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Background. Our aim was to assess the diagnostic performance of intravoxel incoherent motion (IVIM) MR imaging for differen-
tiating high-grade gliomas (HGGs) from low-grade gliomas (LGGs).

Methods. Forty-five patients with diffuse glioma (age 50.9+20.4 y; 26 males, 19 females) were assessed with IVIM imaging using
13 b-values (0–1000 s/mm2) at 3T. The perfusion fraction (f), true diffusion coefficient (D), and pseudo-diffusion coefficient (D*)
were calculated by fitting the bi-exponential model. The apparent diffusion coefficient (ADC) was obtained with 2 b-values (0 and
1000 s/mm2). Relative cerebral blood volume was measured by the dynamic susceptibility contrast method. Two observers inde-
pendently measured D, ADC, D*, and f, and these measurements were compared between the LGG group (n¼ 16) and the HGG
group (n¼ 29).

Results. Both D (1.26+0.37 mm2/s in LGG, 0.94+0.19 mm2/s in HGG; P , .001) and ADC (1.28+0.35 mm2/s in LGG, 1.03+
0.19 mm2/s in HGG; P , .01) were lower in the HGG group. D was lower than ADC in the LGG (P , .05) and HGG groups
(P , .0001). D* was not different between the groups. The f-values were significantly larger in HGG (17.5+6.3%) than in LGG
(5.8+3.8%; P , .0001) and correlated with relative cerebral blood volume (r¼ 0.85; P , .0001). Receiver operating characteristic
analyses showed areas under curve of 0.95 with f, 0.78 with D, 0.73 with ADC, and 0.60 with D*.

Conclusion. IVIM imaging is useful in differentiating HGGs from LGGs.

Keywords: diffusion, glioma, intravoxel incoherent motion, MRI, perfusion.

Gliomas are the most common primary neoplasms of the brain,
varying histologically from low grade to high grade in World
Health Organization (WHO) classification.1 The differentiation
between low-grade gliomas (LGGs; grade II) and high-grade gli-
omas (HGGs; grades III, IV) is critical, since the prognosis and
thus the therapeutic strategy could differ substantially depend-
ing on the grade. Because of their dismal prognosis, HGGs are
usually treated with surgical resection followed by adjuvant ra-
diation therapy and chemotherapy.2 HGGs misdiagnosed as
LGGs will be treated less aggressively than necessary, and
vice versa.

Many investigators have attempted to develop MR imaging
biomarkers for the grading of gliomas: diffusion-weighted

(DW) imaging,3,4 perfusion-weighted (PW) imaging,5 – 7 and
proton MR spectroscopy8,9 provide in vivo physiologic informa-
tion for tumor characterization. These methods have been
found to be of increasing utility in assessments of the grade
of gliomas. Some studies showed that the apparent diffusion
coefficient (ADC) measured by DW imaging had high diagnos-
tic performance in differentiating HGGs from LGGs.3,4 Howev-
er, other studies showed a substantial overlap in the ADC
values between LGGs and HGGs,10 or no difference between
them.11

A recent study showed that the combination of dynamic
susceptibility contrast (DSC) PW imaging and DW imaging
could significantly improve the diagnostic performance of the
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differentiation.12 In clinical settings, the use of DSC PW imaging
may frequently be limited because of the patient’s age, renal
dysfunction, high injection rate, and/or allergic reaction to the
contrast material.

