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Regional Values of Diffusional Kurtosis Estimates

in the Healthy Brain
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Purpose: To provide estimates of the diffusional kurtosis
in the healthy brain in anatomically defined areas and list
these along previously reported values in pathologies.

Materials and Methods: Thirty-six volunteers (mean age
= 33.1 years; range, 19-64 years) underwent diffusional
kurtosis imaging. Mean kurtosis (MK), radial kurtosis
(RK), mean diffusivity (MD), radial diffusivity (RD), and
fractional anisotropy (FA) were determined in 26 anatomi-
cal structures. Parameter estimates were assessed regard-
ing age dependence.

Results: MK varied from 1.38 in the splenium of the cor-
pus callosum to 0.66 in the caudate head, MD varied
from 0.68 to 0.62 p,m2/ms and FA from 0.87 to 0.29. MK,
and FA showed a strong positive correlation, RK and RD a
strong negative correlation. Parameter estimates showed
age correlation in some regions; also the average MK and
RK for all WM and all GM areas, respectively, were nega-
tively correlated with age.

Conclusion: DKI parameter estimates MK and RK varied
depending on the anatomical region and varied with age
in pooled WM and GM data. MK estimates in the internal
capsule, corpus callosum, and thalamus were consistent
with previous studies. The range of values of MK and RK
in healthy brain overlapped with that in pathologies.
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DIFFUSIONAL KURTOSIS IMAGING (DK]I) is an exten-
sion of diffusion tensor imaging (DTI) and aims at
describing the non-Gaussian aspect of water diffusion
(1). The mean kurtosis (MK) is a dimensionless pa-
rameter that reflects the degree of diffusion restriction
and the radial (RK) is its perpendicular component.
MK is regarded an index of the complexity of tissue
microstructure such as the density, orientation, and
degree of organization of cell membranes, axon
sheaths, and myelin layers. Accordingly, parameters
derived from DKI are highly sensitive to changes in
the microstructural tissue organization occurring dur-
ing postnatal maturation of the normal brain, and, in
fact, more so than conventional DTI parameters (2).
Thus, DKI metrics are potential markers for both nor-
mal development and disease.

Before application of DKI as a clinical tool, knowl-
edge of regional DKI values in the healthy brain is
essential. Previous reports on DTI metrics have shown
little variation in mean diffusivity (MD) across ana-
tomical structures, but considerable variation in frac-
tional anisotropy (FA). For example, in 30-year-old
healthy individuals MD was approximately 0.7 pm?/
ms in the putamen and 0.72 pm?/ms in the posterior
limb of the internal capsule (PLIC) while FA was 0.2
and 0.72, respectively (3). The relative anisotropy
(RA), a metric closely related to FA, varies up to 50%
within the internal capsule alone (4). Until now, the
scarce reports on regional values of the kurtosis
in the healthy human brain include measurements
in a limited number of anatomical locations, suggest-
ing that MK varies depending on anatomical location
(5-8).

In addition, the human brain is subject to struc-
tural and morphological changes during development
and ageing with increases in white matter (WM) vol-
ume occurring during adolescence and early adult-
hood, and subsequent decreases with ageing (3,9,10).
GM has been shown to decline nonlinearly in density
between the ages of 7 and 60 years with the rate
depending on the location (10). Age-dependent
changes in DTI metrics have been reported extensively
(11-14) with FA and MD in white matter tracts chang-
ing over time, consistent with the abovementioned
alterations in tissue microstructure (15). Age
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dependency in healthy brain has also been reported
for DKI metrics (6,8,16). Helpern et al found a signifi-
cant kurtosis increase from 12 to 18 years of age, par-
ticularly in the radial direction, in a large region of in-
terest (ROI) covering the frontal part of the brain (6).
Falangola et al found a decrease in the peak histo-
gram location for mean kurtosis in white matter from
60 to 80 years (8). Lu et al found a gradual decrease
in gray-white contrast histogram peaks from young
controls (n = 5; age, 35.0 * 6.0) to elderly controls (n
= 6; age, 70.0 = 9.5).

