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Abstract
In addition to atrophy of mesial temporal lobe structures critical for memory function, white
matter projections to the hippocampus may be compromised in individuals with mild Alzheimer’s
disease (AD), thereby compounding the memory difficulty. In the present study, we used high-
resolution structural imaging and diffusion tensor imaging techniques to examine micro-structural
alterations in the parahippocampal white matter (PWM) region that includes the perforant path.
Results demonstrated white matter volume loss bilaterally in the PWM in patients with mild AD.
In addition, the remaining white matter had significantly lower fractional anisotropy and higher
mean diffusivity values. Both increased mean diffusivity and volume reduction in the PWM were
associated with memory performance and ApoE ε4 allele status. These findings indicate that, in
addition to partial disconnection of the hippocampus from incoming sensory information due to
volume loss in PWM, micro-structural alterations in remaining fibers may further degrade impulse
transmission to the hippocampus and accentuate memory dysfunction. The results reported here
also suggest that ApoE ε4 may exacerbate PWM changes.
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1. Introduction
High resolution, quantitative magnetic resonance imaging (MRI) is a valuable tool for
evaluating alterations in brain anatomy in vivo in age-related degenerative diseases and may
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provide a surrogate marker for the underlying pathology. One of the early clinical hallmarks
of Alzheimer’s disease (AD) is a disturbance in memory, especially characterized by
difficulty in the acquisition of new declarative knowledge. The nature of this mnemonic
dysfunction is similar to that seen with bilateral lesions, dysfunction or disconnection of the
hippocampal formation and related structures (Squire and Zola-Morgan, 1991), thus
implicating the pathophysiologic disruption of this neural system in the early stages of AD.

Post mortem pathological studies have shown the entorhinal cortex and trans-entorhinal
region to be early sites of involvement in AD and in individuals with mild cognitive
impairment (MCI) who are at high risk of developing AD (Braak and Braak, 1991, 1995;
Gomez-Isla et al., 1996; Kordower et al., 2001). In vivo MRI investigations have also
demonstrated atrophy of both the entorhinal cortex and hippocampus not only in patients
with mild AD, but also in people with amnestic MCI and subjective cognitive complaints
(e.g., deToledo-Morrell et al., 2004; Dickerson et al., 2001; Du et al., 2001; Jack et al., 1997,
1999; Jessen et al., 2006; Killiany et al., 2000, 2002; Saykin et al., 2006; Stoub et al., 2005).

In addition to pathology and atrophy in gray matter regions, there may be changes in white
matter that could disconnect different cortical regions and accentuate cognitive dysfunction.
However, such white matter changes have received less attention in investigations on the
pathophysiology of AD. Entorhinal cortex neurons receive multi-modal sensory input from
primary sensory and association cortices and relay this information to the hippocampus via
the perforant path, a white matter tract located in the anterior medial portion of the
parahippocampal gyrus (Amaral et al., 1987; van Hoesen and Pandya, 1975; van Hoesen et
al., 1975). Post mortem studies have demonstrated loss of entorhinal layer II neurons in
patients with mild AD (Hyman et al., 1984) and in those with MCI (Gomez-Isla et al., 1996;
Kordower et al., 2001) that could results in a partial disconnection of information flow to the
hippocampus. In addition, damage to the parahippocampal white matter could disrupt
afferent connections to the entorhinal cortex and ultimately degrade multimodal sensory
information relayed to the hippocampus.

These changes in white matter may be detectable with high resolution MRI techniques, such
as diffusion tensor imaging (DTI). DTI is a newer MRI technique that allows examination of
the micro-structural integrity of white matter in vivo. This emerging technique combines MR
diffusion-weighted pulse sequences with tensor mathematics to measure molecular diffusion
in three dimensions. In fact, recently there has been a proliferation of investigations using
DTI to examine white matter changes in AD (e.g., Hanyu et al., 1998; Head et al., 2004;
Kalus et al., 2006; Medina et al., 2006; Salat et al., 2008; Zhang et al., 2007). Many of these
investigations explored whole brain white matter changes in patients with AD, while two
studies further examined the parahippocampal white matter region that includes the
perforant path (Kalus et al., 2006; Salat et al., 2008). In addition to the volume of the
parahippocampal white matter region, Kalus et al. (2006) reported the coherence index (CI)
that measures the similarity in diffusion between adjoining voxels as the measure of white
matter integrity, rather than the commonly used measures of fractional anisotropy (FA) and
mean diffusivity (MD). Salat et al. (2008) defined anatomical regions of interest (ROIs) on
DTI maps (Salat et al., 2008). Defining anatomical regions using the dependent variable
map (e.g., FA map) may have methodological shortcomings as it precludes the identification
of abnormal tissue with low FA (Pfefferbaum and Sullivan, 2003).

