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Abstract

We report the first application of a novel diffusion-based MRI method, called diffusional kurtosis
imaging (DKI), to investigate changes in brain tissue microstructure in patients with mild
cognitive impairment (MCI) and AD and in cognitively intact controls. The subject groups were
characterized and compared in terms of DKI-derived metrics for selected brain regions using
analysis of covariance with a Tukey multiple comparison correction. Receiver operating
characteristic (ROC) and binary logistic regression analyses were used to assess the utility of
regional diffusion measures, alone and in combination, to discriminate each pair of subject groups.
ROC analyses identified mean and radial kurtoses in the anterior corona radiata as the best
individual discriminators of MCI from controls, with the measures having an area under the ROC
curve (AUC) of 0.80 and 0.82, respectively. The next best discriminators of MCI from controls
were diffusivity and kurtosis (both mean and radial) in the prefrontal white matter (WM), with
each measure having an AUC between 0.77 and 0.79. Finally, the axial diffusivity in the
hippocampus was the best overall discriminator of MCI from AD, having an AUC of 0.90. These
preliminary results suggest that non-Gaussian diffusion MRI may be beneficial in the assessment
of microstructural tissue damage at the early stage of MCI and may be useful in developing
biomarkers for the clinical staging of AD.
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1. Introduction

Diffusion MRI imaging (dMRI) plays an important role in brain aging and dementia
research due to its sensitivity to tissue microstructure. In mild cognitive impairment (MCI)
and Alzheimer’s disease (AD), diffusion tensor imaging (DTI) has become an important tool
in the study of white matter (WM) alterations associated with disease status and progression.
To date, most studies have focused on the diffusion metrics of fractional anisotropy (FA) and
mean diffusivity (MD), but several recent studies have also employed measurements of axial
and radial diffusivity, showing that these parameters may relate more closely to the
underlying pathology and as such may be markers of disease progression [1-10]. Indeed, a
recent meta-analysis [9] of case-controlled studies of DT1 demonstrated an overall decrease
of FA and increase of MD in AD and MCI groups compared with controls. Despite the large
heterogeneity in the anatomy of the regions considered, these studies support the idea that
dMRI is a potentially sensitive neuroimaging technique for the detection of WM changes in
AD.

Even with these advances in characterizing WM changes with dMRI in normal aging, MCI
and AD, it is well recognized that DTI yields only a fraction of the information potentially
accessible by dMRI. This is mainly due to the fact that DTI is unable to quantify non-
Gaussian diffusion [11]. In the brain, non-Gaussian diffusion is known to be substantial [12]
and is believed to arise from diffusion barriers, such as cell membranes and organelles, as
well as water-containing compartments (both extracellular and intracellular) with differing
diffusion properties. Therefore, exploring non-Gaussian diffusion effects in AD could
potentially provide a better understanding of microstructural tissue changes associated with
disease pathology thereby improving our ability to evaluate disease progression.

Diffusional kurtosis imaging (DKI) is a minimal extension of DTI that enables the precise
quantification of the diffusional kurtosis, a measure of diffusional non-Gaussianity, which
naturally leads to metrics related to tissue microstructural complexity [13-16]. Aside from
providing all of the diffusion indices conventionally obtained with DTI, DKI also provides
the non-Gaussian metrics of mean kurtosis (MK) and axial (K;;) and radial (K ;) kurtosis.
These additional metrics can further help in our understanding of tissue microstructure. In
addition, it has been shown that the extra information provided by DKI can be used to
resolve intravoxel fiber crossings [15, 16], which is not possible with DTI. Although a
relatively new method, DKI is already yielding promising preliminary results for several
brain diseases including stroke [17-19], brain cancer [20,21], attention-deficit hyperactivity
disorder [22], traumatic brain injury [23,24], Huntington’s disease [25], epilepsy [26], as
well as normal aging [27].

This is the first study to investigate brain tissue microstructural integrity using DKI in a
cross-sectional investigation of both MCI and AD patients and in cognitively intact elderly
controls. Our hypothesis is that the kurtosis metrics may contribute additional information
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about brain tissue microstructure beyond that provided by conventional DTI parameters (i.e.,
FA and MD) and that this additional information may ultimately improve the
characterization of the brain tissue microstructural changes occurring prior to the onset of
clinically relevant cognitive deficits and cerebral atrophy.

