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Abstract

Aim: To estimate the potential of Diffusional Kurtosis Imaging (DKI), a method sensitive to microstructural damage for detecting the effects of Alzheimer’s Disease
(AD) compared to those of aging, in prodromal AD (PDAD).

Materials and methods: Young subjects (V=4, age=25+3), old subjects (=7, age=65+8) and AD patients (N=5, age=74+7) were recruited. Mean kurtosis (K ”) in
white matter (WM), grey matter (GM) were measured in the cerebellum, frontal lobe and temporal lobe, and differences were assessed with the non-parametric
Kruskal-Wallis test.

Results: There was no age difference between PDAD patients and older subjects (P>0.05). Mini-Mental State Examination (MMSE) scores of the patients were

lower (P<0.02) and comparatively in PDAD:
- Kurtosis K, was decreased in the temporal lobe WM only (P<0.05).

There was a significant age difference in older subjects compared to young subjects, (P<0.01) and comparatively in aging:

- KW was decreased in the frontal lobe WM only (P<0.03).

Conclusion: K, decreases were found in the WM of the temporal lobe in PDAD and in the WM of the frontal lobe in aging, in accordance with previous studies.
As PDAD microstructural and metabolic disturbances occur essentially in the temporal lobes where K 4 changes were also found, DKI might be a useful non-invasive

method for the detection of Alzheimer’s disease in the prodromal stage.

Background and purpose

The social and financial burden of Alzheimer’s disease (AD) is a
major health concern worldwide. When diagnosed with psychological
evaluation, a large proportion of aged patients affected by mild
cognitive impairment (MCI), and particularly those with amnesic MCI,
can be suspected as having AD at the prodromal stage [1,2]. However,
only pathological analysis on brain material, either using biopsy or
post-mortem histological exam, can ascertain the diagnosis of AD in
patients. AD is defined as the simultaneous detection in the brain of
two microscopic tissue markers : amyloid plaque (AP, composed of
fibrils of polymerized amyloid peptide Ap40/Ap42) and neurofibrillary
tangles (NFTs, composed of entangled hyperphosphorylated tau
proteins). Glucose hypometabolism detected by 2-deoxy-2-(18F)
fluoro-D-glucose PET (18F-FDG-PET) is a metabolic disturbance
that is potentially associated with deleterious consequences of the
presence of these abnormalities. In the AD brain, the anatomical
course of glucose hypometabolism is similar to that of APs (or to that
of NFTs). In AD, it is well-known that microscopic abnormalities and
their consequences progress toward the temporal lobe and posterior
cingulate cortex up to the temporal lobe and then attain the frontal
cortex and the entire brain [3]. Predictors of PDAD are gradually
declining memory, brain metabolic and functional disturbances
and the presence in cerebrospinal fluid (CSF) of pathophysiological
markers like free AP42 peptides and phosphorylated tau proteins [4].

Nucl Med Biomed Imaging, 2017 doi: 10.15761/NMBI.1000128

Essentially, "*F-FDG-PET and other PET methods have shown that in
PDAD the hippocampus and the entorhinal cortex of the temporal lobe
are the first part of the brain affected by the disease.

Diffusion magnetic resonance imaging (dMRI) is a non-invasive
method able to help in the early AD diagnosis as it makes it possible
to obtain markers providing information at the meso- and micro-
structural levels. Changes in dMRI parameters in AD have been
detected in the hippocampus and temporo-parietal areas, i.e. in the
same locations as those where the microstructural abnormalities of
the disease occur [5-7]. However, although current dMRI parameters
have been shown empirically to be good AD hallmarks. Indeed, it
has also long been shown that indexes like the Apparent Diffusion
Coeflicient (ADC), Mean Diffusivity (MD) and Fractional Anisotropy
(FA) are sensitive to the effects of aging in tissue, their changes being
essentially detected in the frontal lobe [5-8]. To improve the sensitivity
of dMRI to microstructural damage, advanced dMRI acquisition uses
images acquired with very high diffusion-weighting factors (b-values).
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Recently, a method closely related to q-space imaging, Diffusional
Kurtosis Imaging (DKI). DKI performs the truncated expansion in
power of the b-value of the diffusion-weighting-dependent MRI signal
attenuation [11]. DKI parameters remain representative of information
conveyed by water displacement at the tenths of a micrometer scale
[11]. It was recently demonstrated that DKI can be used to probe
microstructural damage in MCI- and AD-affected brain [12,13]. Mean
(angularly-averaged) apparent kurtosis K has been shown to be one
of the most sensitive DKI markers for early AD diagnosis [12,13].
Mean kurtosis (Kap ) has been found to be promisingly sensitive as an
early AD marKker as it detects AD-related changes in the temporal lobe
but not in the frontal lobe [12].