In the present study, we used a high-resolution DTI protocol and high-resolution structural
imaging to examine micro-structural and macro-structural alterations in parahippocampal
white matter and their relation to memory function in patients with mild AD compared to
elderly controls. DTI analysis was restricted to the parahippocampal white matter by
applying manually traced ROIs derived from high-resolution structural images to DTI scans.
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FA or MD values were quantified without direct manipulation of the DTI volumes. FA is a
scalar metric that describes the directionality of the diffusion tensor, while MD is a non-
directional measure of free translational diffusion and provides an index of general tissue
integrity. These two measures are the most commonly used and sensitive indices of micro-
structural integrity of white matter. We also examined the relationship between ApoE ε4
allele status and parahippocampal white matter changes. ApoE is a group of proteins that
bind reversibly with lipoprotein for transporting endogenous lipids for uptake and use in
myelin repair, growth and structural integrity maintenance (Bartzokis et al., 2006). In fact,
previous studies have demonstrated a reduction in ApoE concentration in brain tissue from
ApoE ε4 allele carriers (Poirier, 2005). The ApoE ε4 allele is known to be a risk factor for
Alzheimer’s disease (Saunders et al., 1993) and may affect white matter integrity even in
healthy carriers of the ApoE ε4 allele (Persson et al., 2006).

2. Methods
2.1 Participants

Participants in the study consisted of 17 patients with mild AD (mean age 77.18 ± 5.23
years) and 26 elderly individuals with no cognitive impairment (NCI; mean age 74.92 ± 8.03
years). They were recruited from the Rush Alzheimer’s Disease Center (RADC) clinic, the
community, and the Rush Memory and Aging Project (MAP). MAP is a longitudinal,
clinicopathologic study of aging in older participants who have agreed to annual evaluations
and brain autopsy at the time of death (Bennett et al., 2005).

All participants received the same standard clinical evaluation as previously described
(Bennett et al., 2002; deToledo-Morrell et al., 2004). Briefly, the evaluation incorporated the
Consortium to Establish a Registry for Alzheimer’s Disease (CERAD; Morris et al., 1989)
procedures and included a medical history, neurological examination, neuropsychological
testing, and informant interview. Blood tests and clinical imaging studies were used as
needed. The clinical diagnosis of probable AD followed NINCDS/ADRDA guidelines
(McKhann et al., 1984); it required a history of cognitive decline and neuropsychological
test evidence of impairment in at least two cognitive domains, one of which had to be
memory. All participants diagnosed with mild AD in the present study had a Mini-Mental
Status Examination (MMSE; Folstein et al., 1975) score ≥ 21 (mean = 24.29±1.76, range =
21–27).

Control subjects received the same clinical evaluation as patients diagnosed with AD.
Selection as an elderly control participant required a normal neurological examination,
normal cognition, and a MMSE score ≥ 27. The mean MMSE score for controls was 29.31
± 0.92 (range = 27–30). It is important to note that individuals who came to the clinic for a
work-up, but did not show any cognitive impairment were not recruited as controls; the
latter were recruited from the community or MAP.

Exclusion criteria for entry into the study consisted of evidence of other neurological,
psychiatric or systemic conditions that could cause cognitive impairment (e.g., stroke,
tumor, Parkinson’s disease, alcoholism, major depression, a history of temporal lobe
epilepsy), and age <65 years.

For all participants in the study, vascular risk factors were noted and summarized as the
number of the following: hypertension, diabetes mellitus, hypercholesterolemia and
smoking.

