
Vol.:(0123456789)1 3

Neuroradiology (2023) 65:1063–1071 
https://doi.org/10.1007/s00234-023-03145-6

PAEDIATRIC NEURORADIOLOGY

Whole‑tumor histogram analysis of diffusion and perfusion metrics 
for noninvasive pediatric glioma grading

Yan Su1 · Jie Kang1 · Xiang Lin1 · Dejun She1 · Wei Guo1 · Zhen Xing1 · Xiefeng Yang1 · Dairong Cao1,2,3 

Received: 1 November 2022 / Accepted: 29 March 2023 / Published online: 3 April 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Purpose  An accurate assessment of the World Health Organization grade is vital for patients with pediatric gliomas to direct 
treatment planning. We aim to evaluate the diagnostic performance of whole-tumor histogram analysis of diffusion-weighted 
imaging (DWI) and dynamic susceptibility contrast-enhanced perfusion-weighted imaging (DSC-PWI) for differentiating 
pediatric high-grade gliomas from pediatric low-grade gliomas.
Methods  Sixty-eight pediatric patients (mean age, 10.47 ± 4.37 years; 42 boys) with histologically confirmed gliomas 
underwent preoperative MR examination. The conventional MRI features and whole-tumor histogram features extracted 
from apparent diffusion coefficient (ADC) and cerebral blood volume (CBV) maps were analyzed, respectively. Receiver 
operating characteristic curves and the binary logistic regression analysis were performed to determine the diagnostic 
performance of parameters.
Results  For conventional MRI features, location, hemorrhage and tumor margin showed significant difference between 
pediatric high- and low-grade gliomas (all, P < .05). For advanced MRI parameters, ten histogram features of ADC and CBV 
showed significant differences between pediatric high- and low-grade gliomas (all, P < .05). The diagnostic performance of 
the combination of DSC-PWI and DWI (AUC = 0.976, sensitivity = 100%, NPV = 100%) is superior to conventional MRI 
or DWI model, respectively (AUC​cMRI = 0.700, AUC​DWI = 0.830; both, P < .05).
Conclusion  The whole-tumor histogram analysis of DWI and DSC-PWI is a promising method for grading pediatric gliomas.

Keywords  Diffusion-weighted imaging · Dynamic susceptibility contrast-enhanced perfusion-weighted imaging · Pediatric 
gliomas · Histogram analysis

Introduction

Pediatric gliomas are the most common pediatric intracranial 
tumors. Pediatric glioma is fundamentally different from 
adult glioma in divergent mechanisms and molecular 

genetic alterations of tumorigenesis [1, 2]. Thus, the 2021 
World Health Organization (WHO) classification of tumors 
of the central nervous system has divided diffuse gliomas 
into adult-type and pediatric-type [3]. Pediatric low-
grade gliomas (PLGGs) and pediatric high-grade gliomas 
(PHGGs) reportedly vary in outcomes and treatment. The 
prognosis of PHGGs was typically dismal (the 5-year overall 
survival of 5% for glioblastoma) [4]. Besides, PHGGs 
are generally treated with maximal surgical resection, 
chemotherapy and adjuvant radiation. PHGGs misdiagnosed 
as PLGGs may be treated insufficiently than necessary. So 
far, the reference standard for determining the WHO grade 
of pediatric gliomas is a pathological diagnosis of the 
tumor specimen. However, given the risk of postoperative 
complications and the specific location of tumors, the 
surgical resection or stereotactic biopsy is not suitable for 
all glioma patients. Therefore, a noninvasive method is  
urgently needed to resolve this problem.
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The MR technique, especially diffusion-weighted 
imaging (DWI) and dynamic susceptibility contrast-
enhanced perfusion-weighted imaging (DSC-PWI), could 
be used as an auxiliary diagnostic method to accurately 
assess the WHO grade of gliomas [5–8]. However, the 
diagnostic ability of DWI and DSC-PWI metrics for dis-
tinguishing low- and high-grade gliomas is controversial 
[9–11]. The most probable reason is that a single region of 
interest (ROI) or multiple ROIs used in previous studies 
may result in potential information bias and poor repeat-
ability. Furthermore, most prior studies about pediatric 
gliomas were performed according to the 2016 WHO 
classification; thus, the role of the DWI and DSC-PWI 
in grading pediatric gliomas based on the latest criterion 
remains uncertain.

