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Abstract: Purpose: To evaluate the prognostic value of diffusion kurtosis imaging (DKI) for survival prediction of
patients with high-grade glioma (HGG). Materials and methods: DKI was performed for fifty-eight patients with
pathologically proven HGG by using a 3-T scanner. The mean kurtosis (MK), mean diffusivity (MD) and fractional
anisotropy (FA) values in the solid part of the tumor were measured and normalized. Univariate Cox regression
analysis was used to evaluate the association between overall survival (OS) and sex, age, Karnofsky performance
status (KPS), tumor grade, Ki-67 labeling index (LI), extent of resection, use of chemoradiotherapy, MK, MD, and
FA. Multivariate Cox regression analysis including sex, age, KPS, extent of resection, use of chemoradiotherapy, MK,
MD, and FA was subsequently performed. Spearman’s correlation coefficient for OS and the area under receiver
operating characteristic curve (AUC) for predicting 2-year survival were calculated for each DKI parameter and fur-
ther compared. Results: In univariate Cox regression analyses, OS was significantly associated with the tumor grade,
Ki-67 LI, extent of resection, use of chemoradiotherapy, MK, and MD (P < 0.05 for all). Multivariate Cox regression
analyses indicated that MK, MD (hazard ratio = 1.582 and 0.828, respectively, for each 0.1 increase in the normal-
ized value), extent of resection and use of chemoradiotherapy were independent predictors of OS. The absolute
value of the correlation coefficient for OS and AUC for predicting 2-year survival by MK (rho =-0.565, AUC = 0.841)
were higher than those by MD (rho = 0.492, AUC = 0.772), but the difference was not significant. Conclusion: DKI is
a promising tool to predict the survival of HGG patients. MK and MD are independent predictors. MK is potentially
better associated with OS than MD, which may lead to a more accurate evaluation of HGG patient survival.
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Introduction Diffusion-weighted imaging (DWI) and diffusion
tensor imaging (DTI) have been valuable in eval-
uating the survival of glioma patients [4, 11-
15]. However, these methods may have bias in
reflecting the tumor microstructure due to their

inherent limitations [16].

High-grade gliomas (HGGs) are brain tumors
associated with high morbidity and mortality
[1]. The median survival time after diagnosis is
1 to 2 years despite aggressive surgical treat-
ment, radiotherapy, and chemotherapy [2, 3].
Diffusion kurtosis imaging (DKI) is an advanced

The outcomes and treatment response vary
due to the heterogeneity in molecular subty-
pes [4]. Accumulating evidence has shown that
some molecular markers are reliable for HGG
prognosis, such as Ki-67 and isocitrate dehy-
drogenase (IDH) [5-10]. However, this informa-
tion could be obtained only through invasive
approaches and could not be dynamically mon-
itored. Therefore, the development of a nonin-
vasive method is crucial to dynamically guide
individual therapeutic plans.

technique for quantifying the non-Gaussianity
of water motion in vivo [17], and conventional
parameters such as the mean diffusivity (MD)
and fractional anisotropy (FA) could also be de-
rived from this method. Previous studies sug-
gested that diffusion kurtosis may be a marker
for microstructural complexity and is superior
to conventional diffusion parameters in grading
gliomas and reflecting tumor proliferation [16,
18-23]. However, the value of DKI in predict-
ing the survival of HGG patients has not been
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investigated. Therefore, this study aimed to
evaluate the prognostic value of DKI for HGG
patient survival.

Materials and methods
Patient population

This study was approved by the local ethics
committee. Informed consent was obtained
from every patient before inclusion. Between
July 2012 and May 2015, eighty-two patients
were enrolled and underwent a series of mag-
netic resonance imaging (MRI) examinations.
The inclusion criteria were as follows: 1) those
who were newly diagnosed and were ultimately
confirmed to have primary HGG and 2) those
with complete preoperative DKI data. The ex-
clusion criteria were as follows: 1) poor image
quality, namely, obvious artifacts or head mo-
tion, 2) surgery performed more than 4 weeks
after the MR data collection, or 3) loss to fol-
low-up. Ultimately, 12 patients were excluded
because of a non-HGG diagnosis or because
they did not undergo surgery in our institution,
and 12 patients were excluded because they
were lost to follow-up; a total of 58 patients
were included.

