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ABSTRACT

We have used MR DTI to identify relevant brain structures involved in visuospatial processing, in an attempt to link
perceptual and attentional impairments to WM changes in Alzheimer’s disease (AD) patients. Correlation of DTI
measured parameters with results of several neuropsychological tests will be reported here. Several issues related to
quantitation of DTI parameters in ROI analysis are addressed. In spite of only a small number of subjects were studied
so far, we found not only that AD patients showed significant decrease of white matter (WM) integrity in corpus
callosum (CC), most prominent at the posterior portion, but also found significant correlations between the DTI
parameters and scores from several neuropsychological tests. Our preliminary results suggest that DT help to improve
the overall accuracy rate in distinguishing between early AD onset and age-related functional decline, and potentially
may improve efficiency in differentiating between different types of dementia.
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1. INTRODUCTION

Alzheimer's disease (AD), a neurodegenerative disorder associated with progressive functional decline, is initially
diagnosed as a memory disorder accompanied by attentional and perceptual deficits '*. The perceptual deficits
associated with AD include impaired visual motion processing with elevated thresholds for optic flow, the patterned
visual motion seen during an observer self-movement *”. In a recent study we demonstrated that the perceptual
impairments observed in AD are linked to temporal constraints on visual attention revealed in rapid serial visual
presentations (RSVP) °. Based on the RSVP performance of AD patients, we have developed a two-stage concurrent
inhibition model of visual perception, the central feature of which is a memory mechanism providing feedback control
of input to category specific perceptual processors. This model predicts that an important source of impairment in
visual processing is compromised feedback connections from the memory system to the initial perceptual processors.
According to our two-stage concurrent inhibition model, we predict sub cortical white matter (WM) alterations at the
prefrontal and posterior parietal areas (WM immediately beneath cortex) are related to AD. We also predict that the
integrity of WM fibers connecting the prefrontal and posterior parietal cortex (superior longitudinal fasciculus) as well
as fibers connecting the two cerebral hemispheres (corpus callosum - CC) may be compromised in AD. In addition, it is
hypothesized that the WM fibers of the main afferent/efferent hippocampal tract (cingulum) projecting from and to the
cortex are also impaired.

Neurobiologically the hallmarks of AD pathology are amyloid plaques and neurofibrillary tangles which ultimately lead
to neuronal loss. Neuronal loss translates to gray matter (synaptic loss) and white matter shrinkage (axonal loss). In the
WM, AD neuropathology is associated with decreased volume, most evident in the decrease in size of the corpus
callosum (CC) . Previous MR imaging measures (volumetric) describe changes in anatomy only. Recently, it has
been demonstrated that diffusion tensor imaging (DTI) can be used as a reliable method for identification of WM tracts
and for mapping connectivity between cortical regions '*'%. One of the most widely used DTI measures is fractional
anisotropy (F4). FA is a physical measure of microscopic motion of water at each image location. Reductions in F4
values in the WM have been identified with degradation of axonal integrity and a loss of cortical connections.

Soon after its advent, DTI was used for investigations of WM changes in AD ", Rose et al. * showed for the first
time that AD patients had significant reduction in anisotropy of WM fiber tracts, such as superior longitudinal



fasciculus, cingulum, and splenium of CC. They also showed significant correlation between lattice index values of
splenium and MMSE scores. These findings were replicated by Takashi et al. * who in AD patients found decreased
WM FA in the posterior part of the CC, temporal lobe, and cingulum. They observed the most robust decrease in WM
at the cingulum, particularly at the posterior cingulum. This finding is supported by a more recent report which showed
that the earliest changes in AD are found in the posterior cingulate cortex rather than in the hippocampus '*. These
initial reports about impaired WM tracts in AD partially correspond to our predictions based on a two-stage concurrent
inhibition model, and provide motivation for us to pursue a DTI study, aiming at quantitative analysis of DTI
parameters and correlation to several neuropsychological tests in AD patients.