Whole-tumor histogram analysis is an objective 
method to evaluate the tumor quantitatively, and it could 
vastly eliminate the potential measurement sampling error 
and reflect the heterogeneity of gliomas. Several studies 
have shown that the whole-tumor histogram analysis is 
superior to conventional ROI method for its objectivity, 
comprehensiveness, and repeatability [12–14]. This 
whole-tumor method has illustrated the ability to grade 
tumors, predict the genotypes of gliomas, and differential 
diagnosis of intracranial, pelvic, and pancreatic lesions 
[15–18]. Meanwhile, prior studies about diffusion- or 
perfusion-weighted imaging combined with histogram 
analysis in adults with gliomas have been widely 
explored; nonetheless, these data may be inappropriate 
for children [19, 20].

Thus, our study aims to evaluate the diagnostic accu-
racy of DWI and DSC-PWI MR imaging combined with 
histogram analysis for grading pediatric gliomas according 
to the latest 2021 WHO classification.

Methods

Patient selection

Our institutional review committee approved the study. Due 
to the retrospective nature of the investigation, informed 
consent has been waived for this study. Between April 2010 
and December 2021, 85 pediatric patients with low-grade 
(WHO grade 1 or 2) or high-grade (WHO grade 3 or 4) glio-
mas were consecutively selected from our database. Inclu-
sion criteria were as follows: (1) a histopathologic diagnosis 
of gliomas according to the WHO criteria. (2) patients’ age 
less than 18 years old at diagnosis. Of these 85 patients, 17 
were excluded for the following criteria: (1) some glioma 
specimens were lost and could not be reclassified (n = 5); (2) 
lack of preoperative DWI or DSC-PWI MR imaging (n = 9); 
(3) suboptimal images with severe artifacts (n = 3). A total 
of 68 patients with 47 low-grade and 21 high-grade gliomas 
were included in our retrospective study.

Image acquisition

All MR images were acquired by 3.0 T MR scanners (Mag-
netom Skyra/Verio, Siemens, Germany) with a 20-channel 
head matrix coil. Before DSC-PWI images acquisition, 
a small preload dose of gadobenate dimeglumine (Gd-
BOPTA) was administered to reduce the leakage effects. 
The DSC-PWI images were obtained during the first three 
phases before injecting the contrast material to establish a 
pre-contrast baseline. In the fourth phase, a bolus of Gd-
BOPTA was injected for the scan. The bolus injection rate 
was 5 ml/s, and the standard dose was 0.1 mmol/kg, followed 
by a 20 mL continuous saline flush at the same rate. Details 
regarding the MR protocols used are shown in Table 1.

Table 1   MRI sequence 
parameters

TR, time of repeatation; TE, time of echo; FA, flip angle; FOV, field of view; ST, section thickness; T2WI, 
T2 weighted imaging; T2-FLAIR, T2-fluid attenuated inversion recovery; T1WI, T1 weighted imag-
ing; CE-T1WI, contrast-enhanced T1 weighted imaging; DWI, diffusion-weighted imaging; DSC-PWI, 
dynamic susceptibility contrast-enhanced perfusion-weighted imaging

Parameters T2WI T2-FLAIR T1WI/CE-T1WI DWI DSC-PWI

TR (ms) 6000 9000/8500 250 8200/4600 1500/1600
TE (ms) 96/125 94/81 2.48/2.46 102/65 30
FA (degree) 150/90 150 70 180 90
FOV (mm2) 220 × 220 220 × 220 220 × 220 220 × 220 220 × 220
ST (mm) 5 5 5 5 5
b-value (s/mm2) / / / 0, 1000 /
Matrix 384 × 384/

320 × 320
256 × 256/
320 × 320

256 × 256/
320 × 320

192 × 192 128 × 128
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Image processing

ADC map was calculated automatically by the MRI sys-
tem. DSC-PWI were post-processed on an image process-
ing workstation (the Syngovia MR B19 version). DSC-PWI-
derived whole-brain CBV maps were generated using an 
automated arterial input function and a single-compartment 
model.

