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Abstract In recent years many papers about diagnostic ap-
plications of diffusion tensor imaging (DTI) have been pu-
blished. This is because DTI allows to evaluate in vivo and in
a non-invasive way the process of diffusion of water molecu-
les in biological tissues. However, the simplified description
of the diffusion process assumed in DTI does not permit to
completely map the complex underlying cellular components
and structures, which hinder and restrict the diffusion of wa-
ter molecules. These limitations can be partially overcome
by means of diffusion kurtosis imaging (DKI). The aim of
this paper is the description of the theory of DKI, a new topic
of growing interest in radiology. DKI is a higher order dif-
fusion model that is a straightforward extension of the DTI
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model. Here, we analyze the physics underlying this method,
we report our MRI acquisition protocol with the preproces-
sing pipeline used and the DKI parametric maps obtained on
a 1.5 T scanner, and we review the most relevant clinical ap-
plications of this technique in various neurological diseases.
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An Introduction to Diffusion Kurtosis Imaging

The analysis of diffusion tensor imaging (DTI) allows to eva-
luate in vivo and in a non-invasive way the process of diffu-
sion of water molecules in biological tissues [1]. The peculiar
organization of some biological tissues (such as white matter
of the central nervous system or tissues with high cellularity)
influences this phenomenon making it anisotropic and there-
fore well evaluable with this technique [2–4]. The combined
use of DTI with other advanced neuroimaging techniques has
also been implemented in clinical scenarios [5, 6]. Changes
in tissue anisotropy can also be found in many diseases be-
fore any signal intensity variation on conventional MR pulse
sequences (e.g. for ischemia see [7]) since they are intimately
related to intrinsic microstructural changes [8]. Notwithstan-
ding all these important applications, DTI fails to fully utilize
the MR diffusion measurements that are inherent to tissue
microstructure. DTI implicitly assumes that water molecule
diffusion occurs with a Gaussian distribution of diffusion
displacement. This assumption has been experimentally de-
monstrated to be not suitable in both white matter (WM) and
gray matter (GM) when high b-values are used (which, in
turn, are essential to probe different diffusion regimes simul-

Clin Neuroradiol (2016) 26:391–403
DOI 10.1007/s00062-015-0469-9



M. Marrale et al.

Fig. 1 The three probability densities in the figure have different values
of kurtosis: in blue a Gaussian with K = 0; in red a curve with K < 0;
in green a curve with K > 0

taneously) [9, 10]. In biological tissue, complex underlying
cellular components and structures hinder and restrict the
diffusion of water molecules. Moreover, the simplified des-
cription of the diffusion process in vivo by a 2nd-order 3D
diffusivity tensor prevents DTI from being truly effective in
characterizing relatively isotropic tissue such as GM. Even in
WM, the DTI model can fail if the tissue contains substantial
crossing or diverging fibers [11, 12]. Jensen [13] introduced
diffusion kurtosis imaging (DKI), a higher order diffusion
model that is a straightforward extension of the DTI model.

The aim of this work is the description of the theory of
Diffusion Kurtosis Imaging (DKI) and the MRI protocol we
used for DKI acquisitions at 1.5 T. As final step, we also
review some of the most relevant clinical applications of this
technique in various neurological diseases such as ischemia,
mild cognitive impairment (MCI), Alzheimer Disease (AD),
Parkinson’s Disease (PD) and gliomas.

Theoretical Model

DKI approximates the diffusion-weighted signal attenuation
more accurately with respect to DTI, by quantifying the de-
gree of non-Gaussian diffusion. For this purpose, the expo-
nent of the DTI model is extended with a quadratic term in
the b-value. The coefficient of the additional term is related to
the apparent excess kurtosis (AKC), a dimensionless metric
quantifying the non-gaussianity. DKI is an approximation of
the logarithmic expansion of the DWI signal decay up to the
b2 term and neglects the b3 terms. In DKI, the word “Kurto-
sis” refers to the excess kurtosis that is the normalized and
standardized fourth central moment of the water displace-
ment distribution. It is a dimensionless measure that quanti-
fies the deviation of the water diffusion displacement profile

Fig. 2 Example of comparison of the fit of experimental data with
DTI model and DKI model. Data taken from cerebral white matter
(corticospinal tract)

from the Gaussian distribution of unrestricted diffusion, pro-
viding a measure of the degree of diffusion hindrance or
restriction Fig. 1.