Clinical information

The clinical characteristics, including sex, age,
Karnofsky performance status (KPS), symp-
toms and their duration, resection or biopsy,
extent of resection, and use of chemoradio-
therapy were recorded.

MR protocol

All image acquisitions were performed on a 3-
T MR scanner (Discovery MR750, GE Medical
Systems, Milwaukee, WI, USA) with a 32-chan-
nel head coil.

DKI data were obtained by using a spin-echo
echo-planar imaging (SE-EPI) sequence (repeti-
tion time (TR) = 6,500 ms, echo time (TE) = 85
ms, number of excitations (NEX) = 1, matrix =
128 x 128, number of sections = 43, slice thi-
ckness =3 mm, gap = 0 mm, field of view (FOV)
=256 x 256 mm?, b = 0, 1,250 and 2,500 s/
mm?, twenty-five uniformly distributed direc-
tions for each nonzero b-value were applied,
and acquisition time = 5 min 45 s). Array Spa-
tial Sensitivity Encoding Technique (ASSET),
Real Time Field Adjustment, and Phase Cor-
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rect were performed to increase the imaging
quality.

Routine clinical sequences were applied and
served as the references for DKI, including the
transverse T1 fluid-attenuated inversion recov-
ery (FLAIR, TR = 2,992 ms, TE = 24 ms, inver-
sion time (Tl) = 869 ms) before and after gado-
linlum administration, transverse T2 fast spin-
echo (FSE, TR = 4,599 ms, TE = 102 ms) and
T2-FLAIR (TR = 8,000 ms, TE = 160 ms, Tl =
2,100 ms).

MR data processing

The DKI data were corrected for eddy current
distortions and head motion by using the
FMRIB Software Library (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki). Maps of the mean kurtosis
(MK), MD, and FA values were calculated with
the Diffusional Kurtosis Estimator (version
2.5.1, Medical University of South Carolina).
Coregistration was performed to match the dif-
fusion parametric maps with the anatomical
images. Two blinded neuroradiologists (with 8
and 5 years of experience, respectively) inde-
pendently drew regions of interest (ROIls) aro-
und the solid part of each tumor (areas with
gadolinium enhancement or with the lowest T2
signal intensity) and around the contralateral
normal-appearing white matter (¢(NAWM), avo-
iding regions with cysts, necrosis, hemorrhage,
obvious vessels, edema, and calcifications. The
values from the solid tumors were then nor-
malized by dividing by the values from the
cNAWM. The two sets of values were used for
interobserver variability analysis, and only the
normalized values measured by the neuroradi-
ologist with 8 years of experience were fur-
ther analyzed.

Pathological data acquisition and analysis

The histological type and grade of the tumors
were determined according to the WHO classi-
fication criteria [24, 25]. Immunohistochemical
staining for Ki-67 was performed by using the
Envision method (Clone No. UMAB107, dilution
1:300). The Ki-67 labeling index (LI) was ob-
tained by calculating the percentage of posi-
tively stained nuclei in the hot-spot areas.

Follow-up

The overall survival (OS) was defined as the
length of time from the date of DKI to death.
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Table 1. Detailed information and characteristics of the patients with HGGs

Characteristics Value, n (%) Mean + SD

Total 58

Age 45.830+£12.775 (years)
Sex (Male) 32 (55.172%)

KPS 60.900+9.589 (%)

Duration of symptoms
Diagnosed with epilepsy
Surgery
Extent of resection
GTR
<GTR
Ki-67 LI
Grade
Grade I
Grade IV
Use of a standardized chemoradiotherapy protocol
Deceased from tumor-related causes
OS (for deceased patients)

134.5504+321.900 (days)
11 (18.966%)
58 (100.00%)

33 (56.897%)
25 (43.103%)
24.550£19.095 (%)

30 (51.724%)
28 (48.276%)
30 (51.724%)
54 (93.103%)

)

54 (93.103% 567.379+65.489 (days)

KPS: Karnofsky performance status; GTR: gross total resection; Ki-67 LI: Ki-67 labeling index; OS: overall survival.

