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Which Represents The Glioma Features
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Purpose: This study aims to incorporate informative histogram indicator analyses and
advanced multimodal MRI parameters to differentiate low-grade gliomas (LGGs) from high-
grade gliomas (HGGs) and to explore the features associated with patients’ survival.
Patients and methods: A total of 120 patients with pathologically confirmed LGGs or HGGs
receiving conventional and advanced MRI such as three-dimensional arterial spin labeling (3D-
ASL), intravoxel incoherent motion-diffusion weighted imaging (IVIM-DWI), and dynamic
contrast-enhanced MRI (DCE-MRI) were included. The mean and histogram indicators from
advanced MRI were calculated from the entire tumor. The efficacies of a single indicator or
multiple parameters were tested in distinguishing HGGs from LGGs and predicting patients’
survival. Receiver operating characteristic (ROC) curve and multivariable stepwise logistic
regression were used to evaluate the diagnostic efficacies. Leave-one-out cross-validation was
further used to validate the accuracy of the parameter sets in glioma grading. Log-rank test using
the Kaplan—Meier curve was utilized to predict patients’ survival.

Results: Overall, parameters from DCE-MRI performed better than those from 3D-ASL or
IVIM-DWI in both glioma grading and survival prediction. The histogram metrics of V. were
demonstrated to have higher accuracies (the accuracies for Extended Tofts V""" and Extended
Tofts V. "4 were 68.33% and 71.67%, respectively, while those for the Incremental V™"
and Incremental_Ve75th were 68.33% and 72.50%, respectively) in grading LGGs from HGGs.
The combination of Tofts_V, histogram metrics was the one with the highest accuracy (81.67%)
and area under ROC curve (AUC = 0.840). On the other hand, Patlak K "™ (AUC = 0.9265)
and Extended Tofts_V.”>™ (AUC = 0.9154) performed better than their corresponding means
(Patlak Kane ™" AUC = 0.9118 and Extended Tofts V,"**": AUC = 0.9044) in predicting
patients’ overall survival (OS) at 18-month follow-up.

Conclusion: DCE-MRI-derived histogram features from the entire tumor were promising
metrics for glioma grading and OS prediction. Combining single modal histogram features
improved glioma grading.

Trial registration: NCT 02622620.

Keywords: multi-modal MRI, histogram features, receiver operating curve, glioma grading,

survival analysis

Introduction

Glioma is the most common primary central nervous system (CNS) tumor, with high
incidence and low overall survival (OS) rate. According to the World Health
Organization (WHO) criteria in 2007," gliomas are classified into low-grade gliomas
(LGGs, including WHO grades I and II gliomas) and high-grade gliomas (HGGs,
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including WHO grades III and IV gliomas). The optimal
treatment strategies highly depend on the glioma features
(including tumor grading and pathological composition), as
does patient survival. Although the histopathological char-
acteristics of glioma are used as the gold standard biomar-
ker for grading tumor and predicting patient survival, its
application has been limited by the fact of not-timely post-
operative sampling and inability to reflect the tumor hetero-
geneity. Thus, preoperative glioma grading and survival
analysis based on the entire tumor features are urgently
required.

Non-invasive MRI techniques are particularly valuable
in glioma grading and survival prediction, but consensus
has not been reached regarding the optimal technique. By
using conventional magnetic resonance imaging (MRI)
techniques, glioma grading accuracies ranged from 55%
to 83% based on tumor enhancement and necrosis.”
However, the remarkable difference between LGGs and
HGGs exists in the tumor microenvironments that can not
be fully revealed with conventional MRI techniques.
Fortunately, current advanced MR sequences, especially
arterial spin labeling (ASL), intravoxel incoherent motion-
diffusion weighted imaging (IVIM-DWI), and dynamic
contrast-enhanced MRI (DCE-MRI), have been hypothe-
sized to reflect the tumor perfusion, diffusion, and blood—
brain barrier (BBB) permeability;>® thus these techniques
are increasingly employed for tumor grading’” '® and pre-
dicting patients’ survival.>"!