In DTI analyses the directionality of diffusion can be ex-
pressed by a symmetric tensor of second-order 3 × 3, D, with
six independent components. In DKI analyses the directio-
nality of the kurtosis can be expressed by a symmetric tensor
of the fourth order 3 × 3 × 3 × 3, W. W being symmetric,
among its 81 elements, only 15 are independent. So, in or-
der to estimate D and W at the same time, it needs at least
two non-zero b-values (besides b = 0) and 21 non-co-linear
directions of diffusion gradients.

In order to understand the improvement achieved with DK
analysis let us consider the trend of the MRI signal acquired
also for b-values larger than 500 s/mm2 (see Fig. 2). As can
be seen from this plot, the DTI model is characterized by a
linear curve (in logarithmic scale of signal) for low b-values
(smaller than 1000 s/mm2) that well describes the trend of
experimental data whereas for high b-values a deviation from
linear trend is observed. On the other hand, the DKI model
fits well the data also for b-values larger than 1000 s/mm2.
Indeed, according to the DKI model the dependence of the
S(b, g) on the b-value for each direction of the gradient g is
the following:

ln
S(b, g)

S0
= −bDapp(g) + 1

6
b2Dapp(g)2Kapp(g) (1)

where Dapp(g) and Kapp(g) are the apparent diffusion co-
efficient and the coefficient of apparent kurtosis measured
along a direction of specific diffusion g = (g1, g2, g3), re-
spectively. The relationships between Dapp(g) and Kapp(g)
and their respective tensors are:

392



Physics, Techniques And Review Of Neuroradiological Applications of Diffusion Kurtosis Imaging (DKI)

Dapp(g) =
3∑

i=1

3∑

j=1

gigjDij (2)

Kapp(g) = MD2

Dapp(g)2

3∑

i=1

3∑

j=1

3∑

k=1

3∑

l=1

gigjgkglWijkl (3)

where Dij are the elements of D, and Wijkl are the elements
of W and MD = 1

3

∑3
i=1 Dii is the mean diffusivity.

As can be seen from Fig. 2 the DKI model includes a qua-
dratic dependence on b; this dependence is not considered by
the simple DTI model which is not able to fit the data for lar-
ger values of gradients and, therefore, of b-values for a given
diffusion time. The application of suitable fitting procedure
allows to extract the values of the elements of D and W and
from these the characteristic values of the DK analysis. In
particular, the diffusion kurtosis along each of the directions
of the eigenvectors is related to the eigenvalues λ1, λ2, λ3 of
the diffusion tensor:

Ki = MD2

λ2
i

Ŵiiii . (4)

The Mean Kurtosis (MK) is calculated as the average of the
kurtosis along all directions of diffusion gradients [14]

MK = 1

N

N∑

i=1

(Kapp)i (5)

The axial kurtosis, Ka , and the radial kurtosis, Kr , are cal-
culated similarly to the axial and radial diffusion:

Ka = K1 (6)

Kr = K2 + K3

2
(7)

which is of interest for white matter bundles since it gives ad-
ditional information of the axonal and myelin integrity [15].
Previous studies have shown that DKI provides more robust
and unbiased data when compared to DTI [16]. In particu-
lar, DKI technique uses a larger set of b-values data and is
based on a 2nd order approximation of the dependence of
signal on b-values and this leads to a more robustness of fit-
ted parameters. Furthermore, as reported by Veerat et al. [17]
the parameter estimation with DKI is less b-value dependent
than the one obtained through DTI resulting in unbiased data
[17, 16]. While with DKI it is mandatory to have good SNR
even for high b-values, recent advances in scanner and coil
technology have provided access to good quality diffusion
weighted imaging at 1.5 T. Also, while higher field intensi-
ties are preferable in most modalities, in DW imaging the

gain in SNR at high field will have to compete with field-
dependent T2 shortening. It should be noted that a “good”
SNR guarantees that the non-linear behavior of the ln S(b) is
not due to the noise floor, which is a consequence of Rician
noise in the magnitude data [18].