The grades of gliomas are histologically determined based
on the presence of cellular anaplasia and nuclear atypia, cell
density, mitoses, microvascular proliferation, and necrosis.13

The diffusion property has been reported to reflect cell density,
which is related to the active cell proliferation,3,14,15 and the
perfusion property is largely determined by the microvascular
proliferation or angiogenesis of tumors. Both cell proliferation
and angiogenesis are major features in determining the histo-
logical grades of gliomas. The preoperative imaging of diffuse
gliomas with estimation of grade is important. There can be in-
herent sampling errors associated with intratumoral histologi-
cal heterogeneity in gliomas. Inappropriate sampling from sites
with lower histological grade in a tumor may lead to underes-
timation of the true grades. Thus, the preoperative grading may
be helpful in planning and determining a surgical approach, ei-
ther biopsy or partial or total resection. Moreover, a recent
study revealed that relative cerebral blood volume (rCBV) mea-
sured by DSC PW imaging better predicted prognosis of patients
of diffuse glioma,16 indicating the superior performance of per-
fusion imaging over histopathology in predicting glioma
outcome.

Le Bihan et al17 developed a method to visualize microscopic
motions of water. Their theory aimed to separate diffusion and
perfusion parameters based on an intravoxel incoherent mo-
tion (IVIM) model using a single DW acquisition scheme. The
ADC, which is frequently calculated with a pair of b-values
(eg, 0 and 1000 s/mm2), includes contributions from the micro-
circulation of blood in capillaries (perfusion) in in vivo tissues.17

The ADC can be overestimated especially in tumors with high
vascularity. The IVIM model applies bi-exponential fitting to sig-
nal decay obtained with multiple b-values and then separates
true diffusion and capillary perfusion. In other words, IVIM MR
imaging allows us to simultaneously obtain both diffusion and
perfusion imaging. IVIM imaging has some clear theoretical ad-
vantages over DSC PW imaging and conventional DW imaging.
First, it is not necessary to use contrast agents and a rapid in-
travenous injection with IVIM imaging as in DSC PW imaging.
Second, IVIM exploits a relatively simple mathematical analy-
sis, and there is no need to obtain the arterial input function
or perform deconvolution and leakage correction. Third, the ge-
ometry for diffusion and perfusion imaging is identical in IVIM,
since these parameters are obtained from the same data set.
Fourth, the true diffusion coefficient (D) measured with IVIM
imaging could reflect the diffusion status more accurately
than ADC, since the influence of perfusion is excluded in the cal-
culation of D. Finally, IVIM is inherently quantitative and does
not need any corrections. To date, there have been only 2 stud-
ies that investigate the utility of IVIM imaging for glioma. Fed-
erau et al,18 in their study involving 21 patients with glioma,
reported that the f-value is higher in HGG than in LGG, but no
difference was found in D or D* between the groups. Bisdas
et al,19 in their study involving 22 patients with glioma, showed
that the f-values and D* values were higher in HGG than in LGG,
but D was not different between the groups. The consensus for
the usefulness of each IVIM-derived parameter has not been
established yet. The purpose of this study was to prospectively

evaluate the diagnostic performance of IVIM-derived parame-
ters in differentiating HGGs from LGGs in a larger population of
patients.

Materials and Methods

Patients

From January 2013 to May 2015, forty-five consecutive pa-
tients with diffuse glioma (age 50.9+20.4 y; 26 males, 19 fe-
males) who underwent a subsequent surgical resection or
biopsy were enrolled. Twenty-nine of the 45 patients under-
went total resection, and 14 and 2 patients underwent partial
resection/debulking and biopsy, respectively. The numbers of
patients with grades II, III, and IV gliomas were 16, 6, and
23, respectively. Thus, the LGG group comprised 16 patients
(age 37.1+12.2 y; 10 males, 6 females) and the HGG group
29 patients (age 58.4+20.1 y; 16 males, 13 females). The pa-
tients’ histological types of gliomas were as follows: 10 diffuse
astrocytomas, 5 oligodendrogliomas, 1 oligoastroctyoma, 1
anaplastic astrocytoma, 5 anaplastic oligoastrocytomas, and
23 glioblastoma multiforme (GBM). All tumors were located
supratentorially. The interval between MRI and the surgery
was shorter than 2 weeks in all patients. This prospective
study was approved by our institutional review board, and
informed consent was obtained.