Table 2. Interobserver variability of the measurements of

HGG patients performed by two observers

independent factors predictive of de-
ath from tumor-related causes. Spear-

Interobserver variability

man correlation analysis was used to

Region Parameters o1 (95% Cl) evaluate the correlation between 0S
Solid region of the tumor MK 0.960 (0.933-0.976) and each DKI parameter for the de-
MD 0.970 (0.950-0.982) ceaiegKll-lGG patients. Thed.ab||2|ty of
o osmzosssosy e ing fimo.de.
cNAWM MK 0.975 (0.959-0.985) . . g
VD 0.970 (0.950.0.982 pendent receiver operating character-
: (0.950-0.982) istic (ROC) analysis. The Spearman’s
FA 0.987 (0.978-0.992)

correlation coefficient and area under

MK: mean kurtosis; MD: mean diffusivity; FA: fractional anisotropy;
cNAWM: contralateral normal-appearing white matter; MK: mean kurto-

sis; MD: mean diffusivity; FA: fractional anisotropy.

Patients still alive or lost to follow-up were cen-
sored. The last follow-up was in March 2018.

Statistical analysis

Statistical analyses were performed with SPSS
(Version 19.0.0, IBM, Armonk, NY, USA) and R
software (version 3.5.2; http://www.r-project.
org/). Interobserver variation was assessed by
calculating the intraclass correlation coeffici-
ent (ICC). Univariate Cox regression analysis
was performed to evaluate the association be-
tween OS and sex, age, KPS, grade, Ki-67 LI,
extent of resection, use of chemoradiotherapy,
MK, MD and FA. Multivariate Cox regression
analysis was further performed to identify the
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the curve (AUC) of each DKI parameter
were further compared to obtain the
better predictor.

Results

Among the 58 patients who were finally includ-
ed, 26 had anaplastic astrocytoma, 4 had ana-
plastic oligodendroglioma, and 28 had glio-
blastoma. The main symptoms were epilepsy,
headache, nausea, limb weakness, and vomit-
ing. Fifty-four patients died from tumor-related
causes during follow-up, and their average 0OS
was 567.379 days. The other clinical and path-
ological features are shown in Table 1.

Table 2 shows the interobserver variability of
the measurements. The ICCs were between
0.960 and 0.987, indicating excellent repro-
ducibility.

Am J Transl Res 2019;11(6):3680-3688
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Table 3. Univariate Cox regression analyses demonstrating the associations between OS and sex,
age, KPS, tumor grade, Ki-67 LI, extent of resection, MK, MD and FA in patients with HGGs

Regressor HR (95% ClI) P Value
Sex (Male) 0.917 (0.533-1.577) 0.754
Age 1.002 (0.979-1.027) 0.842
KPS 1.000 (0.969-1.033) 0.978
Tumor grade (Grade V) 2.371(1.343-4.187) 0.003"
Ki-67 LI 1.021 (1.007-1.036)* 0.004*
Extent of resection (GTR) 0.533(0.308-0.922) 0.024*
Use of a standardized chemoradiotherapy protocol 0.442 (0.255-0.766) 0.004"
MK 1.516 (1.292-1.779)* < 0.001"
MD 0.853 (0.782-0.929)# <0.001"
FA 1.080 (0.900-1.297)* 0.407

Note: “indicates P < 0.05; *indicates the hazard ratio and 95% confidence interval for each 1% (for Ki-67 LI) or 0.1 (for MK, MD
and FA) increase in the parameter value. HR: hazard ratio; Cl: confidence interval; KPS: Karnofsky performance status; Ki-67
LI: Ki-67 labeling index; GTR: gross total resection; MK: mean kurtosis; MD: mean diffusivity; FA: fractional anisotropy.

Table 3 shows the hazard ratio (HR) of each
factor in the univariate Cox regression analys-
es. Reduced OS was significantly associated
with a high tumor grade (HR = 2.371, P =
0.003), high Ki-67 LI (HR = 1.021 per 1%
increase, P = 0.004) and high MK value (HR =
1.516 per 0.1 increase, P < 0.001), while treat-
ment with gross tumor resection (GTR) (HR =
0.533, P = 0.024), use of a standardized che-
moradiotherapy protocol (HR = 0.442, P =
0.004), and a high MD value (HR = 0.853 per
0.1 increase, P < 0.001) were significantly as-
sociated with a long OS. In contrast, sex, age,
KPS, and FA were not significantly associated
with OS (P > 0.05 for all).

