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Abstract
Purpose  To investigate whether whole-tumor histogram analyses of diffusivity measurements derived from q-space imaging 
(QSI) improves the differentiation between meningioma and schwannoma.
Materials and methods  Fifteen extra-axial tumors (11 meningiomas and 4 schwannomas) with MR examinations from April 
2011 to May 2013 were included. Three-dimensional regions of interest (ROI) encompassed the whole tumor, including 
cystic areas. Histogram analyses of mean displacement (MD) derived from QSI and apparent diffusion coefficient (ADC) 
for the ROI were performed at mean, the five percentiles of MDn and ADCn (n = 5, 25, 50, 75, 95th), kurtosis, and skew-
ness. To determine the diagnostic ability of MDn and ADCn, we also compared the area under the curve (AUC) on receiver 
operating characteristic (ROC) analysis.
Results  Histogram analyses revealed significant differences between meningioma and schwannoma in MD75, ADC25, ADC50, 
ADC75, and kurtosis of ADC. The ROC analysis of kurtosis of ADC and MD75 resulted in an AUC of 1.0 and 0.96, respec-
tively. There were no significant differences between the AUC of MD75 and that of kurtosis of ADC (p = 0.41).
Conclusion  The histogram analyses of MD and ADC derived from QSI were both equally useful in differentiating between 
intracranial meningioma and schwannoma.

Keywords  Schwannoma · Meningioma · Magnetic resonance image (MRI) · Q-space image (QSI) · Diffusion-weighted 
image (DWI)

Introduction

Meningioma and schwannoma are the two most frequently 
observed extra-axial brain tumor types. Surgical approaches 
for these entities are vastly different [1–4]; thus, the pre-
operative differentiation between these two conditions is 
important. However, when one encounters a tumor at the 
cerebellopontine angle (CPA), for example, discrimination 
between these entities can be sometimes a diagnostic chal-
lenge [5, 6]. There are many helpful morphologic character-
istics on magnetic resonance (MR) imaging, but some cases 
present with very similar characteristics [5–9]. Thus, more 

objective measures that aid in diagnosis can be of clinical 
value.

Diffusion-weighted imaging (DWI) has been shown to be 
a reliable tool that quantifies the movement of water mol-
ecules and has been used for differentiating between menin-
gioma and schwannoma [10–12]. This method is thought to 
be effective due to the differences in tumoral microstructure 
and/or cell density between them.

Q-space imaging (QSI) is a more advanced MR imag-
ing method that enables the estimation of non-Gaussian 
diffusion, providing another way to assess the tissues [13]. 
Whereas the DWI depicts the average migration distances 
of water molecules, QSI provides more detailed informa-
tion of tissue microstructures using multiple high b values. 
This information can be derived from the mean displacement 
(MD) of QSI [14]. It has been reported that QSI has higher 
sensitivity in detecting pathological information for several 
benign brain lesions [15–18], but only few studies have 
reported on its application to tumors [19–22]. Moreover, 
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there have been no reports regarding QSI for differentiating 
between meningioma and schwannoma.

Regions-of-interest (ROI) analysis is a commonly utilized 
technique in analyzing medical images. A few comparatively 
simple types of data can be derived from ROI analysis, such 
as mean, minimum, and maximum values. Many of the pre-
vious studies have chosen to place ROIs only over the solid 
components of the tumor by carefully avoiding any cystic 
or hemorrhagic regions within the tumor [10–12]. This was 
done with the notion that using ROIs covering these hetero-
geneous components will lead to less accurate information 
about the tumoral properties [23, 24]. However, such tech-
niques have the potential for bias in the way of placing the 
ROI. In addition, manual selection of solid component is a 
time-consuming process.

Histogram analysis is a method that has become popular 
in the field of medical imaging over the past few years. It 
enables handling continuous data of the whole region and 
will provide multiple evaluation methods through descrip-
tive statistics including percentile, kurtosis, and skewness. 
It is expected to represent the tissue microstructures and 
their detailed distribution, leading to better reflecting the 
histological characteristics of the tumors [23].

In this study, we tested the ability of DWI and QSI in dif-
ferentiating between intracranial meningioma and schwan-
noma, using histogram analysis in three-dimensional (3D) 
ROIs that cover the whole tumor.

Materials and methods

Subjects

This retrospective study was approved by our institutional 
review board. This is an opt-out research design and all 
opportunities for the patients were provided to them through 
publicly posted notifications. Thirteen patients with a men-
ingioma and 5 patients with a schwannoma underwent MR 
examination from April 2011 to May 2013 in our hospital, 
all of which included QSI sequences. Two patients with 
a meningioma and one patient with a schwannoma were 
excluded due to the absence of pathological examination, 
and one patient with a schwannoma was excluded due to 
technically inadequate image quality. After these exclusions, 
11 patients with a meningioma and 4 patients with a schwan-
noma were finally included in this pilot study.