Despite the promising outcome of these advanced MRI
techniques, several issues should be addressed before their
clinical applications. Previous studies were conducted
mainly based on single modal advanced MRI, which partly
reveals the tumor microenvironment features. Additionally,
it is almost impossible to determine which parameter or
sequence is the most impactful on tumor grading and survi-
val prediction since the study populations for even the same
research purpose were different concerning the epidemiolo-
gical background. Lastly, in most studies, only the mean,
maximum, minimum, or median value of a specific para-
meter within the 2-dimensional tumor region of interest
(ROI) was utilized, leaving most of the informative histo-
gram indicators within the entire tumor underestimated.

To make the best use of advanced MRIs, it is important
to conduct a comprehensive investigation in a relatively
large representative glioma patient population receiving
DWI-, DCE-, and ASL-MRI scans to determine the most
impactful functional parameters from the 3-dimensional
volume of interest (VOI) using the informative histogram

indicators analyses. Thus, we performed the current study
on glioma patients to address these issues and further
investigated the efficacies of parameter combinations in
glioma grading and survival prediction.

Materials And Methods

Patient Population

The data of the current project were derived from
a diagnostic trial that has been registered to ClinicalTrials.
gov (NCT 02622620, https://www.clinicaltrials.gov/) with
the trial protocol'* and part of the data were published.'*'*

This study was conducted in accordance with the Declaration
of Helsinki of 1975 in its most recent version. This study was
approved by Ethics Committee of Tangdu Hospital of the
Fourth Military Medical University, and informed consent
was obtained prior to the enrollment.

From January 2014 to March 2016, 120 patients with
pathologically confirmed gliomas were included in the cur-
rent study. The patients were followed up till August 31,
2016. Excluding the patients without follow-up information,
90 patients who were alive or died of glioma-related disease
were fed to survival analysis at 12-, 15-, and 18-month
intervals from the date of surgery. The inclusion and exclu-
sion criteria were shown in Fig.A.;.

Image Data Acquisition

The MRI protocol was implemented on a 3.0-T MRI scan-
ner (MR750, GE Healthcare, Milwaukee, Wisconsin, USA)
with 8 channel head coil. Conventional MRI scans included
axial T;-weighted spin-echo images (T;WI), T,-weighted
fast spin-echo images (T,WI), fluid-attenuated inversion
recovery (FLAIR), and T;-weighted contrast-enhanced
images (T;CE). In addition to conventional MRI scans,
advanced MR scans including three-dimensional ASL
(3D-ASL), multiple b value DWI (multi-b DWI), and
DCE-MRI were obtained (Fig. A.;), for each patient. All
MR scans were acquired in axial planes (Table A.y).

The 3D-ASL was a pseudo-continuous arterial spin-
labeling sequence using 3D segmented spiral readouts
with the post-label delay time of 1.525 s. The multi-b
DWI, a diffusion-weighted echo-planar sequence, was
implemented with a single shot spin-echo using 13 dif-
ferent b-values (0, 30, 50, 100, 200, 300, 500, 800,
1000, 1500, 2000, 3000, 3500 s/mm?) in 3 orthogonal
directions as described in our previous study.'’ The
DCE-MRI was performed with a 50-phase dynamic
gradient-echo T; scanning and each phase was 4 s.
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The bolus of gadodiamide contrast material (0.5 mmol,
0.2mL/kg, Omniscan, GE Healthcare, Ireland, UK) was
injected using high-pressure injector at the rate of 2mL/s
at the end of the 5th phase, followed by normal saline
injection.

Image Processing And Data Analysis

The cerebral blood flow (CBF) map was derived from
3D-ASL images using the GE ADW4.6 workstation (GE
Healthcare, Milwaukee, Wisconsin, USA), while the raw
images of multi-b DWI and DCE-MRI were transferred
and post-processed with corresponding modules integrated
to the NordicICE (Version 4.0, Nordic-NeuroLab, Bergen,
Norway) analysis platform.

