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Purpose: To quantitatively compare the potential of various diffusion 
parameters obtained from monoexponential, biexponential, 
and stretched exponential diffusion-weighted imaging models 
and diffusion kurtosis imaging in the grading of gliomas.

Materials and 
Methods:

This study was approved by the local ethics committee, and 
written informed consent was obtained from all subjects. Both 
diffusion-weighted imaging and diffusion kurtosis imaging were 
performed in 69 patients with pathologically proven gliomas by 
using a 3-T magnetic resonance (MR) imaging unit. An isotro-
pic apparent diffusion coefficient (ADC), true ADC, pseudo-
ADC, and perfusion fraction were calculated from diffusion-
weighted images by using a biexponential model. A water 
molecular diffusion heterogeneity index and distributed dif-
fusion coefficient were calculated from diffusion-weighted im-
ages by using a stretched exponential model. Mean diffusivity, 
fractional anisotropy, and mean kurtosis were calculated from 
diffusion kurtosis images. All values were compared between 
high-grade and low-grade gliomas by using a Mann-Whitney 
U test. Receiver operating characteristic and Spearman rank 
correlation analysis were used for statistical evaluations.

Results: ADC, true ADC, perfusion fraction, water molecular diffu-
sion heterogeneity index, distributed diffusion coefficient, and 
mean diffusivity values were significantly lower in high-grade 
gliomas than in low-grade gliomas (U = 109, 56, 129, 6, 206, 
and 229, respectively; P , .05). Pseudo-ADC and mean kurto-
sis values were significantly higher in high-grade gliomas than 
in low-grade gliomas (U = 98 and 8, respectively; P , .05). 
Both water molecular diffusion heterogeneity index (area un-
der the receiver operating characteristic curve [AUC] = 0.993) 
and mean kurtosis (AUC = 0.991) had significantly greater 
AUC values than ADC (AUC = 0.866), mean diffusivity (AUC = 
0.722), and fractional anisotropy (AUC = 0.500) in the differ-
entiation of low-grade and high-grade gliomas (P , .05).

Conclusion: Water molecular diffusion heterogeneity index and mean 
kurtosis values may provide additional information and im-
prove the grading of gliomas compared with conventional 
diffusion parameters.
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Since DWI with different models and 
DKI may demonstrate different aspects 
of tissue properties, it should be valu-
able to explore and compare their roles 
in the grading of gliomas. To our knowl-
edge, however, no comparison of these 
different diffusion imaging approaches 
in the identification of glioma grade has 
been investigated so far. The purpose 
of this study was to quantitatively com-
pare the potential of various diffusion 
parameters obtained from monoexpo-
nential, biexponential, and stretched 
exponential DWI models and DKI in 
the grading of gliomas.

Materials and Methods

Patient Population
This prospective study was approved 
by the local institutional review board. 

well as fractional anisotropy (FA) and 
mean diffusivity obtained from diffusion-
tensor imaging, have been used to grade 
gliomas (4–6). However, contradictory 
findings about the values of ADC, FA, 
and mean diffusivity in the grading of gli-
omas have been reported by several re-
searchers (4–9). ADC values calculated 
by using a monoexponential model may 
not be able to accurately reflect water 
molecular diffusion in vivo, because it 
is influenced by the microcirculation of 
blood in capillaries (10). In addition, FA 
and mean diffusivity values derived from 
diffusion-tensor imaging by assuming 
unrestricted and free water diffusion, 
called Gaussian diffusion distribution, 
can reflect quantitative information 
about the direction and magnitude 
of water molecular diffusion. Yet, the 
complex microstructures in biological 
tissue result in hindered and restricted 
diffusion of water molecules, which 
leads to a non-Gaussian distribution 
(11). Thus, FA and mean diffusivity have 
limitations in the accurate evaluation of 
water molecular diffusion.