2. Methods
2.1. Subjects

2.2. MRI

The protocol was approved by the Institutional Review Board of New York University
(NYU) School of Medicine and all subjects gave written informed consent before
participating in the study. All subjects were recruited from the Clinical Core of the NYU
Alzheimer’s disease Center. The control group (n = 16) fulfilled the following criteria: a) no
evidence for dementia or MCI and b) a Global Deterioration Scale (GDS) = 1-2 [28]. The
MCI group (n = 13) were defined as: a) mild memory impairment reported by the subject
and/or a reliable informant, b) objective evidence of memory impairment, based on
performance one standard deviation (SD) below the mean for age on Logical Memory Il of
the Wechsler Memory Scale [29], ¢) GDS = 3 (mild impairment), and d) insufficient
cognitive and functional impairment for a diagnosis of dementia. For the AD group (n = 13),
the diagnosis of probable AD was based on the criteria of Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition (DSM-/V) [30] and the National Institute of
Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease and Related
Disorders Association (NINCDS/ADRDA) [31]. Additional inclusion criteria were GDS =
4-5 (moderate to moderately severe impairment, mild to moderate dementia) [28] and the
absence of any medical, neurological, or psychiatric conditions that could account for the
symptoms of dementia. The mean (+/- SD) GDS scores for the control, MCI and AD groups
were 2.0 (+/-0), 3.0 (+/- 0) and 4.4 (+/- 0.8), respectively (Table 1).

Images were acquired on a 3 Tesla Trio MR system (Siemens Medical Solutions, Erlangen,
Germany). DKI experiments were performed using a twice-refocused spin-echo echo-planar
imaging (EPI) diffusion sequence with a total of 30 different diffusion encoding directions.
For each direction, six b-values (b = 0, 500, 1000, 1500, 2000, 2500 s/mm?) were acquired.
Other imaging parameters were: TR = 2300 ms, TE = 109 ms, FOV = 256 x 256 mm?,
matrix = 128 x 128, parallel imaging (GRAPPA) factor of 2, number of averages = 2, 15
oblique axial slices to cover the frontal and temporal regions, slice thickness =2 mm, gap =
2 mm, voxel size = 2 x 2 x 2 mm3. The scan duration for DKI was 11 min and 57 s. For
anatomical reference and image segmentation, a 3D T1-weighted image was also acquired
using a magnetization prepared rapid acquisition of gradient echoes (MPRAGE) sequence
with the following parameters: TR = 2100 ms, Tl = 1100 ms, shot spacing = 8.5 ms, TE =
3.9ms, FOV = 256 x 192 mm?2, matrix = 256 x 192, parallel imaging factor of 2, 160 slices,
slice thickness = 1 mm, scan duration = 3 min and 47 s. Additionally, we acquired a non-EPI
T2-weighted image with the same matrix, slice location and thickness as for DKI but with a
TE =80 ms, which was used during the image registration process.
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2.3. DKI post-processing

All raw diffusion images were inspected for bulk motion artifacts and corrupted images were
excluded from post-processing. DKI post-processing was performed using in-house software
based on methods previously published (http://www.nitrc.org/projects/dke) [32]. The
software generates the parametric maps of mean diffusivity (MD), axial diffusivity (Dy),
radial diffusivity (D), fractional anisotropy (FA), mean kurtosis (MK), axial kurtosis (K;),
and radial kurtosis (K ). All of these are estimated from the diffusion and kurtosis tensors
[32]. The MD corresponds to the diffusion coefficient averaged over all possible diffusion
directions, whereas Dy is the diffusion coefficient in the direction of the principal diffusion
tensor eigenvector and D | is the diffusion coefficient averaged over all diffusion directions
perpendicular to the principal diffusion tensor eigenvector. The additional diffusion metrics
of MK, K and K, are the kurtosis analogs of the MD, Dy and D [32] that quantify the
diffusional non-Gaussianity. It is worth noting that, due to the inclusion of non-Gaussian
effects, the DKI-derived estimates of the diffusion indices (MD, Dy and D ) will generally
be more accurate than those obtained with conventional DTI [33]. For post-processing,
diffusion-weighted images were spatially aligned with a 6-parameter rigid-body
transformation to correct for head motion. Images were then spatially smoothed using a
Gaussian filter with an in-plane full width at half maximum of 2.5 mm. Finally, the
diffusivity and kurtosis parametric maps were generated by fitting the DKI model to the
diffusion signal measurements [16,32] for each voxel.