The parametric maps derived from multi-b DWI were
based on the biexponential IVIM analytic model.'® The
DCE images were processed using Patlak,'” Tofts,'®
extended Tofts,'"® and Incremental models (the optimal
model using a statistical test in NordicICE). The semi-
quantitative parameters were calculated based on fixed
T, values (1000 ms).%° A standard population-based arter-
ial input function (AIF) was automatically defined. In
addition, the initial area under gadolinium concentration—
time curve (IAUGC) was acquired for the first-pass data
(90 s) and model-free parameters were retrieved. All
parameters derived from multi-modal MRI are listed in
Table 1.

Tumor Segmentation Or Delineation
The VOI segmentation was manually drawn using NordicICE
by two neuroradiologists (LF.Y, 12 years of experience and

YCH, 12 years of experience) who were blind to

Table | The Models And Corresponding Parameters Derived
From Advanced MRI

Modality Model Parameters
3D-ASL CBF
Multi-b DWI IVIM D, D*fsiom f fast
DCE-MRI Patlak Keranss Vp
Tofts Ktrans, Ver Vp
Extended Tofts Keranss Kepr Ver Vp
Incremental Keranss Ver Vp
Model-free IAUGC,,, BF, BAT, TTP, Peak

Abbreviations: CBF, cerebral blood flow; ADC, apparent diffusion coefficient; D,
slow ADC; D*fast ADC; fyow slow fractional ADC; fi,, fast fractional ADC; EES,
extravascular-extracellular space; Ky s, transfer coefficient between the plasma and
EES; Kep, transfer coefficient between the EES and plasma; V., volume of EES; V,,
volume of plasma; IAUGCy, the initial area under gadolinium concentration—time
curve for the first-pass data (90 s); BF, blood flow; BAT, bolus arrived time; TTP,
time to peak.

histopathological results. Multi-modal parametric maps were
resampled using Nordic ICE. The VOIs covered the enhanced
tumor part after thresholding on T;CE images and were then
overlaid on T, FLAIR where the hyperintense parts were
delineated.?"** The regions of edema, necrosis, or non-
tumor macrovessels were avoided. The pixel-by-pixel values
within VOIs were extracted from each parametric map.

Histogram Analysis

The histogram metrics® including mean, median, max,
min, skewness, kurtosis, energy, and entropy as well as
the cumulative histogram indicators expressed as the nth
percentiles were calculated. The 75th, 90th, and 95th per-
centiles were obtained from permeability and perfusion
parameters, whereas the 5th, 10th, and 25th percentiles
were derived from diffusion ones.

Statistical Analysis

An unpaired Student’s f¢-test or Mann—Whitney U-test
was used to compare each histogram metric value
between LGGs and HGGs. The receiver operating char-
acteristic (ROC) curve analyses with area under the curve
(AUC) were used to evaluate the diagnostic efficacy.
Multivariable stepwise logistic regression for parameter
combination was performed with Statistical Package for
the Social Sciences (SPSS, Version 20.0, SPSS Inc.,
Chicago, IL, USA). In addition, leave-one-out cross-
validation (LOOCV) was further used to validate the
accuracy of the combined parameters in glioma grading
by using WEKA software (Version 3.8.0, the University
of WAIKATO). The log-rank test using the Kaplan—Meier
curve was applied to predict overall survival (OS) at 12,
15, or 18 months after surgery.

Results

Patients’ Baseline Characteristics

The clinical characteristics of patients are listed in Table 2.
Among the 120 glioma patients, 28 patients were diag-
nosed with LGGs and 92 patients were diagnosed with
HGGs. HGG patients were older than LGG patients
(P = 0.0002). There is no significant difference in gender
(P = 0.2980) or tumor location (P = 0.0600) between the
two groups.