Some previous researchers have sug-
gested that biexponential or stretched 
exponential DWI models and diffusion 
kurtosis imaging (DKI) might provide 
more accurate information about water 
diffusion (12–14). The biexponential in-
travoxel incoherent motion DWI model, 
proposed by Le Bihan et al (12,15), might 
allow separation of water molecular diffu-
sion from microcirculation. However, its 
value has not been well explored until 
recent years. The stretched exponential 
DWI model, introduced by Bennett et al 
(13), was used to describe the heteroge-
neity of intravoxel diffusion rates and the 
distributed diffusion effect. DKI has been 
used to measure non-Gaussian diffusion, 
which has the potential to characterize 
both normal and pathologic tissue better 
than diffusion-tensor imaging (16,17). 
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Advances in Knowledge

 n Except for fractional anisotropy 
(FA), all the other diffusion pa-
rameters were significantly dif-
ferent in high-grade gliomas as 
compared with low-grade gliomas 
(P , .05), including isotropic 
apparent diffusion coefficient 
(ADC), true ADC, pseudo-ADC, 
and perfusion fraction, calculated 
from diffusion-weighted imaging 
(DWI) by using a biexponential 
model; water molecular diffusion 
heterogeneity index (a) and dis-
tributed diffusion coefficient, cal-
culated from DWI by using a 
stretched exponential model; and 
mean diffusivity and mean kurto-
sis (MK), calculated from diffu-
sion kurtosis images.

 n The areas under the receiver op-
erating characteristic curves 
(AUCs) for both a (AUC = 0.993) 
and MK (AUC = 0.991) were sig-
nificantly greater than those of 
conventional diffusion parame-
ters, including ADC (AUC = 
0.866), mean diffusivity (AUC = 
0.722), and FA (AUC = 0.500), in 
the grading of gliomas (P , .05).

Implication for Patient Care

 n Both a and MK had significantly 
greater AUC values than ADC, 
mean diffusivity, and FA in the 
grading of gliomas (P , .05), 
which may improve the diagnosis 
and management of gliomas.

Cerebral glioma is the most com-
mon type of primary brain tumor 
and is classified into four grades 

according to the World Health Organiza-
tion (WHO) (1). The grading of glioma 
has clinical significance in determin-
ing a treatment strategy and evaluating 
prognosis. Conventional unenhanced 
magnetic resonance (MR) imaging and 
gadolinium-based contrast material–en-
hanced T1-weighted imaging are usually 
used to grade gliomas. However, they 
sometimes fail to provide a reliable pre-
diction of glioma grade because of the 
overlap of image manifestations in the 
different grades of gliomas (2,3).

Diffusion MR imaging techniques, 
such as diffusion-weighted imaging (DWI)  
and diffusion-tensor imaging, are non-
invasive techniques that are sensitive to 
water molecular diffusion in biological 
tissue (4,5). An isotropic apparent dif-
fusion coefficient (ADC) obtained from 
DWI with a monoexponential model, as 
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sensitization and S(0) represents the 
signal intensity in the absence of diffu-
sion sensitization.

Three parameters—perfusion frac-
tion (f), pseudo-ADC (ADCfast), and 
true ADC (ADCslow)—were calculated 
by using biexponential intravoxel inco-
herent motion analysis (10):

S(b)/S(0)  5 [ f · exp (2b · ADCfast)] 1 
[(1 2 f ) · exp(2b· ADCslow)].

By using a stretched exponential DWI 
model, the water molecular diffusion 
heterogeneity index (a) and the distrib-
uted diffusion coefficient (DDC) were 
obtained by using the following method 
(13):

S(b)/S(0) 5 exp[2(b · DDC)a],

where a is related to the intravoxel 
water molecular diffusion heterogene-
ity, which varies between 0 and 1. A 
numerically high a value represents the 
low intravoxel diffusion heterogeneity 
(approaching the monoexponential de-
cay). The DDC represents the mean in-
travoxel diffusion rate.

