/HPC and AM group were compared using
the Mann-Whitney U-test. Pearson’s correlation was performed to
evaluate the associations between histogram parameters and Ki-67
index in SFT/HPC. In addition, receiver operating characteristic (ROC)
curve was used to evaluate the diagnostic performance of histogram
parameters. The area under the ROC curve (AUC), with the 95% con-
fidence interval (CI), as well as cutoff value, sensitivity, and specificity,
were computed. Cutoff values were established by calculating the
maximal Youden index. All cases were two-sided at a 5% risk.
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Table 1
Demographic information and conventional MRI features of SFT/HPC and AM.

Variable Characteristics SFT/HPC AM P value IcC

No. of patients 15 20

Age (years), Mean =+ SD" 51.1 + 16.1 55.6 + 8.8 0.339

Sex Male 10 12 0.737
Female 5 8

Location Convexity 3 4 1.000 0.990
Falx or parasagittal 5 8
Skull base 4 5
Posterior fossa 3 3

Shape Lobulated or irregular 9 11 1.000 0.608
Round or oval 6 9

T2WI signal Hyperintense 5 13 0.183 0.512
Isointense 7 5
Hypointense 3 2

Enhancement pattern Homogenous 7 12 0.506 0.623
Heterogeneous 8 8

Broad-based attachment Present 8 14 0.481 0.638
Absent 7 6

Dural tail sign Present 10 15 0.712 0.602
Absent 5 5

Flow void sign Present 11 15 1.000 0.396
Absent 4 5

Necrosis or cystic change Present 6 5 0.467 0.731
Absent 9 15

Bone destruction Present 7 5 0.282 0.634
Absent 8 15

Note: Unless otherwise specified, data were tested using Fisher’s exact test. * Data were tested using Student’s t-test. SFT/HPC, intracranial solitary fibrous tumor/
hemangiopericytoma; AM, angiomatous meningioma; ICC, intraclass correlation coefficient; SD, Standard Deviation.

3. Results

No statistical difference was found in age (P = 0.339) or sex
(P = 0.687) between SFT/HPC and AM groups (Table 1).

Of the 15 SFT/HPC patients, 3 were classified as WHO grade I, 8 as
grade II, and 4 as grade III. Microscopically, dense, spindle and poly-
gonal tumor cells were distributed around microvessels with a staghorn
configuration. Mitosis figures were commonly noted, and the Ki-67
proliferation index was averaged to 11.9% =+ 11.2. All AM tumors were
classified as WHO grade 1. Microscopically the tumors were composed
of abundance of various vessels on the background of meningothelial
elements, with rare mitosis figures noted. Of the 4 AM patients with
immunohistochemical staining, Ki-67 index was scored 3% in 1 case,
and the remaining 3 cases were all less than 1%.

Conventional MRI features of the two groups are summarized in
Table 1. No statistical difference was found (P=0.183-1.000). Poor
inter-reader agreement was obtained for the evaluation of signal void of
vessel (ICC = 0.396), moderate inter-reader agreement was obtained
for T2WI signal (ICC = 0.512), excellent agreements were obtained for
tumor location (ICC = 0.990), good agreements were obtained for these
remaining features (ICC = 0.602-0.731).

The values of histogram parameters of ADC maps are listed in
Table 2. The ADCmin (P = 0.001) and ADC5 (P=0.045) were sig-
nificantly lower in SFT/HPCs than in AMs, while there was no sig-
nificant difference in ADC10, ADC25, ADC75, ADC90, ADC95, AD-
Cmean, ADCmedian, ADCmax, skewness or kurtosis (P=0.051-0.889).
Significant negative correlation was observed between ADCmin and Ki-
67 (R = —0.575, P = 0.025), as shown in Fig.1. Excellent inter-reader
agreements were obtained for the measurements of histogram para-
meters, with ICCs of 0.912-0.999. The different percentiles of median
ADC value of the two groups are shown in Fig. 2. Representative cases
of SFT/HPC and AM are shown in Figs. 3 and 4 show the representative
case of each group. The results of ROC analyses are shown in Table 3
and Fig. 5. The AUC in differentiating SFT/HPC from AM was 0.86
(sensitivity, 81.3%; specificity, 83.3%) and 0.72 (sensitivity, 68.8%;
specificity, 75.0%) for ADCmin and ADC5, with optimal cutoff value
being 569.00 x 10~ ° mm?/s and 781.97 x 10~ ® mm?/s, respectively.
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4. Discussion

In daily clinical practice, it is challenging for radiologists to make
reliable discrimination between SFT/HPCs and AMs. In this study, we
demonstrated that whole-tumor histogram analysis of ADC maps may
be of potentially differential usefulness and both ADCmin and ADC5
had a high diagnostic performance.