Differences In Multi-Modal Parameters

Between LGG And HGG Patients

Among the permeability parameters from DCE-MRI,
despite the varied models used, the values of K
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Table 2 Clinical Characteristics Of Patients

Variable LGGs HGGs P-Value
Grade | Grade Il Grade lll Grade IV
No. of patients n=28 n=92 NA
Gender®
Male 13 (46.4%) 53 (57.6%) 0.2980
Female 15 (53.6%) 39 (42.3%)
Age®
Mean 359162 49.3 £ 15.0 0.0002*
Location®
Supratentorial 25 (89.3%) 91 (98.9%) 0.0600
Subtentorial 3 (10.7%) I (1.1%)
Extent of resection (EOR)
Gross total resection (GTR) 26 (92.9%) 65 (70.7%) NA
Subtotal resection (STR) 2 (7.1%) 26 (28.3%) NA
Biopsy 0 I (1%) NA
Histopathology
Pilocytic astrocytoma 2 (7.1%) - NA
Ganglioglioma 1 (3.6%) - NA
Pleomorphic xanthoastrocytoma 1 (3.6%) - NA
Diffuse astrocytoma 11 (39.3%) - NA
Oligodendroglioma 2 (7.1%) - NA
Oligoastrocytoma 11 (39.3%) - NA
Anaplastic astrocytoma - 7 (7.6%) NA
Anaplastic oligodendroglioma - 5 (5.4%) NA
Anaplastic oligoastrocytoma - 17 (18.5%) NA
Glioblastoma - 62 (67.4%) NA
Gliosarcoma - 1 (1.1%) NA
Adjuvant therapy
Radiation 9 (32.1%) 15 (16.3%) NA
Chemotherapy 5 (17.9%) 11 (12.0%) NA
Chemoradiotherapy 8 (28.6%) 56 (60.9%) NA
Unknown 6 (21.4%) 10 (10.9%) NA

Notes: Except where indicated, data are numbers of patients, and numbers in parentheses are percentage. *Data are mean * standard deviation. Difference between LGGs
and HGGs was evaluated with unpaired Student t-test?, the Pearson Chi-Square,” and Continuity Correction®. *Indicating significant difference between groups (P < 0 0.05).

(P < 0.0001, = 0.0004, 0.0002, or 0.0003 for Patlak, Tofts,
Extended Tofts, or Incremental model, respectively), V. (P
< 0.0001, 0.0001, or 0.0001 for Tofts, Extended Tofts, or
Incremental model, respectively), and V,, (P = 0.0003 for
Patlak model) were significantly increased, while those of
Kep (P = 0.0009, 0.0028, or 0.0016 for Tofts, Extended
Tofts, or Incremental model, respectively) were significantly
decreased in HGG patients. Among the perfusion para-
meters derived from 3D-ASL, IVIM-DWI, or DCE images,
the values of IAUGCy, (P < 0.0001), BF (P =0.0026), Peak
(P =0.0019), TTP (P = 0.0346), and ADCy,y (P = 0.0333)
were significantly decreased, nevertheless those of CBF

(P = 0.0136) and fg (P = 0.0029) were significantly
increased in HGG patients. The diffusion parameters
obtained from IVIM-DWI images, i.e., ADCyow and fiiow
(P < 0.0001, = 0.0019), were significantly decreased in
HGG patients (Figure 1). Corresponding ROC curves
were established and the AUC, diagnostic specificity, and
sensitivity of ROC based on the mean of each parameter are
summarized in Table A.,. The mean of DCE_IAUGCy, V,
from varied models (i.e., Tofts V., Extended Tofts V.,
Incremental V.), Ki.n,s from Patlak (Patlak Ki.,s), and
ADCqjpw from IVIM model (IVIM_ADCy,,,) performed
better (P < 0.0001).
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Figure | Differences of permeability (A, B), perfusion (C), and diffusion (D) parameters between LGGs and HGGs. All parameters, except V, post-processed with
extended Tofts, are significantly different between the two groups. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, + = Mean, line in box = median, boundaries of boxes =

interquartile range, whiskers = Turkey, and - = outlier.

