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Abstract
Prior work has demonstrated that the memory dysfunction of Alzheimer’s disease (AD) is
accompanied by marked cortical pathology in medial temporal lobe (MTL) gray matter. In
contrast, changes in white matter (WM) of pathways associated with the MTL have rarely been
studied. We used diffusion tensor imaging (DTI) to examine regional patterns of WM tissue
changes in individuals with AD. Alterations of diffusion properties with AD were found in several
regions including parahippocampal WM, and in regions with direct and secondary connections to
the MTL. A portion of the changes measured, including effects in the parahippocampal WM, were
independent of gray matter degeneration as measured by hippocampal volume. Examination of
regional changes in unique diffusion parameters including anisotropy and axial and radial
diffusivity demonstrated distinct zones of alterations, potentially stemming from differences in
underlying pathology, with a potential myelin specific pathology in the parahippocampal WM.
These results demonstrate that deterioration of neocortical connections to the hippocampal
formation results in part from the degeneration of critical MTL and associated fiber pathways.
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1. Introduction
Careful histological examination of the brains of individuals with Alzheimer’s disease (AD)
has uncovered a probable substrate for the memory impairment in this condition.
Specifically, layer-preferred degeneration in perirhinal and entorhinal cortices likely
impedes the transfer of information from the neocortex to the hippocampus
[2,9,25,33,34,86], thereby degrading the processing and storage of sensory input. Layer II of
the entorhinal cortex shows profound alterations, including substantial loss of neurons even
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in the early stages of AD [25]. The projection termination zone of these fibers in the dentate
gyrus of the hippocampal formation is also marked by degenerative changes, effectively
resulting in a ‘disconnection’ between association and limbic cortices [33,34]. Given these
important pathologic signatures, the majority of studies of mechanisms of AD
symptomology have focused on medial temporal lobe (MTL) cortical degeneration.
Nevertheless, these prior findings also implicate regional connectivity as a factor
contributing to cognitive deterioration. Histological research demonstrates that brain white
matter (WM) also degenerates in AD [10,19,20,34]. Brun and Englund (1986) reported a
syndrome in 60% of AD patients of demyelination and axonal and oligodendroglial loss
with accompanying gliosis in the deep WM that was independent from gray matter lesions.
The authors suggested that the degeneration was potentially due to comorbid factors such as
hypertension [10]. WM disease, however, has been reported at autopsy in individuals with
pure AD with no components of vascular brain disease [71]. Further, myelin staining is
reduced in the perforant pathway, the main input fibers projecting neocortical information
from the entorhinal cortex to the granule cells of the dentate gyrus in the hippocampal
formation [34]. These findings suggest that at least some of the WM changes in AD are not
due simply to comorbid factors, but are likely associated with AD pathological processes
including MTL cortical pathology. The pathologic signatures spanning the perforant
pathway, and the reduction in myelin integrity of this fascicle, underscores the potential
influence of regional connectivity in the putative propagation of neurodegenerative events.
An open question is whether such changes could be detected in patients in vivo, and whether
this principal of degeneration in anatomically connected regions extends beyond the findings
in the perforant pathway.

Neuroimaging studies have attempted to understand patterns and mechanisms of WM
pathology in AD, and the clinical significance of such changes [17], but regional the patterns
and potential mechanisms of this WM pathology are still unclear. Moreover, whether WM
changes are independent of classically described AD cortical pathology, such as
hippocampal atrophy, is completely unknown. Total and regional WM volume is reduced in
AD [24,38,64–66,78], and WM signal abnormalities are associated with risk for cognitive
decline [1] and dementia [57], as well as an enhanced clinical syndrome in specific cognitive
domains [30]. The use of WM signal abnormalities as a clinically relevant measure of WM
pathology remains controversial because a number of studies report little consequence of
this marker on clinical status [51,70]. Additionally, WM volume measures are limited
because of the need to define regionally identifiable borders using morphometric landmarks,
a particularly difficult task given the complex anatomy of WM and the limited information
provided about this anatomy from a standard structural MR image.