Intravoxel Incoherent Motion MRI

IVIM imaging was performed on a 3T clinical scanner (Achieva
TX, Philips Healthcare) with an 8-channel head coil. IVIM imag-
ing was performed in axial planes by using a single-shot echo-
planar imaging diffusion sequence, with 13 b-values (0, 10, 20,
30, 50, 80, 100, 200, 300, 400, 600, 800, 1000 s/mm2) in 3
orthogonal directions. The other imaging parameters were:
repetition time (TR)¼ 2500 ms; echo time (TE)¼ 70 ms;
matrix ¼ 128×126 (reconstructed to 256×256); slice
thickness¼ 5 mm, field of view¼ 230×230 mm; number of
slices¼ 11, sensitivity encoding factor 1.5; scan time¼ 2 min
7 s. For reference, several standard MR images were acquired,
including T1-weighted, T2-weighted, fluid attenuation inver-
sion recovery, and contrast-enhanced T1-weighted.

Intravoxel Incoherent Motion Data Analysis

The standard IVIM 2-compartment diffusion model was em-
ployed, with a capillary perfusion component and a nonvascu-
lar compartment.17 Signal decay was estimated by using the
following bi-exponential equation:

SI
SI0

= (1 − f ) × exp (−bD) + f × exp (−bD∗) (1)

where D and D* are the true diffusion coefficient and the
pseudo-diffusion coefficient, respectively; SI and SI0 are the sig-
nal intensity at a given b-value and at b¼ 0 s/mm2, respective-
ly; and f is the volume fraction within a voxel of water flowing in
perfused capillaries. The conventional ADC relies upon the con-
tribution of both molecular diffusion from random thermic mo-
lecular motion (Brownian motion) and motion of water
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molecules in blood related to perfusion through capillaries,
both of which can be considered incoherent motion with re-
spect to transverse magnetization because of the assumed
randomness of microscopic water translation with both. It
also relies upon the following: ADC¼ D if there is no active per-
fusion within a voxel, whereas ADC . D if there is perfusion
within a voxel. The pseudo-diffusion coefficient D* represents
the incoherent molecular translation of water within flowing
blood when that blood flow changes capillary segments several
times during the TE and thereby mimics the random walk of the
diffusion process.

The signal decay was fitted in a single step on a voxel-by-voxel
basis to create each parameter map of D, D*, and f by using an
interactive data language–based software program (DWI TOOL
R1.5, Philips Medical Systems). In addition, conventional ADC
maps were created with 2 b-values (b¼ 0 and 1000 s/mm2).

Dynamic Susceptibility Contrast Perfusion-Weighted MRI

After placement of an intravenous catheter in the antecubital
fossa and 7 min prior to DSC PW imaging acquisition,
0.05 mmol/kg gadolinium contrast agent (gadopentetate dime-
glumine or gadodiamide) was administered as a preload dose to
minimize T1 leakage effects.20 During the acquisition, an addi-
tional 0.05 mmol/kg bolus was administered at 5 mL/s. The
DSC PW imaging was obtained with a gradient-echo echo-planar
imaging sequence using the following parameters: TR¼
1428 ms, TE¼ 35 ms, matrix¼ 288×288, slice thickness¼
5 mm, field of view¼ 230×230 mm, number of slices¼ 22,
sensitivity encoding factor 2, scan time¼ 1 min 26 s.

Relative CBV maps were generated using an Osirix worksta-
tion (version 5.0.2, 64 bit; http://www.osirix-viewer.com/) with
IB Neuro software (v1; Imaging Biometrics) to calculate the
whole-brain CBV from the DSC PW imaging data.21 Briefly,
after excluding the first 4 time points of each DSC PW imaging
data set due to saturation effects, signal intensities were nor-
malized to baseline and then converted to the change in relax-
ivity over time [DR2*(t)] for the entire brain. The CBV was
calculated voxel-by-voxel by integrating the area under the
DR2*(t) curve, ending at the time point 40 s after the nadir sig-
nal intensity of the first-pass bolus. All CBV values were correct-
ed for T1-weighted leakage with preload dosing, and a
modeling algorithm was used to correct T2/T2*-weighted resid-
ual effects.22 The CBV maps were normalized to contralateral
normal-appearing white matter (NAWM) to create rCBV maps.
DSC PW imaging was not performed in 3 of the 45 patients
because of age (6 y, n¼ 1) and poor health condition (n¼ 2).