Here we present our initial findings obtained with DTI in AD patients and age-matched controls for the CC alone and
how the integrity of WM correlates with performance on some neuropsychological tests. There are two main reasons
that we initially investigated integrity of WM in the CC: firstly, CC is the most prominent WM structure in the brain
and also the easiest to identify and measure in MRI. Secondly, CC is implicated to be a region of interest (ROI) not only
from the perspective of our model, but also because some researchers have conceptualized AD as a disconnection
syndrome. The neuroanatomical loss of connectivity in AD has been supported by imaging studies that reported a
significant loss in CC volume '*'*. Longitudinal studies found that AD patients showed significantly greater rates of
CC atrophy than age-matched controls '*'*?°. Above cited studies reported an overall decline in WM associated with
advanced age, but the rate of decline was greater in AD patients. In addition, there is some behavioral evidence that AD
patients are impaired in tasks which require cross-callosal communication *'.

2. NEUROPSYCHOLOGICAL TESTS AND IMAGING PROTOCOL

2.1 Subject Groups

We studied 5 Alzheimer’s Disease (AD) patients without ophthalmological or other neurological disorders (age 70-85,
mean 75.8), and 11 age-matched normal (ON) control subjects (age 63-91, mean 77.9). All had normal, or corrected to
normal, visual acuity and contrast sensitivity. Five AD subjects were recruited from the clinical programs of the
University of Rochester Alzheimer’s Disease Center with probable AD by NINDS criteria **. The ON subjects were
recruited from programs for the healthy elderly or were the spouses of AD subjects (see Table 1 for detailed
information). Informed consent was obtained from all subjects before their participation. All procedures were approved
by the University of Rochester Human Subject Review Board and complied with the Declaration of Helsinki.

2.2 Neuropsychological evaluation
Neuropsychological tests for evaluation of basic cognitive capacities included:

(1) Mini-Mental Status Examination (MMSE) ** was used as a measure of overall impairment in dementia. The
test is comprised of a restricted set of short cognitive tests that includes: a test for time and location orientation,
registration, naming, figure coping, attention and recall. Maximal score is 30. Normal performance scores
range from 27 — 30; mild impairment scores range from 20 - 27.

(2) The Road Map test ** was used to assess topographic orientation on a simulated route. The test consists of a
map of a city. The subject must follow the rout at the experimenter's prompts to turn left or right at each
intersection. The performance is expressed in terms of correct turns, with a maximum score of 32.

(3) Verbal Paired Associates test from the Wechsler Memory scale *° was used to assess immediate and delayed
verbal memory. The test contains 8 word pairs half of which form "easy" associations (e.g., baby - cries) and
the other half form "hard" associations (e.g., cabbage - pen). The list of word pairs is read at least 3 times or as
many as needed for an errorless score (up to 6 reading). Following each reading there is a memory test (i.e.,
recall). The subject has to recall the word from the missing word pair after being presented with the other
word. Maximum score is 24.

(4) Delayed Memory test from the Wechsler Memory scale »* was used to assess delayed verbal memory. After 20
minutes delay, the subject is once again tested for recall on word pairs. Maximum score is 8.

(5) Figural Memory test from the Wechsler Memory scale * was used to assess immediate visual recognition. The
test is made up of 4 trials, each with one to three abstract rectangular designs. After the subject has been
shown the target designs for 5 seconds per design, the design is removed and the subject must identify them
from an array of similar designs. Maximum score is 10.



(6) The Category Name Retrieval test was used to assess memory retrieval and cognitive flexibility. In this test the
subject must name as many animals as possible within 60 seconds. The test is open-ended, with a score below
12 indicative of memory impairment.

(7) The Judgment of Line Orientation test *° was used to test the ability to judge angular relationships between line
segments by visually matching angled line pairs with 11 numbered lines arranged in a semicircle. The test
consists of 30 items, each showing a different pair of angled lines to be matched to the sample.

(8) The Facial Recognition *® test was used to assess visuospatial processing without involving mnemonic
processes. The subject matches identical faces from the front view with faces presented in side views, three-
quarter views, and front views taken under different lighting conditions. There are 52 matches in total.