Diffusion tensor imaging (DTI) has been applied extensively to understand the regional
basis of tissue degeneration in a variety of clinical conditions including the study of normal
aging [50,53–55,67,68,79–81]. Two primary metrics of the diffusion properties within a
voxel, termed diffusivity and fractional anisotropy (FA) [3,6,56], have been commonly
employed as indices of tissue pathology. More recently, studies by Song and colleagues
utilizing animal models demonstrate that the diffusivity measure can be further subdivided
in to axial and radial components, which could provide information on axonal and myelin
pathology selectively [11,74,75]. Rose and colleagues [61] demonstrated altered diffusion
measures in the splenium of the corpus callosum, the superior longitudinal fasciculus,
cingulum, and internal capsule in patients with AD, and in parahippocampal, thalamic, and
cingulate WM in individuals with mild cognitive impairment [62]. Diffusion measures were
related to indices of disease severity and cognitive ability and the specific association with
episodic memory presents a potential clinical role for DTI to index WM degeneration and
track AD symptoms. Other studies have found altered diffusion measures in patients with
AD in the uncinate and inferior occipital fasciculi [83], and in the corpus callosum and WM
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of the frontal, temporal, and parietal lobes [8]. Two studies in AD [28,45] demonstrated
generalized alterations in diffusion measures of posterior lobar WM that differed from those
seen in normal aging. Two recent studies provide preliminary investigation into mechanisms
of WM alteration in AD through the examination of axial and radial diffusivity [14,31].
These studies examined selected regions of interest in small participant samples (10 AD in
the former, and 6 AD in the latter study), and reached different conclusions with one
focusing on compromised myelin [14] and the other suggesting loss of axonal processes as a
primary pathologic mechanism [31]. These prior studies provide important information
about the regional patterns of AD pathology, yet questions remain about the whole brain
patterns of WM change in these various diffusion parameters in AD. Additionally, no prior
study has examined how classically described measures of pathology such as white matter
signal abnormalities and hippocampal atrophy contribute to the changes measured.

The current study aimed to elucidate regional patterns of alterations in diffusion parameters
in AD through a comprehensive, whole brain analysis of commonly and recently described
DTI measures of tissue integrity. These analyses included the examination of anisotropy and
axial and radial diffusivity components, and whether changes in these diffusion parameters
provide information beyond traditional MRI measures of gray and WM degeneration. We
used recently developed procedures in the FSL image analysis suite
(http://www.fmrib.ox.ac.uk/fsl/) for interparticipant registration, reducing potential
confounds in spatial normalization. We additionally utilized tractography procedures to
define a path of interest (POI) in the native space of each individual to confirm voxel-based
results. We find complex regional patterns of alterations in diffusion parameters with AD,
with prominent changes in pathways associated with the hippocampal formation. These
changes are beyond what can be explained by classically described AD pathology, and
suggest that multiple pathologies may disrupt the transfer of neocortical information to
limbic structures important for a range of cognitive processes.

2. Methods
2.1 Participants

Images were obtained for 74 participants (Table 1). 20 patients with probable Alzheimer’s
disease (AD, mean age 77.8±4.9 years) were recruited through the Massachusetts General
Hospital Memory Disorders Unit (MGH-MDU) and 54 non-demented older adults (OA,
mean age 75.8±5.6 years) through the Harvard Cooperative Program on Aging
(http://www.hebrewrehab.org/home_institute.cfm?id=90) and the Nurses’ Health Study
(http://www.channing.harvard.edu/nhs/) at Harvard Medical School and Brigham and
Women’s Hospital. OA were screened for dementia using one of the following mental status
examinations: the Mini Mental Status Exam (MMSE) [23], the Blessed Dementia Scale
(BDS) [7,76], or the Telephone Interview of Cognitive Status (TICS) [16,41]. AD patients
were assessed by the Clinical Dementia Rating scale (CDR) [32,48,49] which yields a
calculated global score (CDR rating) as well as a summated score of individual CDR
domains (sum of boxes). All patients with AD were assessed by a memory disorders
neurologist from the MGH-MDU. AD diagnoses as determined by CDR score were very
mild to mild AD in 90% and moderate dementia in 10%. Participants were excluded if they
had a history of significant neurologic or psychiatric disorder (other than AD), or serious
cerebrovascular conditions. Groups were matched for proportion of individuals with
controlled elevated blood pressure.