Diagnostic Performance Of Histogram

Metrics For Glioma Grading

To improve the diagnostic efficacies, we further tested histo-
gram metrics’ performance in glioma grading. The AUCs
and P values of the six parameters (Patlak Ki;.,s, Tofts Vi,
Extended Tofts V., Incremental V., DCE IAUGCy,, and
IVIM_ADC4,y) and their corresponding histogram metrics
are listed in Table A.;. Only Extended Tofts V., %" and
Incremental V,”*™
means (Extended Tofts V.: mean = 68.33%, median =
71.67%; Incremental V,: mean = 68.33%, 75th = 72.50%)
(Table 3). However, Patlak Ktrans™" (75.83%) was

demonstrated to have the highest accuracy in glioma grading.

were with higher accuracies than their

The representative parametric maps and histograms are also
shown in Figure 2.

Parameter Combination For Glioma
Grading

For the six parameters, multivariable logistic regression was
performed to evaluate the efficacies of combined histogram
metrics in glioma grading. Only the combination of V, metrics
(AUC=10.8688, 0.8401, 0.8575, P <0.0001, 0.0001, or 0.0001
for Tofts, Extended Tofts, or Incremental model, respectively)
was associated with the increased diagnostic efficacies com-
pared with their single histogram metrics. Moreover, com-
bined mean metrics of the six parameters (AUC = 0.8611,

Cancer Management and Research 2019:11

submit your manuscript

9993

Dove


http://www.dovepress.com/get_supplementary_file.php?f=197839.docx
http://www.dovepress.com
http://www.dovepress.com

Yan et al

Dove

Table 3 Histogram Measure Of Multi-Modal Parameters In Differentiating LGGs From HGGs

AUC*(95% CI) Cutoff Value Sensitivity(%)*(95% CI) Specificity(%)*(95% CI) Accuracy(%)
Patlak_Kirans
Mean 0.7896 (0.6833-0.8959) 0.0088 75.00(64.89-83.45) 78.57(59.05-91.70) 75.83
90th percentile 0.7972%(0.6909-0.9034) 0.0225 71.74(61.39-80.64) 78.57(59.05-91.70) 7333
Extended Tofts_V,
Mean 0.8005 (0.7001-0.9008) 11.85 63.04(52.34-72.88) 85.71(67.33-95.97) 68.33
Median 0.8007%(0.7150-0.8863) 3 68.48(57.96-77.77) 82.14(63.11-93.94) 71.67
Incremental_V,
Mean 0.7892 (0.6893-0.8891) 8.847 63.04(52.34-72.88) 85.71(67.33-95.97) 68.33
75th percentile 0.7962%(0.7084-0.8840) 5.3 70.65(60.24-79.69) 78.57(59.05-91.70) 72.50
Perfusion_IAUGCyq
Mean 0.8133 (0.7298-0.8967) 2.25 67.39(56.82-76.80) 85.71(67.33-95.97) 71.67
Max 0.8296%(0.7587-0.9004) 96.20 63.00(52.34%-72.88) 100.00(87.66%-100.0) 71.67

Notes: Bold underlined data indicate histogram metrics which have higher accuracies than the relative means. Bold asterisk data indicate the histogram metric which has a

higher AUC compared with the relative mean (P < 0.05).
Abbreviation: AUC, area under curve.

P < 0.0001) performed better than the single mean as well
(Figure 3). Thus, the combination of variables from either
histogram metrics or multi-modal parameters could improve
the efficacies of glioma grading.

We further validated the accuracies of the combined
metrics using LOOCYV strategy. Only the combination of
Tofts V. histogram metrics (max, kurtosis, and energy
were combined) showed increased accuracy (81.67%,
AUC = 0.840) (Table 4).

Survival Prediction

ROC analyses were first used to evaluate efficacies of the
mean values for predicting OS at 12, 15, and 18 months after
surgery. Multi-modal parameters achieved mild to moderate
prognostic powers at varied time points. Among the means,
Patlak Kine " (AUC = 0.9118, P = 0.0003) and Extended
Tofts V.,"" (AUC = 0.9044, P = 0.0004) were the two
optimal predictors which performed better at 18
months follow-up than at 12 or 15 months (Table A.y).

