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Abstract

Introduction The purpose of this study was to evaluate the
feasibility of intravoxel incoherent motion (IVIM) imaging
and its value in differentiating the histologic grade among
human gliomas.

Methods The IVIM model generated parametric images for
apparent diffusion coefficient ADC, slow diffusion coefficient
D (or Dy,,), fast diffusion coefficient D* (or Dy, and
fractional perfusion-related volume f'in 22 patients with glio-
mas (WHO grade II-IV) using monopolar Stejskal-Tanner
diffusion-weighted imaging (DWI) scheme and 14 b values
ranging from 0 s/mm” to a maximum of 1,300 s/mm”. A
region-of-interest analysis on the tumor as well as in the white
matter was conducted. The parameter values were tested for
significant differences. The repeatability of the measurements
was tested by coefficient of variation and Bland—Altman plots.
Results D, D*, and f'in the high-grade gliomas demonstrated
significant differences compared to the healthy white matter.
D* and f showed a significant difference between low- and
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high-grade gliomas. D tended to be slightly lower in the WHO
grade II compared to WHO grade [II-IV tumors. f and D*
demonstrated higher coefficients of variation than the ADC
and D in tumor. The Bland—Altman plots demonstrated satis-
factory results without any outliers outside the mean+1.96
standard deviation.

Conclusion The IVIM-fitted post-processing of DWI-signal
decay in human gliomas could show significantly different
values of fractional perfusion-related volume and fast diffu-
sion coefficient between low- and high-grade tumors, which
might enable a noninvasive WHO grading in vivo.
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Introduction

In 1988, Le Bihan et al. [1] defined intravoxel incoherent
motion (IVIM) as the microscopic translational motions that
occur in each image voxel during an MRI acquisition. In
biological tissues, these motions include molecular diffusion
of water and microcirculation of blood in the capillary network.
Microcirculation of the blood in capillary network (perfusion)
can also be considered as an incoherent motion since the
capillary organization can be seen at the voxel size as random
[1]. These two phenomena account for the bi-exponential decay
of the signal observed on diffusion-weighted imaging (DWTI)
when different diffusion b values are applied. The IVIM model-
ing allows the extraction of two diffusion coefficients, one
related to molecular diffusion restriction, D (also known as
Dy ow), another related to the tissue perfusion called D* (also
known as Dy,), and finally the vascular volume fraction f. The
contribution from larger (feeding or draining) vessels, in which
blood velocity is higher, is more or less spoiled by the presence
of the magnetic-pulsed gradients [1].

Besides the pioneer work of Le Bihan et al. [1], the use of
IVIM modeling of DW-MRI data in human gliomas has not
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been reported. Furthermore, there is no evidence regarding the
repeatability of the IVIM-modeled parameters measurements
in the human gliomas. The applicability of IVIM modeling as
a means of preoperative tumor grading may also be beneficial
in the glioma imaging since the method is not associated with
radiation burden or the external application of a paramagnetic
contrast agent for estimation of perfusion-related parameters.
Therefore, the purpose of our study was to verify the feasibil-
ity of acquisition of diffusion- and perfusion-sensitized im-
ages in a sample of low- and high-grade gliomas as well as to
assess any differences concerning the IVIM-based parametric
images (D, D*, and f) between the two gliomas subgroups,
which may enable a non-invasive grading in vivo.

Materials and methods

The local Institutional Review Board approved this prospec-
tive study, and a written informed consent was obtained from
all participants. Siemens Medical Systems (Erlangen, Germa-
ny) endorsed technical support for the applied DWI sequence
appropriate for IVIM estimations. The authors are not associ-
ated with Siemens Medical Systems and maintained full con-
trol of the data at all times.

Patients

Twenty-two consecutive patients (12 women, 10 men; average
age, 65 years; age range, 37-75 years) were enrolled in this
study and underwent DWI of brain tumors prior to any treat-
ment. All of these patients were known to have gliomas from
results of clinical examination and conventional magnetic res-
onance (MR) imaging, performed prior to this study. Exclusion
criteria were general contraindications to MR imaging, such as
implanted pacemaker and claustrophobia. The primary sites of
the gliomas included the occipital lobe (2=3), the frontal lobe
(n=5), temporal lobe (n=8), and the parictal lobe (2=6). In
order to test the repeatability of the DW-MR images acquired
for the IVIM modeling, eight randomly chosen patients (three
with low-grade and five with high-grade gliomas) underwent
after informed consent another DW-MR imaging exam 2 days
after the initial imaging on the same MR scanner with no
medical treatment administered in between.