The purpose of the present study was to determine
MK and RK as well as MD and FA, in a large number
of anatomically defined regions in the healthy brain,
including WM areas as well as deep nuclei, in individ-
uals aged between 20 and 65 years. Our primary
motivation was that if MK is to become a useful aid in
early diagnosis and characterization of disease by
contributing information on microstructure, values of
MK obtained in pathologies such as intracranial
tumors or stroke lesions must be interpreted in rela-
tion to those obtained in healthy controls. Thus, in
this work, we present a reference material with ROI-
based values of DKI metrics from a large number of
anatomically defined areas that may be used for com-
parison. Because DKI metrics have previously been
shown to vary with age in some regions, we also
probed for age dependence. Lastly, we present values
of MK in pathologies as previously reported in the
literature.

MATERIAL AND METHODS
Subjects

Thirty-six self-reported neurologically healthy individ-
uals (16 males and 20 females) between 20 and 64
years old (mean age of all subjects: 33.1 years, stand-
ard deviation 12.5 years; mean age for women: 38. 4
years, standard deviation 12.4 years; mean age for
men: 35.6 years, standard deviation 10.6 years) were
recruited to the study. Apart from minor WM hyperin-
tensities in some of the older individuals, no signal
changes were present on FLAIR images. The study
was approved by the local ethics board and all sub-
jects gave their written informed consent before inclu-
sion in the study.

Data Acquisition

Images were acquired using a Philips Achieva 3 Tesla
(T) scanner (Philips Medical Systems, Best, The Neth-
erlands), equipped with an eight-channel head coil.
DKI image acquisition was performed using a pulsed-
gradient spin echo (PGSE) sequence with echo-planar
imaging (EPI) readout (SENSE factor = 2.0, TR/TE =
5700 ms/76 ms, A/ = 37.4 ms/17.9 ms, 5400 ms/
76 ms, partial Fourier=75%, field of view 256 x 256
mm?, reconstructed image resolution 2 x 2 x 2 mm?®).
Diffusion encoding (without averaging) was applied i n
15 directions with b-values 0, 500, 1000, 2500, and
2750 ms/um?, giving a total scan time of 6 min. The
employed diffusion encoding gradients (x, y, z), given

611

in the reference of the image volume were: -0.219,
-0.899,-0.379; 0.388,-0.147, 0.909; 0.803, 0.342,
-0.487; -0.852, 0.443, 0.234; -0.235, 0.727,-0.645;
0.729, 0.681, 0.071; -0.581, 0.177, 0.794; -0.989,
-0.082,-0.116; 0.373,-0.748,-0.549; 0.051, 0.400,
0.915; -0.305,-0.885, 0.352; 0.787,-0.435, 0.438;
-0.259,-0.369, 0.893; 0.672, 0.366, 0.646; 0.371,
-0.927, 0.059.

A 5.4-cm-thick slab of 27 slices, was obtained, cov-
ering the brain from below the cerebral peduncles to
superior to the hand area of the primary motor cortex;
because our long-term goal was to apply diffusion
kurtosis imaging in the clinic, we accepted incomplete
coverage of the brain to achieve clinically reasonable
scan times, In addition, transversal FLAIR images (TR
= 12,000 ms, TE = 140 ms, TI = 2500 ms) were
acquired to rule out pathology.

Data Analysis

The diffusion-weighted volumes were geometrically
corrected for subject motion and eddy currents using
the affine registration algorithm (FLIRT) provided in
the ElastiX package (http://elastix.isi.uu.nl). The dif-
fusion kurtosis model, described previously
(1,7,17,18), was fitted to the diffusion-weighted signal
intensities in each voxel by nonlinear least squares
minimization using Matlab (The MathWorks, Natick,
MA). The fitted kurtosis tensor was used to calculate
MK and RK as described by Tabesh et al (19). The FA,
MD and RD were calculated from the diffusion tensor
in the diffusion kurtosis model using conventional
equations (19). Finally, parametric maps were con-
structed for each parameter (Fig. 1). Although values
of the axial kurtosis (AK), that is the kurtosis parallel
to the WM tracts (1), can be determined from our
data, we chose not to report these in the present
work, because estimation of AK is highly susceptible
to bias resulting from the non-Gaussian noise
distribution.