Total time for all neuropsychological tests was under 60 min.

2.3 MR imaging protocol
All MR examinations were performed on a GE Signa 1.5 T MR scanner with echo-speed gradients and LX9.1 software.
A quadrature head coil was used for all acquisition. All subjects were scanned with the following pulse sequences:

(1) A three-orientation scout imaging T1W sequence for localization;

(2) 3D Coronal fast SPGR sequence for whole brain anatomy and co-registration with DTI, with variable
bandwidth and enhanced dynamic range, TR/TE/FA=19/min/25, 256x256 matrix size, slice thickness=1.2mm,
FOV=24cm, loc/slab=128;

(3) Whole brain isotropic DTI imaging in coronal orientation, with a single-shot pulsed-gradient spin-echo echo-
planar sequence and the following parameters: TR/TE = 4000/116 ms, matrix size = 128x128, FOV =24 cm,
thickness=3.5mm, with 2 repetitions in each diffusion orientation. Diffusion weighting was applied in 20
different orientations with gradient b value = 0 and 1000 s/mm®. Images cover anatomic structures including
the sub cortical WM in the bilateral, frontal and posterioparietal areas, bilateral fronto-posterioparietal superior
bundles, bilateral anterior and posterior cingulum, and the anterior (genu) and posterior (splenium) portion of
CC.

(4) Brain coronal DTI imaging, with similar pulse sequence as in (3), but only cover selected brain regions
(antierior, middle, and posterior CC). Diffusion weighting was applied in 30 different orientations with
gradient b value = 0 and 1000 s/mm?;

(5) Coronal FLAIR images of the same locations as in (2), resulting in high resolution T2W images with well
defined GM/WM differentiation and fine structures.

Total scanning time was under 45 min.

3. IMAGE AND STATISTICAL ANALYSES

3.1 Image measurements

Images from DTI acquisition were processed on PCs for tensor calculations, including diffusion eigenvalues and
eigenvectors, from which fractional anisotropy (FA) maps were created. Color WM track directional map based on FA
values were also generated. These steps of processing were performed by using the VOLUME-ONE software provided
by the VOLUME-ONE developer group and available on the Internet (http:/www.volume-one.org).

The output from the above processing was further analyzed. As a first step in the quantitative analysis of these images,
regions of interest (ROIs) analysis was performed and results are reported in this article. ROIs consisting of certain
numbers of pixels were placed in the selected regions (such as corpus callosum (CC), cingulum, and cortical WM),
statistical distributions of relevant DTI parameters were collected, and the results were tabulated for all subjects for
further analysis. The processing codes are written in Matlab (Mathworks, Natick, MA). More details of these analyses
are given below.

Definitions of DTI parameters
For each diffusion-weighted image, signal intensity can be related to apparent diffusion coefficient (4DC) along a
particular spatial orientation by



http://www.volume-one.org/

S, =S, exp(—bﬁADCij )

where S, and Sl.j represent the image intensity with no gradients (5=0) or with gradient applied along the orientation of

bl.j , and b is the gradient factor. For all the measurements in this study, » = 1000 s/mm” was used.

For all diffusion-weighted images, the general diffusion tensor was first diagonalized, and the yielded scalars invariants
of the tensor, including the eigenvalues A, A,, and A; were derived for every image pixel. As index of degree of
anisotropy, we used fractional anisotropy (FA4, dimensionless, ranging from 0.0 for perfectly isotropic diffusion, to 1.0
for perfectly anisotropic diffusion), which is defined as

T T
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where <D> is the average of the trace of the diffusion tensor D:

<D>:%Tr(D):%(ﬂf LR+ R)

ROI analysis

We have developed a series of Matlab codes with graphic user interfaces (GUIs), which loads a complete set of image
data, and interpolates so that isotropic 3D images of DWI, and ADC and F'4 maps can be displayed in all 3 orientations
(AP/LR/SI). GUIs are provided so that a user can select ROIs of pre-defined (rectangular or circular) or arbitrary shapes
and sizes. Histograms of relevant DTI parameters (ADC, FA, eigenvalues) are then calculated in the accumulated ROIs
(single or multiple regions).