Informed consent was obtained from all participants as approved by the Institutional Review
Board of Rush University Medical Center.
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2.2 Magnetic resonance imaging
2.2.1 Acquisition parameters—All participants underwent two MRI scan sequences, a
high-resolution structural scan and a high-resolution DTI scan; both were acquired with a
1.5 Tesla General Electric Signa scanner (General Electric Medical Systems, Milwaukee,
WI, USA), equipped with high speed gradients (LX Horizon, Rev 10.4). The structural scan
consisted of a T1 weighted high-resolution 3D spoiled gradient recalled (SPGR) pulse
sequence with the following parameters: 124 contiguous images acquired in the coronal
plane, 1.6 mm thick sections, matrix = 256 × 196, repetition time (TR)/echo time (TE) =
34/7 ms, signals averaged = 1, flip angle = 35°, field of view (FOV) = 22 cm.

The high-resolution DTI scans were diffusion weighted single shot spin echo, echo planar
images axially acquired with the following parameters: TR / TE = 12100 / 97 ms, field of
view = 25 cm, matrix = 128 × 128, 38 3mm gapless slices, 6 repetitions, in plane resolution
= 1.95 mm. Two diffusion weights (b-values) were used: b = 0 and b = 800 s/mm2. The high
b-value was obtained by applying diffusion encoding gradients along 24 non-collinear
directions. This acquisition scheme was repeated six times for each slice, with the sign of all
the gradient directions inverted for every other repetition. An additional set of inversion
recovery images with cerebrospinal fluid nulling (TI ∼ 2100 ms) were acquired for each
slice with b = 0 s/mm2. These images were used to un-warp the eddy current effect of the
diffusion gradients (de Crespigny and Moseley, 1998). Scans were transferred to an off-line
workstation (Sun Microsystems, Palo Alto, CA) for processing.

2.2.2 Processing of DTI scans—The methods for processing the DTI images are
detailed elsewhere (Wang et al., 2006). Briefly, the set of CSF nulled inversion recovery
images were used as the reference for un-warping eddy current effects in the diffusion
weighted images (de Crespigny and Moseley, 1998). Next, the six coefficients defining the
elements of the diffusion tensor were calculated (Basser et al., 1994) from the eddy-current
corrected, averaged images. Eigenvectors, defining the three principle directions of diffusion
for each voxel were derived from the diffusion tensor. The magnitude of diffusivity in each
direction was represented by the eigenvalues for the three eigenvectors; fractional anisotropy
(FA) and mean diffusivity (MD) were derived for each voxel from these eigenvalues
(Basser, 1995; Basser and Pierpaoli, 1996). From this processing, three values were
constructed for each voxel: FA, MD and b = 0 (0 diffusion-weighted image =T2 image).
Individual participant slice images for FA, MD and T2 were concatenated into whole-brain
volumes in a format acceptable for processing in SPM 2, implemented in Matlab R14, sp1
(The Math Works, Natick, Massachusetts).

To assess potential group differences in white matter hyperintensities, individual participant
slice images for the zero diffusion-weighted image (T2) acquisitions were concatenated into
whole-brain volumes in acceptable format. Whole-brain volumes were imported into SPM2
for analysis. To facilitate voxel-by-voxel comparison between the two groups, all images
were spatially normalized to a standard template. To avoid the geometric distortions
associated with diffusion weighted echo planar imaging, we used the 0 diffusion-weighted
image obtained during the scanning sequence for normalization. The T2 weighted image
was normalized to the standard T2 template in SPM2 using a 12 iteration affine
transformation and a non-linear transformation with 7×8×7 basis functions. To limit our
analysis of group differences in T2 signal in white matter, we created individual subject
mask volumes. These masks were created by segmenting the normalized T2 images into
CSF, gray matter, and white matter compartments. The segmentation algorithms are based
on signal intensity and prior probabilities for location. The individual white matter masks
were then applied to individual subject T2 volumes. A Gaussian filter was applied to these
individual masked images (6mm full width at half maximum) to increase signal-to-noise
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ratio and meet requirements of a Gaussian distribution for general linear analyses. A filter
size of 6mm was chosen to allow for interrogation of relatively small regions (e.g.,
parahippocampal white matter), while assuring normal distribution of data across voxels.
Group differences in voxel level T2 signal were assessed using the two-sample t-test module
in SPM2.