Regions of Interest

Two experienced neuroradiologists (O.T. and K.Y. with 15 and
13 y of experience, respectively) carefully placed 3 circular re-
gions of interest (ROIs, �0.26 cm2, 32 pixels) using an ImageJ
plugin (v1.43u; National Institutes of Health) in the solid com-
ponent of a tumor to include the area with the minimum D or
maximum f-value, and the best effort was given to avoid cystic,
necrotic, and hemorrhagic components of the tumor with ref-
erence to conventional MR images (Supplementary Fig. 1).23 – 25

The ADCs were measured with the same ROIs for the mini-
mum D values, and the D* values were measured in the same

ROIs for the maximum f-values. The measured values in the 6
ROIs by the 2 observers were then averaged to represent each
tumor. D, ADC, and f were also measured in a larger circular ROI
(�1.8 cm2, 200 pixels) placed in NAWM. Similarly, we also mea-
sured the rCBV in 3 ROIs (�0.30 cm2, 44 pixels) with maximum
values in the tumor as well as in a larger ROI (�1.8 cm2, 264
pixels) placed in NAWM.

Histopathological Evaluation

The histopathological diagnosis was determined with resect-
ed specimens according to the WHO criteria by 2 established
neuropathologists (S.O.S. and T.I., with 22 and 31 y of experi-
ence, respectively). Tissue samples obtained from the speci-
mens were routinely processed and stained for hematoxylin
and eosin (H&E), and stained immunohistochemically for
CD31.

Statistical Analysis

All values are expressed as mean+SD. Interobserver agree-
ment for each parameter from the 2 observers was analyzed
by calculating the intraclass correlation coefficient (ICC), Pear-
son correlation, and Bland–Altman plot. ICCs are considered to
be excellent when .0.74.26 D, ADC, D*, and f-values were com-
pared between the LGG and HGG groups by unpaired t-test. D
and ADC were compared within the LGG and HGG groups by
paired t-test.

The relationship between f and rCBV was evaluated with
Pearson correlation. We used a receiver operating characteris-
tic (ROC) analysis to evaluate the diagnostic accuracy of D,
ADC, D*, and f in differentiating LGGs from HGGs. We consid-
ered area under the curve (AUC) values ,0.7, 0.7–0.9, and
.0.9 to indicate low, medium, and high diagnostic perfor-
mance, respectively. Statistical analyses were performed
with commercially available software packages (SPSS; Prism
GraphPad 5.0; and MedCalc v13.1.2.0). P , .05 was considered
significant.

Results

The Signal Decay Curves of Low-Grade and High-Grade
Gliomas

The signal intensity of the tumor bi-exponentially decayed as a
function of the b-value in both LGGs and HGGs. The goodness of
fit (R2) was above 0.997 in all cases. However, the signal decay
curves were different between the LGGs and HGGs, suggesting
that they have characteristic IVIM parameters (Supplementary
Fig. 2).

Interobserver Agreement

Our evaluation of the interobserver agreement for D and the
f-values of the tumors in the 45 patients showed excellent
agreement, with an ICC of 0.90 and r of 0.83 (P , .0001) for
D, an ICC of 0.88 and r of 0.79 (P , .0001) for ADC, an ICC of
0.95 and r of 0.92 (P , .0001) for D*, and an ICC of 0.94 and r
of 0.91 (P , .0001) for the f-values. Bland–Altman plot analysis
showed excellent accordance of measurements by the 2
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observers, with only 2 values for D and ADC and 3 values for D*
and f beyond the 95% limits of agreement (Supplementary
Fig. 3).