Nowadays, other additional diffusion MRI based frame-
works (such as Composite Hindered And Restricted ModEl
of Diffusion, CHARMED [19], and ActiveAx [20]) were
developed enabling the extraction of a multitude of micro-
structural parameters (axon diameter distribution, mean axo-
nal diameter and axonal density). However, these techniques
are difficult to be used in clinical examinations since they
require very long time acquisition (at least 4-5 non-zero b-
values and very high b-values which are not always available
in a clinical diagnostic setting especially when using 1.5 T
scanners). Recently, also a technique for Neurite Orientation
Dispersion and Density Imaging (NODDI) [21] has been de-
veloped. This technique requires at least 2 non-zero b-values
(the same number as DKI); however, the DKI technique could
be more sensitive than NODDI (even though less specific)
because DKI is a technique without biophysical assumptions
whereas NODDI is characterized by a model which separates
the fibers from extra-cellular component [21].

It must be underlined that the extensive application of
DKI in a clinical-experimental scenario must deal with se-
veral difficulties. The most important is the long acquisition
time (much more time than that required for the DTI). In
practice, in both DTI and DKI, more data are acquired than
the minimum required in order to improve the robustness of
the reconstruction procedure.

One typical scheme of a DKI sequence with 30 directi-
ons of diffusion gradients and 5 non-zero different b-values
(500, 1000, 1500, 2000, 2500 s/mm2) requires an acquisi-
tion time of about 20 min for a whole-brain study. Recently it
has been proposed a scheme with a shorter acquisition time.
This scheme includes the acquisition of 30 gradients direc-
tions and two non-zero b-values (1000 and 2000 s/mm2)
which takes about 7 min for a whole brain coverage [22]. In
clinical applications the real issues is to find a good com-
promise between acquisition time and robustness of the fit.
More measurements may correspond to more b-values or
more directions of the gradients, but each type of algorithm,
in principle, will respond differently to different types of ac-
quisition schemes.

Another major problem of DKI is that these DWI images
are usually acquired with an echo planar imaging (EPI) se-
quence and also require high b-values, resulting in a low
SNR of acquired diffusion weighted images. Distortion cor-
rection is an important step in DKI. However, in order to
become a routine procedure, DKI still needs to be improved
in terms of robustness, reliability, and reproducibility. The
lack of standard procedures for post-processing, especially
for noise correction, might become a significant issue for the
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Fig. 3 Anatomical region of interest (ROI) were identified on MK maps
by superimposing structure’s probability map from the Juelic Histolo-
gical Atlas for white matter bundles and Harvard-Oxford Subcortical
Structural Atlas for deep grey matter structures. (a) bilateral putamen

nuclei. (b) sagittal multi-planar reconstruction (MPR) with the supe-
rimposed atlas’ corpus callosum (blue). (c) coronal MPR with the su-
perimposed atlas’ left cortical spinal tract (orange)

use of DKI in clinical routine. Almost all of the published
works are carried out with high-field (3 T) MR scanners, there
are few experiments carried out with most widely installed
MRI units for clinical applications (1.5 T scanners) and the
majority of these are preliminary experiments on phantoms
(e.g. see [23]).

Example of Imaging Acquisition

In our preliminary experience, MRI images were acquired
using a 1.5 T Philips-Achieva (Philips Healthcare, Best, the
Netherlands) with a 8-channel head coil.

Acquisition Parameters

Whole brain T2-weighted fat-sat images were acquired with
TR = 15324.3 ms, TE = 110 ms, matrix = 100×85, FOV =
200×200 mm2, slices per slab = 65, slice thickness = 1.8 mm,
slices gap=1.8 mm, bandwidth = 152 Hz/pixel NEX = 4 in a
total time of 5.35 min. Diffusion-weighted images were ac-
quired along 32 gradient directions for b = 0, 1000, 2000 mm2

with a single shot spin-echo imaging sequence [24] with
TR = 7000 ms, TE = 130 ms, matrix = 80×80, FOV =
240×240 mm2, slices = 40, slice thickness = 3 mm, no gap,
NEX = 4 for b = 0, NEX = 1 for b = 1000, 2000 s/mm2, band-
width = 2681 Hz/pixel; total acquisition time = 7.81 min. The
protocol acquisition time was about 30 min including isotro-
pic 3D Fluid Attenuation Inversion Recovery (FLAIR) and
3D T1 Turbo Field Echo (TFE) for obtaining the other clinical
information.