Regional Values

Directionally encoded (DEC) FA maps were inspected
and regions of interest (ROIs) that were reliably identi-
fiable in all subjects, and in which partial volume
effects could be minimized, were included in the
study. With regard to the latter issue, special atten-
tion was given to areas close to cerebrospinal fluid
(CSF) to avoid contamination of any ROI with freely
diffusing CSF. All ROIs were placed using TrackVis
version 0.5.1 (http://trackvis.org/). First, 22 anatom-
ically defined structures were delineated in one slice
representative for the region in question (Table 1,
Fig. 2a). Second, five 2 x 2 voxel ROIs were placed in
the internal capsule (IC), (i) anteriorly in its anterior
limb (ALIC), (ii) in its middle segment, (iii) in the genu,
(iv) in middle segment of its posterior limb (PLIC), and
(v) posteriorly in the PLIC (Fig. 2b). Previously a grad-
ual increase in FA has been reported along this so-
called “gradient” in the IC (4,20). Third, MK in the cer-
ebrospinal fluid (CSF) occupying the lateral ventricles
was determined in a subsample of ten individuals,
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using four ROIs of 10-25 voxels. MK in free water is
of interest because it has been reported to be as high
as 0.4 in CSF (8), although its value in freely diffusing
water theoretically is zero (1).

Except for the genu and splenium of the corpus cal-
losum, ROIs were placed bilaterally. White matter
(WM) ROIs were defined on FA maps and color-coded
FA maps. The slice containing the voxels with the
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Figure 1. Parameter maps of
MK, RK, MD, RD, FA, and
directionally = encoded  FA
(DEC-FA) from one partici-
pant, a 34-year-old healthy
male. The contrast in the MK
and RK maps is similar to
that in the FA map with high
values in WM and low values
in GM.

highest FA was selected for delineation of any struc-
ture and the full length of the structure in the selected
slice was included. Voxels adjacent to neighboring
structures were excluded to avoid partial volume
effects. Gray matter (GM) ROIs were defined using FA
maps and images acquired without diffusion weight-
ing. All ROIs were placed in the transverse plane on
noninterpolated, nonsmoothed images and without

Table 1
Regional Values, Mean and Standard Deviation, and Pearson Correlation With Age*

ROI MK RK MD [um?/ms] RD [mm?/s] FA
External capsule 0.81 = 0.05™" 1.02 = 0.09 0.90 + 0.05 0.70 + 0.04 0.41 + 0.03
ALIC 1.04 = 0.10 1.60 + 0.28 0.87 + 0.05 0.53 + 0.05 0.60 + 0.04
PLIC 1.23 * 0.09 2.04 + 0.23 0.89 *+ 0.09 0.45 + 0.07 0.71 = 0.04
CC, body 117 = 0.07 2.54 + 0.34 0.92 + 0.07 0.38 + 0.07 0.78 + 0.04
CC, genu 1.06 + 0.117 2.07 = 0.45" 0.93 + 0.06 0.36 + 0.07 0.80 + 0.04
CC, splenium 1.32 * 0.09 2.72 + 0.41% 0.89 *+ 0.09 0.31 = 0.07™ 0.83 = 0.03"*
Centrum semiovale 1.09 + 0.047 1.72 + 0.16" 0.80 = 0.04 0.47 = 0.05 0.63 = 0.04
Cingulate, body 1.07 + 0.07 1.85 = 0.267 0.86 + 0.07 0.48 + 0.08 0.66 + 0.06
Cingulate, temporal 0.85 = 0.08 1.13 = 0.21 0.92 + 0.12 0.60 = 0.10 0.55 + 0.05
Corona radiata 1.09 + 0.04" 1.49 + 0.097 0.84 = 0.05 0.56 = 0.04 0.53 = 0.03
CST, cerebral crus 1.23 = 0.07 2.04 = 0.28 0.88 = 0.08 0.40 = 0.09 0.75 = 0.05
IFO, anterior basal 0.86 = 0.07"" 1.29 = 0.19"" 0.89 =+ 0.05" 0.58 + 0.05 0.54 + 0.05
ILF, posterior 0.96 + 0.06™ 1.60 = 0.18 0.90 + 0.06 0.51 + 0.07 0.64 + 0.05
SLF, posterior 1.11 = 0.04 1.84 = 0.13 0.83 + 0.04 0.50 + 0.05 0.62 + 0.04
Frontal sSWM 0.94 + 0.05" 1.23 = 0.12"7 0.91 = 0.05 0.66 = 0.05 0.48 + 0.04""
Parietal SWM 1.00 * 0.05 1.41 = 0.12 0.86 + 0.06 0.56 + 0.07 0.56 + 0.05
Temporal SWM 0.96 + 0.07 1.27 = 0.13 0.88 + 0.08™ 0.61 = 0.06 0.52 + 0.03
Caudate head 0.61 = 0.08 0.59 + 0.07 0.87 = 0.05 0.80 + 0.04 0.14 + 0.03
Globus pallidus 1.06 + 0.08 1.05 = 0.107 0.86 + 0.08 0.74 + 0.06 0.27 + 0.04
Putamen 0.67 + 0.08 0.61 = 0.08 0.79 + 0.03™ 0.73 = 0.03"" 0.15 + 0.02
Thalamus 0.86 = 0.07™" 0.92 + 0.09™ 0.87 = 0.10 0.73 + 0.09 0.32 + 0.03
IC, gradient 1 0.89 = 0.10 1.32 + 0.26 0.85 = 0.06"" 0.59 = 0.06"* 0.48 = 0.06
IC, gradient 2 1.05 + 0.12 1.58 = 0.30 0.90 + 0.07 0.56 + 0.08 0.60 + 0.05
IC, gradient 3 1.10 = 0.10 1.51 = 0.22 0.92 + 0.09 0.59 + 0.08 0.57 + 0.05
IC, gradient 4 1.21 = 0.09 1.88 = 0.24 0.91 + 0.12 0.51 + 0.11 0.65 + 0.05
IC, gradient 5 1.21 = 0.11 2.02 + 0.31 0.87 + 0.08 0.41 + 0.07 0.74 + 0.04