2.4. Image analysis

Manually drawn and automatically generated regions-of-interest (ROIs) (Fig. 1) were used
to compare the diffusion metrics between subject groups. Manual ROIs were created using
MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron). All registration and
distortion correction steps were performed using Automatic Registration Toolbox (ART)
[34]. Gray and white matter segmentation was performed using SPM5 (Wellcome Trust
Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm). The prefrontal
cortex, temporal lobe and hippocampus (H) ROIs were manually defined on the MPRAGE
image of each subject following anatomical protocols reported in the literature [35-38]. The
prefrontal cortex and temporal lobe ROIs were automatically segmented into white and gray
matter compartments, and segmented prefrontal (sSPF-WM) and temporal (sTMP-WM) WM
ROIs were obtained. Additionally, localized prefrontal oval (PFo) and temporal oval (TMPo)
WM ROIs were manually drawn on individual MPRAGE images. The hippocampus ROI
was traced slice-by-slice using MRIcron, which allows for displaying each brain slice in
three views (axial, sagittal and coronal), according to protocols reported in the literature
[37,38], slightly modified. The coronal and sagittal views were used to define anterior,
posterior, superior and inferior boundaries, respectively. The hippocampus ROI was defined
with the following boundaries: a) the most anterior slice was limited by the uncal recessus of
the temporal horn of the lateral ventricle and the amygdale, having the alveus as a landmark
used for differentiation of the amygdala and hippocampus on the coronal plane; b) the
posterior border of the hippocampus was defined as the slice before the complete
disappearance of the hippocampal gray matter, which almost always was at the level where
the splenium fused with the fornix. Additionally, the alveus was the superior border and the
WM of the parahippocampal gyrus was the inferior border. ROIs for the genu of the corpus
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callosum (gCC) and the anterior corona radiata (ACR) were drawn in the space of an
MPRAGE template and were transformed back to the original MPRAGE coordinates of each
subject for extraction of diffusion metrics. The MPRAGE template was created by spatially
normalizing all MPRAGE images to the MPRAGE image of a healthy control with median
cohort age, and averaging all normalized images. All ROIs (drawn in native or template
space) were verified in native space by a neuropathologist (MFF) to ensure correct
anatomical location and to avoid contamination of unintended tissue or cerebrospinal fluid
(CSF). The volume of the hippocampus was determined from the manually drawn
hippocampal ROI. The intracranial volume (ICV) was determined from the MPRAGE image
after skull stripping with Brain Extraction Tool [39]. Hippocampal volumes are represented
as a fraction of ICV (see Table 1). The diffusion parametric maps of each subject were
spatially aligned to the subject’s MPRAGE space using a nonlinear transformation between
the subject’s b = 0 and T2-weighted images combined with a rigid-body transformation
between the subject’s T2-weighted and MPRAGE images. Finally, the average regional
diffusion values were obtained from the voxels within each ROI. To minimize the effect of
CSF contamination, all voxels with MD > 2 pm?/ms were excluded from the ROIs before
obtaining the diffusion values.

2.5. Statistical analysis

3. Results

The subject groups were compared in terms of demographic factors (e.g., age, gender,
education). Chi-square analysis was used for gender comparison, and Tukey post hoc
corrected analysis of variance was used for age, education, GDS and MMSE scores and
hippocampus volume. Analysis of covariance (ANCOVA) was used to compare subject
groups in terms of each regional diffusion measure. A separate analysis was conducted for
each measure within each region. In each case, the regional measure was the dependent
variable and the model included age as a humeric factor and group membership as a
classification factor. The error variance was allowed to differ across subject groups to avoid
the unnecessary assumption of variance homogeneity. P-values for group comparisons were
adjusted for multiple comparisons using a Tukey honestly significant difference correction.
Receiver operating characteristic (ROC) and binary logistic regression analyses were used to
assess the diagnostic utility of regional diffusion measures, alone and in combination, to
discriminate each pair of subject groups. All reported p-values are two-sided with
significance defined as p < 0.05. SAS 9.3 (SAS Institute, Cary, NC) was used for all
computations.

As shown in Table 1, there were no significant differences in age, gender or education level
between all three patient groups. As expected, there were significant differences in GDS and
MMSE scores for MCI and AD groups compared with control group. There was also a
significant volume reduction in the hippocampus of the AD patients.

Fig. 2 shows the means (+/-SD) of the diffusivity metrics for the three groups (control, MCI
and AD) for each ROI,; it also indicates the indices that were found to be statistically
significant after Tukey’s multiple comparison correction. Relative to the control group, AD
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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 were the mean, axial and radial diffusivity values 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.