Conventional MR imaging

MR imaging was performed by using a 1.5-T MR scanner
(Magnetom Avanto; Siemens Medical Systems, Erlangen, Ger-
many) with a 12-channel phased-array coil. After obtaining
axial T2-weighted fluid attenuated inversion recovery (FLAIR)
(repetition time (TR) in milliseconds/echo time (TE) in milli-
seconds, 9,000/103) MR images, T1-weighted images (TR/TE,
450/15 ms) were acquired before and after intravenous, body-
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weight adapted administration of gadobutrol (Gadovist®,
Bayer-Schering, Berlin, Germany), followed by a 20-ml saline
flush.

DW-MR imaging

The sequence was based on standard single-shot DW spin-
echo echo-planar imaging with the following parameters:
TR/TE of 3,300/83 ms, GRAPPA accelerator factor of 2,
field of view 230x230, base resolution of 128x128, 10
slices with thickness of 3 mm, intersection gap of 1.5 mm,
number of averages 2, bandwidth of 751 Hz, and acquisition
time of 3 min 40 s. Axial, three-scan-trace DW-images, prior
to gadolinium administration, were acquired with multiple b
values ranging from 0 s/mm? to a maximum of 1,300 s/mm?
(0, 5,10, 20, 30, 40, 60, 80, 90, 100, 200, 700, 1,000, 1,300).
The used sequence scheme was a monopolar Stejskal-Tan-
ner implementation. On the processing side, an image-
based correction of eddy current induced distortions was
enabled.

Post-processing of DW-MR imaging

In this study, exponential ADC images (including all b
values) and extrapolated trace images could be generated.
Subsequently, the IVIM algorithm described by the bi-
exponential Eq. (1) below, running on vendor’s software
generated on-line D, D*, and f'images, where D and D* are
the diffusion parameter related with molecular diffusion and
with the incoherent microcirculation, respectively, S is the
mean signal intensity, and f'is the perfusion fraction:

S/So = (1=f) * exp(~b * D) + f* exp(~b * (D + D*)) (1)

Three different approaches may be applied to generate
parametric images (D, D*, and f): full bi-exponential fit,
initial estimation of D using a reduced set of b values larger
than a predetermined value and then using the resulting D as
a fix parameter to fit the missing parameters [2], and D* with
a given value using it in the bi-exponential model to fit the
missing values [3]. We found that the second approach
delivered the most robust and signal-to-noise enhanced re-
sults in all cases, and thus, it was used for the subsequently
performed metrics in all patients. b values higher than
200 s/mm? were used to estimate D.

The analysis of the voxel-wise calculated parametric
maps was based on hand-drawn region-of-interest (ROI) that
were manually placed by two neuroradiologists in consensus
on the tumor area with the largest diameter encompassing as
much of the solid tumor area as possible. We used T1-
weighted contrast-enhanced images where blood—brain barri-
er disruption was present or FLAIR images in tumors without
contrast agent leakage as references to determine tumor areas
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on the corresponding DWI-derived IVIM images. A rigid co-
registration between diffusion-weighted and anatomical im-
ages was not preferred. Visually cystic, hemorrhagic, or ne-
crotic areas as well as cerebrospinal fluid (CSF)-filled spaces
were excluded from the analysis. Before performing the ROI
placement in consensus, the two readers assessed indepen-
dently the tumors in the D, D*, and f'maps in all patients and
the values were recorded in order to estimate the inter-rater
variability. The mean ROI area was 130.1 mm>+56.6 (range,
59.2-455.2 mm?). For the contralateral healthy appearing
white matter, standardized ROIs (size, 50 mm?®) were placed
in the centrum semiovale without including leptomeningeal
vessels and gray matter.