Qualitative image analysis

All MR imaging evaluations were performed in the 
Siemens workstation (the Syngovia MR B19 version). 
Two neuroradiologists, who were blinded to the 
pathological results, evaluated all conventional MRI 
images independently (observer 1 and observer 2, with 5 
and 10 years of experience in pediatric neuroradiology, 
respectively). The cMRI features evaluated in our study 
include: (1) tumor location (frontal, temporal, insular, 
parietal, occipital, brain stem, cerebellum, basal ganglia, 
or others); (2) enhancement (none, mild, or marked); 
(3) necrosis or cysts; (4) hemorrhage; (5) T1/FLAIR 
ratio (expansive, mixed, or infiltrative); (6) peritumoral 

edema; (7) crosses midline; (8) clear margin. The cMRI 
features were defined according to the Visually Accessible 
Rembrandt Images (VASARI) imaging criteria [21].

Quantitative image analysis

Two neuroradiologists drew the VOI that contained the 
solid component of whole-tumor (exclude cystic, necrotic, 
hemorrhagic, or blood vessel areas) on T2WI, referring to 
T2-FLAIR, T1WI, and CE-T1WI (3D slicer, version 4.8.1, 
http://​slicer.​org/). The ADC and CBV maps were coregis-
tered to T2WI using SPM8 with a normalized mutual infor-
mation cost function and 3rd Degree B-Spline interpola-
tion (http://​www.​fil.​ion.​ucl.​ac.​uk/​spm/). Then they were 
resampled referring to T2WI (Resample Image, 3D slicer). 
The VOI was moved to the ADC and CBV maps (Fig. 1). 
Histogram analysis was carried out using Slicer Radiomics 
(https://​disco​urse.​slicer.​org/c/​commu​nity/​radio​mics). All the 
post-processing software is open-source and easily obtained. 
The following features were extracted from the ADC and 
CBV histogram: (1) mean; (2) median; (3) 10th percent-
age; (4) 90th percentage; (5) interquartile range (IQR); (6) 
kurtosis, which is a metric of the degree of peakedness of a 
distribution; (7) skewness, which could describe the degree 

Fig. 1   According to the T2WI, T1WI, CE-T1WI, and T2FLAIR 
images (a-d), the VOI of the solid component (the yellow area) is 
drawn on T2WI (e) (exclude cystic, necrotic, hemorrhagic, or blood 

vessel areas, the green area) and registered to the ADC (f) and CBV 
images (g). The three-dimensional image of tumor segmentation is 
demonstrated on (h)

http://slicer.org/
http://www.fil.ion.ucl.ac.uk/spm/
https://discourse.slicer.org/c/community/radiomics


1066	 Neuroradiology (2023) 65:1063–1071

1 3

of asymmetry of a distribution; (8) entropy. The relative 
value of all quantitative MR parameters was calculated by 
dividing the value of the tumor by the reference value of 
the contralateral normal-appearing white matter. The time 
required for the whole-tumor histogram analysis method was 
210.35 ± 33.88 s.

Statistical analysis

All statistical analyses were carried out by using SPSS (ver-
sion 25.0, IBM, Armonk, NY, USA), MedCalc (version 
15.2.2 MedCalc Software bvba, Ostend, Belgium), and 
GraphPad Prism (version 8.0.2, GraphPad Software, San 
Diego, Calif). All P-values less than 0.05 were considered 
statistically significant.