Fig. 3 shows the means (+/— SD) of the kurtosis metrics for the three groups (control, MCI
and AD) for each ROI, with the indices that were found to be statistically significant after
Tukey’s multiple comparison correction. Relative to the C group, AD patients showed
significant mean kurtosis and radial kurtosis decrease in the ACR, TMPo, sSTMP-WM and
gCC. Radial kurtosis was also decreased in the sSPF-WM; axial kurtosis was only decreased
in the ACR. When comparing C and MCI groups, we observed decreased mean kurtosis and
radial kurtosis in the PFo, and a decrease of all kurtosis metrics (MK, Kj and K_) in the
ACR.

ROC analysis identified axial diffusivity in the hippocampus as the best overall discriminator
of AD from MCI with an area under the ROC curve (AUC) of 0.90. The logistic regression
analysis failed to identify any set of two or more regional diffusion measures that were
significant independent discriminators of MCI from AD. Additionally, ROC analyses (Table
2) identified mean and radial kurtosis in the ACR as the best individual discriminators of
MCI from controls, with the measures having an AUC of 0.80 and 0.82, respectively. The
ROC analysis identified mean kurtosis, radial kurtosis, mean diffusion and radial diffusion in
the PFo region as the next best discriminators of MCI from controls, with each measure
having an AUC between 0.77 to 0.78.

4. Discussion

Several studies have demonstrated regional increased rates of cerebral atrophy several years
before elderly people reach the stage known as MCI [40,41]. While these observations are
consistent with the presence of prodromal AD, the mechanism(s) responsible are still poorly
understood. More important, the differentiation of normal elderly from patients with MCI
appears to be the most challenging task. Very little has been published about the diagnostic
utility of dMRI in distinguishing patients with MCI from cognitively normal subjects
[42,43]. We hypothesize that alterations of brain tissue microstructure may be evident prior
to the onset of cerebral atrophy and clinically relevant cognitive deficits. Our results provide
evidence that diffusion differences, represented by significant changes in the mean, axial and
radial kurtosis and radial diffusivity in the ACR and changes in the mean and radial kurtosis
and mean and radial diffusivity in the PFo, are capable of discriminating controls from MCI
patients, a stage where atrophy is not yet predominant. At this early stage, these diffusion
differences may reflect fundamental alterations in myelin integrity, relatively independent of
the Wallerian degeneration from neuronal loss that causes the neurodegenerative process,
which is in accordance with the mechanism outlined by Bartzokis [44].
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Interestingly, all diffusional kurtosis metrics from our data showed significant changes in the
ACR, differentiating elderly controls from both MCI and AD. Radial diffusivity also showed
significant changes in the ACR, but the kurtosis metrics were the best individual
discriminators of controls from MCI. ACR is a major WM fiber bundle [45], and DTI
studies have found that the WM integrity in the left ACR is associated with the executive
function [46]. Additionally, DTI parameter changes in this WM tract have been described
and associated with cognitive deficits, including impaired information processing speed [47]
that occurs with aging and in vascular cognitive impairment [48,49]. To our knowledge,
there are limited dMRI studies that have previously mentioned ACR as a WM tract affected
in MClI and AD [7,50]. Additionally, in AD, the degree of atrophy in periventricular
structures such as corona radiata is associated with cognitive impairment based on MMSE
scores [51].

Previous studies utilizing DTI have reported brain tissue microstructural changes,
predominantly WM damage, in AD and MCI subjects [3-10]. Our findings agree with these
previous observations demonstrating significant increases in diffusivity in AD; these
diffusivity changes have little anatomical specificity, and they are possibly related to the
combination of axonal loss and myelin damage. In our study, however, axial diffusivity in
the hippocampus was identified as the best overall discriminator of AD from MCI. This
diffusivity change may be a more specific metric for disease progression representing axonal
damage, or may potentially be a result of CSF partial volume in a region that presents with a
severe degree of atrophy in AD patients. Indeed, our data did reveal a significant (p < 0.05)
volume reduction in the hippocampus for AD relative to controls and MCI, but not for MCI
relative to controls. In comparison to the diffusivities, the kurtosis metrics are less sensitive
to CSF partial volume [52] and were not significantly different in the hippocampus for the
MCI and AD groups.