Intravoxel Incoherent Motion Parameters in Each WHO
Grade and Histology

Table 1 summarizes the measured parameters for each WHO
grade and histology. The D-values of grade III (P , .05) and
grade IV (P , .01) gliomas were significantly lower than those
of the grade II gliomas. The ADCs of the grade III (P , .05)
and grade IV (P , .05) gliomas were significantly lower than
those of the grade II gliomas. D* did not differ among the
grades. The f-values of the grade III (P , .001) and grade IV
(P , .001) gliomas were significantly higher than those of the
grade II gliomas. D, ADC, and the f-values in NAWM were
0.74+0.06×1023 mm2/s, 0.78+0.06×1023 mm2/s, and
5.3%+1.5%, respectively. The rCBVs of the grade III (P , .01)
and grade IV (P , .001) gliomas were significantly higher than
those of the grade II gliomas.

Differentiation of LGG and HGG Using IVIM Parameters

When we grouped the grades III and IV tumors (n¼ 29) as the
HGG group and compared them with the LGG group (grade II,
n¼ 16), we observed significant differences between the groups
in D (1.26+0.37×1023 mm2/s in LGG and 0.94+0.19×1023

mm2/s in HGG, P , .001) and ADC (1.28+0.35×1023 mm2/s in
LGG and 1.03+0.19×1023 mm2/s in HGG, P , .01) (Fig. 1A). D*
showed wide variability, and no difference was found between
the groups (Fig. 1B). There was a significant difference between
the groups in f-value (5.8%+3.8% in LGG and 17.5%+6.3% in
HGG, P , .0001) (Fig. 1C).

The diagnostic performance of each parameter in differenti-
ating HGG from LGG is shown in Table 2 and Fig. 1D. The results
of the ROC analysis for discriminating HGG from LGG demon-
strated that the f-values showed the highest diagnostic perfor-
mance, with AUC values of 0.95. D and ADC showed moderate
diagnostic performance, with AUC values of 0.78 and 0.73, re-
spectively. D* showed low diagnostic performance in this dis-
crimination. Relative CBV showed the equivalent diagnostic
performance to the f-values.

Figures 2 and 3 and Supplementary Fig. 4 show representa-
tive cases of grade II (diffuse astrocytoma), grade III (anaplas-
tic astrocytoma), and grade IV (GBM), respectively. Lower D and
ADC and higher f-values and rCBV were observed in grade III
and grade IV compared with grade II glioma.

Comparison of the D and ADC Values

D was significantly lower than ADC in LGG (P , .05) and in HGG
(P , .0001; Fig. 1A). There were 2.7%+4.2% and 10.0%+5.4%
differences between D and ADC in LGG and HGG, respectively.

Correlation Between the f- and rCBV Values

There was a strong positive correlation between the f- and rCBV
values in the tumor ROIs (P , .0001, r¼ 0.85; Fig. 4). Significant
correlations between the f- and rCBV values were also found Ta
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within the LGG group (P , .0001, r¼ 0.88) as well as the HGG
group (P , .0001, r¼ 0.71).

Histopathological Evaluation

H&E staining showed that cell density increased as the glioma
grade advanced (Figs 2E and 3E, Supplementary Fig. 4E). Im-
munohistochemical staining for CD31 revealed that the num-
ber of blood vessels increased with the grade (Figs 2F and 3F,

Supplementary Fig. 4F). GBM showed high cell density, nuclear
anaplasia, mitoses, and microvascular proliferation character-
ized by glomeruloid blood vessels (Supplementary Fig. 4E–F).