Since CC is surrounded by cerebrospinal fluid (CSF), which is essentially “pure water” and has very high ADC and very
low FA values, contamination of CSF into WM ROIs can severely skew the results of ADC and FA calculations.
Therefore, three levels of handling of ROI data are built into the processing codes to evaluate the CSF effects: without
any filter; with a low-pass filter to eliminate contributions of CSF pixels to ADC values in the selected ROIs based on
the measured ADC value for CSF; and a low-pass filter of ADC based on a fixed value, to eliminate possible
contaminations due to partial volume effects in pixels with mixture of CSF/tissue. Distributions of ADC and F4 values
of the remaining pixels are then calculated. A threshold value of ADC = 1.7 is empirically determined. Effects of these
filters are demonstrated in Fig. 1. It can be seen that along three levels of filtering, mean ADC values decrease, and
mean F'4 values increase, while the mean values come closer to the median values of ADC or FA, which indicate that
they are approaching a normal distribution. Moreover, acquisitions with both thin (3.5 mm) and thick (7 mm) slices for
images introduce minimum partial volume effect.
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3.2 Statistical correlation of DTT and neuropsychological tests

Fig. 1. GUI for statistical calculations
in selected ROIs, with CC selected in
the posterior section. Histograms
below the GUI are for F4 and ADC
from measurements without any filter
(top), with pixels of ADC values equal
to or less than what is measured for
CSF (middle), and with pixels of ADC
values less than a fixed threshold
(=1.7). The table below summarizes
results from these histograms with two
acquisition protocols.

For each parameter, the one in the first
row below is meanzstd, and the one in
the second row is mediantvariance.

Slice thick = 3.5mm:

Filter ADC FA

No 1.37+0.86 0.577+0.232
1.02+0.74 0.618+0.054

CSF 1.260.62 0.605+0.210
1.00£0.39 0.639+0.044

Fixed 1.01+0.22 0.665+0.172

0.954+0.52 0.696+0.030

Slice thickness=7mm:

Filter ADC FA

No 1.46+0.89 0.580+0.218
1.06£0.80 0.603+0.048

CSF 1.3240.66 0.597+0.206
1.04+0.44 0.619+0.042

Fixed 1.03+0.24 0.654+0.176

0.97+0.05 0.677+0.031

Due to the small sample size and potential violation of assumption of normality, nonparametric tests were used: the
Mann-Whitney test for evaluation of differences between AD and ON group, and the Spearman's rank correlation
coefficient for evaluation of association between DTI measures and performance scores on neuropsychological tests.



4. RESULTS

In this article, only results from ROI analysis in the CC will be reported. Examples of F4 color maps and definitions of
ROIs in anterior, middle, and posterior portions of CC are shown in Fig. 2.

Fig. 2. T2-weighted sagittal anatomical image (below), and colored directional FA maps (top) for a control subject, covering the
anterior (left), middle (middle) and posterior (right) portion of corpus callosum. These areas are outlined white lines. ROI
measurements are from pixels similarly defined in 4 —5 adjacent slices in each portion of CC.

4.1 DTI measurements

Despite a small sample size in the study, the results indicate that there is a statistically significant difference between
AD patients and age-matched controls. The mean F4 values for the three regions of the CC, obtained with 5 AD
patients and 11 age-matched controls, are presented in Fig 3 (a), and the mean ADC values are presented in Fig 3 (b).
On both measures, AD patients showed significantly different values than age-matched controls: marginally smaller 4
values at the anterior (p = .07) and significantly smaller F4 at the posterior CC (p = .004); greater ADC values at the
posterior CC (p = .02). Note also that the DTI measures differed significantly between the three sites for both groups:
the highest average FA value was obtained from the middle section of the CC, followed by anterior section of CC, and
the lowest F'4 value from the posterior section of CC. The trend was the reverse for ADC: the highest average ADC was
obtained at the posterior section of CC, followed by anterior section, and the lowest from the middle section of CC.
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Fig 3 (a). Mean FA values at anterior, middle, and posterior sites of the corpus callosum (CC); (b) Mean ADC values at anterior,
middle, and posterior sites of the corpus callosum (CC). Asterisk * indicates a statistically significant difference (p <0.05) among the

two groups.