Statistical analysis

The extracted parameter values ADC, D, D*, and f were
tested for significant differences between tumor sites and
contralateral healthy white matter by appropriately used
parametric (Welch’s ¢ test) or non-parametric tests (Mann—
Whitney U test) according to data normality (Kolmogorov—
Smirnov test) (MedCalc Software, Mariakerke, Belgium).
The repeatability of the IVIM results was tested by the
calculation of the coefficient of variation and the Bland-
Altman plots for the duplicate measurements. The data in-
troduced in the Bland-Altman analysis showed either a
normal distribution or were logarithmically transformed.
The inter-rater agreement was assessed by the Kappa value.
Kappa values between 0.61 and 0.80 indicate a good strength
of agreement, while values >0.81 indicate a very good
agreement between the raters. A significant value of P less
than 0.05 was considered statistically significant.

Results

All DWI exams with multiple b values were suitable for
post-processing, and the fitting process was successful.
Figure 1 demonstrates the bi-exponential fitting of the diffu-
sion signal decay in a case of high-grade glioma. All excised
tumors were histologically diagnosed and included seven
diffuse astrocytomas gliomas WHO grade 11, six with astro-
cytomas WHO grade 111, and nine astrocytomas WHO grade
IV (glioblastomas—GBMs). WHO grade I and IV gliomas
were included in the group of high-grade tumors for further
analysis. Representative anatomic images as well as para-
metric maps in two patients with histologically verified
gliomas WHO grades 2 and 4 are demonstrated in Fig. 2.
Table 1 shows the descriptive statistics of the ADC and IVIM
parameters (D, D*, and f) in the low- and high-grade gliomas
as well as in the contralateral healthy white matter. The
values of all examined parameters except of the D* values
in the healthy white matter showed a normal distribution. The

relative standard deviations (SDs), which indicated the vari-
ance of the measured parameters, were lower in the healthy
parenchyma than in the tumor sites (P<0.03) and were not
significantly different between the two histologic types of
gliomas. D* and f showed a significant difference between
low- and high-grade gliomas with P=0.001 and P=0.02,
respectively (Fig. 3), whereas D tended to be slightly lower
in the WHO grade II compared to WHO grade III-IV tumors.
Finally, the D, D*, and f acquired in the high-grade gliomas
demonstrated significant differences compared to the healthy
white matter (0.001<P<0.04). A trend to statistical signifi-
cance was also observed for the D (P=0.055) and ADC
(P=0.06) between low-grade gliomas and healthy white
matter.

The inter-rater agreement for the D, D*, and f values was
generally good. The Kappa values were 0.70 (95 % CI, 0.54—
0.87), 0.67 (95 % CI, 0.47-0.87), and 0.83 (95 % CI, 0.78—
0.88), respectively. Regarding the repeatability of the IVIM-
based parameters, higher coefficients of variations were
shown for f (16.1 %) and D* (13.8 %) than for ADC
(5.9 %) and D (7.5 %) in tumor tissue. In contrary, the
coefficient of variation in the healthy white matter did not
exceed 8 % for all parameters. The Bland—Altman plots
demonstrated in all cases satisfactory results without any
outliers outside the mean+1.96 SD boundaries, which are
considered to be clinically relevant. The second control MRI
measurement provided in the majority of cases lower values
than the first one, which resulted in a positive difference of
the means as depicted in the y-axis of the Bland—Altman
plots (Fig. 4). In Bland—Altman plots, ADC, D*, and D in
tumors showed a trend for an underestimation of the retest
values proportional to their size (Fig. 4). However, this trend
was partly artificial, as it seemed to be caused by individual
measurements and accentuated by the small patient sample.
Interestingly, the Bland—Altman plot of the f'values in tumor
tissue (Fig. 4) showed very satisfactory results, which were
in contrast to the coefficient of variation that was found to be
the highest among all other parameters.

Discussion

Diffusion-weighted signal decay in brain has been shown to
be multi-exponential, and the bi-exponential model may be a
better way to describe the admixture of multiple exponential
signal decays [4]. However, the bi-exponential model is
probably also an oversimplification of reality, and it is more
realistic, according to Bennett et al. [5], to assume a larger
number (>2) of intravoxel proton pools with different diffu-
sion coefficients [6]. Federau et al. recently demonstrated the
sensitivity of IVIM-based measurements of brain perfusion
in subjects under hypercapnia-induced vasodilatation and
hyperoxygenation-induced vasoconstriction [7]. They also
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Fig. 1 Mono- (a) and bi-exponential (b) fitting of the diffusion signal
decay over a wide-range of » values (up to 2,000, though the highest
one was not used for the analysis due to the known SNR shortcomings
at these b values level) in a patient with glioblastoma on the left
temporal—occipital region (c). Regions of interest were seeded in the

showed that the variance for the ROIs measurements was
higher than for the whole-brain results; this finding is in
concordance with the high SDs that were also demonstrated
in our study. This variance may be explained by an intrinsic
inhomogeneity regarding diffusion- and perfusion-related
values in gliomas as well as by a physiologic variability in