2.2.3 Regional analyses of FA and MD values—The first step in developing the
regions of interest (ROI) for the measurement of FA and MD in the parahippocampal region
required the co-registration of the 3D SPGR structural scan and the DTI scan for each
subject. The co-registration module in SPM2 was used for this process with the 0 diffusion
weighted DTI volume as the target to which the 3D SPGR structural image was registered.
Co-registration of the two volumes was accomplished using a rigid-body transformation and
the resultant deformation matrix was stored for later processing. ROIs of parahippocampal
white matter were determined on the co-registered 3D SPGR structural images with the
Analyze Software package (Mayo Clinic, Rochester, MN). Transverse, coronal, and sagittal
planes of 3D SPGR structural images were used to view and manually trace
parahippocampal white matter regions bilaterally, slice by slice (see Figure 1). Tracings
began with the coronal slice in which the amygdala was fully visible and ended three 1.6-
mm images rostral to the slice in which the lateral geniculate nucleus was first seen. This
ROI covered only the anterior medial portion of parahippocampal white matter that includes
the perforant path. Volumes were calculated for the ROI in each hemisphere with the
Analyze software, taking all traced slices into account. Tracings were conducted while blind
to diagnostic status. All tracings were performed by CW and were reviewed and corrected
by LTM. The intra-rater correlation coefficient for CW based on 10 cases was 0.98 for the
left hemisphere and 0.97 for the right.

To ensure that the location of traced ROIs and the DTI FA or MD maps were properly
matched, the deformation matrix derived from the co-registration of the 3D SPGR structural
images to the DTI volumes was applied to the traced ROIs. These co-registered ROIs were
re-sliced to backfill the volume and then used to extract FA and MD values from
parahippocampal regions.

2.3 Declarative memory testing
The declarative memory tests administered to all participants and used to define a memory
deficit consisted of immediate and delayed recall of the East Boston Story (Albert et al.,
1991) and of Story A from the Logical Memory of the Wechsler memory scale–Revised
(Wechsler, 1987). An additional test involved the learning and retention of a 10-word list
from the CERAD battery (Morris et al., 1989). The three scores for this test included Word
List Memory (the total number of words immediately recalled after each of three
consecutive presentations of the list),Word List Recall (the number of words recalled after a
delay) and Word List Recognition (the number of words correctly recognized in a four-
alternative, forced-choice format, administered after Word List Recall).

2.4 Statistical analyses
Differences between the mild AD and control groups in demographic variables, vascular risk
factors and ApoE ε4 status were assessed with two-tailed t-tests for independent samples or
chi-square analyses, as appropriate, using SPSS for windows, release 11 (SPSS, Inc.,
Chicago, IL, USA). Group differences in parahippocampal white matter volume, FA or MD
were examined separately for each measure using a repeated measures analysis of variance
(ANOVA), with groups as the between subject factor and hemispheres as the repeated
measure. In addition, to assess the relationship between changes in parahippocampal white
matter and memory performance, individual subject summary scores were calculated for
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performance on the seven declarative memory tests. To develop these summary scores, we
used the means and standard deviations of each test from the baseline visits of the first wave
of 86 participants entered into our ongoing longitudinal project to generate z-scores for the
present sample on each memory test. The average z-score from the seven declarative
memory tests constituted the summary memory score. Multiple regression analyses with
memory summary z-scores as the dependent variable were carried out to determine if MRI
measures of parahippocampal white matter could predict memory performance. A multiple
regression model was used to examine the contribution of ApoE ε4 and age to
parahippocampal white matter changes.

3. Results
Demographic characteristics of participants are listed in Table 1. Patients with mild AD did
not differ from the controls in age [t(41) = 1.02, p = 0.31], education [t(41) = 0.54, p = 0.59],
or gender distribution [χ2(1) = 0.67, p = 0.53]. In addition, these two groups did not differ in
systolic or diastolic blood pressure, or in vascular risk factor summary scores. However, as
expected, the two groups did differ in MMSE scores [t(41) =12.21, p<0.001] and memory z-
scores [t(41) =9.39, p<0.001], with the mild AD participants having significantly lower
scores for both. Moreover, the percentage of ApoE ε4 carriers (any ApoE ε4 allele) was
higher among patients with mild AD and differed significantly from controls (χ2(1) = 4.37, p
= 0.039). As there was no difference in age and education between the two groups, they
were not entered as covariates in the following analyses.