2.2. DTI acquisition
Global and regional WM integrity was assessed using DTI measures of FA and diffusivity
(comprised of axial and radial components [11,74,75]), as well as through T2 image
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intensity. Image acquisition employed single shot echo planar imaging with a twice-
refocused spin echo pulse sequence, optimized to minimize eddy current-induced image
distortions [58] (Siemens Avanto; TR/TE=7400/89 ms, b=700 s mm-2, 256×256 mm FOV,
128×128 matrix, 2 mm slice thickness with 0-mm gap, 10 T2 + 60 DWI, total acquisition
time 8 min 38 sec). We acquired 64 slices in the AC-PC plane. The 60 diffusion weighted
directions were obtained using the electrostatic shell method [39], providing a high signal-
to-noise diffusion volume. The diffusion tensor was calculated on a voxel-by-voxel basis
with conventional reconstruction methods [5] using tools developed at the Martinos Center
at MGH.

2.3 DTI preprocessing and analysis: Motion and eddy current correction
Image preprocessing was performed as described in our previous work [67,68]. Diffusion
volumes were motion corrected and averaged using FLIRT (FMRIB's Linear Image
Registration Tool; http://www.fmrib.ox.ac.uk/analysis/research/flirt/) [37] with mutual
information cost function to register each direction to the minimally eddy current distorted
T2-weighted DTI volume that had no diffusion weighting.

2.4 Fractional anisotropy (FA) and diffusivity map calculation
The primary measures acquired from the DTI data were two common scalar metrics
describing the WM microstructure. FA, which is dependent on the orientational coherence
of the diffusion compartments within a voxel [56], was considered the primary metric of
interest given the use of this parameter in a number of recent studies of tissue deterioration.
FA was calculated using the standard formula defined previously [4]. Diffusivity is a scalar
measure of the total amount of diffusion within a voxel calculated as described in previous
work [6]. We additionally examined measures of axial (λ1) and radial [(λ2 + λ3)/2]
diffusivity as described in prior work [11,74,75]. T2 images were obtained using the exact
parameters as the diffusion sensitive images except without any diffusion weighting. The T2
images were analyzed to determine whether changes other than those in tissue
microstructure contributed to the observed effects because T2 differences would reveal
technical artifact such as image registration or atrophy, as well as large scale signal changes
such as WM signal abnormalities (e.g. hyperintensities).

2.5 Nonlinear registration and tract-based spatial statistics (TBSS). [63,72,73]
Voxelwise statistical analysis of the FA data was carried out using TBSS (Tract-Based
Spatial Statistics [72]), part of FSL [73]. All participants' diffusion data were first aligned
into a common space using the nonlinear registration IRTK [63]
(www.doc.ic.ac.uk/~dr/software). Next, a mean FA image was created across all
participants, and this mean image was thinned to create a mean FA skeleton which
represents the centers of all tracts common to the group. Each participant’s aligned FA data
were then projected onto this skeleton and the resulting data fed into voxelwise group
statistics. Data along the skeleton were smoothed utilizing an anatomical constraint to limit
the smoothing to neighboring data within adjacent voxels along the skeleton. All analyses
were masked to only display regions with FA values of > 0.2 to avoid examination of
regions that are likely comprised of multiple tissue types or fiber orientations. The exact
transformations derived for the anisotropy maps were applied to the T2 and diffusivity
volumes for matched processing of all image volumes. Statistical maps were dilated from
the TBSS skeleton for visualization purposes.