*An asterisk indicates P < 0.05, and a dagger (') indicates P < 0.01.

Positive correlations are indicated by a plus sign, negative by a minus sign.
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Figure 2. a: ROIs for measurement in the anatomical areas reported in Table 1, overlaid on the FA-map from the same indi-
vidual as in Figure 1, (a) in the IFO (green), the CST at the level of the cerebral peduncle (purple) and the temporal cingulate
(pink); in the putamen (green) and pallidum (yellow) (b); in the ALIC (red), PLIC (pink), external capsule (light purple), genu of
the corpus callosum (CC) (yellow) and the frontal (orange) and temporal (purple) subcortical white matter (¢); in the caudate
head (green) and thalamus (purple) (d); in the splenium of the CC (dark blue) and the posterior IFL (light blue) (e); in the
body of the CC (pink), the posterior SLF (purple), and the corona radiate (light blue) (f); in the cingulate (red) and the parietal
subcortical white matter (purple) (g); and in the centrum semiovale (green) (h). b: ROIs for measurement anteroposteriorly
along the internal capsule, the so-called gradient, (i) anteriorly in its anterior limb (ALIC), (ii) in its middle segment, (iii) in the
genu, (iv) in middle segment of its posterior limb (PLIC), and (v) posteriorly in the PLIC.

access to kurtosis maps. For each ROI, the average value
of each parameter estimate was extracted. Next, the
mean values of the right and left ROIs of bilateral anatom-
ical structures were averaged to provide a single value for
each bilateral structure. Values presented for singular
structures were derived from a single ROI average.

Statistical Analysis

Statistical analysis was performed using Matlab. For
each parameter and area, age-dependency was probed
for using Pearson’s correlation. DTI parameters previ-
ously have shown nonlinear correlation with age
(3,15), therefore also quadratic correlation with age
was probed for; the quadratic fit was compared with

the linear fit (P < 0.01) using an F-test, with F calcu-
lated according to:

F_SS]-SSQm—TlQ
S 8S, np-—m

where SS; and SS, are the sum-of-squares of the resid-
uals between the data and the linear and quadratic fits, m
is the number of data points (m = 36), n, = 3 and n; = 2.

RESULTS
Parametric Maps

Parametric maps from one representative individual, a
34-year-old male, are shown in Figure 1. The contrast
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Figure 3. Correlation between DKI metrics in white matter, means and standard deviations; a strong positive correlation
was found between MK and FA and a strong negative correlation between RK and RD, while RK and MD did not correlate.

in the MK and RK maps was similar to that in the FA
maps, with high parametric values in WM and lower
values in GM; however, there was somewhat more
contrast on FA maps between WM and GM compared
with that available in the MK map with GM values
being closer to nil for FA than for MK. The contrast on
MK and RK maps was similar, because RK has a large
impact on MK, similar to the impact of RD on MD. MK
and FA share the theoretical property of having an
expected value of zero in regions where the water dif-
fusion is free and wunrestricted, such as in the
ventricles.