Discussion
The results of the present study elucidated that both the diffu-
sion and perfusion parameters of IVIM imaging are useful for

Fig. 1. (A) D and ADC values in LGGs (grade II) and HGGs (grades III and IV). Significant differences were seen between the groups in D and ADC.
The D is significantly lower than ADC in the LGG and HGG groups. (B) D* in the LGGs and HGGs. The D*-values are not significantly different between
the groups. (C) The f-value in the LGGs and HGGs. The f-values of the HGG group were significantly higher than those of the LGG group. (D) ROC
analysis for discriminating HGGs from LGGs. The f-value showed the highest diagnostic performance, with AUC¼ 0.95, which was equivalent to
that of rCBV (0.93). D and ADC showed moderate diagnostic performance, with AUCs¼ 0.78 and 0.73, respectively. D* showed the low diagnostic
performance, with AUC¼ 0.60.
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differentiating HGGs from LGGs. Regarding diffusion parame-
ters, we found that both D and ADC provided good sensitivity
and moderate specificity in this differentiation. Diffusion pa-
rameters reflect water molecule movement (ie, Brownian mo-
tion), which is restricted in biological conditions. ADC has been
reported to demonstrate sensitivity to cell density.14,15,27 Dense
cells provide more restriction of water movement, presumably
because of increased cell membranes and fraction of intracel-
lular space. Accordingly, ADC measurement has been imple-
mented for the assessment of cell density in many types of
tumors.

Cellularity and mitotic activity are important criteria in the
histopathological grading of gliomas. Many studies reported
that the ADC calculated with a pair of b-values (0 and
1000 s/mm2) decreased with the glioma grade. For example,
in their series of 162 diffuse gliomas, Hilario et al12 reported a
significant difference in the ADC value for differentiating HGGs
from LGGs (P , .001). The ADC cutoff value of 1.185×1023 mm2/s
generated the best combination of sensitivity (97.6%) and spe-
cificity (53.1%). Similar findings were reported by Lee et al,28

Kim et al,29 and Arvinda et al.23 Our ADC results are well consis-
tent with these previous studies.

However, we demonstrated that the D value was signifi-
cantly lower than ADC in the LGG group (P , .05) and the
HGG group (P , .0001), and there was a difference of �10% be-
tween the D and ADC values in HGG. This difference between D
and ADC in HGG is most likely due to the increased perfusion
fraction in HGG. The D value showed better sensitivity and
thus diagnostic performance in the differentiation between
LGGs and HGGs. Although the ADC that we calculated from
the pair of b-values had adequate diagnostic performance in
this differentiation, it is worth keeping in mind that there is
still room for improvement using D values calculated from
the IVIM model instead of conventional ADC measurements.
The usefulness of D and ADC found in this study was not ob-
served in the previous IVIM studies of gliomas where the num-
bers of patients were small.18,19

High vascularity is another important criterion in the histo-
pathological grading of gliomas, since the malignant process
of gliomas is characterized by neoangiogenesis. The histopath-
ological assessments in our study revealed that the number of
blood vessels increased with the progression of glioma grade.
In particular, glomeruloid microvascular proliferation was ob-
served in GBM. Glioma cells associate with both existing and
newly generated blood vessels at different stages of the dis-
ease. At the early stage, existing vessels serve as a pathway
for tumor invasion.30 At a later stage, new vessels are

generated through angiogenesis. Watkins et al31 revealed
that glioma cells populate the perivascular space of preexisting
vessels and displace astrocytic endfeet from endothelial or vas-
cular smooth muscle cell. This results in the loss of astrocyte-
mediated gliovascular coupling and the control over regulation
of vascular tone. In the Watkins study, most glioma cells asso-
ciated with capillaries (,7 mm diameter) and about one third of
the cells were attached to penetrating arterioles or collecting
veins (7–35 mm diameter).31 These facts indicated that perfu-
sion fraction measured with IVIM imaging included not only
capillary developed by angiogenesis but also preexisting small
arterioles or collection veins in which regulation of vascular
tone was impaired. The f-values were larger in HGG than in
LGG, which is consistent with the previous 2 IVIM studies.18,19