2.6 Hippocampal, WM, and WM signal abnormality volume measurements
Hippocampal, WM, and WM signal abnormality volume measurements were calculated
through an automated procedure, using probabilistic information estimated from a manually

Salat et al. Page 4

Neurobiol Aging. Author manuscript; available in PMC 2011 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.fmrib.ox.ac.uk/analysis/research/flirt/
http://www.doc.ic.ac.uk/~dr/software


labeled training set as described in our prior work [22,27,88]. All volumetric measures were
corrected as a percentage of intracranial volume (ICV).

2.7 POI analyses
We created highly constrained region of interest measures in parahippocampal WM across
multiple participants using a procedure termed POI to reconstruct optimal pathways from a
DTI image. This procedure was performed to obtain native space measurements across
individuals in a homologous region of WM spanning the anterior to posterior
parahippocampal gyrus. This region is comprised of multiple important fiber systems,
including the perforant pathway, the parahippocampal/cingulum fibers, and fibers projecting
from the amygdala to the parahippocampal region (the anatomy of the cortical projections
recently summarized in [47,69]). Anterior-posterior fiber systems dominate the tensor
directionality in this region. However, it is important to note that additional fiber systems
can contribute to the diffusion parameters of tissue integrity within this path. The POI was
created by first transforming each participant’s T2 and anisotropy maps to standardized
space to facilitate identification of manually placed homologous initiation and termination
points for the POI in each individual’s DTI volume. Based on the tensor data, the optimal
(strongest) path among all voxels in the labeled start and end points in the 3D volume was
identified, and a path was created between those two points. FA was then sampled from the
central voxels along the entire path, and the values were interpolated so that the number of
samples along the path was the same across participants for point-by-point FA comparisons.
Compared to region of interest approaches, the POI method allows sampling over extended
WM pathways by simply specifying the initial and terminal points. The path construction
algorithm is based on the replica exchange Monte Carlo (REMC) method [26,59,82], a
recently developed improvement to the Metropolis-Hastings algorithm. The REMC
algorithm operates by simulating multiple replica of the system simultaneously. Each system
undergoes optimization according to the classical Metropolis-Hastings procedure, but the
different replica can exchange temperatures through a Metropolis step. The multiple replica
can search the configuration space efficiently, and the temperature exchange step enables the
replica to overcome local minima. The REMC algorithm models the WM pathway as a
trilinear spline with a sparse number of control points. The energy of the path is defined as
the negative log product integral of the diffusion orientation distribution function [84] along
the path (Figure 4). Data were smoothed using an anatomical constraint along the path by
obtaining the mean of each set of three neighboring voxels.

3. Results
3.1 Voxel-based group comparisons of DTI measures

Figure 1 demonstrates a coronal slice showing the mean FA map of each group from the
spatially normalized FA volumes using the IRTK nonlinear registration step [63] of the
tract-based spatial statistics (TBSS) [72] procedure (top), and a representative individual FA
map (bottom) from the OA (left) and the AD (right) groups. Importantly, much of the
anatomic detail of the individual participant volumes was retained in this initial processing
of the TBSS procedure.

Table 2 lists regions showing reduced FA in AD compared to OA without the use of any
nuisance regressors. FA was reduced in numerous regions including bilateral reductions in
lateral occipital WM, middle and inferior temporal WM, inferior parietal/supramarginal
WM, precuneus WM, and parahippocampal WM. Figure 2 demonstrates the TBSS-based
statistical comparison of FA and diffusivity between OA and AD controlling for T2 intensity
at each voxel (Figure 2, left panel). When controlling for T2 intensity, changes in FA were
most prominent in parahippocampal and temporal, precuneus, and ventromedial frontal WM
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(Figure 2). Diffusivity increased with AD in regions similar to those reported for FA yet
were somewhat more widespread with additional changes in the corpus callosum, cingulum,
occipital, and periventricular regions. Overlap in FA and diffusivity changes (results with a
p value of 0.01 or lower) was greatest in medial temporal, precuneus, and ventromedial
frontal WM (Figure 2; bottom left panel). Analyses in Figure 2 controlled for T2 intensity at
each voxel, and therefore the changes measured exceeded those of T2 which would be
affected by partial volume and WM hyperintensities.