4.2 Association between DTI measures and performance on neuropsychological test

The mean age and mean scores on 8
neuropsychological tests are presented in the Table
on the left.

AD patients do not differ from ON in age, but their
performance is significantly lower in all
neuropsychological tests, except the Facial
Recognition test. Thus, the performance profile on
the neuropsychological test additionally confirms
that our AD patients fit the profile of cognitive
impairments due to Alzheimer's disease.

Results did not reveal any significant correlations
between DTI measures and performance score for ON.
However, ON showed a high correlation between age
and FA values only from the posterior CC (r=.78, p =
.005), whereas AD did not show any correlation (Fig 4).

Fig. 4. Scatter plot diagram illustrating the relationship
between FA values in the posterior CC and age in controls.

For AD patients, on the other hand, there were
statistically significant correlations between FA and

GROUP
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ADC values and performance on several neuropsychological tests indicating that a better performance on the test was
correlated with higher integrity of white matter. The AD group showed a significant correlation between FA from the
anterior CC and Figural Memory (r = .89, p =.04) (Fig. 5 a) and between FA from the middle CC and the Judgement of
Line Orientation test (r =.99, p = .001) (Fig. 5b). ADC from the middle CC significantly correlated with the score on
the Face Recognition test (r =-.87, p = .05).
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Fig. 5. Scatter plot diagram illustrating the relationship between F4 values from anterior CC and scores on Figural Memory test (a),
and between FA4 values from middle CC and scores on Line Orientation test (b).

5. DISCUSSION AND CONCLUSIONS

The main observations of this study are: (1) WM integrity of the posterior CC, as measured by F4 and ADC,
significantly decrease with age in ON; (2) Early stage AD patients have decreased integrity of WM in the CC, beyond
what is related to normal aging. It is most evident in the splenium and to the lesser degree in the genu, but not in the
body of CC; (3) Decreased integrity of WM in AD is associated with decreased performance in some
neuropsychological test, particularly in those measuring visuospatial capacities. Before discussing these results in more
detail, it is pertinent to address some methodological and technical aspects of this study.

Technical aspects
We have shown that with low-pass ADC filters of different level, contaminations of CSF pixels or partial CSF/tissue

pixels can be effectively minimized for ROI analyses. The effectiveness of the method was demonstrated by
approaching the normal distributions with more filtering, and a minimal difference between results from thin-slice and
thick-slice images. This step is important because CSF has much higher ADC and much lower F4 values, and it would
severely skew the distribution of these values in tissues even when only a few pixels were included in the ROI for
calculation. Results of these analyses allow us to separate true pathological ADC increase/FA decrease related to AD
from possible contaminations of CSF, and obtain tight correlations between the DTI and neuropsychological
measurements with a small number of subjects. To further address issues of atrophy and vascular mild cognitive
impairment (MCI), we will use acquired FLAIR and 3D SPGR images to segment brain tissue types, and use the
segmented images for analyzing changes in DTI parameters in different regions.



There have been studies showing that the principal eigenvalues of diffusion tensor may provide additional information
about neuron degeneration *’ in complement to the FA values. Co-registration of DTI with other images and selection of
ROIs based on the segmented high-resolution images may prove to be more accurate. The relevance and usefulness of
the methods for image co-registration and transformation to the standard coordination system (such as Talairach) are
also under evaluation **. Evaluations of these issues are in progress in our research labs.