To date, many researchers have used DSC PW imaging or more
recently an arterial spin labeling technique for grading gliomas.
In the previous studies, the rCBV measurements by DSC PW im-
aging correlated with the glioma grades and histological find-
ings of increased vascularity of gliomas. Hilario et al12 reported
that the rCBV in HGGs (6.85) was significantly higher than that
in LGGs (2.36, P , .01). Similar findings were reported in other
studies: the rCBV values for LGGs and HGGs were 1.69 and
6.4032 and 2.14 and 5.18,33 respectively. We found that the
f-value in the present HGGs was �3 times higher than that in
the LGG group, and this difference was significant. In
addition, the f-values measured with IVIM imaging strongly
correlated with the rCBV obtained with DSC PW imaging. Inter-
estingly, a strong correlation was found not only in all samples
but also in the LGG group and the HGG group. These results sug-
gest that the f-value is a reliable quantitative parameter to
evaluate the vascularity of gliomas and has diagnostic ability
equivalent to that of rCBV with DSC PW imaging. It should be
noted that f is a quantitative value obtained with direct mea-
surement in the tumors, without any normalization with a
measure in the contralateral NAWM, as is currently performed
with DSC PW imaging because of its poor quantitative ability.

In the present study, the f-value showed the best diagnostic
performance among all parameters, indicating that the f-value
has an additive value to ADC or D in the differentiation of LGGs
and HGGs. Moreover, the f-value showed equivalent diagnostic
performance to the rCBV. These results are in line with the sev-
eral studies that revealed the added value of PW imaging to DW
imaging for the more accurate diagnosis of glioma grades.12,29

IVIM imaging can simultaneously provide both diffusion and
perfusion information in the same geometry, which could be
an advantage over DSC PW imaging, as already mentioned.

In IVIM imaging, it is assumed that blood protons stay in the
capillary network during the measurement time.17 An
exchange between extra- and intracapillary water may be a
source of mistakes in the evaluation of f-values. Since it has
been reported that vascular permeability increases with the
grades of glioma,34 this could have affected the measurements
of f-values in the present study to some extent. The IVIM model
assumes that the flowing component (f) and the static compo-
nent (1 – f) have similar T2 relaxation times. If this is not true,
the f-value can be influenced by the difference in T2 between
the 2 components.17 In the present study, we did not take T2
relaxation times into account in the IVIM analysis. Apparently,
the T2 of tissues in many disease statuses including gliomas is
prolonged. The f-value measured in T2-prolonged tissue will

Table 2. Diagnostic performance of parameters in differentiating HGG
from LGG

Parameters Cutoff Value Sensitivity,
%

Specificity,
%

AUC

D ≤1.25×1023 mm2/s 100 56.2 0.78
ADC ≤1.29×1023 mm2/s 96.6 50.0 0.73
D* ≥8.43×1023 mm2/s 75.9 50.0 0.60
f ≥7.7% 96.6 81.2 0.95
rCBV ≥2.24 96.2 81.2 0.93
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Fig. 2. Images obtained in a 39-year-old woman with a diffuse astrocytoma (WHO grade II). (A) A contrast-enhanced transverse T1-weighted
image shows faint enhancement in the tumor. (B) The rCBV map shows decreased rCBV (0.5) in the lesion. (C) The D map shows an increased D
value (1.75×1023 mm2/s) in the lesion compared with the cutoff value (1.25×1023 mm2/s). (D) The f map shows a decreased f-value (3.1%) in
the lesion compared with the cutoff value (7.7%). (E) H&E staining shows relatively low cell density with microcytic and mucinous background.
(F) Immunohistochemical staining for CD31 shows the small number of blood vessels. Bars¼ 100 mm.
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show an underestimation of its value. This should be borne in
mind, since gliomas can express increased variability with the
elevation of their grade and thus present variable T2 values.

