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Abstract
The retrogenesis model of Alzheimer's disease (AD) posits that white matter (WM) degeneration
follows a pattern that is the reverse of myelogenesis. Using diffusion tensor imaging (DTI) to test
this model, we predicted greater loss of microstructural integrity in late-myelinating WM fiber
pathways in AD patients than in healthy older adults, whereas differences in early-myelinating WM
fiber pathways were not expected. We compared 16 AD patients and 14 demographically-matched
healthy older adults with a whole-brain approach via tract-based spatial statistics (TBSS), and a
region of interest (ROI) approach targeting early-myelinating (posterior limb of internal capsule,
cerebral peduncles) and late-myelinating (inferior longitudinal fasciculus [ILF], superior longitudinal
fasciculus [SLF]) fiber pathways. Permutation-based voxelwise analysis supported the retrogenesis
model. There was significantly lower fractional anisotropy (FA) in AD patients compared to healthy
older adults in late-myelinating but not early-myelinating pathways. These group differences
appeared to be driven by loss of myelin integrity based on our finding of greater radial diffusion in
AD than in healthy elderly. ROI analyses were generally in agreement with whole-brain findings,
with significantly lower FA and increased radial diffusion in the ILF in the AD group. Consistent
with the retrogenesis model, AD patients showed demonstrable changes in late-myelinating WM
fiber pathways. Given greater change in the ILF than the SLF, wallerian degeneration secondary to
cortical atrophy may also be a contributing mechanism. Knowledge of the pattern of WM
microstructural changes in AD and its underlying mechanisms may contribute to earlier detection
and intervention in at-risk groups.
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Introduction
The retrogenesis model of Alzheimer's disease (AD) and other neurodegenerative diseases
posits that white matter (WM) degeneration reflects myelin breakdown that develops in a
pattern that is the reverse of myelogenesis (Reisberg et al., 1999). According to this model,
pathways with large diameter fibers that myelinate first in development, such as primary motor
fibers, are the last to be affected by AD. In contrast, pathways with small diameter fibers that
myelinate much later in normal development, such as neocortical association and allocortical
fibers, are the first to be affected by the AD degenerative process (Bartzokis, 2004). Because
corticocortical association pathways are the latest-myelinating fiber pathways in the brain,
followed by commissural and limbic pathways (Kinney et al., 1988; Yakovlev and Lecours,
1967), they are particularly vulnerable to early degeneration in AD according to the
retrogenesis model. However, many of these late-myelinating pathways also connect to medial
temporal lobe structures affected early in AD (Brun and Englund, 1986), so it is possible that
observed WM changes may reflect wallerian degeneration secondary to neuronal loss as well
(see Coleman, 2005).

Neuropathological mechanisms underlying WM changes in AD can be investigated using
diffusion tensor imaging (DTI), which allows for in vivo examination of the orientation and
microstructural integrity of WM. WM microstructural integrity is reflected by the degree of
intravoxel diffusion anisotropy, most commonly represented as fractional anisotropy (FA, Le
Bihan et al., 2001; Pierpaoli and Basser, 1996). Preliminary studies suggest that examination
of directional diffusivities (e.g., axial and radial diffusion) may yield important information
about the underlying neuropathology driving differences in FA (Song et al., 2003, 2002; Sun
et al., 2005). Specifically, radial diffusion (DR) may signify loss of myelin integrity and axial
diffusion (DA) may implicate axonal damage that would be expected with wallerian
degeneration (Song et al., 2003, 2002; Sun et al., 2005).