Analysis of the MRI Data

A mask was created to remove non-brain matter from
analysis using FSL’s Brain Extraction Tool (BET) applied

on b0 image (http://www.fmrib.ox.ac.uk/fsl/). Diffusion
data were offline processed using the standard TOR-
TOISE processing pipeline: DWIs were corrected for
motion and eddy current distortions and EPI distor-
tion. T2-FSE images were used as the structural target [25]
(https://science.nichd.nih.gov/confluence/display/nihpd/TO-
RTOISE). The data analysis was performed using
in-house developed software implemented in Python
(https://www.python.org/) as described in [26].

DKI Images

The DKI protocol used in this work allowed to obtain images
whose content in terms of the typical parameters of the DKI
is comparable with those reported in literature [27] by perfor-
ming, for example, a ROI-based analysis (e.g. frontal white
matter, corpus callosum, cortico-spinal tracts, and deep grey
matter) (Fig. 3). Typical parametric maps obtained from our
datasets (Fig. 4) have a good spatial and contrast resolution
for experimental future diagnostic applications as confirmed
by in house experienced radiologists. In our experience, these
parameters are suitable for a 1.5 T scanner and represent a
good compromise between acquisition time for clinical ac-
quisitions and robustness of the data.

Neuroradiological Applications

Diffusion-weighted imaging can provide physiologic infor-
mation about healthy and diseased brain tissues [28–31].
Conventional diffusion-weighted imaging and DTI imaging
techniques assume a Gaussian diffusion distribution [32].
DKI imaging is a recently developed method that can mea-
sure non-Gaussian diffusion, thereby being possibly more
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Fig. 4 Isotropic
(3 × 3 × 3 mm3) parametric
maps for the diffusion metrics of
b0 (a), MD (b), FA(c), MK (d),
Ka (e), and Kr (f) from a DKI
dataset. No spatial smoothing
filter has been applied

Fig. 5 Manually drawn and automatically generated regions-of-
interest (ROIs) used to compare the diffusion metrics between sub-
ject groups by Falangola et al. [37]. Segmented prefrontal white mat-
ter (sPF-WM); prefrontal oval (PFo); genu of the corpus callosum

(gCC); anterior corona radiata (ACR); segmented temporal white matter
(sTMP-WM); temporal oval (TMPo); hippocampus (H). Reproduced
from Falangola et al. [37] with permission of Elsevier Inc

suitable than conventional DTI imaging for the detection of
micro-structural changes [33].

One of the first applications of DWI images is the acute
cerebral ischemia [34]. Even though conventional DWI is
deemed to be the most reliable method for stroke imaging in
clinical practice, the nature of conventional diffusion metrics
is strongly compromised by partial volume contamination
from free fluid as a result of, for example, vasogenic edema
during the subacute phase compared to DKI [35]. Studying
a population of patients who underwent MRI 6 h to 2 weeks
after symptom onset, Hui et al. showed by the use of DKI
metrics that ischemia has a larger effect on the intra- than the

extra-axonal environments and this observation looks consi-
stent with focal enlargement of axons and dendrites as a result
of osmotic imbalance (axonal swelling or beading) [36]. The
DKI imaging method can be helpful in the detection of tissue
microstructure changes by revealing distinct ischemic lesion
signal heterogeneity on MK that is not apparent on MD maps
from DTI datasets. Even if a small number of hypointense
voxels on the MK maps are likely attributable to poor model
fitting rather than actual microstructural features the image
clearly shows the gain obtained from the use of sequences
DKI in the identification of parenchymal heterogeneity in
cases of cerebral ischemia [36]. In next future additional
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Fig. 6 Mean values (± SDs) of the DK metrics for the three groups (control, MCI and AD) for each ROI (see Fig. 5): (a) Mean Kurtosis, (b) Axial
kurtosis, (c) Radial kurtosis; the indices that were found to be statistically significant after Tukey’s multiple comparison correction are highlighted.
Relative to the control group,AD patients showed significant mean, axial and radial diffusivity increases in all brain regions examined. No statistically
significant fractional anisotropy differences were found in any of the ROIs, but AD patients showed a trend towards reduced fractional anisotropy
in all white matter regions examined and in the hippocampus. When comparing AD and MCI groups only in the hippocampus the mean, axial and
radial diffusivity values were significantly increased. Relative to the control group, the MCI group showed significantly increased mean diffusivity
in the PFo and radial diffusivity in the PFo and ACR. Reproduced from Falangola et al. [37] with permission of Elsevier Inc
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Fig. 7 Transverse contrast-enhanced T1-weighted (CE-T1) image, MD
map, FA map, and mean kurtosis (MK) map in 30-year-old woman
with a low-grade glioma that showed focal progression to a high-grade
glioma. The mean kurtosis map shows the differences between the ma-