Another IVIM-derived parameter, D*, was not useful in the
differentiation in this study because we could not obtain stable
values in both the LGG and HGG groups. Previous studies sug-
gested that D* was less reproducible35 and could be strongly af-
fected by the cardiac cycle.36 It is desirable to develop a reliable
method to quantify D* in tumors.

Our results demonstrated the possibility that IVIM imaging
is an alternative method to DSC PW imaging in evaluating vas-
cularity of diffuse gliomas. However, more studies are neces-
sary to investigate consistencies and discrepancies of the 2
different approaches. To perform such comparisons, it is desir-
able to establish optimal imaging acquisition parameters and
analysis methods for each technique. Although DSC PW imag-
ing has been the most commonly used method to assess cere-
bral perfusion, this technique greatly depends on many factors,
including the dose or injection rate of contrast agent, imaging
sequence and acquisition parameters, and postprocessing and
interpretation of data.37 The quantitative ability of IVIM imag-
ing could also be affected by imaging parameters, especially for
the selection and number of b-values, and the way of fitting.
The correction for T2 differences among tissues should be in-
corporated to perform more accurate quantifications. Estab-
lishment of optimal imaging conditions allows us to perform
head-to-head comparisons of IVIM and DSC PW imaging in fu-
ture studies. Other potential future directions of IVIM imaging
studies are to investigate whether the combination of various
IVIM-derived parameters improves accuracy in grading gliomas

Fig. 3. Images obtained in a 38-year-old man with an anaplastic astrocytoma (WHO grade III). (A) A transverse T2-weighted image shows a
heterogeneous hyperintense lesion in the left frontotemporal lobe. No contrast enhancement was observed in the tumor (not shown). (B) The
rCBV map shows increased rCBV (7.0) in the lesion. (C) The D map shows a slightly lower D value (1.10×1023 mm2/s) in the lesion compared
with the cutoff value (1.25×1023 mm2/s). (D) The f map shows an increased f-value (12.7%) in the lesion compared with the cutoff value
(7.7%). (E) H&E staining shows relatively moderate cell density. (F) Immunohistochemical staining for CD31 shows the increased number of
blood vessels compared with grade II glioma. Bars¼ 100 mm.

Fig. 4. Correlation between f and rCBV in the tumors. A strong positive
correlation was observed between these 2 parameters.
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and whether IVIM imaging can be used to monitor therapeutic
response and treatment effects, including the differentiation of
pseudoprogression from true progression, and radiation-induced
necrosis and tumor recurrence after treatment.

The strengths of the present study include its prospective de-
sign, the short interval between imaging and surgery (,2 wk),
and the complete histopathology-based diagnosis in all pa-
tients. However, there were study limitations. First, the cohort
is relatively small, especially that of grade III glioma (n¼ 6).
This could be the reason why we did not observe significant dif-
ferences in some comparisons between grades II and III or be-
tween grades III and IV. Second, the placement of ROIs was
subjective. To overcome this issue, the 2 experienced neuroradi-
ologists acted independently, and the agreement of the mea-
surements was strictly evaluated with 3 types of statistical
tests; however, the generalizability of our results may be limited
by the fact that the accuracies in determining glioma grade were
based on the averaging of the parameter values measured by 2
observers instead of one, particularly if this were to be used in
the clinic. Third, our results could be specific to the method of
small and select ROI placement, although this method has
been used in previous studies.23 – 25 Automatic segmentation
of tumor area combined with histogram analysis could over-
come this issue.

In conclusion, IVIM imaging can be used as a noninvasive
quantitative imaging method in differentiating HGGs from
LGGs. This method simultaneously provided both diffusion
and perfusion parameters, which are related to the essential
histological features in gliomas. All parameters but D* were
useful for the differentiation. Among them, the f-value showed
the best diagnostic performance, which was equivalent to that
of DSC PW imaging. Although both D and ADC showed moder-
ate performance, D improved diagnostic ability compared with
ADC. Its further use can contribute to diagnosis and treatment
planning for patients with gliomas.
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