Studies not specifically testing a theoretical model of WM changes in AD have provided mixed
support for both the retrogenesis model and wallerian degeneration. Many published papers
have attributed WM changes in late-myelinating or corticocortical pathways in AD to
retrogenesis, but these studies did not directly compare early- versus late-myelinating regions
(Fellgiebel et al., 2008; Naggara et al., 2006; Taoka et al., 2006; Teipel et al. 2007). For
example, Teipel et al. (2007) used a whole-brain multivariate voxel-based morphometry
(VBM) approach and found a pattern of regional WM changes consistent with the retrogenesis
model. Specifically, patients with AD had significantly reduced FA in intracortical projecting
WM tracts and a relative preservation of extracortical projecting fiber tracts. Other groups have
concluded that their results support wallerian degeneration (Duan et al., 2006; Huang and
Auchus, 2007; Yoshiura et al., 2006). For example, Huang and Auchus (2007) found decreased
axial diffusivity in the temporal lobe in patients with AD or mild cognitive impairment (MCI)
compared to healthy elderly, suggesting axonal damage secondary to wallerian degeneration.
Other investigators have reported a pattern of results that support both wallerian degeneration
and retrogenesis as possible neuropathological mechanisms of WM changes in AD (Medina
et al., 2006; Salat et al., 2008; Stahl et al., 2007; Xie et al., 2006).

Although studies have consistently demonstrated reduced WM integrity in AD patients
compared to healthy elderly, the pattern and underlying mechanism of these changes remain
unclear. One reason for this uncertainty is that few studies have tested a priori hypotheses
based on a specified neuropathological mechanism. The only study to date that tested the
retrogenesis model prospectively used a region of interest (ROI) approach and found support
for the model in AD (Choi et al., 2005). However, unlike the present study, these investigators
did not additionally employ a whole-brain approach and their analyses were therefore limited
to preselected ROIs.
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In the present study we utilized a novel DTI post-processing procedure, tract-based spatial
statistics (TBSS, Smith et al., 2006), to test the retrogenesis model of AD using both a whole-
brain exploratory approach to evaluate regional patterns of WM changes and an ROI approach
to test a priori hypotheses. We predicted that there would be less WM microstructural integrity
in patients with AD relative to normal healthy elderly in late-myelinating WM fiber pathways,
whereas early-myelinating fiber pathways would be relatively spared. We also investigated the
underlying neuropathological mechanism of WM changes by testing whether group differences
remained after controlling for generalized atrophy and by evaluating group differences in axial
and radial diffusion. In accordance with the retrogenesis model, we predicted that group
differences would be independent of generalized atrophy and would be driven by myelin
breakdown rather than wallerian degeneration.

Method
Participants

The institutional review boards at the University of California San Diego and San Diego State
University approved the study. Sixteen individuals diagnosed with possible or probable AD
and 14 elderly normal control (NC) participants were selected for this study from the larger
cohort of research volunteers of the Alzheimer's Disease Research Center (ADRC) at the
University of California San Diego. The two groups did not differ significantly on age
(F1,28=.003, p=.96, ηp

2=.00), education (F1,28=.25, p=.62, ηp
2=.01), or Rosen's Modified

Hachinski Scale (F1,28=.06, p=.80, ηp
2=.00). Sex (proportion) did not differ significantly across

groups (χ2=.53, p=.47). As expected, DRS total and MMSE scores for the AD group were
significantly lower than for the NC group (F1,28=69.64, p<.001, ηp

2=.71; F1,28=26.31, p<.001,
ηp

2=.48). Please see Table 1 for demographic descriptive statistics.

AD patients received a diagnosis of possible or probable AD by two senior staff neurologists
according to the criteria developed by the National Institute of Neurological and
Communicative Disorders and Stroke (NINCDS) and the Alzheimer's Disease and Related
Disorders Association (McKhann et al., 1984). Individuals were excluded from the study if
they had causes of dementia other than AD (e.g., stroke, hypothyroidism, vitamin B12
deficiency, electrolyte imbalance), a history of severe head injury, alcoholism, or serious
psychiatric disturbance. Persons with significant cerebrovascular disease, (as indexed by
modified Rosen ischemic scores greater than 4, Rosen et al., 1980), were excluded. All ADRC
participants receive (a) annual neurological, medical, and psychiatric examinations; (b) global
cognitive screening (e.g., Mattis Dementia Rating Scale, DRS, Mattis, 1976); and (c) the
ADRC Core Neuropsychological Battery, which assesses basic cognitive domains such as
attention, memory, language, visuospatial skill, problem solving and abstraction, and motor
coordination. For a detailed description of the tests that comprise this battery, see Salmon and
Butters (1992). Participants were scanned within 3.8 months, on average, of their ADRC annual
evaluation (SD=2.2; range 0–9 months).