In addition to FA and mean diffusiv-
ity, mean kurtosis (MK) was calculated 
from DKI. The diffusion kurtosis model 
is described as follows (16):

S(b)/S(0)  5 exp (2b · Dapp 1 
1
6  

b2 · 

Dapp
2 · Kapp) 

and

 
app

1

MK (1/ ) ( )
n

i
i

n K
=

= å ,

where Dapp is ADC, Kapp is the Kapp 
along the ith direction, and n is the 
25 directions in which diffusion mea-
surements are performed. The MK 
value is derived by averaging all 25 
Kapp values.

In our study, we used the least-
squares fit for linear fitting with the 
monoexponential and DKI models and 
the Levenberg-Marquardt fit for non-
linear fitting with biexponential and 
stretched exponential models, which 
were commonly applied by fitting al-
gorithms in previous studies (Fig 1, A, 
and Fig 2, A) (19,22).

4000, and 5000 sec/mm2; with one sig-
nal acquired for b = 0–800 sec/mm2, 
two signals acquired for b = 1000–2000 
sec/mm2, three signals acquired for b = 
2500–4000 sec/mm2, and four signals 
acquired for b = 5000 sec/mm2) were 
used in three diffusion directions. The 
total acquisition time for DWI, which 
provided data for monoexponential, 
biexponential, and stretched exponen-
tial model fitting, was 5 minutes 32 
seconds. DKI was performed by using 
six b values that ranged from 0 to 2500 
sec/mm2 (0, 500, 1000, 1500, 2000, 
and 2500 sec/mm2, with one signal ac-
quired) with 25 diffusion directions for 
every b value, 7000/80, section thick-
ness of 4 mm, gap of 0 mm, field of 
view of 24 3 24 cm, and matrix of 128 
3 128. The total acquisition time for 
DKI was 8 minutes 28 seconds.

According to previous studies  
(11,18,19), the selections for distri-
butions of b values and numbers of 
signals acquired in our study are trad-
eoffs between acquisition times and 
signal-to-noise ratios in the models. 
The signal-to-noise ratios in the tem-
poral lobe for b of 5000 sec/mm2 im-
ages in biexponential and stretched 
exponential models and b of 2500 sec/
mm2 images in the DKI model were 
calculated to be 12–15 and 19–25, re-
spectively. When compared with some 
other studies (18,20,21), the signal-to-
noise ratios in these diffusion models 
of our study are reliable even with the 
highest b values.

Image Data Analysis and Processing
Images were obtained and transferred 
to a workstation (Advantage Worksta-
tion 4.5; GE Medical Systems) for pro-
cessing. They were independently pro-
cessed by two neuroradiologists (Y.B. 
and M.W., who had 7 and 16 years of 
neurological MR imaging experience, 
respectively) who were blinded to the 
histopathologic results.

The ADC value was calculated from 
all 15 b values by using a monoexponen-
tial model as follows (10):

S(b)/S(0) 5 exp(2b · ADC),

where S(b) represents the signal in-
tensity in the presence of diffusion 

Written informed consent was obtained 
from every patient before participation. 
A total of 69 patients (31 men and 38 
women; age range, 25–68 years; mean 
age, 46 years) with cerebral gliomas that 
were undergoing MR imaging between 
April 2012 and May 2014 were enrolled 
in this study (Table E1 [online]). The 
inclusion criteria were as follows: (a) 
MR imaging was performed in patients 
prior to the treatment of gliomas and 
(b) a histopathologic diagnosis based 
on the WHO 2007 criteria, including 
astrocytoma, oligodendroglioma, and 
oligoastrocytoma, was assigned after 
surgical resection of gliomas within 10 
days after the completion of the MR 
imaging examination. The exclusion cri-
teria were the following: (a) MR data 
were not available owing to head move-
ment artifacts and (b) the solid tumor 
component was unavailable for analysis 
(,20 mm2). Finally, five patients with 
head movement artifacts and two pa-
tients with unavailable solid tumor 
components were excluded, and a total 
of 62 patients were included.

Image Data Acquisition
All patients underwent imaging by using 
a 3-T MR imaging unit (Discovery MR 
750; GE Medical Systems, Milwaukee, 
Wis) and an eight-channel head coil 
(GE Medical Systems).