Multivariate Cox proportional hazards analysis
was further performed for sex, age, KPS, extent
of resection, use of chemoradiotherapy, MK,
MD and FA with respect to OS. Due to the co-
linearity that exists among MK, MD and FA,
these three parameters were not inputted to-
gether into one Cox model; instead, three Cox
models were performed for each DKI parame-
ter. After adjusting by sex, age and KPS, MK (HR
= 1.582 per 0.1 increase, P < 0.001) was a sig-
nificant predictor of reduced 0S, and it was a
risk factor; MD (HR = 0.828 per 0.1 increase, P
< 0.001) was also a significant predictor of 0S
and was a protective factor; however, FA (HR =
0.996 per 0.1 increase, P = 0.971) was not a
significant predictor of OS.

In addition, both treatment with GTR (Cox model
1: HR = 0.299, P < 0.001; Cox model 2: HR =
0.362, P = 0.002; Cox model 3: HR = 0.420, P

3683

= 0.008) and use of a standardized chemora-
diotherapy protocol (Cox model 1: HR = 0.482,
P =0.024; Cox model 2: HR = 0.303, P < 0.001;
Cox model 3: HR = 0.369, P = 0.002) were sig-
nificant predictors of OS, and they were both
protective factors. In contrast, the other factors
were not significant predictors of OS, and the
corresponding P values and HRs (95% Cls) are
shown in Table 4.

To compare the ability of the three DKI param-
eters to predict HGG patient survival, Spearman
correlation analysis was performed to evaluate
the correlation between the survival time and
each DKI parameter for the 54 deceased HGG
patients. OS was significantly correlated with
MK (rho = -0.565, P < 0.001) and MD (rho =
0.492, P < 0.001). In contrast, FA was not sig-
nificantly correlated with survival time (rho =
-0.160, P = 0.249). The scatter diagrams dem-
onstrating the correlations between 0S and
MK, MD and FA are shown in Figure 1. The cor-
relation coefficient of MK was higher than that
of MD, although the difference between these
two correlation coefficients was not significant
(Z =0.512, P = 0.608). The correlation coeffi-
cient of MK was significantly higher than that of
FA (Z = 2.418, P = 0.016). Additionally, time-
dependent ROC curves were also created, as
shown in Figure 2. The 2-year survival period
was evaluated because the average OS of the
HGG patients was 567.379 days, which is near-
ly 2 years. The curves indicated that MK (AUC =
0.841) had a better performance than MD (AUC
=0.772) and FA (AUC = 0.506) in predicting the
2-year survival of HGG patients. The AUC of MK

Am J Transl Res 2019;11(6):3680-3688
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Table 4. Comparison of the ability of DKI parameters to evaluate HGG patient survival using multivariate Cox regression analyses

Cox model 1 Cox model 2 Cox model 3

Regressor

HR (95% Cl) P Value HR (95% Cl) P Value HR (95% Cl) P Value
Sex (Female) 0.806 (0.435-1.495)  0.494 0.970 (0.523-1.800) 0.924 1.129 (0.601-2.121) 0.705
Age 0.995 (0.971-1.020) 0.698 1.001 (0.976-1.026) 0.959 0.993 (0.969-1.017) 0.547
KPS 1.021 (0.986-1.057) 0.250 1.016 (0.982-1.053) 0.359 1.012 (0.976-1.051) 0.516
Extent of resection (GTR) 0.299 (0.154-0.582) < 0.001" 0.362 (0.190-0.692) 0.002" 0.420 (0.222-0.795)  0.008"
Use of a standardized chemoradiotherapy protocol 0.482 (0.255-0.909) 0.024" 0.303 (0.156-0.590) < 0.001" 0.369 (0.197-0.690)  0.002"
MK 1.582 (1.316-1.901)* < 0.001" - - - -
MD - - 0.828 (0.756-0.907)* < 0.001" - -
FA - - - - 0.996 (0.816-1.216)*  0.971