The main goal of the present study was to propose to discriminate
AD-related changes (or their consequences) and the effects of aging
with a fast DKI method estimating only angularly-averaged kurtosis
and diffusion coeflicients.

Materials and methods

Subjects & patients

The ethics committee of South-West France and Overseas
French departments, France, (Comité de Protection des Personnes
Sud-Ouest et Outre Mer I-II) approved the present study protocol.
Written informed consent was obtained from every subject/patient
before participation. The population comprised young subjects (N=4,
age=2513 years), older subjects (N=7, age=65+8 years, MMSE=28+1.1)
and PDAD patients (N=5, age=74+7 years, MMSE=25.8+1.4). PDAD
patients were recruited according to Dubois’s AD diagnostic criteria
[1,2,4]. This diagnostic criteria included episodic memory deficiency
assessed by a full psychological evaluation, MMSE (< 27), atrophy
of the internal temporal structures detected on T'-weighted images,
presence of free AP, or abnormal ratio of free phosphorylated/
unphosphorylated tau proteins in CSF [2,4], and temporo-parietal
hypometabolism as detected by *F-FDG PET. WM hyperintensities
detected on T,-weighted images and generalized brain atrophy in T -
weighted images were exclusion criteria.

Brain imaging

SF-FDG-PET images of the subject in the case study were acquired
at 3.5 MBq/kg of '*F-FDG with a Biograph 6 True Point Hirez (Siemens,
Knoxville, USA). dMRI was performed with a 3T magnet (Philips,
Best, The Netherlands) equipped with an 8-channel head coil and with
a magnetic gradient field system able to reach 40 mT/m. Diffusion-
weighted (DW) images were acquired with increasing b-factors
(b=0, 200, 500, 1000, 1800, 2500 s/mm?). The diffusion gradient edge
separation/diffusion gradient duration ratio used was A/0=34.5/25ms,
with TE/TR= 70/4212 ms. Sensitivity Encoding for Fast MRI (SENSE)
was used as a parallel imaging method with a SENSE factor of 2. Then,
31 slices at 2x2x4 mm? spatial resolution were acquired without any
gap, covering the entire brain volume. The MRI scanner provided the
angular average of DW images (geometric average of images acquired
with diffusion magnetic field gradients oriented in read, phase and slice
directions). Duration of the dMRI protocol was 6 minutes, a duration
compatible with its use in multi-modal hospital clinical studies of AD.

DW Image registration

The diffusion-weighted-dependent attenuation of the MRI
signal was designated as S(b), whereas the signal without diffusion
weighting was designated as S, The S(b) images were submitted to a
brain extraction using Otsu’s histogram-based segmentation [14].
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Then, the subject’s motion and eddy current effects on S(b) were
corrected respectively by a global/rigid and a local/elastic registration
implemented in Matlab with S as a reference image. Registration then
provided S(b) images realigned on S images [15].