All tumors were located intracranially and the locations 
of the meningiomas were CPA (n = 4), parasagittal (n = 3), 
convexity (n = 2), and falcine (n = 2). The locations of the 
schwannomas were CPA (n = 3) and trigeminal (n = 2). 
All 11 meningiomas and 4 schwannomas were pathologi-
cally diagnosed following total or partial resection. Using 
the World Health Organization classification system, the 

subtypes of meningioma were determined by a pathologist to 
be, transitional (n = 6), fibrous (n = 2), mixed (n = 1), psam-
momatous (n = 1), or atypical (n = 1).

Data acquisition

All MR examinations were performed using a 1.5-T whole-
body imager (Philips Medical Systems, Best, The Nether-
lands). In all MR scans, the field of view was 23 × 23 cm. 
DWI for QSI was acquired using a single-shot, echo-planar 
imaging technique with repetition time (TR)/echo time 
(TE) = 6000/173 ms, duration between the paired gradients 
(Δ)/time of applied gradient (δ) = 142/17 ms, effective dif-
fusion time (Tdiff) = 136 ms, defined here as Δ-(δ/3), and a 
matrix of 128 × 128, without cardiac gating. Gradient mag-
nitudes were increased in nine steps to reach a maximal b 
value of 10,000 s/mm2 and a maximal q value of 855/cm 
(the q value is derived from b value by q = b/{4π2(∆ – δ/3)}). 
The b values used were 0, 10, 60, 100, 300, 600, 1000, 3000, 
6000, and 10,000 s/mm2. Motion-sensitizing gradients were 
applied in 15 directions. A total of twelve 3-mm-thick sec-
tions were obtained without intersection gaps to cover the 
whole tumor. These DWIs were motion/distortion corrected 
to match the b = 0 images on the console of the MR unit. The 
q-space data set included 136 images per slice (nine diffu-
sion images in 15 diffusion gradient directions) with a total 
acquisition time of 25 min.

Data post‑processing and analysis

Data were sent to an offline computer for further analysis 
on the in-house software (written in Matlab® code). The 
q-space analysis was performed on a pixel-by-pixel basis, as 
previously described [25]. High b value components above 
10,000 s/mm2 were zero-filled upon analysis. First, the mean 
displacement (MD) distribution profile was calculated for 
each gradient direction by Fourier transformation of the 
signal decay. The full-width at half-maximum of the dis-
placement distribution profile was then calculated, and these 
values were used to represent the MD. The ADC maps were 
created using the b = 0 and b = 1000 s/mm2 images of QSI.

ROIs encompassing the whole volume of each tumor on 
b = 0 images or DWI images were applied using the ImageJ 
software (https​://rsb.info.nih.gov/ij/) and Fiji (https​://fiji.
sc). ROIs were traced slightly smaller than the margins of 
the whole lesion to avoid a partial volume effect and any 
portions invasive into the skull, with reference to the corre-
sponding T2-weighted and contrast-enhanced T1-weighted 
images (CET1WI). The ROIs were defined for each lesion 
by a single board-certified radiologist with 11 years of 
experience.

Histogram analyses were performed for each ROI. The 
histogram measures included the mean and five measures: 

https://rsb.info.nih.gov/ij/
https://fiji.sc
https://fiji.sc
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the 5th, 25th, 50th (median), 75th, and 95th percentiles 
(MDn, ADCn). The nth percentile is the point at which n 
percent of the voxel values that form the histogram are found 
to the left. The kurtosis and skewness of histogram were also 
calculated. Kurtosis reflects the peakedness of the distribu-
tion and is a measure of the shape of a probability distribu-
tion. Skewness represents a measure of asymmetry of the 
probability distribution. These percentiles, the kurtosis, and 
the skewness represent statistical properties of heterogeneity 
in the region of tumor.

Statistics

All continuous variables of the histogram parameters proved 
to have a non-normal distribution (Kolmogorov–Smirnov 
test). The difference of patients’ sex between patients with 
meningioma and schwannoma was compared using the 
Fisher’s exact test. The Mann–Whitney U test was used to 
test differences of patient age and tumor volume between 
two groups for continuous variables. The tumor volume was 
derived from whole-volume ROI. The histograms for the 
sum of our cases were plotted placing meningiomas beside 
schwannomas in MD and ADC values. The optimal num-
ber of bins was determined by Scott’s rule. We assessed 
the similarity of the histogram curve between MD and 
ADC values of the sum of our cases using a two-sample 
Kolmogorov–Smirnov test, with p value < 0.05 as signifi-
cant. The mean and seven histogram measures between the 
two groups were tested with the Mann–Whitney U test for 
continuous variables. For these eight measures, Bonferroni 
correction was used for multiple comparisons. Therefore, 
p value < 0.00625 (0.05/8) was considered to indicate a 
statistically significant difference [26]. To determine the 
diagnostic ability of QSI, receiver operating characteristic 
(ROC) analyses were performed for the histogram measures. 
The cut-off values were determined by maximizing the sum 
of sensitivity and specificity (Youden index) [27]. We per-
formed DeLong’s test [28], with p < 0.05 as significant, to 
determine the differences between MD and ADC with the 
highest area under the curve (AUC).