Regional Values of DKI Metrics

Regional values of obtained DKI parameters are pre-
sented in Table 1. MK varied from 0.61 = 0.08 in the
caudate head to 1.32 = 0.09 in the splenium of the
corpus callosum, while RK in these locations varied
from 0.59 = 0.07 to 2.72 * 0.41, MD from 0.87 =*
0.05 pm?/ms to 0.89 *= 0.09 pm?/ms, RD from 0.80
+ 0.04 ;Lrnz/ms to 0.31 = 0.07 Mm2/ms and FA from
0.14 = 0.03 to 0.83 = 0.03. In the internal capsule
values of MK most anteriorly and most posteriorly
were 0.89 * 0.10 and 1.21 = 0.11, respectively, while
RK was 1.32 = 0.26 and 2.02 * 0.31, MD 0.85 =*
0.06 and 0.87 = 0.08 ;Lm2/ms, RD 0.59 *+ 0.06 and
0.41 = 0.07 and FA 0.48 = 0.06 and 0.74 = 0.04 in
these locations. The value of MK in the CSF occupying
the lateral ventricles was 0.35 = 0.03 (n = 10).

A strong positive correlation between MK and FA
was observed in white matter (Fig. 3); the correlation
coefficient was r = 0.81 (P < 107°). RK correlated neg-
atively with RD, with r = —0.95 (P < 10719, but not
with MD. The coefficient of variation, defined as the
ratio of the standard deviation across all areas (except
the IC gradient) to the corresponding average value,
was 0.18, 0.37, 0.04, 0.25, and 0.36 for MK, RK, MD,
RD, and FA, respectively. This showed that RK and FA
varied the most across the structures, while nearly no
variation was found in MD.

Age Dependence of DKI Metrics

Age dependence was found for MK and RK in several
areas with P < 0.01, namely for MK in the corona

radiata, IFO, and frontal SWM, and with P < 0.05, in
the capsula externa, genu of the corpus callosum,
centrum semiovale, ILF, and the thalamus. In all
structures, MK declined with age. For RK, age de-
pendence was found with P < 0.01 in the body and
splenium of the corpus callosum, centrum semiovale,
and IFO, and with P < 0.05 in the body of the cingu-
lum, corona radiate, frontal SWM, globus pallidus,
and in the thalamus (Table 1). Again, RK declined
with age in all structures. Some areas showed age de-
pendence for MD, RD, and FA (Table 1). Figure 4
shows graphical representations of the investigated
parameters versus age for the average of all white and
gray matter structures investigated. Significant corre-
lation with age and was found only for MK and RK, in
both white and gray matter (P < 0.05).

DISCUSSION

Diffusional kurtosis imaging (DKI) is an extension of
diffusion tensor imaging (DTI), proposed for charac-
terization of the non-Gaussian random motion of
water molecules (1). Qualitatively, the kurtosis is a
measure of the heterogeneity of the diffusion environ-
ment, with presumed increased sensitivity for pathol-
ogy and therefore possibly an early marker of disease,
for instance in Parkinson disease (21). In this work,
we present a reference material with values of DKI
metrics in a large number of anatomically defined
areas (Table 1). Because DKI is an extension of DTI, it
is reasonable to assume that DKI is potentially useful
for many of the same applications as DTI, such as
stroke, tumor, and neurodegenerative disease. In this
respect, knowledge on regional values of the kurtosis
in healthy brain tissue is supposedly useful for com-
parison with corresponding measures from patholo-
gies. We have searched the literature for values of dif-
fusion kurtosis estimates in disease and found that
quantitative measures of DKI parameters from various
pathologies have not been extensively reported. Table
2 provides an overview of those works in the literature
that include values of parameter estimates; otherwise,
reports may for example include histograms of mean
kurtosis in WM or GM (6,8,16). When comparing val-
ues of DKI parameter estimates in healthy brain to
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Figure 4. Age dependence of DKI metrics, average from all WM areas (upper panel) and all GM structures (lower panel),
Pearson’s correlation. MK and RK correlate negatively with age in GM and WM; MD, RD, and FA did not show age

dependence.

those reported in pathologies, interestingly values
from intracranial tumors (0.46 in grade II, 0.62 in
grade III, 0.81 in grade IV gliomas (22) and 0.47 in
low grade gliomas, supposedly grade I and II, and
0.60 in high grade gliomas, supposedly grade III and
IV) (23) and stroke (1.33 in WM and 0.66 in GM) (24)
overlap with those from healthy tissue (0.66 in the
caudate head and 1.38 in the splenium of the corpus
callosum; Table 1). This suggests that a single mea-
surement on an individual basis may not allow for dif-
ferentiation between healthy and diseased tissue with-
out comparison with the range of the parameter
estimate in a specific region.