Individual data for parahippocampal white matter volumes among patients with mild AD
and control subjects are shown in Figure 2, while those for FA and MD are presented in
Figure 3. Repeated measures ANOVAs with groups and hemisphere as the two factors were
carried out separately to assess differences in white matter volume, FA and MD. Results
showed a significant effect for group with a 43.2% reduction in white matter volume
(F[1,41] = 31.89, p <0.001), a 13.0% decrease in white matter FA (F[1,41] = 7.35, p = 0.01),
and 12.4% increase in white matter MD (F[1,41] = 36.34, p <0.001) in patients with mild
AD compared to control participants. In addition, there was a significant hemisphere effect
for volume (F[1,41]=16.03, p<0.001) and FA (F[1,41]=8.70, p=0.005), with the right
hemisphere white matter volume and FA being greater than the left. The difference in MD
between the two hemispheres was not significant. The interaction between group and
hemisphere did not reach significance for any of the three measures.

To assess whether MRI measures of parahippocampal white matter are related to memory
performance, each of the three measures (volume, FA, MD) was entered singly into a
regression analysis, with memory z-scores as the dependent variable. Each of these measures
was found to be a significant predictor of memory function [F(1,41)=8.25, p=0.006, R2=0.17
for FA; F(1,41)=47.70, p<0.001, R2=0.54 for MD; and F(1,41)=24.92, p<0.001, R2=0.38 for
volume]. When all three measures were entered simultaneously, the regression model
remained significant [F(6,36)=22.09, p<0.0001]. However, only main effects for
parahippocampal white matter volume [t(36)=2.76, p=0.009] and mean diffusivity
[t(36)=4.69, p<0.001] were significant predictors of memory performance; FA was not. The
group×MD interaction [t(36)=4.17, p <0.001] and group×volume interaction [t(36) = −2.07,
p=0.045] reached significance indicating increased MD and decreased volume in the mild
AD group compared to controls. The group×FA interaction was not significant.

The contribution of these variables to memory performance was also analyzed for each
group separately. These analyses showed that parahippocampal white matter volume and
MD, but not FA, were significant predictors of memory z-scores in the mild AD group
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[t(13)=2.43, p = 0.03 for volume; t(13) = −2.25, p = 0.04 for MD), but not in the control
group. These relationships for the mild AD group are presented in Figure 4.

A multiple regression model was applied to assess the contribution of ApoE ε4 status and
age to parahippocampal white matter volume, FA and MD, separately, with
parahippocampal white matter volume, FA or MD as dependent variables. ApoE ε4 and age
were found to contribute significantly to both parahippocampal white matter volume
[F(2,39)=9.538, p<0.001) and MD [F(2,39)=8.112, p=0.001]. ApoE ε4 allele status and age
accounted for approximately 34% of the variance for parahippocampal white matter volume
and 30.5% for MD, respectively (see Figure 5). However, neither ApoE ε4 allele status nor
age was found to contribute significantly to FA.

4. Discussion
The results of the present study indicate that, in addition to volume loss, there was a
significant decrease in FA and an increase in MD in parahippocampal white matter in
patients with mild AD, indicating that remaining normal appearing white matter in this
region was not really “normal”. These white matter changes reflect not only loss of afferent
and efferent fibers in the region, but also may be indicative of partial demyelination or other
damage to remaining fibers. These results suggest that impulse transmission to the
hippocampus may be further degraded in patients with mild AD due to microstructural
alterations in remaining normal appearing white matter. Thus, it is not surprising that
parahippocampal white matter changes were found to contribute significantly to memory
dysfunction in the present study. Furthermore, the frequency of ApoE ε4 allele carriers in
the mild AD group was significantly greater than in the control group. ApoE ε4 allele status
was associated with parahippocampal white matter changes, not only replicating previous
findings that ApoE ε4 is a risk factor for AD (Lindsay et al., 2002), but also further
suggesting that it might influence parahippocampal white matter changes.