500 1000 1500 2000
b-value

tumor tissue (green), white matter (blue), and basal ganglia (red). The
mono-exponential fitting line clearly shows that the signal decay cannot
be adequately described. In contrary, the bi-exponential method pro-
vides a satisfactory result (the interception of the fitting line obtained by
high b values with the y-axis is also shown)

normal tissue. The higher variance in fast diffusion parameters
than in the slow diffusion values may also reflect the variably
increased capillary perfusion across tumors, especially the
high-grade gliomas [§].

Interestingly, the D* estimates did not significantly differ
between normal tissue and low-grade gliomas, while f'values

Fig. 2 The axial FLAIR image (a) shows a hyperintense mass on the
left temporal lobe crossing the midline without any gadolinium en-
hancement (image not shown) in a patient with grade II glioma. The
D map (b) demonstrates an inhomogeneous intrinsic hyperintensity in
the tumor while the f map (¢), encoded in a blue—green—red (in increas-
ing value order) color schema, shows no regions with increased perfu-
sion fraction compared to the healthy parenchyma. The gadolinium-
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enhanced T1-weighted image in a patient with a glioblastoma shows the
tumor mass located in the left occipital lobe (d). The D map (e) fails to
delineate the tumor, whereas the fmap (f) demonstrates the gadolinium-
enhancing region of the tumor as foci with higher perfusion fraction
compared to the healthy white matter. The D* map (g) demonstrates the
increased fast-diffusion values in the tumor tissue on the left occipital
lobe
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Table 1 Descriptive statistics of the IVIM-derived parameters in the
tumor sites separated by their histological grade in low- and high-grade
gliomas as well as in the healthy white matter

LGG HGG WM P-value (LGG vs. HGG)
ADC 0.71+0.12 0.76+0.15 0.65+0.05 0.09
D* 10.8£7.8  41.6+£26.1 7.3 +6.1 0.001
D 0.52+0.28 0.76+0.49 0.62+0.21 0.07
f 6.1 £3.9 10.7£8.3  6.5+3.7 0.02

The P values of the comparison of the parameters between low- and high-
grade gliomas are also given (the significant ones are indicated in bold
italics). ADC, D, and D* in 10 mm? /s, fin percent

LGG low-grade gliomas (WHO grade II), HGG high-grade gliomas
(WHO grade III-IV), WM white matter

proved to be slightly higher in healthy white matter than in
low-grade tumor. This may be attributed to the unavoidable
contamination effect due to inclusion of microscopical cap-
illaries and CSF spaces in the ROI analysis of white matter.
Thus, the choice of the ROI is of crucial importance, whereas
the susceptibility of D* values in this and other acquisition-
related issues (analyzed in the following) is also reflected in
the non-normal distribution of D* values in the healthy white
matter. Nonetheless, this variance may also be the result of
an impaired quality of the IVIM maps [9]. There are several
reasons that contribute to moderate quality of the £, D, and
D* maps. Firstly, the IVIM effect in the brain, where the
reported perfusion fraction f is reported to be low [10], is
rather restricted compared to abdominal organs like liver and
kidneys. Secondly, the available signal-to-noise ratio (SNR)
may be below the critical value and the calculation of the
IVIM parameters in a reliable fashion to be impossible. Sys-
tematic errors such as patient movement or partial volume
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Fig. 3 Box-whisker plots for the D* and f values in low- and high-
grade gliomas. The statistically significant differences of the perfusion-
related parameters between the histologic grades are also annotated

effects may also hamper the quality of the maps. Finally, the
inadequate choice of the applied b values may have a detri-
mental effect on the acquired IVIM maps and low SNR
implies the need for more b values in order to obtain reliable
results. Thus, it is proposed to acquire 30 or more b values for
the optimal assessment of the [IVIM parameters [9]. However,
in the vast majority of the cases, the acquisition of 30 or more
b values is not acceptable due to scan time restrictions. Lemke
et al. suggest that at least 10 of the optimally distributed b
values reported in their work should be measured for a high-
quality IVIM experiment [9], and our present study was
conducted accordingly. Finally, the aforementioned variances
might not be relevant when estimation of the average f, D*, D,
and ADC values results from large-sized tumor ROIs. This
technique is more robust compared to pixel-to-pixel analysis
[9, 11] or estimations of maximal values, which in case of
inadequate SNR may be artificial.