All statistical analyses were performed with R (The R 
Foundation for Statistical Computing, Vienna, Austria, ver-
sion 3.2.1) and EZR (Saitama Medical Center, Jichi Medi-
cal University, Saitama, Japan), which is a graphical user 
interface for R [29].

Results

There was no statistically significant difference among 
patient age, sex, and tumor volume between meningioma 
and schwannoma, as shown in Table 1. Representative cases 
of meningioma and schwannoma are presented in Fig. 1. 

Figure 2 shows the histograms of meningioma and schwan-
noma for the sum of our cases, for which distribution pat-
terns were significantly different between the histograms of 
MD and ADC (p < 0.05). Table 2 shows the comparison of 
histogram measures between meningioma and schwannoma. 
Significant differences were found in the following meas-
ures: MD75 and ADC25, ADC50, ADC75, and the kurtosis of 
ADC. Schwannomas showed significantly higher MD and 
ADC values than meningiomas. The kurtosis of ADC had 
the best AUC among all histogram measures (AUC = 1.0). 
MD75 had the best AUC among histogram measures of MD 
(AUC = 0.96) (Table 3). Although the AUC of kurtosis of 
ADC was higher than those of MD75 and ADC75, there were 
no significant differences in ROC analysis between kurtosis 
of ADC and MD75 (p = 0.41) (Fig. 3).

Discussion

Histogram analysis is known to be an effective way of 
assessing the tissue properties of various lesions, includ-
ing brain tumors [12, 30–32]. We have shown in this study 
that differentiation between meningioma and schwannoma is 
possible using histogram analysis of the diffusivity derived 
from DWI and QSI using a targeted 3D-ROI that covers the 
whole-tumor region.

A previous study using DWI with ROI over the solid 
component reported that the best differentiating ability was 
observed at the 90th percentile of ADC [12] and our results 
concur with this study. As shown in Table 2, among the 
mean and seven histogram measurements obtained for ADC, 
four allowed for good discrimination, including kurtosis, 
and the 25th, 50th, and 75th percentiles. On the other hand, 
QSI showed that a single measurement, the 75th percentile 
of MD, had good discrimination between the two entities. 
There was, however, no substantial difference in the diag-
nostic power between ADC and MD, as shown in Fig. 3.

The distribution patterns of the histograms for all cases 
are shown in Fig. 2, and these further support the significant 
difference in diffusion properties between meningioma and 

Table 1   Demographic data

p value < 0.05 as significant difference
The values except p value in age and tumor volume were median

Parameter Meningioma Schwannoma p value

Patients (n) 11 4
Age, years 60.0 59.5 0.65
Patient sex 0.06
 Male 1 2
 Female 11 2

Tumor volume (cm3) 12.0 4.7 0.28
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schwannoma. The histogram of schwannoma showed higher 
frequency in the bins of large values for both MD and ADC 
compared to that of meningioma.

The statistical difference in diffusion properties between 
the two tumors can be attributable to differences in his-
tological structures. It is well known that there is a two-
cell-pattern histology for schwannoma with high (Antoni 
A) and low (Antoni B) cell densities [10–12]. The higher 
mean ADC and MD values in schwannoma are considered 
to reflect the presence of low-cell-density tissues.

Many of the previous studies have used manual 
ROI placement only on the solid components [10, 11]. 
One of these studies not only avoided placing ROIs on 

hemorrhagic areas within the schwannomas, but also even 
excluded cases with cyst formation [12]. We employed a 
more objective and feasible method of placing the ROI 
than those in the previous reports while still achieving 
similar results.

We initially hypothesized that utilizing whole-tumor 
ROIs might lead to substantially higher mean ADC values 
for schwannomas, as they tend to be more frequently cystic 
than meningiomas [5, 6]. Contrary to this expectation, the 
mean ADC values did not differ significantly between the 
two entities, and this may be due to the fact that some of the 
meningiomas had areas with high ADC, probably represent-
ing microcystic components [11].