In the present study, volume loss and two microstructural integrity metrics, MD and FA,
derived from DTI images were used to assess parahippocampal white matter changes. The
parahippocampal white matter includes multiple fiber systems. Its major component, the
perforant path, originates from cells in the entorhinal cortex and provides the hippocampus
with its major cortical input. Numerous post mortem tissue studies on the pathophysiology
of AD have demonstrated that the cells of origin of this white matter tract in the entorhinal
cortex are partly lost very early in the disease process (Gomez-Isla et al., 1996; Hyman et
al., 1984; Hyman et al., 1986; Kordower et al., 2001). In addition to these pathological
findings, in vivo imaging studies have shown entorhinal atrophy very early in AD, probably
reflecting cell loss, cell shrinkage and other pathological changes in this structure
(deToledo-Morrell et al., 2004; Dickerson et al., 2001; Du et al., 2001; Killiany et al., 2000;
Killiany et al., 2002; Xu et al., 2000). With new developments in imaging techniques such
as DTI, it is now possible to quantify, in vivo, not only volume loss in given white matter
regions, but also microstructural alterations in normal appearing white matter.

Two previous DTI studies examined microstructural changes in parahippocampal white
matter in AD (Kalus et al., 2006; Salat et al., 2008). Kalus and colleagues (2006) only
examined the coherence index (CI) as a measure of white matter integrity; they reported CI
to be significantly reduced in parahippocampal white matter in AD and the reduction to be
related to cognitive impairment. Salat et al. (2008) used FA and MD to quantify white
matter integrity; they found FA to be reduced and MD to be increased in parahippocampal
white matter in patients with AD. However, they defined anatomical ROIs on DTI maps.
Defining anatomical regions using the FA map may introduce bias, since abnormal white
matter with low FA might be excluded (Pfefferbaum and Sullivan, 2003). Furthermore,
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these two studies either globally manipulated FA or MD maps by resizing brain parenchyma
to a template (Salat et al., 2008), or co-registering the DTI maps to high-resolution structural
images (Kalus et al., 2006). These methods would change DTI map values during reslicing
or coregisteration and may lead to DTI measure errors. In the present study, we defined
ROIs on a high-resolution structural image. These defined ROIs were then transferred to
DTI maps. FA or MD values were quantified without direct manipulation of FA or MD, thus
avoiding the problems outlined above.

Alterations in white matter have been demonstrated both with histopathological and MRI
methods in AD (Bronge et al., 2002; Brun and Englund, 1986a, b; Meyerhoff et al., 1994).
White matter changes associated with AD may have different causes or mechanisms. First,
white matter changes in the disease process may reflect anterograde Wallerian degeneration,
especially in regions close to cortical areas with the greatest pathological burden. Since the
entorhinal cortex is one of the earliest sites of pathological involvement in AD, cell loss in
layer II of the entorhinal cortex could lead to alterations in the parahippocampal white
matter region. Secondly, there may be white matter rarefaction (sometimes referred to as
“white matter disease”; Englund, 1998) with axonal damage and gliosis. This type of change
is diffuse and does not follow the regional extension of pathologically involved gray matter,
as may be the case with Wallerian degeneration. This second type of white matter
degeneration may be vascular or ischemic in origin. In fact, alterations in microvasculature
are common in AD and have been observed in the majority of brains from patients with AD
(Kalaria, 2002). Third, it has been recently suggested that myelin breakdown is an important
component of the disease process in AD due to increased susceptibility of oligodendrocytes
to free radical and other metabolic damage (Bartzokis, 2004, 2006). According to this
hypothesis, damage to oligodendrocytes may be a critical first step in AD. Furthermore,
since late developing oligodendrocytes are more vulnerable, late-myelinating association
areas are predicted to be more susceptible to myelin breakdown, thus leading to
disconnection among different cortical areas and to cognitive decline. In fact, Bartzokis
(2004) does site the parahippocampal region as having a very long cycle of myelination,
going into the fifth decade of life.

The mild AD and control participants in the present study did not differ from each other in
cardiovascular risk factors that may have exacerbated global white matter changes. Our
major emphasis in this paper was on the parahippocampal white matter region that includes
the perforant path. Although this region is affected very early in the disease process of AD,
recent data from our laboratory (Wang et al., 2010) indicate that vascular cognitive
impairment following stroke is not associated with parahippocampal white matter changes.
Thus, the microstructural changes in remaining parahippocampal white matter reported here
are not likely to be due to cardiovascular risk factors between the two groups.