The chi-square test and Fisher’s exact test were used for 
two-group comparisons of sex and cMRI characteristics, and 
the comparison of histogram features was performed with 

the Mann–Whitney U test. Receiver operating characteristic 
(ROC) curve analysis and the binary logistic regression anal-
ysis were constructed to evaluate the diagnostic accuracy. 
The Youden index (YI) was used to determine the cut-off 
value. The sensitivity, specificity, negative predictive value 
(NPV), and positive predictive value (PPV) were calculated. 
The area under the ROC curves (AUCs) among parameters 
were compared using the DeLong method with a Bonferroni 
correction for assessing the superiority of univariate and 
multivariate MR parameters.

The Cohen's Kappa and intraclass correlation coefficients 
(ICC) were used to assess the reliability of categorical and 
measurement data. Kappa or ICC values of > 0.75 indicated 
excellent agreement.

Results

The results of the comparison in demographic and cMRI 
characteristics between PLGGs and PHGGs are shown in 
Table 2. PLGGs were more frequent in the cerebellar hemi-
sphere than PHGGs (P < 0.001). PHGGs were more likely 
to demonstrate hemorrhage and unclear margin than PLGGs 

Table 2   Comparison of demographic and conventional MRI charac-
teristics between pediatric low-grade gliomas from high-grade glio-
mas

* mean P-values no more than .05; cMRI, conventional MR imaging; 
PLGG, pediatric low-grade glioma; PHGG, pediatric high-grade glioma

Characteristics PLGG(n = 47) PHGG(n = 21) P-value

Demography
  Age (years) ± SD 10.63 ± 4.45 10.10 ± 4.26 .64
  Male sex (%) 27/47 (57.45) 15/21 (71.43) .27

Location (No.)  < .001*

  Frontal lobe 6 1
  Temporal lobe 3 0
  Insular lobe 0 0
  Parietal lobe 5 3
  Occipital lobe 1 0
  Brain stem 7 8
  Cerebellum 21 1
  Basal ganglia 1 8
  Others 3 0

Enhancement (No.) .15
  None 9 2
  Mild 6 12
  Marked 32 7

Necrosis or cysts (No.) (%) 31/47 (65.96) 9/21 (42.86) .07
Hemorrhage (No.) (%) 5/47 (10.64) 7/21 (33.33) .04*

T1/FLAIR ratio (No.) .15
  Expansive 35 15
  Mixed 11 3
  Infiltrative 1 3

Peritumoral edema (No.) (%) 29/47 (61.70) 10/21 (47.62) .68
Crosses midline (No.) (%) 5/47 (10.64) 5/21 (23.81) .26
Clear margin (No.) (%) 45/47 (95.74) 15/21 (71.43) .01*

Table 3   Comparison of histogram metrics derived from DWI and 
DSC-PWI between pediatric low-grade gliomas from high-grade gli-
omas

Unless otherwise specified, data are means ± standard deviations; 
*mean P-values no more than .05; PLGG, pediatric low-grade glioma; 
PHGG, pediatric high-grade glioma; DWI, diffusion-weighted imag-
ing; DSC-PWI, dynamic susceptibility contrast-enhanced perfusion-
weighted imaging; rADC, relative apparent diffusion coefficient; 
rCBV, relative cerebral blood volume; 10th, 10th percentage; 90th, 
90th percentage; IQR, interquartile range

Parameters PLGG(n = 47) PHGG(n = 21) P-value

DWI-related parameters
  rADCmean 2.09 ± 0.55 1.47 ± 0.37  < .001*

  rADCmedian 2.06 ± 0.59 1.45 ± 0.40  < .001*

  rADC10th 1.76 ± 0.59 1.23 ± 0.31  < .001*

  rADC90th 2.41 ± 0.60 1.70 ± 0.44  < .001*

  rADCIQR 5.61 ± 3.59 4.53 ± 2.29 .41
  rADCkurtosis 1.47 ± 0.79 2.04 ± 1.90 .29
  rADCskewness 2.63 ± 7.90 -0.29 ± 6.42 .36
  rADCentropy 1.72 ± 0.32 1.67 ± 0.28 .78