Compared to abdominal imaging, the IVIM-modeled
DWTI in brain has some inherent difficulties. CSF may flow
similar to blood, and thus, the diffusion coefficient will be
higher than that of water in vitro. It is also postulated that the
co-existence of several velocities in a single CSF voxel may
lead to non-uniform flow [2]. Le Bihan et al. [12] have
suggested the use of flow-compensated bipolar gradient
pulses for eliminating the effect of constant linear flow. In
this direction, the implementation of an inversion recovery
pulse in the applied DWI in order to eliminate the CSF signal
may be also a robust solution to this problem. However, we
think that such an inversion recovery pulse would not only
minimize the CSF contamination effect but would also alter
the relaxation curves of the normal parenchyma. Alternative-
ly, the segmentation and subsequently extraction of the CSF-
filled spaces from the calculations using the DWI source
images may also improve the estimation of IVIM-based
parameters.

Concerning tumor tissue, Pang et al. have reported that D
estimations in prostatic tissue are capable of discriminating
tumor from normal tissue due to their significant reduction
[13]. Published works [14, 15] using 0 and 1,000 s/mm? b
values for ADC estimations argued that it is possible to use
ADC as a non-invasive means for glioma grading. However,
the IVIM-derived ADC and D values failed to serve as
surrogate markers for gliomas grading in the present work.
The reason for this discrepancy might be the small patient
cohort in our study (considering the trend to statistical sig-
nificance for the D) as well as that the previous works took
into account perfusion components by including 5=0 s/mm?.
The contamination with perfusion-related phenomena may
also explain why “lumped” ADC values were higher in high-
grade compared to low-grade gliomas. Bi-exponential fitting
provides tremendous advantage over ADC measures, which
are dependent on the b value used for diffusion imaging [16,
17]. Alternatively, this result may imply that more than tumor
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Fig. 4 Bland—Altman plots comparing the duplicate measurements in
order to estimate the repeatability of the f(a) and D* (b) values in tumor.
The differences in the f'and D* values between the first and the second
measurements (y-axis) are plotted against the averages of them (x-axis).
The line of equality (dotted line at 0 in the y-axis) implies a perfect

cellularity the capillary neo-angiogenesis is contributing to the
diagnostic ability of the IVIM model. Another interesting find-
ing in this study was that a tendency to higher D values was
observed in high-grade gliomas than in low-grade ones. This
finding may reinforce the initial evidence that malignancy
grade strongly corresponds to an increase in extracellular space
volume, which is accompanied by alteration of the barriers for
water molecules [18].

The reported values of IVIM-based perfusion-related es-
timates in the healthy white matter in this study are in
essential agreement with the ones reported by Federau
et al. in the normal brain parenchyma [7]. Interestingly, D*
proved to be significantly different between low- and high-
grade gliomas providing a potential biomarker for future
validation. Compared to the D* maps, the /' maps showed a
better visual quality, appeared less noisy, and showed to be
more homogeneous compared to previously published ones
[20], which has to be attributed to the better gradient hard-
ware and the echo planar imaging in high-field systems as
well as to the lower coefficient of variation of f'compared to
D* maps [21]. Measurements in healthy volunteers quanti-
fied the perfusion fraction fup to 4.5 % (full bi-exponential
fit) and 6.7 % (asymptotic fitting), which is closer to our
study [20]. These data are contradictory to the more recent
data of the same group [19], which imply an overestimation
of fcalculated by full fitting procedures and probably reflect
an uncertainty in the IVIM calculations depending on SNR
and the fitting procedures. Similar to D* values, f in our
study was higher in high-grade gliomas compared to the low-
grade tumors. This was a perspicuous finding, as f mainly
reflects the vascular compartment and an increased cerebral
blood volume (CBV) is known in glioblastoma compared to
low-grade glioma. This finding may be useful for differenti-
ating gliomas in future studies.
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the two measurements. The dashed regression line of differences de-
tects no substantial proportional difference (according to the size of the
measured values). There are no outliers regarding the £1.96 SD borders