Calculation of diffusion maps

Both the choice of the number of b-values used and the number
of spatial directions of diffusion measures used have an impact on the
duration of the DKI protocol. Cognitively impaired patients cannot
be maintained for long in the magnet. Owing to time constraints in
common clinical routines, our DKI acquisition protocol was simplified
in comparison to the work presented in references [12,13]. Mean
kurtosis was previously demonstrated to be the most pertinent index
for AD detection compared to other tensorial DKI metrics [12,13]. The
angular-averaged diffusion-weighted-dependent attenuation of the
MRI signal (S(b)) signal obtained in each voxel was fitted with the DKI
model [11]:

S(b)=S,. exp[-b. D, +1/6 (1D, *K, )] (1)

where b is the diffusion-weighting factor (b-value). The mean
diffusion coefficient D_ represents the contribution of the Gaussian
diffusion of the signal. In a first approximation, D__could be considered
as analogous to MD or ADC. Mean kurtosis K, is representative of
non-Gaussian diffusion contribution [11]. The fitting convergence of
the experimental signal and of equation (1) was implemented with
a simple least-square regression method using the Nelder-Mead
simplex algorithm (fiminsearch Matlab® function). Computer-assisted
calculation for the whole brain (image registration and computation
of DKI parameters) took ~10 min with a computer equipped with a
2x4 core processor (Intel® Xeon® CPU L5520 functioning at 2.27GHz).

Volumes of interests (VOI ) & localized values

Masks of brain substructures: Echo planar images were submitted
to the FSL segmentation algorithm FAST (FMRIB Automated
Segmentation Tool), leading to anatomically separated binary masks
attributed to cerebrospinal fluid (CSF), grey matter (GM) and white
matter (WM) [16,17]. Relative anatomical volumes (segmented
volumes of CSF, GM and WM relative to the subject imaged full
brain volume) were calculated. The potential changes in these relative
volumes with aging and with PDAD (both causing macroscopic
atrophy) were also investigated.

Anatomical mask of brain lobes: In K parametric images,
twelve contiguous slices were selected to present the same anatomical
features for young subjects, old subjects and PDAD patients. The
anatomical locations of these slices were defined by the shapes of the
ventricle, by deep GM localization, and by the global brain anatomy
of the gyri compared with a brain atlas. In these K parametric
images which provide a very good anatomical contrast, a second class
of mask defining anatomic brain lobe regions were obtained by a
single operator trained in neuroanatomy who manually defined large
anatomic VOIs. The groups’ status was blinded when performing the
VOI analysis. Segmentation separated the brain into large anatomic
areas corresponding to the anatomical locations of the cerebellum,
frontal lobe and temporal lobe, in a similar manner to that previously
reported [18]. VOIs were non-ambiguously delimited according to
basic anatomy (cerebellum) and to the central sulci (frontal lobe) and
the lateral sulci (temporal lobe). Temporal lobe VOIs included the
enthorhinal cortex and hippocampus. The cerebellum is a reference
structure that is classically not expected to be affected by PDAD at
this early stage.
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Parcellation & obtainment of localized values: The two types of
binary masks obtained were combined by multiplication. The resulting
combined masks were multiplied pixel-by pixel by K and D, maps.
This finally led to quantitative average localized values designed by
<D, > and <K, > for GM and WM in the cerebellum, temporal and

frontal lobes.

Statistical analysis

All variables: MMSE, ages, relative brain volumes of segmented
structures, spatially-averaged values (<D, > and <K _>) were
compared pairwise (group by group) by a non-parametric Kruskal-
Wallis test implemented natively in the R statistical software [19,20].
The Kruskal-Wallis test is an extension of the Wilcoxon test and makes
it possible to test differences between small samples with potentially
unequal numbers of observations and/or unequal variance [19].
Separately for each anatomical area, <D, > and <K > values were
treated pairwise between old vs young sui)jects and between PDAD
patients vs old subjects to assess their potential changes. Statistical
significance was considered at the conventional level P<0.05.

K, templates

To obtain K, ~'maps in a common brain space, we performed a
global and local clastic registration [15] of K, maps. K maps were
then subject-averaged, providing preliminary K anatomic templates
for young, aged and PDAD subjects expressed in a common reference
frame (Figure 1).

Results

Age comparisons

No significant age differences were found between PDAD patients
vs older subjects. However, mini-Mental State Examination (MMSE)
scores were significantly lower in PDAD patients than in old subjects
(P<0.02), In aged subjects, MSME > 27 attested to the absence of
significant cognitive deterioration in older subjects. Young subjects were
significantly younger than older subjects and PDAD patients (P<0.01).