A strong positive correlation between MK and FA
was established in white matter and an equally strong
negative correlation between RK and RD (Fig. 3). To
understand the correlation between DKI parameters,
a simple model described by Fieremans et al may be
considered (25). The model incorporates water diffus-
ing in two nonexchanging compartments, representing
intra-axonal and extracellular water. Following the
definition of the kurtosis tensor, the model suggests
that RK = 3 AWF/(1 — AWF), where AWF is the axonal
water fraction; and conversely that RD = (1 — AWF)
RD;, with RDy, representing the radial diffusivity in the
hindered compartment. Although simplistic, this
model predicts that a reduction in RK is accompanied
by an increase in RD. The model also predicts a corre-
lation between FA and MK, although the predicted
relation between these parameters is more compli-
cated. The implication of these correlations is that
DKI may not add significant value over DTI in the
characterization of normal white matter where DKI
and DTI both yield information on the axonal water
fraction. In pathology involving, for example, invading
tumor cells, DKI may capture information not avail-
able to DTI as suggested by Raab et al (22) as well as
by Van Cauter et al (23).

Age dependence was probed for, partly to gain more
knowledge on DKI and partly because age-related
changes may confound clinical data related to the pa-
rameter range in a specific region. Previous reports on

WM changes during ageing based on DTI measure-
ments, include nonlinear increase of the FA from
adulthood onward with white matter gain continuing
into approximately 33 years of age followed by nonlin-
ear loss, according to a standard parabola. The diffu-
sivity in WM shows the opposite pattern with a non-
linear decreases until 38 years of age followed by a
similar nonlinear increase, i.e., an inverted parabola
(15,26). In GM, FA has been shown to follow an
inverted parabola with a minimum at approximately
33 years of age (15,26); this decrease in FA has been
reproduced in other works for the caudate (27) and
putamen (12) with results in the latter based on
voxel-based analysis. The diffusivity in GM does not
correlate with age beyond 20-30 years; in childhood
before this, there is a rapid decrease (15,26). Here, we
probed for both linear and quadratic correlation with
age and found several regions in which the DKI met-
rics MK and RK showed significant linear correlation
with age. We chose to report the analysis without cor-
recting for multiple comparisons, because a Bonfer-
roni correction for multiple comparisons would yield a
significance level of 0.05/130 = 3.8 x 1073, at which
no correlation was significant; however, such a low
significance level also induces false negative results.
Regarding false positives, 130 independent tests on
uncorrelated data as performed in the present study
may yield 2 to 12 false positives at the 5% level (95%
confidence interval of the binomial distribution with N
= 130, P = 0.05) and between 0 and 4 at the 1% level.
In comparison, we found 26 and 12 significant corre-
lations at the 5% and 1% level, respectively. Note, we
performed tests on dependent data, and thus the pre-
dicted number of false positives is probably overesti-
mated, further strengthening the validity of our
results. We found a negative correlation with age for
MK in WM, where the average MK for all structures
ranged from 1.08 at age 20 to 1.02 at age 60 as well
as in GM, where the average MK for all structures
ranged from 0.83 at age 20 to 0.76 at age 60; simi-
larly the average RK in WM ranged from 1.72 to 1.61,
and in GM from 0.83 to 0.75, respectively. These
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Regional Kurtosis in Healthy Brain

results suggest that our study is underpowered; for a
standard deviation of 0.1 in MK, the group sizes
required for detecting a difference of 0.06 with a
power of 0.8 is 44, i.e., in total 88 subjects being ei-
ther 20 or 60 years old. This might partly explain why
the present work did not entirely reproduce the
results from previous studies on age dependency of
MD and FA. However, it should be noted that the val-
ues of MD and FA obtained in DKI are not directly
comparable to those obtained in DTI as the non-
monoexponential component of diffusion data that
influences the MD and FA obtained from DTI, is
instead captured by the kurtosis tensor in DKI. Two
previous reports on age dependency for MK are based
on histogram analysis; peaks corresponding to all WM
and GM have shown a reduction from young controls
to elderly controls (8,16), while one work reported val-
ues from a large frontal ROI, including WM, GM, and
CSF, in adolescents aged 12-18 years (6). In addition,
increases in MK during maturation from birth has
been shown in rodents (2), however in this case it
may be presumed that changes in tissue microstruc-
ture occur at a much faster rate and are of greater
magnitude than in the age groups investigated in the
present study. Thus, no previous work has investi-
gated age dependence for values of DKI metrics in
anatomically defined areas using ROI-based parame-
ter estimation in humans during adulthood. Regard-
ing the magnitude of age-related changes, FA report-
edly declines at a rate of approximately 3% per
decade (28). The magnitude of change for MK men-
tioned above represents a decline of 1.4% and 2.1%
per decade in WM and GM, respectively, if the decline
were to be linear and start at 20 years.