It is noteworthy that, while our AD patients showed a trend towards reduced fractional
anisotropy in all WM regions examined and in the hippocampus, we did not find significant
differences in fractional anisotropy between the two groups as previously reported
[4,5,10,51,53]. This may be due to the variance in mean fractional anisotropy across the
control group, which is an age-related characteristic, methodological difference between
DTI and DKI acquisition and processing parameters and/or the influence of partial volume
effects mentioned above.

Finally, an important consideration for imaging studies of AD patients is the time necessary
to acquire the data, which should be kept to a minimum. In this respect, DKI is currently the
only method that allows for precise quantification of diffusional non-Gaussianity and that
can be performed on any clinical MR system with scan duration on the order of several
minutes. It should be noted that we have recently reported a whole-brain DKI acquisition
protocol that can be performed in approximately 7 minutes [16].

The quantitative diffusion metrics derived from DKI may play an important role in assessing
changes in WM characteristics commonly found in a range of neurodegenerative diseases.
The present study demonstrates that these metrics may be an early marker of WM alterations
during AD pathology progression.
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5. Limitations

Some limitations of the present study should be noted. First, replication of the DKI method
in a larger sample is needed. Second, this work was performed using an early version of our
DKI protocol that did not cover the whole brain. Finally, due to our limited sample size,
WM hyperintensities were not included as a covariant in our analysis.

6. Conclusion

In summary, the present study demonstrates, for the first time, the ability to characterize
tissue microstructural changes in MCI and AD patients based upon the assessment of non-
Gaussian brain water diffusion, and it suggests that kurtosis parameters are useful additions
to other diffusion measurements that may help to establish reliable biomarkers for AD
diagnosis and progression. The possibility of assessing the clinical status of subjects at a
single point in time represents a promising approach toward developing an efficient method
for earlier disease detection and differentiation throughout the progression of AD. Future
longitudinal studies should examine whether DKI measures of WM integrity can effectively
identify MCI patients at high risk of progressing to dementia.
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Fig. 1.

Dlg<l acquisition slab and regions of interest (ROIs). ROIs: Segmented prefrontal white
matter (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).
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Fig. 2.

Mzans (+/- s.d.) for diffusivity metrics in each ROI, for each study group. Indices that were
found to be statistically significant after Tukey’s multiple comparison correction
(significance defined as p < 0.05) are labeled with *. All diffusion coefficient metrics (MD,
Dy and D) were statistically different between C and AD groups for all ROIs. No statistical
significant FA differences for any ROIs. ROIls: segmented prefrontal white matter (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). C = Controls; MCI = mild cognitive impairment; AD = Alzheimer’s
disease.
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Fig. 3.
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Means (+/- s.d.) for kurtosis metrics in each ROI, for each study group. Indices that were

found to be statistically significant after Tukey’s multiple comparison correction

(significance defined as p < 0.05) are labeled with *. ROIs: segmented prefrontal white

matter (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). C = controls; MCI = mild cognitive impairment; AD =

Alzheimer’s disease.
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Table 1

Demographic and hippocampus volume summary.

C(h=16) MCI(n=13) AD(n=13)

Age (years) 71676 73.5+10.0 75.0+74
Gender (male/female) 5/11 8/5 5/8

Education (years) 16.4+2.6 16.8+2.2 16.4+2.6
GDS 2+0 3+0& 4.4 +0.8&**
MMSE 29.6+0.8 28815 19.8 + 7.3&**

Hippocampus volume (fraction of ICV)  0.30+0.06 0.31+0.07 0.24 £ 0.05&**

Mean + standard deviation; C = controls; MCI = mild cognitive impairment; AD = Alzheimer’s disease; GDS = geriatric depression scale; MMSE
= mini mental state exam; ICV = Intracranial volume. Significantly different (&p < 0.001 vs. C), (**p < 0.001 vs. MClI).
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Area under the receiver operating characteristic curve (AUC) for discrimination of patients with mild cognitive

impairment (MCI) from controls (C).

Region Metric AUC P-value
ACR MK 0.80 0.035
ACR Ky 0.82  0.027
PFo MD 0.77 0.044
PFo D, 0.74  0.050
PFo MK 0.78  0.039
PFo K 0.78  0.037

Metrics: MD = mean diffusion; D_| = radial diffusion; MK = mean kurtosis; K_| = radial kurtosis; ROIls: anterior corona radiata (ACR); prefrontal
oval (PFo). AUC (area under the curve).
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