Conventional MRI is the preferred modality to evaluate intracranial
tumors. In the present study, SFT/HPC and AM displayed similarities in
the location, morphology, T2WI signal, flow void sign and dural tail
sign, which was in good agreement with the report by Meng et al [4].
Some researchers documented that HPC rather than AM was more
likely to show cystic or necrosis and heterogeneous enhancement, and
to contact the skull bone with a narrow base and cause bone destruction
[21,22]. Whereas, our present study did not show significant difference
in these signs. This might be related to the subjectivity of these signs
which is dependent on individual’s experience and thus less re-
producible. Of note, WHO grade I of SFT/HPC was excluded in these
studies while included in our study (3 grade I cases). The difference in
the population might have influenced the results, which might be mild
since patients with grade I SFT/HPC accounted for only 20% (3/15) in
our study. Also, tumor heterogeneity may lead to the disparity, espe-
cially for studies with small sample size.

Whole-tumor histogram analysis of ADC can reliably provide
quantitative information on tissue characteristics of the entire tumor
and has become an important method for evaluation of brain tumors
[18,23]. In the present study, this method demonstrated excellent inter-
reader agreement of all ADC index. ADCmin and ADC5 in the SFT/HPC
group were significantly lower than those in the AM group, with rather
good diagnostic performance. This is mainly because SFT/HPC has a
higher regional cellularity than AM, leading to reduction of extra-
cellular space and the restricted diffusion of water molecules, and
consequently the reduced ADC value [24-26]. Many studies showed
that the minimum ADC value has a significant negative correlation with
Ki-67 proliferation index, as shown in the present study, and may re-
flect the region with the most exuberant tumor cells proliferation
[27-29]. Histologically, grade II and III SFT/HPCs (12/15 cases in this
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Table 2

Difference of histogram parameters between SFT/HPC and AM group.

SFT/HPC (n=15) AM (n=20) P value ICC

ADCmean 992.12(870.87, 1258.74) 1108.23(902.56, 1543.47) 0.378 0.998
ADCmedian 954.75(830.25, 1210.38) 1090.50(902.69, 1553.25) 0.246 0.999
ADCmin 461.00(376.00, 531.00) 768.00(599.75, 865.00) 0.001 0.914
ADCmax 2050.00(1869.00, 2912.00) 1839.00(1412.25, 2540.25) 0.403 0.971
ADC5 729.99(598.00, 936.37) 888.55(730.46, 1253.14) 0.045 0.995
ADC10 761.50(630.88, 984.28) 919.10(771.68, 1308.93) 0.051 0.997
ADC25 832.31(716.38, 1078.31) 988.50(839.16, 1423.84) 0.104 0.999
ADC75 1098.06(934.00, 1469.38) 1173.19(966.19, 1665.56) 0.577 0.998
ADC90 1248.03(1053.93, 1618.38) 1231.50(1019.46, 1782.24) 0.889 0.996
ADC95 1359.58(1180.44, 1713.75) 1273.73(1107.38, 1869.91) 0.745 0.989
Kurtosis 1.96(1.09, 2.68) 0.87(0.00, 3.43) 0.486 0.912
Skewness 1.02(0.54, 1.36) 0.36(-0.04, 1.60) 0.178 0.971

Note: Except for P value and ICC, data are presented as median (interquartile ranges [IQR]). Values are expressed in units of x 10~ ®mm?/s for all ADC histogram
parameters except for skewness and kurtosis. SFT/HPC, intracranial solitary fibrous tumor/hemangiopericytoma; AM, angiomatous meningioma; ICC, intraclass
correlation coefficient; ADC, apparent diffusion coefficient; ADCn, nth percentile value of cumulative ADC histogram.
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Fig. 1. Scatterplot showing a negative correlation between ADCmin and Ki-67
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Fig. 2. Line graph demonstrating the median ADC value and their interquartile
ranges of two groups at different percentiles. Generally, SFT/HPCs show a
lower ADC value than AMs with the differences getting smaller with increasing
percentile.

cohort) commonly exhibit high proliferation activity [1,30,31]. In
contrast, AMs are mainly composed of vascular components (over 50%)
and show low proliferation activity [10]. The mean Ki-67 index
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(11.9%) in the SFT/HPC group was considerably higher than that of AM
in this study. However, Liu et al reported little difference between HPC
and AM group in minimum ADC, which was different from our results
[32]. This may be because of the different research method used in the
present study. Whole-tumor analysis is believed to be able to more
reliably obtain the minimum ADC value of the lesion than traditional
strategy, which will be helpful to disclose the slight difference between
them [18]. Of note, ADC10 showed a trend of being significantly dif-
ferent between the two groups in the present study.