Imaging protocol
Participants were scanned in a 3-Tesla GE Signa Infinity MRI scanner equipped with quantum
gradients providing echo planar capability. Automated shimming is used to enhance field
homogeneity. We obtained both mid-sagittal and axial localizer slices to confirm the adequacy
of head placement.

Structural MRI sequences were as follows:

1. T1: MPRAGE, TR=7 ms, TE=min full, flip angle=8°, inversion recovery prepared:
inversion time 900 ms, bandwidth 31.25 kHz, FOV=26 cm, slice thickness=1.2 mm,
Locs per slab=170, number of slabs=1, plane=sagittal, SPGR, freq=256, phase=256,
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(matrix size 256×256), NEX=1, phase FOV=.94, frequency/direction=superior/
inferior, auto center frequency=water, coil=8 channel phased array, scan time was
approximately 9 min.

2. Two field maps were collected to correct for distortions in DTI images due to
susceptibility artifact: TE=minimum full (1st field map) or 5.5 (2nd field map),
TR=1,000 ms, FOV=24 cm, spacing=0, NEX=1, flip angle=60°, bandwidth =31.25
kHz, slice thickness= 3 mm, frequency=128, phase=128, phase fov=1, frequency/
direction=1.

3. DTI images were collected in the axial plane with a double spin echo EPI acquisition
(eddy current compensated), TR=11,000 ms, TE=minimum, FOV=24 cm, slice
thickness=3 mm, spacing=0, matrix size 128×128, in-plane resolution=1.875×1.875.
Approximately 36 slices were acquired with 15 non-collinear diffusion directions and
4 averages (b value=1500 s/mm2). Total DTI acquisition time with field mapping was
approximately 16 min.

Image processing
T1—Bias correction of field inhomogeneities was performed with N3 (Sled et al., 1998). The
T1 images were skull stripped with Hybrid Watershed algorithm (Gootjes et al., 2004; Segonne
et al., 2004), Brain Surface Extractor (BSE, Sandor and Leahy, 1997; Shattuck and Leahy,
2001), or both, as these two programs have been shown to be more effective than others (e.g.,
BET, 3dIntracranial) in patients with AD (Fennema-Notestine et al., 2006). Any remaining
edits were performed manually.

Tissue segmentation was then performed using the Oxford Centre for Functional Magnetic
Resonance Imaging of the BRAIN (FMRIB)'s Automated Segmentation Tool (FAST, Zhang
et al., 2001) in order to derive gray matter (GM), white matter (WM), and cerebrospinal fluid
(CSF) volumes. To correct for head size, GM volume was divided by the whole-brain volume
(GM+WM+CSF) to generate proportionalized (e.g., percentage) GM volume.

DTI—Diffusion weighted images were submitted to FMRIB's Utility for Geometrically
Unwarping EPIs (FUGUE) and Phase Region Expanding Labeller for Unwrapping Discrete
Estimates (PRELUDE) programs, which unwarp echo-planar imaging (EPI) and DTI images
to help correct phase variations in field map data due to field inhomogeneity and subtle subject
movements. Next, eddy current correction was applied using the FMRIB's Software Library
(FSL) program Eddy Correct to further adjust for the effects of head movement and eddy
currents through affine registration. The 15 diffusion directions were registered to the B0
volume (e.g., no diffusion weighting) using FMRIB's Linear Image Registration Tool (FLIRT)
with six degrees of freedom. The AFNI (Analysis of Functional NeuroImages) program
3dDWItoDT calculated the diffusion tensor from the diffusion weighted images using
nonlinear estimation of the diffusion tensor model (Pierpaoli and Basser, 1996). Maps for FA
(see Le Bihan et al., 2001 for formula), DA (λ1), and DR (λ2+λ3/2) were then extracted to
prepare for TBSS analysis.