Study of groups

Estimation of effects of atrophy: The CSF, GM and WM segmented
volumes relative to each subject’s total imaged brain volume are shown
in Table 1A and the statistical significance of the volume differences
between patients and subjects are displayed in Table 1B. Indirect
effects of macroscopic atrophy caused by age and/or AD were marked
essentially by an increase in the pixels segmented as CSF (Table 1B). A
specific decrease in the global volume of the WM relative to the imaged
brain volume was found in PDAD patients’ brains compared to aged
subjects’ ones (P<0.05, Table 1B).

Analysis of DKI maps: Subject-averaged images of K templates
are shown in Figure 1. A dramatic increase in ventricular volume
attested to a strong effect of atrophy in PDAD brains. There was a
less marked and more diffuse intensity of K in the WM of PDAD
patients. K maps in WM have a more uniform appearance in the WM
of PDAD patient than in that of aged subjects, owing to the absence of
high K values in some zones of the WM (Figure 1).

No differences in D, or K due to PDAD or aging were found in
the cerebellum. In PDAD patients vsolder subjects, K was significantly
decreased in the temporal lobe WM (P<0.05). Considering the effect of
aging, a significant K decrease was observed in the frontal lobe WM
of older subjects (P<0.03, Table 1).
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Table 1. Estimation of the effects of atrophy. A) Percentage of segmented volumes
relative to each individual imaged brain volume (mean+standard deviation). B) Statistical
significance of the difference in relative volume between groups by paired Kruskal-Wallis
test. The non-significant (NS) values are indicated by “-” .

A) mask volume
relative to brain CSF GM WM
volume
Young subject 943 % 445 % 47+9 %
Older subjects 2442 % 3442 % 4245 %
PDAD patients 33+4 % 3246 % 35£2.5%
B) Probability P
Older vs Young P<0.01 - -
PDAD vs Older P<0.05 - P<0.05

Figure 1. Templates of subject-averaged K, maps (three non-adjacent slices). a) Young
subject-averaged K, maps b) Old subject-averaged K, maps ¢) PDAD patients averaged
Kw maps. Kw is unitless. Zero KW values indicate Gaussian diffusion, non-zero KW values
indicate the intensity of the non-Gaussian diffusion (i.e., sensitized to microstructural

features).

Case study

The case study patient showed a strongly asymmetric left glucose
hypometabolism in the hippocampus (Figure 2a, arrowhead), in
the entorhinal cortex and in the temporal lobe (Figure 2a, arrow) as
detected by *F-FDG-PET. This glucose hypometabolism in the entire
left temporal lobe was associated with an asymmetrically lateralized
K decrease in the hippocampus and entorhinal cortex of the left
temporal lobe that was visible to the naked eye (Figure 2b). When
comparing histograms of K, maps for the segmented right and left
temporal lobes, the main peaﬁ of the histogram (representing WM with
elevated K, ) in the affected left temporal lobe (peak maximum at 54
pixels) was fower than in the right temporal lobe (peak maximum at 80
pixels) (Figure 2b’). Unlike Kupp (Figure 2b), the other diffusion indexes
ADCor D, (Figure 2c) did not show any evident asymmetric changes
in their images (Figure 2¢) or in their histogram (data not shown).
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Figure 2. Images of the PDAD patient case study:

b (right) d

a) F-FDG PET image (units: SUV, Standardized '*F-FDG Uptake Values) showing a lateral hypometabolism in left temporal lobe (arrow) and in left hippocampus (arrowhead).
b) Apparent kurtosis K, map showing kurtosis decrease in left temporal lobe (arrow) and in left hippocampus (arrowhead). In b’: Histograms of kurtosis K, images for affected left
temporal lobe and hippocampus (b’, red), more preserved right temporal lobe and hippocampus.

¢) D maps (um?/ms) obtained from DKI model;

app

d) ADC measures calculated by the MRI scanner.