No difference was found in ADCmean and other ADC percentiles
between the two groups in this study. This is probably because both
types of tumors are hypervascular and have prominent extracellular
space surrounding highly vascularized areas, which allows for quick
motion of water molecules and thus enables them with high ADC values
[33,34]. Moreover, they shared similar necrosis or cystic changes. Meng
et al reported the significant difference in ADCmean between them [4],
which is contrary to another study by Liu et al [5]. This might imply the
relatively limited use of ADCmean derived either from whole-tumor
volume analysis or from common methods of manual ROI analysis of
solid areas.

Kurtosis and skewness are two important indicators for overall
spatial heterogeneity of tumoral characteristics and can provide useful
information for the differential diagnosis of tumors [14,35,36]. In this
study, however, both groups showed a similar positive skewed dis-
tribution (skewness > 0, kurtosis > 0). This may be partly related to
the fact that they both are mainly solid tumors with abundant vascular
components. Also, the kurtosis and skewness are greatly influenced by
the tail configuration of the histogram [37], which was similar between
the two groups of tumors owing to significant overlapping of the ne-
crosis or cystic changes.

Our study had several limitations. It was a retrospective study and
the sample size was relatively small, so validation in prospective studies
with a larger patient cohort is warranted. Also, although the abnormal
signal caused by visible DWI artifacts was manually excluded, a few
hard-to-find signal abnormalities may still exist and influence the
measurement of ADC value. Finally, ADC value in peritumoral edema,
which was shown to be able to discriminate HPC from AM in a previous
study [5], was not analyzed in our study due to the limitations of our
method.

5. Conclusion

In conclusion, our present study showed that conventional MRI
features are not sensitive discriminator between SFT/HPC and AM,
whole-tumor histogram analysis of ADC maps has the potential to re-
liably reflect the histopathological differences between them, and
ADCmin and ADC5 might be useful parameters in differentiating these
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Fig. 3. A 39-year-old woman with SFT/HPC. (a) Axial T2-weighted image shows a large mass in right frontal-temporal convexity, with hyperostosis of the adjacent
cranial bone (arrowhead) and peritumoral flow void sign (arrow). (b) Contrast-enhanced T1-weighted image shows avid enhancement and central necrosis (arrow).
(¢) DWI (b = 1000s/mm?) shows slightly high signal intensity. (d) Corresponding ADC map with a freehand ROI covering the whole mass (black dashed line). Note
that necrosis areas within the tumor were included as well. (e) Histogram of whole lesion shows a relatively lower cumulative ADC value with a flattened peak and
ADCmin being 386 x 10~® mm?/s.
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Fig. 4. A 61-year-old woman with AM. (a) Axial T2-weighted image shows a large mass in right occipital convexity. (b) Contrast-enhanced T1-weighted image
reveals strong enhancement but no dural tail sign. (c) DWI (b = 1000s/mm?) shows slightly high signal intensity. (d) Corresponding ADC map delineated with a
freehand ROI covering the whole mass (black dashed line). (e) Histogram of the whole lesion shows a relative higher cumulative ADC value with a sharp peak and

ADCmin being 807 x 10~® mm?/s.

Table 3
Diagnostic performance of histogram parameters for differentiating SFT/HPC
and AM.

AUC Cutoff value

(x10~°mm?/s)

Sensitivity ~ Specificity P value
(%) (%)

ADCmin
ADC5

0.86(0.72, 1.00)
0.72(0.53, 0.92)

569.00
781.97

81.3
68.8

83.3
75.0

0.001
0.046

Note: Data in parentheses are 95% confidence intervals. SFT/HPC, intracranial
solitary fibrous tumor/hemangiopericytoma; AM, angiomatous meningioma;
AUC, area under the receiver operating characteristic curve; ADC, apparent
diffusion coefficient; ADCmin, minimum ADC; ADC5, the 5th percentile value
of cumulative ADC histogram. Cutoff values were established by calculating the
maximal Youden index.

two entities and thus find clinical applications.
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