Tract-based spatial statistics
Tract-based spatial statistics version 1.1 (TBSS, Smith et al., 2006), part of FSL (Smith et al.,
2004), is a novel tool for the post-processing and analysis of multisubject DTI data. First, a
target image was selected to serve as a target for all nonlinear registrations. As the target subject
ideally is the “most typical” subject of the group, a normal control subject whose percentage
brain volume (according to FAST segmentation) was at the median split for the entire sample
was selected (per Smith et al., 2006, the final skeleton is quite comparable when different target
subjects are used). All subjects' FA data were then aligned into a common space using the
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nonlinear registration Image Registration Toolkit (IRTK, Rueckert et al., 1999) and then affine-
transformed into 1×1×1 mm3 MNI152 space. The aligned FA images were then averaged to
create a mean FA image. The process of resolution upsampling and averaging across subjects
rendered the mean FA image relatively smooth, obviating the need for additional smoothing.
The mean FA image was subsequently thinned to create a mean FA skeleton by using a local
search for each voxel in the tract perpendicular direction, identifying the voxel with the highest
FA as the center of the tract. The resultant mean FA skeleton represents the central portion of
all the fiber pathways throughout the brain that are common to the group. A threshold FA value
of .2 was then applied to exclude voxels that are primarily GM or CSF. Each individual subject's
aligned FA data was then probabilistically projected onto this skeleton using a searching
algorithm. The same perpendicular tract direction that was used to create the original mean FA
skeleton was used to search each individual's FA image to find the maximum FA value and
assign this value to the skeleton voxel. Searching constraints ensure that the value assigned is
closer to that skeleton voxel than any other part of the skeleton, with priority given to more
proximate voxels (see Smith et al., 2006). In this way, each individual's FA skeleton should
contain the center of their unique WM tracts, adjusted to the alignment of the group. The same
transformations derived for the FA maps were applied to the DA and DR maps.

TBSS regions of interest
Regions of interest (ROIs) were created to represent two early-myelinating pathways and two
late-myelinating pathways (see Fig. 1). The early-myelinating pathways included the posterior
limb of the internal capsule (ICp) and the cerebral peduncles (CP). The late-myelinating
pathways included the superior longitudinal fasciculus (SLF) and the inferior longitudinal
fasciculus (ILF). ROIs were drawn on the mean FA skeleton (overlaid on mean FA map) and
average FA values for each ROI were subsequently calculated for every subject. Two WM
atlases within FSL (ICBM-DTI-81 parcellation map and JHU WM tractography atlas) guided
the placement of the ROIs and they were further verified using a DTI color map human atlas
(Mori et al., 2005) and a white matter atlas based on data from the rhesus monkey (Mori et al.,
2005;Schmahmann and Pandya, 2006). Mori et al. (2008) reported that the ICBM-DTI-81 WM
parcellation map serves as an effective guide for ROI drawing based upon high inter-rater
reproducibility (κ>0.85). We also used these atlases to determine the location of significant
voxels in the voxelwise group comparison. It should be noted that the ILF might also include
voxels from the inferior fronto-occipital fasciculus (IFOF) because we defined the ILF using
the ICBM-DTI-81 WM region labeled “sagittal stratum,” which did not differentiate between
the ILF and IFOF. We chose to use the label ILF because Schmahmann and Pandya (2006)
argue that an inferior fronto-occipital fasciculus is implausible and caution against propagation
of this label.