We further evaluated the roles of histogram metrics in
predicting OS at 12, 15, and 18 months after surgery. The
95th percentiles of Patlak Ki..,s (AUC = 0.9265, P = 0.0002)
and Extended Tofts V. (AUC = 0.9154, P = 0.0003) per-
formed best at 18-month follow-up (Table A.5), and corre-
sponding ROC curves of the means and 95th percentiles are
shown in Figure 4.

Log-rank test using Kaplan—-Meier curve was performed
to predict OS at varied follow-up time points. Using the

medians of each metric, the patients were stratified into two
groups. As for Patlak K., (Figure 5), the 95th percentile
could predict 12-, 15-, or 18-month OS (P =0.0109, 0.0373,
0.0157), but the mean metric (P = 0.0636, 0.0952, or 0.0755
for 12-, 15-, or 18-month OS) were not significantly effec-
tive. As for Extended Tofts V. (Figure 6), the 95th percentile
(P=10.0031, 0.0143, or 0.0063, for 12-, 15- or 18-month OS,
respectively) also performed better than the mean (P =
0.0216, 0.0408, or 0.0423, for 12-, 15-, or 18-month OS,
respectively). In brief, the histogram metrics like 95th per-
centile did improve the performance of Patlak Ki.,s and
Extended Tofts V. for OS prediction.

Discussion

In this study, we revealed that DCE-MRI performed better
than 3D-ASL or IVIM-DWI in both glioma grading and
survival prediction. The mean or histogram metrics of
IAUGCq, V., and Ki.,s were associated with the higher
grading efficacies. The mean or the 95th percentile values of
Extended Tofts V. and Patlak Ki.,,; were with the higher
efficacies to predict OS. The combination of multiple histo-
gram metrics of a single MRI parameter or means from multi-
modal parameters was associated with increased glioma grad-
ing efficacy.

The mean or histogram metrics of Kyans and V, (indepen-
dent from the pharmacokinetics algorithm) are associated
with higher efficacies in glioma grading. However, only V,
histogram metrics were survived from multivariable stepwise
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Figure 2 Multi-modal parameter maps and histograms from a representative LGG and HGG patients, respectively. (A) Images of a 45-year-old patient with grade Il glioma.
The VOI was drawn on FLAIR. (B) Images of a 63-year-old patient with grade IV glioma. The VOI is obtained from FLAIR or T,CE. HGG (B) is associated with increased
Tofts_Ve, Extend Tofts_V,, Incremental_V,, Patlak_K,,s and decreased DCE_IAUGCy, IVIM_ADC,,, values within the VOI. Histograms and corresponding cumulative
curves for Extended Tofts_V, (C) and Incremental_V, (D) in patients A and B, showing a left-shifted cumulative curve (smaller mean value) in LGG for both parameters.

regression for glioma grading. DCE-MRI derived para-

meters, especially K., and V., were important imaging
372427 e

efficacies.”**° But a VOI-based histogram analysis revealed

biomarkers for glioma grading, similar
that histogram metrics of K;.ns but not that of V. survived
from multivariable stepwise regression.”® One possible
explanation is that previous studies suffered from small
patient population number (28,?® compared with 120 in the
current study). However, further validation of Kians and V,
for glioma grading is needed before a consolidated conclu-

sion is drawn.

Our study also demonstrated that V,, and K, are promis-
ing prognostic factors for glioma patients’ OS. Some studies
reported that high K..,s or V., was associated with significantly
poor prognosis for glioma patients in both univariate and
multivariate survival analyses.'" On the other hand, some
studies suggested that there was no close relationship between
permeability parameters from DCE and glioma survival, mak-
ing Kyans not a consistent survival predictor.***° Our study
was different from previous ones concerning the subject num-
ber (90 of ours vs 69, 49 in previous ones), pharmacokinetic

models used (4 models of ours vs only one in previous ones)
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Figure 3 Diagnostic performance of multivariable logistic regression selected individual metrics or their combination in differentiating LGGs from HGGs. The ROC curves
of (A) max, kurtosis, energy of Tofts_V, as well as their combination; (B) max, 75th, 95th and kurtosis of Incremental_V, as well as their combination; (C) max, 95th and
entropy of Extended Tofts_V, as well as their combination; (D) DCE_IAUGCy,™**", IVIM_ADCq,,,"**", DCE_TTP™**" as well as their combination.