Discussion

The following section discusses the results by separating the effects
of PDAD and aging. For the diffusion parameter K, the main finding
of the study was that a statistically significant K | ‘decrease was found
only in the temporal lobe WM of PDAD patlents (vs age-matched
controls) in a region typically affected by the disease, the temporal lobe.
This reproduces recent findings demonstrating that K is an efficient
marker of AD-related microstructural alterations in such anatomical
areas [12,13]. A significant decrease in K was also observed in
manually segmented temporal WM and the anterior corona radiata in
AD vs age-matched controls, whereas no changes were found in K in
segmented frontal WM [12]. DTI studies exploring WM structure have
confirmed that in AD, abnormalities in FA and MD occur mostly in
the posterior regions such as the parahippocampal gyrus, the anterior
temporal WM, the splenium of the corpus callosum and the posterior
cingulum [5-7,21,22].

On the other hand, the effect of aging was evidenced by a statistically
significant K~ decrease in the frontal WM of aged subjects. An age-
dependent K decrease has also been observed during normal human
brain aging in the frontal area, similar to findings reported in this work
[23]. DTI studies have confirmed that in normal aging, FA and MD
abnormalities occur in the frontal lobes [8,24], especially in the frontal
WM, in the anterior cingulum and in the genu of the corpus callosum
[21-22,24]. Therefore, our findings (concerning Kap P) that the effects
of PDAD are visible in temporal lobe and that the effects of aging are
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visible in the frontal lobe are in accordance with previous studies. Our
findings are very similar to those concerning the observed changes in
Kapp in WM of AD patients [12,13].

In AD studies, it is necessary to include as a validation the estimation
of the effect of macroscopic atrophy. A specific effect of tissue atrophy
in PDAD patients was detected as a significant decrease in the area of
WM relative to the total imaged brain volume (P<0.05, Table 1). This
strongly suggests that atrophy specifically caused by PDAD occurs in
the WM, or affects WM density, as also suggested by Figure 1, and also
by histograms in Figure 2. The indirect effects of atrophy caused by
PDAD and by age were marked essentially by an increase in the volume
segmented as CSF (P<0.05, P<0.01, respectively, Table 1).

A second internal validation of our results concerns the use of
an anatomical area as a reference. In the cerebellum, no Kw or DW
changes specific to PDAD or aging were detected. As motor control
is not specifically affected by aging or by PDAD, this reinforced our
hypothesis that the effects detected in the frontal and temporal lobes are
specific to aging and disease-related changes and are not false positives.

Conclusion

This pilot study shows that DKI has potential interest for studying
AD at the prodromal stage. Microstructural changes of an unknown
nature but specific to PDAD were detected by K in the temporal
lobe, a site where microstructural changes specific to PDAD are found.
The specificity of the K, parameter was related to its location in the
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temporal lobe, not to the change in the parameter itself, because the
effects of aging were found to be a similar K, decrease but located
in the frontal lobe of older subjects. K " might thus be an index to
discriminate the effects of PDAD and aging on the basis of location
(temporal lobe vs frontal lobe). The results also suggest that the K
decrease in PDAD might be more tightly linked to microscopic changes
than the increasesin D,

The case study results suggest that there might be a spatial
correlation between K and F-FDG-PET for assessing metabolic
disturbances potentially associated with microstructural damage in
PDAD. In particular, K , is inherently sensitive to microstructural
abnormalities like axonal properties and it may be spatially associated
with more conventional metabolic AD markers. Decreases in K
might reflect specific microstructural abnormalities in PDAD that
are potentially associated with glucose metabolic disturbances. One
hypothesisisthat K decreasesreflectaloss of the structural complexity
of WM. This could occur either by the lesser presence in AD brain of
the crossing of neuronal fibers or by partial axonal degeneration. These
two hypotheses can lead to the reported changes in diffusion properties
(Kw decreases). This axonal degeneration that occurs in PDAD is due to
the destructuring of the microtubular architecture of axons which results
from the hyperphosphorylation of tau proteins, and might be linked to the
K, decrease observed in WM of AD patients. The exact determinism that
makes DKI a microstructurally sensitive method of detection of the brain
lesions in AD patients now needs to be examined in a larger sample of
patients and with the help of multi-modal imaging methods.
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