DSC-PWI-related parameters
  rCBVmean 2.05 ± 1.03 5.27 ± 3.21  < .001*

  rCBVmedian 1.78 ± 0.99 4.58 ± 2.92  < .001*

  rCBV10th 1.10 ± 3.02 5.12 ± 6.53  < .001*

  rCBV90th 2.75 ± 1.47 6.12 ± 3.56  < .001*

  rCBVIQR 3.93 ± 2.83 7.09 ± 5.33  < .001*

  rCBVkurtosis 2.08 ± 1.19 3.09 ± 2.65 .21
  rCBVskewness 3.40 ± 7.80 -1.44 ± 29.73 .61
  rCBVentropy 1.48 ± 0.31 1.86 ± 0.35  < .001*
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(both, P < 0.05). There were no significant differences in sex, 
age, and other cMRI characteristics.

The advanced MR parameters of each pediatric glioma 
type are demonstrated in Table S1. The pilocytic astrocy-
tomas accounted for 57.45% (27/47) of the pediatric low-
grade gliomas. Table 3 summarizes the comparison of histo-
gram metrics derived from ADC and CBV between PLGGs 
and PHGGs. For advanced MR parameters, ten histogram 
features of ADC and CBV showed significant differences 
between PLGGs and PHGGs (Fig. 2 and 3). Our study 
further found that the 90th value of ADC of the pilocytic 
astrocytomas was significantly higher than PHGGs and other 
PLGGs, respectively (both, Pcorrected < 0.01; the corrected 
P-value was calculated by multiplying the uncorrected 
P-value by 3). Meanwhile, the 90th value of ADC of PLGGs 
was significantly higher than PHGGs (Pcorrected < 0.01).

As shown in Table 4, according to ROC curve analysis, 
these ten histogram features were useful in grading pediatric 
gliomas (AUC = 0.752 - 0.911). The diagnostic performance 
of histogram metrics derived from diffusion and perfusion 
parameters was similar (Pcorrected > 0.05, compared with each 
other; the corrected P-value was calculated by multiplying 
the uncorrected P-value by 45). The rCBVentropy showed the 
highest sensitivity and NPV (100% and 100%, respectively) 
among the histogram metrics, and the rCBV10th demon-
strated the highest specificity (91.5%).

The optimal cutoff, YI, sensitivity, specificity, PPV, NPV, 
and AUC of all logistic regression models are reported in 
Table 5. Table S2 summarizes the comparative results of the 
single and combined logistic regression models for separat-
ing different pediatric glioma types (Fig. 4).

For the combined logistic regression models, the com-
bination of DSC-PWI and DWI, which showed the highest 

Fig. 2   An 8-year-old girl with 
a diffuse astrocytoma in the 
brain stem (WHO grade 2). The 
tumor demonstrates hyperinten-
sity on the T2WI (a), hypoin-
tensity on the T1WI (b), and no 
enhancement on the postcon-
trast T1WI (c-e). The tumor 
demonstrates isointensity on 
the DWI (g). The tumor shows 
slight hypointensity on the CBV 
map (f) and hyperintensity on 
the ADC map (h), with relative 
mean values of 2.12 and 1.41, 
respectively. The image of 
hematoxylin–eosin staining (H 
& E) is demonstrated on (i)



1068	 Neuroradiology (2023) 65:1063–1071

1 3

Fig. 3   An 11-year-old girl with 
diffuse midline glioma in the 
brain stem (WHO grade 4). 
The tumor demonstrates slight 
hyperintensity on the T2WI (a), 
hypointensity on the T1WI (b), 
and partly obvious enhance-
ment on the postcontrast T1WI 
(c-e). The tumor demonstrates 
partial hyperintensity on the 
DWI (g). The tumor shows 
partly obvious hyperintensity on 
the CBV map (f) and hypointen-
sity on the ADC map (h), with 
relative mean values of 1.42 and 
4.11, respectively. The image of 
hematoxylin–eosin staining (H 
& E) is demonstrated on (i)

Table 4   Diagnostic 
performance of histogram 
metrics derived from DWI and 
DSC-PWI MR imaging for 
differentiating pediatric low-
grade gliomas from high-grade 
gliomas