lignant part of the tumor (high mean kurtosis values, approaching the
values of white matter) and the low-grade tumor (low mean kurtosis
values). Reproduced from Van Cauter et al. [44] with permission of
Radiological Society of North America

Fig. 8 Left: Bar graph shows MK, FA, and MD in low-grade gliomas
(LGG) and high-grade gliomas (HGG). Right: Bar graph shows parame-
ters in solid tumor normalized to the age-corrected value in the contrala-
teral normal appearing white matter (NAWM, shown as “_normWM”
in picture). On the y-axis the values of various parameters are reported:

MD is given in 10−3 mm2/sec, the remaining parameters are dimension-
less. Error bars = interquartile ranges. ∗ = Statistically significant diffe-
rence (P < 0.05, Bonferroni corrected). Reproduced from Van Cauter
et al. [44] with permission of Radiological Society of North America

imaging-based information on the physiopathological me-
chanisms behind neuronal injury in brain ischemia could for
example open new approaches to therapy in patients eligible
to tissue-type plasminogen activator treatment.

In the last decades DTI has been used to investigate brain
microstructure changes in PD [13, 38–41] but the results of
these studies are still controversial. The anterior cingulum is
a part of the brain in which pathological alterations occur re-
latively early in PD, and diffusion abnormalities in cingulate
fibers have been reported in some DTI study [13, 38, 39].
Recently Kamagata et al. examined the cingulate fibers by
using DKI and they found that MK and FA in the anterior
cingulum were significantly lower in PD patients than in
healthy controls [42]. Authors also found that the best dia-
gnostic performance was achieved by analyzing MK values

in the anterior cingulum suggesting this region of interest as
a useful biomarker for the early diagnosis of PD [42]. Fur-
thermore Wang et al. has compared the MK, FA, and mean,
axial, and radial diffusivity of the basal ganglia proving that
the characterization of non-Gaussian water diffusion with use
of DKI, as compared with conventional imaging, can lead to
a substantial improvement in the clinical MR imaging of PD
[43].

Tissue micro-structural changes where also found in neu-
rodegenerative disorders. Patients with mild cognitive im-
pairment (MCI) and Alzheimer Disease (AD) showed stati-
stically significant difference in kurtosis parameters as com-
pared to cognitively intact controls (C) in selected brain regi-
ons (segmented prefrontal white matter, sPF-WM; prefrontal
oval, PFo; genu of the corpus callosum, gCC; anterior corona
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Fig. 9 Results of a tract-based
spatial statistics (TBSS) analysis
of mean DK values. Areas with
significantly increased MDK
values in subjects with
hypertension compared with
controls are shown in colours
ranging from red to yellow
(P < 0.05; family-wise error
correction for multiple
comparisons). Widespread
increased MDK was observed in
the hypertensive group compared
with the normotensive group.
Results are superimposed on the
Montreal Neurological Institute
152 (MNI152) 1-mm template
supplied with the FMRIB
software library. The FA skeleton
is shown in green. MNI space
coordinates are provided in
millimetres. Reproduced from
Shimoji et al. [47] with
permission of Springer, Inc