Conventional MR imaging was per-
formed with a fast spin-echo sequence. 
Axial T1-weighted images were ob-
tained with a repetition time (msec)/
echo time (msec) of 1593/24, while 
axial T2-weighted images were ob-
tained with 4600/110. Axial T1-weight-
ed sequences were repeated after the 
intravenous administration of a single 
dose of gadopentetate dimeglumine 
(Magnevist; Bayer Schering Pharma, 
Berlin, Germany).

DWI and DKI were performed be-
fore the injection of contrast agents. 
DWI was performed by using a single-
shot echo-planar sequence in the axial 
plane, 4000/112, section thickness of 4 
mm, gap of 0 mm, field of view of 24 3 
24 cm, and matrix of 128 3 128. Six-
teen b values from 0 to 5000 sec/mm2 
(0, 50, 100, 150, 200, 300, 400, 500, 
800, 1000, 1500, 2000, 2500, 3000, 
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hemorrhage, large vessels, edema, and 
calcifications were avoided to ensure 
more accurate measurements. Then, 
the selected regions of interest with the 
lowest mean ADC values on ADC maps 

components within white matter on the 
ADC maps to obtain measurements. 
The areas of the regions of interest 
varied from 20 to 45 mm2 (mean area, 
37 mm2), and areas of necrosis, cyst, 

The two blinded neuroradiologists 
(Y.B. and M.W.) analyzed all the images 
independently. For every patient, each 
neuroradiologist placed three regions 
of interest in the different solid tumor 

Figure 1

Figure 1: High-grade glioblastoma ( WHO grade IV ) in the left temporal lobe (arrows) in a 61-year-old woman. A, The curves of different fits were derived from DWI 
by using monoexponential, biexponential, and stretched exponential models and DKI. B, T1-weighted MR image shows that the tumor is hypointense. C, T2-weighted 
MR image shows that the tumor is hyperintense. D, Gadolinium-based contrast material–enhanced T1-weighted MR image shows that the tumor has irregular 
enhancement. In the solid tumor component that enhances with gadolinium-based contrast material, E, the ADC map and, F, the ADC

slow
 map show decreased values. 

G, The ADC
fast

 map shows increased values, and, H, the f map, I, a map, J, DDC map, and, K, mean diffusivity map show decreased values. The, L, FA and, M, MK 
maps show increased values.
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high-grade and low-grade gliomas. The 
Wilcoxon signed rank test was used to 
compare ADC and ADCslow values cal-
culated from all subjects. Results with 
P values less than .05 were consid-
ered to indicate a significant difference. 

Chicago, Ill). The mean results of each 
parameter for each subject according 
to the two radiologists were used for 
quantitative statistical analyses. The 
Mann-Whitney U test was used for the 
comparison of each parameter between 

were copied to the maps of all the other 
parameters from the same patient.

Statistical Analysis
All statistical analyses were performed 
with SPSS software (version 17.0; SPSS, 

Figure 2

Figure 2: Low-grade astrocytoma ( WHO grade II) in the right temporal lobe (arrows) in a 43-year-old woman. A, The curves of different fits were derived from DWI 
by using monoexponential, biexponential, and stretched exponential models and DKI. B, T1-weighted MR image shows that the tumor is hypointense. C, T2-weighted 
MR image shows that the tumor is hyperintense. D, Gadolinium-based contrast-enhanced T1-weighted MR image shows that the tumor has no enhancement. In the 
tumor, E, the ADC map and, F, the ADC

slow
 map show increased values. G, The ADC

fast
 map shows decreased values. The, H, f map, I, a map, J, DDC map, and, K, 

mean diffusivity map show increased values. The, L, FA and, M, MK map show decreased values.
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67.8% (19 of 28 gliomas) for Y.B. and 
76.4% (26 of 34 gliomas) and 71.4% 
(20 of 28 gliomas) for M.W. in the de-
termination of high-grade gliomas.