DWI, diffusion-weighted imaging; DSC-PWI, dynamic susceptibility contrast-enhanced perfusion-
weighted imaging; PLGG, pediatric low-grade glioma; PHGG, pediatric high-grade glioma; YI, Youden 
index, Sen, sensitivity, Spe, specificity, PPV, positive predictive value, NPV, negative predictive value, 
AUC, area under the curves; rADC, relative apparent diffusion coefficient; rCBV, relative cerebral blood 
volume; 10th, 10th percentage; 90th, 90th percentage; IQR, interquartile range

Parameter Cut-off value YI Sen (%) Spe (%) PPV (%) NPV (%) AUC​

rADCmean 1.507 0.608 71.4 89.4 75.0 87.5 0.840
rADCmedian 1.490 0.544 71.4 83.0 65.2 86.7 0.818
rADC10th 1.232 0.539 66.7 87.2 70.7 85.4 0.810
rADC90th 2.236 0.548 95.2 59.6 51.3 96.6 0.830
rCBVmean 2.536 0.692 90.5 78.7 65.5 94.9 0.911
rCBVmedian 1.971 0.607 90.5 70.2 57.6 94.3 0.877
rCBV10th 1.731 0.629 71.4 91.5 78.9 87.8 0.828
rCBV90th 4.210 0.587 71.4 87.2 71.4 87.2 0.861
rCBVIQR 3.220 0.415 90.5 51.1 45.2 92.3 0.752
rCBVentropy 1.484 0.553 100.0 55.3 50.0 100.0 0.798



1069Neuroradiology (2023) 65:1063–1071	

1 3

AUC, sensitivity, and NPV (0.976, 100%, and 100%, respec-
tively), is superior to the cMRI or DWI model, respectively 
(AUC​cMRI = 0.700, AUC​DWI = 0.830; both, P < 0.05). How-
ever, the model of advanced MR techniques combined with 
cMRI could not further improve the diagnostic ability for 
grading pediatric gliomas (P = 1.00). Inter-observer meas-
urements showed a good agreement (all, ICC/Kappa > 0.75).

Discussion

Different from the adult-type gliomas, the tumor types 
of pediatric gliomas we encounter in clinical practice are 
widely heterogeneous, and evaluating tumor grading is the 
first and essential step. Our study found that whole-tumor 
histogram features derived from ADC and CBV could be 
used to differentiate PHGG from PLGG. The combination 
of DWI and DSC-PWI MR imaging shows the highest diag-
nostic ability for this differentiation.

Notably, although the cMRI could be used to differen-
tiate PHGG from PLGG, the overlap of morphological 
features may decrease the sensitivity (52.4%) and the diag-
nostic accuracy (AUC = 0.700) of the cMRI. For example, 
despite the fact that PLGGs were more frequent in the 
cerebellar hemisphere than PHGGs, low-grade tumors that 
occurred in the midline (7/47, 14.89%) still be hard to 
identify. Advanced MR imaging methods are valuable to 
determine such tumors.

Regarding diffusion-weighted MR imaging parameters, 
rADCmean, rADCmedian, rADC10th, and rADC90th values 
were significantly lower in the high-grade group than in 
the low-grade group (all, P < 0.05) in our research. That is 
in concordance with previous studies [22, 23]. A study by 
Yao et al. suggested a significant difference in mean and 
minimum ADC of PHGG versus PLGG [24]. Similar to 
adult-type glioma, the cellularity of high-grade pediatric 
glioma is higher than the low-grade tumor. In contrast,  

Server et al. revealed an extensive overlap in ADC values 
between these two tumors or no difference between 
them [11]. One possible reason was the small sample 
size of the low-grade group in the latter report, which 
was markedly less than the high-grade group (15 vs. 37). 
Regarding perfusion-weighted MR imaging parameters, 
rCBVmean, rCBVmedian, rCBV10th, and rCBV90th were 
significantly higher in PHGGs compared to PLGGs in 
this study. A comprehensive meta-analysis revealed that 
the rCBV was larger in PHGG than in PLGG [25]. A 
multicenter report with a large sample showed that the 95th 
percentile of rCBV was significantly higher in high-grade  