Increases were apparent in the radial as well as axial components of diffusivity (Figure 2,
right panel) however, these components were affected in an almost completely regionally
distinct manner. Increases in axial diffusivity were most apparent in periventricular,
occipital, and callosal regions whereas increases in radial diffusivity were more selectively
localized to medial temporal, occipital, and precuneus WM. Overlap of changes in the two
components was in small portions of occipital and temporal WM (Figure 2, right panel,
bottom).

3.2 Comparisons of DTI measures controlling for hippocampal volume and T2
Because hippocampal atrophy is a neuroimaging hallmark (although not perfectly specific)
of AD degenerative processes [36], we next examined whether changes in the diffusion
measures remained when controlling for hippocampal volume in addition to T2 intensity.
Controlling for these parameters reduced the statistical effect on FA and diffusivity in
certain areas including the precuneus and medial frontal WM (Figure 3). However, the
statistical effect on temporal lobe WM, and in particular, temporal and parahippocampal
WM remained. Differences in thalamic and internal capsule WM were also highlighted in
this analysis. Overlap in changes in FA and in diffusivity was apparent in medial temporal,
thalamic, and temporal stem and pyramidal WM when controlling for T2 and hippocampal
volume. These results demonstrate that diffusion measures in these regions provide unique
information compared to hippocampal volume and T2 signal intensity alone.

3.3 POI analysis
The results of the voxel-based analyses in parahippocampal WM were confirmed using the
POI tractography technique to extract native space values from each individual. Figure 4
demonstrates this procedure and results from this analysis. FA was reduced in patients on a
point-by-point basis along the majority of the path, confirming the findings from the voxel-
based results with stronger effects in the more anterior portions of the pathway (the points
on the right side of the plot; bottom panel). Total path length did not significantly differ
between the two groups. Mean values of all points from along the path demonstrated highly
significant reduction in FA (Figure 5). For comparison, the effects of AD on hippocampal
volume, whole brain WM volume, and white matter signal abnormality volume [22,27,88]
are also presented (Figure 5).

4. Discussion
These data demonstrate for the first time, the distinct and overlapping anatomy of whole
brain changes in anisotropy and diffusivity, as well as the differential patterns of alterations
in axial and radial diffusivity. These different diffusion parameters provide unique
information, and the results demonstrate the complex anatomical basis of DTI changes in
AD. To a certain extent, the most prominent regional tissue changes in overlapping diffusion
parameters resembled the anatomic connectivity of MTL structures that are important for
memory processes, with alterations in parahippocampal and ventromedial frontal WM. Of
note were bilateral alterations in FA in the precuneus, which is connected to the MTL by
way of retrosplenial cortex, and is considered by some to be part of the limbic system [12].
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This region is of great current interest in the study of AD because the precuneus is likely an
extension of the MTL memory system [87], and is functionally and structurally altered by
AD pathology [29,35,44,46,60,89]. Several regions outside of this medial temporal network
were also affected, however, including various portions of occipital, temporal, and parietal
WM, and more minimal changes in frontal WM. Greater changes in radial compared to axial
diffusivity were apparent in the parahippocampal WM, suggesting that the pathology in this
region includes some form of myelin degradation and the current data demonstrate the first
whole brain regional description of this effect.