Aging aspects

29-30,19,31-32
Several researchers

reported decreased integrity of WM with advanced age. O’Sulilvan et al."” found

9,31-

decreased FA in the prefrontal region. Other groups 29.31-32 reported decreased F4 values only in the anterior portion of

CC while Nusbaum et al. *° found FA reduction in both the anterior and posterior portions of the CC. Our findings

partially agree with those of Nusbaum et al. 30 There are several possible sources of discrepancies between the studies,
ranging from the definition of the ROIs, to scanning procedure, and subject age range. It may also relate to details in
quantitiation (such as issues discussed above). The tentative explanation for the decline in WM integrity with advanced
age may reflect mild structural changes associated with normal aging 3¢ postmortem histological analyses have also
indicated a loss of myelinated fibers in normal aging. Decreased integrity of WM in splenium may be related either to
anatomical features of the splenium (i.e., greater number of larger diameter myelinated fibers in the splenium than in the
body of CC; ref 33) or to the aging process (i.e., greater decrease in FA in the splenium than in other parts of CC; ref
34).

Clinical aspect of AD

Similar to this study, significant reductions in FA values in the posterior CC in AD patients have been previously
observed by other researchers > Reductions in the FA values suggest either a reduction in number of axons,
degeneration of myelin tissue, or changes in axonal processes. It has been demonstrated that AD causes partial myelin
loss, and loss of axons and oligodendroglial cells accompanied by a mild reactive astrogliosis 37 These WM changes
occur independently of gray matter processes. The decrease in FA values and the corresponding increase in ADC in AD
could reflect a primary disintegration of myelin and impairments in axonal flow or being a secondary effect due to
neuronal death and subsequent axonal degeneration. The decrease in FA in the posterior portion of the CC most likely
reflects the spread of AD neuropathology. This progresses from the medial temporal structures (e.g., from entorhinal
cortex to hippocampus) to the temporal cortex, followed by the posterior parietal areas and, to a varying degree the

prefrontal cortex

To our knowledge, this is the first report demonstrating that disintegration of WM suggested by the reduced F4 values
in CC in mildly impaired AD patients is significantly correlated with a degraded performance on standard
neuropsychological tests. This association was most remarkable for tests measuring visuospatial capacity and changes in
the anterior and middle portion of CC. However, these correlations between integrity of WM in CC and performance
on some neuropsychological test must be taken cautiously because of the small sample of AD patients. Several
researchers have shown that the majority of AD patients exhibit impaired performance in tests for visuospatial
capacities (for a summary, see ref 2). It has been hypothesized that such impairment reflects the spread of AD
neuropathology to the posterior parietal cortex, an area crucial for visuospatial processing. We present additional
evidence indicating that in the earlier stages of AD neuropathology there is not only an affect on functioning (i.e.,
visuospatial processing) but also on structure (WM). Focal disruption of commissural connectivity, as evidenced by
decreased FA and increased ADC, may cause this decrease in performance on visuospatial tests.

CC is not the only region in the brain where disintegration of WM can be detected in AD. Others 7 have shown
disintegration of WM in regions such as superior longitudinal fasciculus, cingulum, hippocampus, and temporal lobe.
Further research is needed to clarify relations between all these regions and how are all these regions implicated in
cognitive networks.

Our main objective for the long-term study is to link perceptual and attentional impairments to WM changes by
identifying relevant brain structures involved in visuospatial processing. Our objective is also to validate DTI as a new
diagnostic tool for early AD. Many more technical developments are needed towards these objectives. High spatial
resolution tractography of DTI may be needed to establish neuroconnectivity and feedback circuitry to evaluated models



such as the RSVP. It can be anticipated however that in the near future DTI will not only help to improve the overall
accuracy in distinguishing between early AD onset and age-related functional decline, but will also improve efficiency
in differentiating between different types of dementia; additionally, it will assist in differentiating dementias from other
neurological and psychiatric disorders. It should also allow us to track the progression of AD by means of evaluating
microstructural regional changes and atrophy in WM. In addition, DTI measures may become sensitive enough to
detect the effects of pharmacological interventions on the microstructure of WM.
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