Fig. 1   Representative cases of 
meningioma and schwannoma. 
CET1WI contrast-enhanced 
T1-weighted images, MD mean 
displacement, ADC appar-
ent diffusion coefficient. The 
upper row shows a meningi-
oma (arrow) in a 60-year-old 
woman and the lower row 
shows a schwannoma (arrow 
head) in a 62-year-old woman. 
MD maps derived from QSI 
and ADC maps derived from 
b = 0 and b = 1000 images were 
overlaid by the ROI. MD values 
are given in units of μm and 
ADC values are given in units 
of 10–3 × mm2/s in mean and 
percentiles

Fig. 2   Histograms of MD 
derived from QSI and ADC for 
all cumulative cases using the 
sum of our cases. MD mean dis-
placement, ADC apparent diffu-
sion coefficient. Red histograms 
show meningioma and green 
histograms show schwannoma
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QSI is an advanced MR imaging technique that has been 
shown to be superior to DWI in discriminating several dis-
eases, such as cerebral ischemia, multiple sclerosis, and 
small vessel disease, among others [15–18]. Although the 
distribution of MD and ADC, as shown in Fig. 2, had sta-
tistically significant difference (p < 0.05, two-sample Kol-
mogorov–Smirnov test), the degree of difference seemed to 
be a very subtle one. As stated earlier, DWI and QSI are both 
able to assess the tumoral properties noninvasively. They 
will be able to assess the tumoral cellularity as well as inter-
nal microstructures within the cells [20]. Our results have 
shown that these factors can be equally well depicted using 
both imaging techniques. QSI, however, takes much longer 
acquisition time. This makes it difficult to be used in routine 
clinical setting. We are currently working on a few different 
ways to shorten the acquisition time of QSI [33]. This may 
lead to the routine use of this technique, but with the current 
form, we believe that there is a very little benefit in applying 
QSI to differentiate between benign tumors.

There are some other limitations in this study. First, the 
number of the cases are small. Second, the locations of 
meningioma included in this study were situated not only at 

Table 2   Histogram analyses of 
MD and ADC

MD values are given in units of μm and ADC values are given in units of 10–3 × mm2/s in mean and per-
centiles
MD mean displacement, ADC apparent diffusion coefficient, nth the nth percentile
*p value < 0.00625, significant difference after Bonferroni correction for multiple comparisons
All values except p value were median

Histogram measures MD ADC

Meningioma Schwannoma p value Meningioma Schwannoma p value

Mean 19.4 24.2 0.01 0.83 1.41 0.01
5th 14.2 16.6 0.67 0.55 0.99 0.03
25th 17.5 21.1 0.23 0.71 1.23 0.0058*
50th 18.8 25.1 0.01 0.83 1.41 0.0058*
75th 20.6 29.6 0.0059* 0.9 1.61 0.0029*
95th 23.7 33.5 0.01 1.27 1.95 0.06
Skewness 0.67 − 0.62 0.01 1.04 − 0.28 0.01
Kurtosis 3.2 − 0.05 0.02 2.36 − 0.35 0.0015*

Table 3   ROC analysis

MD mean displacement, ADC apparent diffusion coefficient, nth nth percentile, AUC​ area under the curve, 
CI confidence interval

Histogram measures AUC​ 95% CI Cut-off value Sensitivity Specificity

75th MD 0.96 0.85–1 26.5 0.91 1
25th ADC 0.96 0.85–1 0.88 0.91 1
50th ADC 0.96 0.85–1 1.32 0.91 1
75th ADC 0.98 0.91–1 1.51 0.91 1
Kurtosis of ADC 1 1–1 0.50 1 1

Fig. 3   ROC curves of the 75th percentiles MD (MD75) and the kur-
tosis of ADC. MD mean displacement, ADC apparent diffusion coef-
ficient. There was no significant difference between these AUC​
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CPA, but also at various other regions. Third, the ADC val-
ues were calculated from b = 0 and b = 1000 s/mm2 of QSI, 
which has slightly longer effective diffusion time (136 ms) 
than that conventionally employed (typically 50–80 ms). We 
chose to use this DWI to avoid registration errors of ROI. If 
we chose to use the conventional DWI, obtained separately, 
for ADC calculations, separate ROI placements would be 
necessary. This would likely lead to substantial differences 
in the size and shape of the ROIs, as there will be different 
degrees of image distortion, especially problematic for the 
posterior fossa. Finally, other types of extra-axial masses 
(e.g., solitary fibrous tumor/hemangiopericytoma, dural 
metastasis, and lymphoma) were not included in this study, 
given the fact that these entities tend to be rarer compared 
to meningioma and schwannoma.

Conclusions

Histogram analyses of diffusion parameters derived from 
QSI and DWI were both useful in differentiating between 
intracranial meningioma and schwannoma. Our relatively 
objective ROI placements, which cover the whole-tumor 
region, were effective and is likely to be more straightfor-
ward to place.
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