Prior voxel-based morphometry studies have demonstrated alterations in parahippocampal
WM in AD [77]. Our work is also in accord with previous work demonstrating altered
diffusion properties in parahippocampal, thalamic, and cingulate WM [62] and in posterior
lobar WM [28,45] in individuals with AD and mild cognitive impairment, suggesting that
the changes measured here could be apparent in the earliest stages of AD. Rose and
colleagues [62] suggested that changes in the left hemisphere were greater than those in the
right hemisphere. These results are qualitatively supported by the POI analyses in the
current study, demonstrating that although left and right parahippocampal WM are both
affected in AD, the left path demonstrated more points reaching a statistical effect compared
to the homologous region in the right hemisphere. Formal testing for laterality effects will be
an important topic of future research. Additionally, the POI analyses suggest a potential
anterior to posterior gradient of WM damage in the parahippocampal WM. Such a finding
would have important implications for memory function as it is suggested that recollection,
familiarity, and novelty are supported by different MTL subregions [15]. These data are also
in accord with regional patterns recently presented in a study contrasting AD and
cerebrovascular disease [13]. Altered DTI measures have been related to indices of disease
severity and cognitive ability, with particular association with episodic memory, presenting
a potential clinical role for DTI in uncovering WM degeneration in the clinical presentation
of AD [62]. The present results demonstrate regional changes in parahippocampal and
precuneus WM, and degeneration of these regions may result in isolation of the
hippocampus from neocortical input and related areas that have been recently described to
comprise part of a functional memory circuit [87].

The relation between DTI measures and more classical imaging indices of pathology,
including brain volume, is not clear. Our prior volumetric work demonstrated significantly
lower prefrontal WM volume in patients with AD compared to age-matched control
participants [64], and the current data may suggest that this effect is due to degenerative
changes in selective regions. The current data demonstrate that changes in diffusion metrics
provide independent information beyond hippocampal volume alone. Removing variance
due to hippocampal volume did not reduce the effects measured in parahippocampal WM,
and even highlighted effects in thalamic regions that were less apparent in the group
comparisons without consideration of hippocampal volume. The association between
microstructural FA measures and macrostructural volumetric measures may be complex
[68]. Similarly, the pathologic basis of changes in DTI measures is currently unknown. Prior
studies report loss of oligodendrocytes, reactive astrocytosis, and reduction in neuropil
density that could contribute to WM damage in AD [71], and we posit that at least some of
the measured effects could be due to Wallerian degeneration of axons and the surrounding
myelin sheath. However, that fact that effects remained in the MTL WM after regressing out
hippocampal volume and that there was greater alteration in radial as opposed to axial
diffusivity in parahippocampal WM supports prior work demonstrating reduced myelin
staining in AD [34], and suggests that the effects measured are somewhat independent of
regional cortical degeneration and may represent a unique myelin pathology [11,74,75].
These findings should be interpreted with caution however, as it is important to note that the
current data also demonstrated a regional increase in axial diffusivity. This is not what is
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expected from the animal models demonstrating that axonal pathology should result in a
decrease in axial diffusivity [74], and little information exists for the interpretation of
increased axial diffusivity. DTI has been used to guide pathology studies [21], and further
work with similar methods will likely yield important new information about how these
novel diffusion measures relate to histopathology in AD.