Fig. 10 Coronal (a), axial (b), and sagittal (c) images of FA maps.Yel-
low regions indicate significant differences between epilepsy and NC
groups. Differences in FA regions between the two groups occurred
mainly in the left cerebrum, WM and GM of the frontal and temporal

lobes, the rectus, the frontal superior inferior orbital area, the caudate,
the frontal gyrus, and the subcallosal gyrus. Reproduced from Zhang
et al. [48] with permission of Springer, Inc

radiata,ACR; segmented temporal white matter, sTMP-WM;
temporal oval, TMPo; hippocampus, H) (see Fig. 5) [37]. As
shown in Fig. 6 Falangola et al. demonstrated for the first
time that, relative to the C group, AD patients showed si-
gnificant mean kurtosis and radial kurtosis decrease in the
ACR, TMPo, sTMP-WM and gCC. Radial kurtosis was also
decreased in the sPF-WM; axial kurtosis was only decreased
in the ACR. When comparing C and MCI groups, authors
observed decreased mean kurtosis and radial kurtosis in the
PFo, and a decrease of all kurtosis metrics (MK, K// and
K⊥) in the ACR. These results shows that kurtosis parame-
ters are useful additions to other diffusion measurements that
may help to establish reliable biomarkers for earlier diagno-

sis and progression ofAD [37]. Indeed,Authors reported that
all DK metrics showed significant changes in the ACR bet-
ween normal aging brain and patients with MCI andAD. The
only DTI metric that showed a significant difference in ACR
was radial diffusivity even though kurtosis metrics resulted
to be more sensitive in discriminating controls from patients
[37].

Van Cauter et al. demonstrated significant differences in
kurtosis parameters between high-grade gliomas (HGG) and
low-grade gliomas (LGG) by analyzing both axial and ra-
dial diffusivity without distinct directional dependence on
higher tumor grade where increased values of kurtosis para-
meters probably reflect a higher degree of tissue complexity
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Fig. 11 Coronal (a), axial (b), and sagittal (c) images of MD maps.Yel-
low regions indicate significant differences between epilepsy and NC
groups. Differences in MD regions between the two groups occurred
primarily in the cerebrum bilaterally, WM and GM of the limbic lobes,

the uncus, the left frontal lobe, the rectus, the right temporal lobe, the
parahippocampal area, and the rectus. Reproduced from Zhang et al.
[48] with permission of Springer, Inc

[44]. As shown in Fig. 7 (30-year-old woman with LGG)
the MK map shows the differences between the malignant
part of the tumor (high MK values, approaching the values
of white matter) and the low-grade tumor (showing low MK
values). Furthermore, authors found a better separation bet-
ween high-grade and low-grade gliomas with MK than with
conventional diffusion imaging parameters (FA and MD) as
shown in Fig. 8 where parameters in solid tumor are norma-
lized to the age-corrected value in the contralateral normal
appearing white matter (normWM) [44].

DTI has been used to detect white matter damage even
before the onset of cerebrovascular disease in patients with
higher systolic blood pressure [45, 46]. An association bet-
ween hypertension and white matter microstructural chan-
ges in middle-aged males have been found by Shimoji et al.
by using DKI [47]. All the subjects included in this study
were free of any visible abnormal findings during the scree-
ning MRI scan. Authors performed a tract-based spatial sta-
tistics (TBSS) analysis to investigate whole-brain FA and
mean diffusional kurtosis (MDK) changes. Widespread in-
creased MDK was observed in the hypertensive group com-
pared with the normotensive group (Fig. 9). Further confir-
mation of the possible use of diffusion-based techniques to
study microstructural parenchymal changes before any visi-
ble abnormal findings is appreciable with conventional MRI
techniques.

Preliminary results on children with intercritical epilecti-
form discharges and normal brain imaging on conventional
MRI suggest that DKI is sensitive for the characterization
of microstructural changes of both WM and GM [48]. Fi-
gures 10, 11 and 12 show the statistically significant diffe-
rences between epilepsy and normal control groups on FA,
MD and MK maps respectively. Thus DKI may provide im-
proved sensitivity and specificity for the characterization of
microstructural complexities of neural tissues also in patients
with epilepsy.