Until now, reports on values of parameter estimates
from DKI in the healthy brain have been scarce. Our
values show a reasonable agreement with the limited
number of areas that previously have been reported
(Table 2). Standard deviations relative mean values
were acceptable for MK, MD, and FA, 5-15% (Table
2), suggesting relatively high reliability. In the internal
capsule, a pattern similar to that previously reported
for DTI metrics was found (4,20), with both MK and
FA increasing stepwise from anteriorly in the ALIC to
posteriorly in the PLIC, consistent with the strong
positive correlation between these parameters (Fig. 3).

In DKI, inter-subject variability largely determines
the within-group variability (29), and may also partly
explain differences between studies. Substantial
inter-subject variability of DTI parameters has been
shown in several previous works, most of these aim-
ing at studying the age dependence of DTI parameters
(3,4,15). However, comparisons between studies are
hampered by ROIs differing between studies, from
including the entire structure to including only contig-
uous voxels with the highest values. For example, the
doubling of FA in the genu of the corpus callosum
from 0.47 = 0.09 in (23) to 0.80 * 0.04 in the present
study, may be largely due to the ROI used for mea-
surement, apart from age-related differences and
inter- and within-scan as well as intersubject variabil-
ity. It should be noted that regional variability of DTI
values between publications may relate to using ROIs,
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voxel-based, tract-based, and manual tractography
methods aside from acquisition parameters.

A limitation of the present study was that the data
was obtained in 2 x 2 x 2 mm?® voxels. While this
ensured accurate parameter estimates by minimizing
the influence of partial volume effects, it also resulted
in a suboptimal signal to noise ratio. The non-Gaus-
sian distribution of the magnitude MRI signal at high
b-values results in a bias in MK that varies with SNR
(25). The globus pallidus (GP) has been suggested as a
suitable area for testing whether the SNR is sufficient
for DKI at 3T (1), with adequate SNR resulting in its
MK value being similar to that of other GM regions.
However, at low SNR, MK in the GP can become ele-
vated relative other GM regions because the SNR
induced bias is enhanced by the comparatively short
T2 of the globus pallidus. MK in the GP and the puta-
men combined was 0.74 + 0.1 (1), compared with 1.06
+ 0.08 in the GP and 0.67 = 0.08 in the putamen
reported in the present work. For comparison, in the
thalamus MK was 0.93 + 0.25 in (1), and 0.86 *= 0.07
in the present study. Hence, we cannot exclude that
MK was positively biased in the globus pallidus in our
study. However, we believe this bias to be less of a
problem in white matter where inspections of the data
showed acceptable signal to noise ratios even at high
b-values. Finally, with regard to age dependency of MK
and RK estimates, previous studies on DTI parameters
(15,30) showing such relationships have included large
datasets, with the magnitude of the number of subjects
included improving the statistical power, for example
202 subjects aged 5 to 30 years and 119 subjects aged
7 to 68 years, respectively. Our results failing to con-
sistently show nonlinear age effects in WM and GM for
any parameter, including FA and MD, indicate that the
present study was underpowered as regards nonlinear
effects of age dependency.

In conclusion, we measured DKI metrics in a large
number of anatomically defined areas and found a
two-fold increase in MK, accompanied by a four-fold
increase in RK, when going from deep nuclei (i.e., the
caudate head), to extremely directionally ordered WM
in the splenium of the corpus callosum. MK and FA
showed a strong positive correlation and RK and RD a
strong negative correlation. Age dependence was
found for MK, RK, MD, RD, and FA in some areas; lin-
ear age dependence was found for MK and RK in
pooled WM and GM data, respectively. Estimates of
MK in the internal capsule, corpus callosum and thal-
amus were in line with previous works. The range of
values of parameter estimates overlapped with those
reported for pathologies such as ischemic stroke, in-
tracranial tumors, and neurodegerative disease.
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