The current results have some limitations. The changes in FA measured were relatively
small and regionally localized, and thus it is unknown how early such changes could be
detected. Future work will examine individuals with mild cognitive impairment to determine
whether the current pattern of results exist in preclinical stages of disease. Although
advanced procedures were applied to address common concerns of diffusion imaging
studies, further improvement is required in this field. Methods to enhance spatial [40,42,43]
and angular [84,85] resolution will be necessary to fully exclude concerns about eddy
current and susceptibility artifact distortions. Similarly, although the procedures used here
are superior to standard linear transformations for registration of DTI data, the potential still
exists for further refinement of DTI registration using the full tensor information [52]. In
spite of these limitations, the current analysis procedures provide a set of techniques that
address common concerns for the analysis of DTI data, and demonstrate the vulnerability of
WM to AD pathology. Thus, along with cortical degeneration, we suggest that an additional
mechanism underlying AD clinical symptoms is the WM degeneration that further isolates
MTL structures.
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Figure 1.
Top panel. Example of a mean FA map in nondemented older adults (A) and patients with
AD (B) resulting from the spatial normalization of the FA volumes using the IRTK
nonlinear registration procedure [63] (http://www.doc.ic.ac.uk/~dr/software) from tract-
based spatial statistics (TBSS) [72]. Bottom panel. Example of an individual FA map in a
nondemented older adult (C) and in a patient with AD (D). Importantly, much of the
anatomic detail in the individual participant volumes is retained in the group averaged
volumes, and these averages do not qualitatively differ substantially between the control and
AD groups, demonstrating the robustness of the nonlinear procedure. Alterations in
parahippocampal FA can be qualitatively seen in the group average as well as in the
individual participant comparison (reduced FA intensity between groups at the white
arrows).
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Figure 2.
TBSS-based statistical comparison of FA and diffusivity between OA and AD, regressing
out T2 signal intensity. Left Panel. When controlling for T2 intensity, changes in FA were
most prominent in parahippocampal, temporal, precuneus, and ventromedial frontal WM.
Diffusivity increased with AD in regions similar to those reported for FA yet somewhat
more widespread with additional changes in the corpus callosum, cingulum, occipital, and
periventricular regions. Composite map of the statistical patterns of diffusion changes with
group comparisons (bottom panel). Classes were distinguished based on the unique
combination of each direction of the statistical results for each map for any results with a p
value of 0.01 or lower (i.e. an increase or a decrease [2 classes] in FA or diffusivity and each
potential unique combination of classes). Overlap in FA and diffusivity changes (results
with a p value of 0.01 or lower) was greatest in medial temporal, precuneus, and
ventromedial frontal WM (bottom left panel). Analyses controlled for T2 intensity at each
voxel, and therefore the changes measured exceeded those of T2 which would be affected by
partial volume and/or WM hyperintensities. Right Panel. Alterations in axial (right top) and
radial (right middle) diffusivity in AD, and the composite of these effects (right bottom).

Salat et al. Page 15

Neurobiol Aging. Author manuscript; available in PMC 2011 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
TBSS-based statistical comparison of FA and diffusivity between OA and AD, regressing
out T2 signal intensity and hippocampal volume. Hippocampal volume was treated as a
nuisance covariate to determine whether there were effects of AD on diffusion parameters
that were independent of this classical imaging measure of AD pathology. FA reductions
with AD were prominent in medial temporal, temporal stem, and thalamic regions (top
panel). Diffusivity changes were apparent throughout a number of ventral and
periventricular WM areas (middle panel). Composite map of FA and diffusivity changes was
greatest in temporal WM (bottom panel). Because hippocampal volume and T2 were both
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treated as nuisance covariates, these results demonstrate the unique variance in diffusion
parameters that is not explained by these other types of pathologic changes.
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Figure 4.
Demonstration of the POI technique and analysis of parahippocampal WM. Seed points
were manually placed in each individual participant’s diffusion volumes at anterior and
posterior points in the parahippocampal WM defined by morphometric landmarks in the T2
image. Those points were then connected using the optimal path calculated from the
diffusion tensor information (top panel; see Methods). The mean of the OA (top left) and
AD (top right) of a single sagittal is presented to demonstrate the visual differences in the
raw data between these groups (arrows). FA was sampled from the central voxels along the
path, providing an individual POI for each participant, and minimizing the potential
confounds of partial volume contamination from more peripheral voxels. FA was most
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affected in anterior portions of the parahippocampal WM, but significant reductions in FA
were found with AD along the majority of the path when the mean FA across the
hemispheres was examined (bottom plot). Overall path length did not differ between the
groups.
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Figure 5.
Mean anisotropy along the entire path (top left) differed between OA and AD in the left and
right hemispheres. For comparison, traditional imaging measures of AD pathology are
presented including hippocampal volume (top right), total WM volume (bottom left), and
white matter signal abnormality (WMSA; bottom right) volume.
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Table 1