Table 4 Leave-One Out Cross-Validation For Combined Diagnostic Efficacies With Multivariate Logistic Regression

AUC Sensitivity (%) Specificity (%) Accuracy (%)
Tofts_V,
Max 0.343 79.20 41.50 79.16
Kurtosis 0.543 76.70 30.80 76.67
Energy 0.675 77.50 31.00 77.50
Max+kurtosis+energy 0.840* 81.70 57.20 81.67
Incremental_V,
Max 0.400 78.30 43.70 78.33
75th percentile 0.737 76.70 23.30 76.67
95th percentile 0.705 76.70 23.30 76.67
Kurtosis 0518 79.20 36.50 79.17
Max+75th+95th+kurtosis 0.814* 78.30 53.70 78.33
Extended Tofts_V,
Max 0.243 77.50 36.00 77.50
90th percentile 0.665 76.70 23.30 76.67
Entropy 0.740 79.20 36.50 79.17
Max+90th+entropy 0.804* 76.70 43.20 76.67
Multimodality
IAUGC™" 0.743 78.30 43.70 7833
TTP™e" 0.567 75.80 25.60 75.83
sADC™e" 0.722 75.80 33.00 75.83
IAUGCyo ™ +TTP™" 0.815* 75.80 43.00 75.83
IAUGCy "+ TTP™*"+sADC™*" 0.835* 78.30 53.70 7833

Notes: Bold underlined data indicate the accuracy of combined histogram metrics is higher than that of single histogram metrics. Bold asterik data indicate the combined
histogram metrics have higher AUCs than single metrics (P < 0.05).
Abbreviation: AUC, area under curve.
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Figure 4 ROC analysis of histogram parameters in predicting patients’ survival. The ROC curves of (A) Patlak_K;ns™™", (B) Extended Tofts_V,™**", (C) Patlak_Kerans ™",
or (D) Extended Tofts_V, " for predicting patient survival at 12, |5, or I8 months after diagnosis.

Percent survival

Percent survival

100+ — Patlak_Kjzns™*" > 0.0180
% — Patlak_Kians™" < 0.0180
60
404 P=0.0636
20

N 0 1(I)0 2(I)0 360 4(I)0
12 m Overall Survival (Days)

100+ — Patlak_Kyans ™" > 0.0688
- — Patlak_Kyans " < 0.0688
604
404 P*=0.0109
20

T T T 1
0 100 200 300 400

12 m Overall Survival (Days)

D

Percent survival

Percent survival

500

*=0.0373

100+ — Patlak_Kyrans ™" > 0.0180
— Patlak_Kyrans ™" < 0.0180
60-
40_
P=0.0952
20
o 100 200 300 400
15 m Overall survival (Days)

1001 — Patiak_Kans®™" > 0.0688
804 — Patlak_Kyans ™" < 0.0688
604
404
20-

"0 100 200 300 400 50

500
15 m Overall survival (Days)

E

100+ — Patlak_Kins ™" > 0.0180
— Patlak_Kians ™" < 0.0180
= 804
2
>
5 604
2]
& 40
L
& 20 P=0.0755
..0 260 4(l)0 660
18 m Overall survival (Days)
100+ — Patlak_Kyans " > 0.0688
— Patlak_Kyans " < 0.0688
= 801
2
S 60
7]
G 40
g
& 20- *=0.0157

0 200 400
18 m Overall survival (Days)