A previous study from our laboratory (Stoub et al., 2006) and others have demonstrated that
parahippocampal white matter volume loss and intervoxel coherence were associated with
declarative memory dysfunction in participants with amnestic MCI and in patients with AD
(Kalus et al., 2006; Stoub et al., 2006). In the present study, we further found that changes in
white matter volume and in the microstructural integrity of remaining normal appearing
white matter fibers in the parahippocampal region accounted for 60.5% of the variance in
memory z-scores, indicating that alterations in these remaining normal appearing fibers
further degraded information flow to the hippocampus and affected memory function in
mild AD. It should be noted that, of the two microstructural integrity metrics, MD was
found to be more sensitive to memory dysfunction than FA. This is probably because FA is
more significantly affected by heterogeneous organization or crossing fibers in given regions
(Pfefferbaum and Sullivan, 2003).
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Interestingly, in the present study we also found that the frequency of ApoE ε4 allele carriers
in patients with mild AD was significant greater than in controls, a finding consistent with
previous studies (Saunders et al., 1993). In addition, we found ApoE ε4 allele status to be
associated with a decrease in parahippocampal white matter volume and an increase in mean
diffusivity, suggesting that ε4 may influence the integrity of parahippocampal white matter.
Consistent with these findings, two previous studies reported a relationship between ApoE
ε4 status and white matter changes in AD (Bronge et al., 1999; Wen et al., 2006), but others
did not find such an association (Hirono et al., 2000; Sawada et al., 2000; Schmidt et al.,
1996). This inconsistency may be due to the fact that previous studies only examined global
or regional white matter other than that specific to the parahippocampal gyrus. In addition,
most studies reported only visual rating scores or simply the presence or absence of white
matter changes (Barber et al., 1999; Doody et al., 2000; Hirono et al., 2000; Sawada et al.,
2000; Schmidt et al., 1996). Such qualitative methods may reduce sensitivity. Quantitative
methods used in the present study, combining volume measures with DTI metrics, may be
more accurate, reliable and sensitive than simply visual rating observations.

In conclusion, the results reported here not only demonstrated that there is volume loss in
the parahippocampal white matter in patients with mild AD compared to age appropriate
controls, but also revealed that microstructural integrity was compromised in remaining
normal appearing white matter fibers. These changes in parahippocampal white matter were
associated with ApoE ε4 genotype, and contributed significantly to declarative memory
impairment in mild AD.
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Figure 1.
Transverse, coronal, and sagittal views of tracing the bilateral parahippocampal white matter
in T1 3D images, manually created slice by slice, beginning with the first slice in which the
amygdala fully appeared visible, and ending with three 1.6 mm slices rostral to the image in
which the lateral geniculate nucleus first appeared visible.
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Figure 2.
Parahippocampal white matter volumes in patients with mild AD and controls (NCI), plotted
for each participant as a function of hemisphere. The bars indicate the group mean. Volumes
were significantly reduced (*** p < 0.001) in patients with AD compared to controls
bilaterally.
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Figure 3.
Parahippocampal white matter FA and MD values in patients with mild AD and controls
(NCI), shown separately for each participant as a function of hemisphere. The bars indicate
the group mean. MD was significantly increased in patients with mild AD bilaterally, while
FA was significantly decreased (*** p<0.001, ** p=0.01). Please note the difference in scale
for FA and MD.
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Figure 4.
Scatterplot showing the relation of parahippocampal white matter MD and volume to
memory z-scores in participants with mild AD.
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Figure 5.
Scatterplot of parahippocampal white matter MD and volume shown separately for ApoE ε4
carriers and non-carriers in the two groups of participants.
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Table 1

Demographic and other characteristics of participants

Mild AD NCI

Number of participants 17 26

Male / Female 8/9 9/17

Age, years (SD) 77.18 (±5.22) 74.92 (±8.03)

Education, years (SD) 14.94 (±4.99) 15.58 (±2.66)

MMSE (SD) *** 24.29 (±1.76) 29.30 (±0.93)

Memory z-score*** −1.1623 (±0.6529) 0.5467 (±0.5341)

Systolic blood pressure 147.6 (±23.68) 139.2 (±20.7)

Diastolic blood pressure 81.2 (±13.62) 75.6 (±10.86)

Vascular risk factors (total) 1.68 (±1.13) 1.28 (±1.02)

ApoE status *

2/3 + 3/3 6 17

3/4 + 4/4 10 7

Not available 1 2

***
p<0.001,

*
p<0.05
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