Note: “indicates P < 0.05; *indicates the hazard ratio and 95% confidence interval for each 0.1 increase of the parameter value. HR: hazard ratio; Cl: confidence interval; KPS: Kar-
nofsky performance status; GTR: gross total resection; MK: mean kurtosis; MD: mean diffusivity; FA: fractional anisotropy.
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Figure 1. Correlations between OS and the DKI parameters. Scatter diagrams demonstrating the correlations be-
tween OS and (A) MK, (B) MD, and (C) FA. MK and MD were found to be significantly correlated with OS. In contrast,
FA was not significantly correlated with OS. OS: overall survival; MK: mean kurtosis; MD: mean diffusivity; FA: frac-

tional anisotropy.
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Figure 2. Time-dependent ROC curves of each DKI
parameter for predicting the 2-year survival of HGG
patients. The AUCs of MK, MD and FA were 0.841,
0.772 and 0.506, respectively. The AUC of MK was
higher than that of MD and was significantly higher
than that of FA. ROC: receiver operating characteris-
tic curve; DKI: diffusion kurtosis imaging; HGG: high-
grade glioma; AUC: area under curve; MK: mean kur-
tosis; MD: mean diffusivity; FA: fractional anisotropy.

was higher than that of MD (P = 0.283), but this
difference was not significant, and the AUC of
MK was significantly higher than that of FA (P =
0.002).

Discussion

Our results showed that MK and MD are both
significantly associated with the survival time
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of patients who were newly diagnosed with
HGG. Patients with tumors that display high
MK values or low MD values are prone to hav-
ing short lifespans after diagnosis.

To the best of our knowledge, no study correlat-
ing MK with survival time for patients with glio-
mas or HGGs has been published. In this study,
MK was found to be an independent predictor
of reduced OS, and MK was a risk factor. A high-
er MK indicates higher complexity of the mi-
crostructures within the tumor, which can pres-
ent as tumors with greater nuclear atypia, high-
er cellular pleomorphism, more necrosis and
more microvascular proliferation [26]. This in-
creased complexity usually indicates tumors to
be more aggressive and therefore may result in
reduced OS.

Several studies have shown that a low appar-
ent diffusion coefficient (ADC) was associated
with a decrease in survival for patients with gli-
omas [27-31]. Saksena et al. demonstrated
that DTl parameters can be used to evaluate
progression-free survival in patients with glio-
blastomas. The authors believe that these pa-
rameters could be useful for treatment plan-
ning as HGGs with low minimal ADC values may
be treated more aggressively than those with
high ADC values [4]. In this study, the MD value
calculated from the DKI data was used instead
of the conventional ADC because like the ADC,
MD also reflects the water diffusivity but may
define water diffusivity in the brain more pre-
cisely than ADC. Similarly, a low MD was also
found to be an independent predictor of redu-
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ced OS, and MD was a protective factor, which
is in accordance with previously published
studies. An inverse relationship between the
ADC and glioma grade has been demonstra-
ted, and this relationship is associated with
tumor cellularity [32]. A low MD is indicative of
high cellularity and hence a large tumor burden
[33]; therefore, a low MD is associated with a
short survival period.

FA was not significantly correlated with survival
time, which is slightly different from the results
of a previous study [4]. The reported relation-
ship between FA and tumor cellularity is con-
troversial [34]. Therefore, the relationship be-
tween FA and survival time may require further
investigation.

Both the absolute value of the correlation coef-
ficient for OS and AUC for predicting 2-year sur-
vival by MK were higher than those by MD, but
the difference was not significant, indicating
that MK is potentially better associated with
HGG patient survival than MD. The lack of a
noticeable difference in AUCs between MK and
MD may be due to the limited patient cohort in
this study. In contrast, both the correlation
coefficient and AUC of MK were significantly
higher than those of FA, indicating that MK per-
forms better than FA in predicting the survival
of HGG patients. Therefore, as a better imaging
predictor than the other DKI parameters, MK
has great potential to more accurately evaluate
the survival of HGG patients and better man-
age individual treatment plans.

This study still has several limitations. The re-
sults of our analysis are mainly limited by the
relatively small patient cohort of our study.
Therefore, this study did not further analyze
the association of DKI parameters with OS
when stratified by HGG grade (grades Ill and
IV). However, we believe that the conclusions
drawn from this study are still valuable for clin-
ics. Another limitation is that 7 patients did not
undergo Ki-67 detection, but we believe that
this had only a slight effect on the statistical
analyses.

In conclusion, DKI is a promising tool to predict
HGG patient survival. MK and MD are indepen-
dent imaging predictors of survival time; MK is
potentially better associated with OS than MD,
and MK may lead to a more accurate evalua-
tion of HGG patient survival. As a potentially
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better imaging predictor than the other DKI
parameters, MK may be more helpful in guiding
treatment strategies to prolong OS for patients
with HGGs.
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