Figure 1, B–M, and Figure 2, B–M, 
show the manifestations of high- and 
low-grade gliomas on T1- and T2-
weighted images, gadolinium-based 
contrast material–enhanced T1-weight-
ed images, and ADC, ADCfast, ADCslow, 
f, a, DDC, mean diffusivity, FA, and 
MK maps. Figure 3 shows the quanti-
tative comparison of differences in dif-
fusion parameters between the two gli-
oma groups. ADC, ADCslow, f, a, DDC, 
and mean diffusivity values were sig-
nificantly lower in high-grade gliomas 
than in low-grade gliomas (P , .05). 
Additionally, ADCfast and MK were sig-
nificantly higher in high-grade gliomas 
than in low-grade gliomas (P , .05). 
However, FA did not show a significant 
difference between the two groups  
(P . .05).

Results

Thirty-four of 62 patients (55%) were 
confirmed with pathologic examination 
to have high-grade (WHO grades III 
and IV) gliomas, and the remaining 28 
patients (45%) had low-grade (WHO 
grade II) gliomas. The diagnoses of the 
patient group included WHO grade II 
astrocytomas (n = 15), grade II oligo-
dendrogliomas (n = 8), grade II oligoas-
trocytomas (n = 5), grade III anaplastic 
astrocytomas (n = 8), grade III anaplas-
tic oligodendrogliomas (n = 2), grade 
III anaplastic oligoastrocytomas (n = 5), 
and grade IV glioblastomas (n = 19).

Thirty of 34 high-grade gliomas 
(88%) and six of 28 low-grade gliomas 
(21%) demonstrated enhancement on 
the contrast-enhanced T1-weighted im-
ages. For the two radiologists (Y.B. and 
M.W.), the respective sensitivity and 
specificity for conventional MR imag-
ing were 73.5% (25 of 34 gliomas) and 

Correlations among all parameters 
were assessed by using Spearman rank 
correlation. Sidak corrections (with a 
0.95 confidence level), which can re-
duce the type I error, were used for 
multiple comparisons. Receiver oper-
ating characteristic curves were gen-
erated for each parameter to assess 
the area under the receiver operating 
characteristic curve (AUC) and to de-
termine which parameter was optimal 
for the grading of gliomas. The cutoff 
points were selected by using the max-
imized values of the Youden indexes. 
Then, the sensitivity and specificity 
at the threshold values for each dif-
fusion parameter were determined in 
the grading of gliomas. Interrater re-
liability between the two independent 
quantitative analyses was assessed by 
using an intraclass correlation coeffi-
cient. Results with P values less than 
.05 were considered to indicate a sig-
nificant difference.

Figure 3

Figure 3: Bar graphs of ADC, ADC
fast

, ADC
slow

, f, a, DDC, FA, mean diffusivity (MD), and MK values averaged across high-
grade (n = 34) and low-grade (n = 28) gliomas. Error bars = standard deviations across subjects. ADC, ADC

fast
, ADC

slow
, 

DDC, and MD are in units of 3 1023 mm2/sec. Parameters not marked with asterisks are not significant. ∗∗ = P , .01, 
∗∗∗ = P , .001.
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that ADCfast was significantly higher in 
high-grade gliomas than in low-grade 
gliomas, whereas f was significantly 
higher in low-grade gliomas than in 
high-grade gliomas. These current re-
sults were consistent with the findings 
from previous studies (3,26,29,30).

The discordance between f and 
other perfusion parameters obtained by 
using contrast media may be caused by 
differences in imaging techniques (29). 
Furthermore, water molecules are less 
restricted in the relatively larger extra-
cellular space in a low-grade glioma (4), 
which may contribute to the increase 
of the fast diffusion fraction. How-
ever, Sehy et al (31) reported that fast 

may be affected in opposite ways. Thus, 
ADC calculated from the monoexpo-
nential model is limited in grading gli-
omas, leading to contradictory results 
(4,6,7,24,25). However, ADCslow de-
rived from biexponential intravoxel in-
coherent motion can remove the influ-
ence of perfusion, so it may reflect the 
true diffusion coefficient.