F

Figure 5 The Kaplan—Meier survival analysis of Patlak_Kns"*" (A, B, C) or Patlak_Keans > (D, E, F). Kaplan—Meier curves of Patlak_K,,s ™" for patient survival at 12
(A), 15 (B), or 18 (C) months after surgery. Kaplan—Meier curves of Patlak_Kians > for patient survival at 12 (D), 15 (E), or |8 (F) months after surgery. Patlak_Kirans "
performed better than Patlak_K.,s ™" based on the different P values (*P < 0.05).
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Figure 6 The Kaplan-Meier survival analysis of Extended Tofts_V,™**" (A, B, C) or Extended Tofts_V,”*" (D, E, F). Kaplan—Meier curves of Extended Tofts_V,™**" for
patient survival at 12 (A), 15 (B), or 18 (C) months after surgery. Kaplan—Meier curves of Extended Tofts_V, ™ for patient survival at 12 (D), I5 (E), or 18 (F) months after
surgery. Extended Tofts_V,”*™ performed better than Extended Tofts_V,™**" based on the different P values (*P < 0.05, **P < 0.01).

and the tumor coverage methods (our VOI-based histogram
analysis vs ROI-based analysis in other studies). Although
more patients, varied models, and advanced VOI-based ana-
lysis were used in our study, the prognosis of glioma patients
was still affected by multiple factors, such as age, histological
type, molecular phenotype, extent of resection (EOR), post-
operative neurological function, and adjuvant therapy.’'-**
Using volumetric computations of the LGGs, EOR was
demonstrated as an independent prognostic factor, even better
than genetic markers.*> Another meta-analysis suggested that
gross total resection (GTR) is associated with a better OS than
subtotal resection (STR) and biopsy in HGGs.** Postoperative
neurological status is dynamically altered in varied therapeutic
protocols including EOR and adjuvant therapy which may
drastically influence OS.>>> In our cohort, more than 92%
LGGs and 70.7% HGGs were with GTR. Besides, due to
adjuvant therapy and neurological status evaluation after sur-
gery regulated by multicenter clinical experts, post-operative
records would not be obtained in our institution. Therefore,
our OS prediction was biased because only preoperative MRI
was used, and it needs to be analyzed with multivariate cox
regression regarding the therapies, histological grading, and
clinical and molecular information in future studies.

The combination of multiple histogram metrics from
a single parameter or means from multi-modal parameters was
associated with the increased glioma grading efficacy. The

combination of histogram metrics of V. derived from Tofts

model performed the best. This is quite consistent with previous
studies showing that the multi-modal combinations are superior
to single modal parameter”® for glioma grading.*** In addition,
the efficacy of histogram metrics is superior to that of the mean
when predicting patient survival. This histogram method is
promising for clinical use after we reach the balance between
labor cost and efficacy improvement.

Perfusion MR imaging technique such as dynamic suscept-
ibility contrast (DSC) is widely used in the clinical work-up of
brain tumors because of their ability to help quantify tumor
microvessel proliferation. However, DCE was implemented in
our study because DCE signal intensity time curve reflects
a combination of tissue perfusion, microvessel permeability,
and extravascular-extracellular space. A comprehensive meta-
analysis has shown that both DCE and DSC are reliable
techniques in differentiating glioma grades.** A new multi-
center standardized assessment demonstrated that DCE-
derived K.ns, Ve, and initial area under the concentration
curve (IAUC) had higher accuracies than the metric from
DSC for differentiating grade II from III or IV gliomas.*
Therefore, DCE was applicable for evaluating both perfusion
and permeability of microvessel in clinical work-up of brain
tumors.

There are some limitations for the current study. First, the
prospective clinical trial from 2014 to 2016 was designed
according to WHO 2007 grading criteria which has now been
replaced by WHO 2016 grading criteria. Second, the number of
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patients with LGGs is relatively small compared with the
number of HGGs patients and may have biased our final con-
clusion. Third, we did not utilize multivariable cox regression to
predict OS, ignoring clinical characteristics effect.

Conclusions

In summary, we offered evidence that DCE-MRI per-
formed better than 3D-ASL or IVIM-DWTI in both glioma
grading and survival prediction. K;,,s and V., were asso-
ciated with the higher glioma grading efficacies using
either mean or histogram metrics. Combination of V,
histogram metrics was the one with the highest glioma
grading accuracy. The mean or the 95th values of V. and
Kyans were with the higher efficacies for survival
prediction.
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