Participant Demographics

OA AD

N 54 (45F/9M) 20 (16F/4M)

Age 75.8 (5.6) 77.8 (4.9)

MMSE (n = 26) 28.8 (1.2)a 20.0 (5.4)d

BDS (n = 49) 0.86 (1.0)b 12.9 (6.4)

TICS (n = 22) 34.4 (2.0)c NA

CDR Global (n = 20) NA 11(.5)/7(1)/2(2)

CDR Sum of Boxes (n = 20) NA 4.9 (2.9)

Data presented as mean and standard deviation where applicable.

MMSE, Mini Mental State Examination; BDS, Blessed Dementia Scale; TICS, Telephone Interview of Cognitive Status; CDR, Clinical Dementia
Rating [32,48]; Higher scores indicate better performance on MMSE (0–30) and TICS (0–39), whereas lower scores indicate better performance on
BDS (0–37), global CDR (0–3), and CDR sum of boxes (0–18).

a
n=20

b
n=29

c
n=22

d
n = 6
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Table 2

Regions of altered FA in AD. Clusters with a p value of < 0.01 and a cluster size > 40 voxels.

Region
Temporal

Size(mm^3) Min p (10−x) Weight*

Lh-inferior/middle temporal 1467 5.81 8523.30

Lh-parahippocampal 534 5.41 2888.90

Rh-middle temporal 502 4.75 2384.50

Rh-fusiform/inferior temporal/middle temporal 579 3.81 2206.00

Lh-medial temporal pole 358 4.66 1668.30

Lh-middle temporal 270 4.70 1269.00

Rh-temporal stem 304 3.28 997.12

Rh-inferior temporal 204 4.16 848.64

Rh-inferior temporal 181 3.97 718.57

Rh-middle temporal 170 3.98 676.60

Rh-parahippocampal 131 4.44 581.64

Lh-fusiform 161 −3.43 552.23

Lh-parahippocampal 87 3.71 322.77

Parietal

Lh-precuneus 1219 4.18 5095.40

Lh-inferior parietal 620 4.74 2938.80

Lh-inferiorparietal/supramarginal 446 4.80 2140.80

Rh-supramarginal 366 3.59 1313.90

Lh-cuneus/precuneus 274 4.69 1285.10

Rh-precuneus 343 3.32 1138.80

Rh-inferior parietal 231 4.03 930.93

Lh-inferior parietal 176 4.48 788.48

Rh-precuneus 108 3.16 341.28

Lh-inferior parietal 109 3.07 334.63

Lh-precuneus 90 3.62 325.80

Frontal

Rh-medial/lateral orbitofrontal 421 3.71 1561.90

Rh-superior frontal 181 4.30 778.30

Lh-rostral middle frontal, 89 3.66 325.74

Occipital

Lh-lateral occipital/lingual 851 4.58 3897.60

Rh-lateraloccipital 516 5.78 2982.50

Deep/Other

Lh-periventricular 1046 −5.00 5230.00

Lh-pulvinar 433 5.68 2459.40

Fornix 269 4.73 1272.40

Lh-anterior callosum 271 3.04 823.84

Rh-anterior capsule 210 3.02 634.20

Rh-pulvinar 133 4.71 626.43
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Region
Temporal

Size(mm^3) Min p (10−x) Weight*

Lh-posterior callosum 151 3.16 477.16

Rh-cerebellum 97 4.21 408.37

Lh-ventral diencephalons 83 3.80 315.40

*
Regions were ordered by region/lobe and by a weighting calculated as the product of the cluster size by the minimum p value (expressed as

10−x). The final weighting was somewhat arbitrary due to specifics of the processing procedures. Clusters with < 300 weight were omitted from
the table. Regional definitions were based on proximity to neural labels described in [18,22].
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