DKI has also been used by Lee et al. to investigate whether
late-myelinating WM tracts (posterior limb of the internal
capsule, PLIC; cerebral peduncle, CP) are more vulnerable
to injury in medial temporal lobe epilepsy (MTLE) compared
with early myelinating tracts (superior longitudinal fascicu-
lus, SLF; inferior longitudinal fasciculus, ILF). The compa-
risons of the Z scores (deviation from the mean of normal
controls) in the early myelinating and late-myelinating fiber
tracts of the MTLE group are shown in Fig. 13. By the use
of kurtosis metrics derived from DKI, Authors demonstra-
ted that late-myelinating WM tracts are more sensitive to
MTLE-related microstructural damage compared with early
myelinating WM tracts, suggesting that the chronology of
myelination may be a factor involved in microstructural da-
mage caused by seizures [49].

Another grow-interest field of application are the seque-
lae of mild traumatic brain injury (MTBI) [50]: one of the
most significant public health problems in developed coun-
tries. Combined use of DKI, DTI and Arterial Spin Labeling
(ASL) look promising although there are no certain results on
patients outcome prediction [51]. Moreover, DKI has been
suggested as a technique that could help to better investigate
patho-morphological dynamic changes following a TBI with
specific references to reactive astrogliosis on an in vivo rat
model studied with a high-field MR scanner (7T) [52].

Conclusions

In the last decade diffusion-weighted imaging opened a win-
dow onto what occurs in the tissues at the molecular level.
DKI provides a higher-order description of the water diffu-
sion process in vivo by considering along with the second
order 3D diffusivity tensor (as in conventional DTI) also the
fourth order 3D kurtosis tensor. The physics underling this
powerful technique is complex but the DKI parameters have
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Fig. 12 Coronal (a), axial (b), and sagittal (c) images of MK maps.Yel-
low regions indicate significant differences between epilepsy and NC
groups. Differences in MK regions between the two groups occurred

mainly in both cerebral hemispheres, and several WM and GM regions
of the frontal and parietal lobes. Reproduced from Zhang et al. [48]
with permission of Springer, Inc

been found to be very sensitive in identifying some altera-
tions which characterize many neurological diseases. These
changes are appreciable with DKI even before any imaging
findings through conventional imaging and in a better way
than with conventional DTI. This is a relatively novel tech-
nique in which many optimal parameters require further in-
vestigations but even today it provides improved sensitivity
and specificity in MR diffusion characterization of neural tis-
sues in several brain conditions providing increasingly useful
clinical data.

Appendix

In this appendix a more detailed description of the theory un-
derlying the DK analysis is reported.As said in the main text,
in DTI analyses the directionality of diffusion can be expres-
sed by a symmetric tensor of second-order 3 × 3, D, with
six independent components. In DKI analyses the directio-
nality of the kurtosis can be expressed by a symmetric tensor
of the fourth order 3 × 3 × 3 × 3, W. W being symmetric,
among its 81 elements, only 15 are independent. Since the
Kurtosis tensor W is a tensor of the fourth order, it has many
eigenvalues and eigenvectors. A precise interpretation of all
these parameters has not yet been defined [33]. The parame-
ters most commonly used in the DKI are those that have a
more direct physical significance and a correspondence with
the diffusion tensor. The indexes of directionality of Diffu-
sion Kurtosis can also be examined along the axial and radial
directions of the diffusion tensor. In order to calculate the ten-
sor W along the above-mentioned directions it must first be
transformed into the coordinate system defined by the three
eigenvectors (v1, v2, v3) of the diffusion tensor D:

Ŵijkl =
3∑

i ′=1

3∑

j ′=1

3∑

k′=1

3∑

l′=1

ei ′iej ′j ek′kel′lWi ′j ′k′l′ (8)

where eij are the matrix elements of 3D rotation [33]. Once
the values of Ŵijkl are known the Diffusion Kurtosis para-
meters can be obtained by using the equations 4, 5, 6 and 7.

Since the Kurtosis represents a complex 3D structure, a
rigorous formulation for MK and Kr in terms of the surface
integral has been derived by Jensen [53]. For example, MK
can be expressed as a surface integral ofKapp on a unit sphere:

MKs =
∫

Kapp(g)dΩg (9)

Originally, to reconstruct the kurtosis tensor, a method that
provides a non-linear fit for each of gradient direction of the
following equation was proposed [54]:

ln
S(b, g)

S0
= −bDapp(g) + 1

6
b2Dapp(g)2Kapp(g) + O(b3).