Perfusion parameters, such as cere-
bral blood flow and cerebral blood vol-
ume, have previously been shown to be 
helpful in grading gliomas (3,26). Previ-
ous studies (27,28) showed that ADCfast 
and f were associated with perfusion 
quantitatively in the human brain. The 
results of our current study showed 

ADCslow was significantly lower than 
ADC in all subjects (P , .05).

When looking at the receiver oper-
ating characteristic curves in discrim-
inating high-grade gliomas from low-
grade gliomas (Fig 4), AUC values were 
0.993 for a, 0.991 for MK, 0.939 for 
ADCslow, 0.900 for ADCfast, 0.866 for 
ADC, 0.782 for DDC, 0.722 for mean 
diffusivity, and 0.500 for FA. The AUC 
values for both a and MK were signif-
icantly greater than those for ADC, 
mean diffusivity, and FA in the grading 
of gliomas (P , .05). Table 1 shows the 
sensitivity and specificity of diffusion 
parameters at optimal cutoff values in 
differentiating low-grade from high-
grade gliomas.

The quantitative correlation analysis 
showed that there were strong correla-
tions between ADC and ADCslow, ADC-

fast, f, a, mean diffusivity, and MK (P , 
.001) (Table 2). After Sidak corrections 
for multiple comparisons, MK corre-
lated with all the other parameters (P 
, .001) except FA (P . .05). In partic-
ular, there was a strong negative corre-
lation between MK and a in gliomas (r 
= 20.742, P , .001).

The overall mean intraclass correla-
tion coefficient between the two indepen-
dent radiologists was 0.873 (P , .001).

Discussion

In this study, our results showed that 
both a and MK had significantly greater 
diagnostic properties than did conven-
tional diffusion parameters, including 
ADC, mean diffusivity, and FA, in dif-
ferentiating low-grade gliomas from 
high-grade gliomas. As such, MK may 
serve as an optimal diffusion parameter 
for grading gliomas in clinical practice.

One previous study on DWI in the 
evaluation of cellularity in gliomas re-
ported by Sugahara et al (4) and another 
study on the neuropathologic diagnosis 
of brain tumors reported by Pollo (23) 
demonstrated that both tumor cellu-
larity and vascularity were higher in 
high-grade gliomas than in low-grade 
gliomas. Since high tumor cellularity 
can decrease ADC values, whereas the 
high vascularity may increase the ADC 
(4,10,12), the DWI signal attenuation 

Figure 4

Figure 4: (a) Receiver operating characteristic curves for ADC, ADC
slow

, a, DDC, and mean diffusivity (MD) 
in distinguishing high- from low-grade gliomas. (b) Receiver operating characteristic curves for ADC

fast
, MK, 

and FA in distinguishing high- from low-grade gliomas.

Table 1

Sensitivity and Specificity of Diffusion Parameters at Optimal Cutoff Values in 
Differentiating Low- from High-Grade Gliomas

Diffusion Parameter Optimal Cutoff Value Sensitivity (%) Specificity (%)

ADC 0.696* 89.3 (25/28) 79.4 (27/34)
ADCfast 2.215* 89.3 (25/28) 85.3 (29/34)
ADCslow 0.552* 85.7 (24/28) 91.2 (31/34)
a 0.813 92.9 (26/28) 100 (34/34)
DDC 0.896* 60.7 (17/28) 85.3 (29/34)
FA 0.062 89.3 (25/28) 20.6 (7/34)
Mean diffusivity 0.937* 78.6 (22/28) 64.7 (22/34)
MK 0.616 92.9 (26/28) 100 (34/34)

Note.—Numbers in parentheses are the data used to calculate percentages.
* Values are in units of 3 1023 mm2/sec.
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the detailed histologic characteristics 
should be investigated further.

In conclusion, our results suggest 
that a and MK may provide additional 
information for the grading of gliomas 
compared with conventional diffusion 
parameters, which would be helpful 
in improving therapy strategies and 
prognoses.
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