Table 5   The diagnostic 
performance of all logistic 
regression models for grading 
pediatric gliomas

YI, Youden index; Sen, sensitivity; Spe, specificity; PPV, positive predictive value; NPV, nega-
tive predictive value; AUC, area under the curves; cMRI, conventional MR imaging; DWI, diffusion-
weighted imaging; DSC-PWI, dynamic susceptibility contrast-enhanced perfusion-weighted imaging. 
The logistic regression equation for single and combined MR parameters models are as follows: logit 
(p) cMRI = [-1.409 + (1.481 * hemorrhage) + (2.241 * clear margin)], logit (p) DWI = [4.030 + (-2.371 * 
rADC90th)], logit (p) DSC-PWI = [-5.123 + (1.410 * rCBVmean)], logit (p) DSC-PWI+DWI = [1.252 + (-8.480 * 
rCBVmedian) + (10.252 * rCBVmean) + (-5.459 * rADC90th)], and logit (p) DSC-PWI+DWI+cMRI = [1.252 + (-8.4
80 * rCBVmedian) + (10.252 * rCBVmean) + (-5.459 * rADC90th)]

Logistic regression models YI Sen (%) Spe (%) PPV (%) NPV (%) AUC​

cMRI 0.375 52.4 85.1 61.1 80.0 0.700
DWI 0.548 95.2 59.6 51.4 96.6 0.830
DSC-PWI 0.692 90.5 78.7 65.5 94.9 0.911
DSC-PWI + DWI 0.851 100.0 85.1 75.0 100.0 0.976
DSC-PWI + DWI + cMRI 0.851 100.0 85.1 75.0 100.0 0.976

Fig. 4   Receiver operating characteristic of the single and combined 
logistic regression models for differentiating pediatric low- from 
high-grade gliomas
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gliomas compared to low-grade gliomas [26]. Meanwhile, 
Falk et  al. suggested that the 90th percentile of rCBV 
was significantly higher in grade 3 gliomas than in grade 
2 [27]. The results of prior reports tie well with our 
results. Another valuable finding was that indicators of 
heterogeneity (rCBVIQR and rCBVentropy) in PHGGs were 
significantly higher than PLGG. Sudre et al. found that the 
sum entropy, entropy, and difference entropy had a good 
ability for differentiating grade 2 gliomas from grade 4 
gliomas, consistent with our results [26]. The extensive 
microvasculature heterogeneity and the distinct vascular 
gene expression signatures of gliomas might be associated 
with WHO grade [28].

The combination of DWI and DSC-PWI showed the 
highest accuracy in differentiating pediatric low- and high-
grade gliomas. The AUC value of this multiple parameters 
model was higher than DSC-PWI-based single parameter 
model (0.911 vs. 0.976), although the difference was not 
significant. Interestingly, according to the logistic regression 
equation, we found that the most significant histogram 
metric among ADC-derived parameters was rADC90th rather 
than rADC10th or rADCmean, which was the most widely used 
ADC-derived parameters. The result may be partly because 
ADC90th of low-grade gliomas are significantly higher than 
high-grade tumor in our study. This finding needed to be 
verified by a more extensive sample study in the future.

Among the present study's limitations, we realize that 
the subtypes of gliomas in our study are extremely hetero-
geneous with low numbers, and it may affect the strength 
of results. Thus, a larger sample of individual glioma types 
is needed to verify these preliminary findings. Further-
more, we obtain MR data from two different 3.0 T MR 
scanners. Nevertheless, we optimized the MR sequences 
to minimize the difference and used the relative values to 
decrease the potential bias caused by individual differ-
ences. Finally, we find that a multicentered prospective 
investigation is warranted to ascertain the reproducibility 
of the preliminary conclusions in our single-center retro-
spective study.

Conclusions

The whole-tumor histogram analysis of DWI and DSC-
PWI parameters is a promising method for grading 
pediatric gliomas.
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