(10)

and from the knowledge of Dapp(g) and Kapp(g) it is possible
to obtain the values of the elements of the tensors D and
W through the equations (2) and (3). However, this was a
nonlinear and two-steps procedure which also is very time-
consuming. A possible way to overcome the limitations of
this reconstruction algorithm derived from the fact that the
equation (10) can be rewritten as:

ln
S(b, g)

S0
= − b

3∑

i=1

3∑

j=1

gigjDij + 1

6
b2

(
3∑

i=1

(
Dii

3

))2

×
3∑

i=1

3∑

j=1

3∑

k=1

3∑

l=1

gigjgkglWijkl (11)

and if the following setting is used:

K =
(

3∑

i=1

(
Dii

3

))2

W = MD2W (12)
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Fig. 13 Comparisons of Z
scores (deviation from the mean
of normal controls) in the early
myelinating and late-myelinating
fiber tracts of the MTLE group;
∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001,
evaluated with a repeated
measure ANOVA (one factor).
Error bars represent the standard
error. Significantly lower Z
scores were observed for MK,
K//, and K⊥ for late-myelinating
ROIs, irrespective of the side of
ROIs. Reproduced from Lee et
al. [49] with permission of Wiley
Periodicals, Inc

it becomes:

ln
S(b, g)

S0
= −b

3∑

i=1

3∑

j=1

gigjDij

+ 1

6
b2

3∑

i=1

3∑

j=1

3∑

k=1

3∑

l=1

gigjgkglKijkl (13)

This equation can be easily transformed into a set of linear
equations:

Y = BX (14)

where Y is a vector of N components whose elements are the
logarithms of the signals:

Y = [
ln S(b1, g1)....... ln S(bN , gN )

]
(15)

X is a vector of 22 components whose elements are the 6
independent elements of the tensor D, the 15 independent
elements of the tensor K and ln S0 arranged in the following
order:

X = [Dxx , Dyy , Dzz, Dxy , Dxz, Dyz, Kxxxx , Kyyyy , Kzzzz,

Kxxxy , Kxxxz, Kxyyy , Kyyyz, Kxzzz, Kyzzz, Kxxyy , Kxxzz, Kyyzz,

Kxxyz, Kxyyz, Kxyzz, ln S0] (16)

B is an N×22 matrix whose elements are appropriate com-
binations of the components of the gradient directions and
b-values. In order to reduce the occurrence of estimates affec-
ted by systematic errors, the apparent diffusivity, Dapp, and

the apparent Kurtosis Kapp, to be within biologically reaso-
nable range [22]. For this reason, the following constraints
for all directions must be satisfied for the reconstruction of
the tensor:

Dapp(g) ≥ 0 (17)

Kapp(g) ≥ 0 (18)

Kapp(g) ≤ Kapp,MAX(g) = C

bmaxDapp(g)
(19)

where bmax is the maximum value of b-values used for the
acquisition, Dapp(g) and Kapp(g) are the diffusivity and the
kurtosis estimated in the direction g. The first of these three
constraints is necessary to ensure that the eigenvalues of D
tensor are not negative. The second constraint is related to
the fact that there are some limitations on the physically ac-
ceptable directional kurtoses because of biologically relevant
tissue geometries [13]. Although the theoretical lower limit
of Kapp is equal to -2, for the diffusion in the brain usually
it is required that Kapp min(g) is equal to 0. Regarding the
third constraint, in order to ensure that S(g, b) is a decrea-
sing function of b-values, the C constant is often set equal to
3. This setting is usually good in the range of b-values used
for DKI data acquisitions [53]. A more strict constraint can
be imposed on Kapp(g) by choosing a smaller constant C.

One of the objectives of this reconstruction through the
algorithm is to find a good estimate of the diffusion tensor
D and Kurtosis tensor W (or equivalently K) such that the
estimate of the DWI signal intensity (provided by equation
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(13)), is as much as possible close to the observed values,
when all constraints on diffusion and Kurtosis are met in all
directions of the gradients. Previous studies shown that DKI
provides more robust and unbiased data when compared to
DTI [17].
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