The potential clinical utility of [VIM-based perfusion-
related estimates deserves more attention in the future.
According to Wirestam et al. [19, 20], who found a modest
but significant correlation between the perfusion fraction f
and CBV measured by dynamic susceptibility-weighted
contrast-enhanced MRI, f estimations may be surrogate pa-
rameters to the contrast-enhanced measurements of CBV.
The quantification of cerebral perfusion, including also blood
flow measurements, with contrast-enhanced dynamic imaging
has also inherent shortcomings and is based on numerous
assumptions that give an approximation of the real brain
perfusion [22]. Similarly, arterial spin labeling, which like
IVIM is based on intrinsic features of the brain tissue, has
certain limitations [23]. Nevertheless, both methods possess
evidence-based value in gliomas grading and would be inter-
esting whether IVIM measurements may challenge or im-
prove it [24]. Objections concerning the ability of IVIM
technique to measure the classical “perfusion” as defined by
the conventional tracer MR studies are raised, i.c., by
Henkelman who believes that IVIM measures the flow in
the direction of velocity encoding gradient, whereas classical
perfusion measures the pattern of delivery [25, 26]. However,
it seems that these two entities are distinct and have different
units.

The inter-rater agreement was good for the D and D*
values, whereas the D* values had slightly worse perfor-
mance presumably due to their high sensitivity to capillary
blood flow and any partial volume effect with CSF-filled or
necrotic spaces. Interestingly, / maps demonstrated a very
good strength of agreement, which justifies their utilization
in future studies. In total, the repeatability was satisfactory
without any outliers outside the mean+1.96 SD, which is
considered to represent the outer boundaries of clinically
accepted repeatability. The results from the IVIM repeatability
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analysis in this work are the first in brain tumors and are in
essential agreement with the test-retest variability reported for
f values in brain after ischemic injury as well as in healthy
hemispheres, though in the latter study no similar metrics
between the two experiments were provided [20]. The better
repeatability of the IVIM parameters in the white matter
compared to the tumor tissue was rather expected since the
tumor tissue presents high fluctuations in the capillary bed
microcirculation and D* as well as f parameters have inher-
ently higher coefficients of variation, reported not only in this
glioma study but also in the literature data [27]. Moteki and
Horikoshi assessing the reproducibility of IVIM measure-
ments showed large variability of D and D* values in liver
cirrhosis with CoV of 25.4 and 28.2 % for D and D* values;
however, their study was with a limited number of b values,
and they did not report CoVof ADC and f[25, 26]. f'values in
gliomas, which was shown to differentiate low- from high-
grade gliomas, were adequately reproduced though their co-
efficients of variation were high. Nevertheless, the diagnostic
confidence cannot be solely relied on IVIM imaging, but the
latter acts mainly in a complementary way. What actually
remains to be elucidated is whether the estimation of
IVIM metrics and especially of f might be more appro-
priate for follow-up imaging and therapy monitoring in
brain tumors.

Conclusion

IVIM-based DWI analysis provides parameters with a high
potential for non-invasive, in-vivo grading of human glio-
mas by revealing the fast diffusion process of water mole-
cules that takes place within tumor compartments under
high-flow circumstances as well as the slow diffusion com-
partment of the tumor tissue. In our study, IVIM fitting of the
diffusion data allowed separation of perfusion contribution
from the true diffusion and thus provided greater insight
compared to ADC in discriminating low- and high-grade
gliomas. The significantly increased perfusion-related blood
velocity, in terms of D* and f; in high-grade compared to
low-grade gliomas is consistent with the pathophysiology of
the disease and offers another means, besides contrast-
enhanced cross-sectional imaging and positron-emission to-
mography, for glioma staging. In this study, diffusion-related
coefficient D did not facilitate any differentiation of gliomas
grade but demonstrated a very satisfactory repeatability. At
this point of time, modest visualization of the perfusion-
related tissue properties is a certain drawback, which can
be addressed by future studies before introduction of the
technique into the clinical routine.
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