Data analysis
To test for localized differences across groups, voxelwise statistics were performed for each
point on the common FA skeleton. A permutation-based approach (Nichols and Holmes,
2001) that accounts for “familywise errors” was used to control for multiple comparisons.
Specifically, permutation-based inference cluster size (t>1, p<.05) was used to test whether
FA is significantly reduced in AD patients compared with NC participants. A mask of all
significant voxels was created and submitted to a deprojection script within TBSS v1.1 to back-
project all significant voxels into native FA spaces. This allowed for visual inspection of
significant voxels to ensure that voxels fell within the WM pathways for each individual
subject, and served as a method of checking the validity of the registration procedure.

An average FA, DA, and DR value was derived for the voxels on the skeleton that were
significantly different across groups in the voxelwise analysis, and all were submitted to
ANOVA to examine differences between groups and derive effect sizes (partial eta squared).
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Any significant differences were then submitted to Analysis of Covariance (ANCOVA) to test
whether these group differences remain when covarying for age and GM volume.

To test our a priori hypotheses about early- versus late-myelinating fiber pathways, an average
FA was extracted for each ROI (e.g., SLF, ILF, CP, ICp) and aggregate early-myelinating FA
(average of CP and ICp) and late-myelinating FA (average of SLF and ILF) values were
calculated. A mixed model ANOVA was used to test whether there was a significant interaction
of FA values between region (early- and late-myelinating) and group (NC and AD). This
mixed-model ANOVA was then performed separately for each late-myelinating ROI.
Differences in DA and DR were only examined if significant differences across groups were
found in FA for an individual ROI. Because of the small sample size and the preliminary nature
of this study, we did not control for multiple comparisons for the ROI analyses.

Results
Whole-brain voxelwise comparison

Voxelwise analyses revealed significantly lower FA values in AD patients compared to healthy
older adults in late-myelinating association fiber pathways (uncinate fasciculus, ILF, SLF),
limbic pathways (fornix/stria terminalus, cingulum), and commissural pathways (splenium of
the corpus callosum, forceps major). In contrast, no significant differences were seen in early-
myelinating pathways (e.g. cerebral peduncles, internal capsule, corona radiata). See Fig. 2.

In order to more specifically identify the constituents impacting the previous results, we
analyzed group differences in FA, DA, and DR for the voxels that showed significant group
differences in the previous analysis. The AD group showed significantly lower FA (F1,28=
17.69, p<.001, ηp

2=.39) and higher DR (F1,28=9.48, p=.005, ηp
2=.25) than the NC group. There

was no significant difference in DA across groups (F1,28=.00, p=.96, ηp
2=.00). The group

differences in FA and DR remained significant when controlling for age and GM volume
(F1,26=19.55, p<.001, ηp

2=.43, and F1,26=7.26, p=.01, ηp
2=.22, respectively) (Table 2).

ROI group comparisons
No significant differences in FA across groups were found in aggregate early-myelinating
regions (internal capsule, cerebral peduncles; F1,28=0.32, p=.58, ηp

2=.01). A significant
difference in FA was found for aggregate late-myelinating regions (ILF, SLF; F1,28=4.49, p=.
04, ηp

2= .14), with the AD group showing lower FA than the NC group. When the two late-
myelinating ROIs were tested separately, the ILF showed a significant difference in FA
(F1,28=6.15, p=.02, ηp

2= .18), again with the AD group showing lower FA than the NC group,
but the SLF did not (F1,28=.74, p=.40, ηp

2=.03). See Table 3 for descriptive statistics. Because
of the significant difference in FA across groups in the ILF, directional diffusivities were also
tested. DR of the ILF was greater for the AD group than the NC group and this difference
approached significance (F1,28=3.75, p=.06, ηp

2= .12). DA of the ILF was not significantly
different across groups (F1,28=.01, p=.93, ηp

2=.00).

A mixed-model ANOVA was performed to test for an interaction of the within-subjects factor
(region: early vs. late) and the between-subjects factor (group: NC vs. AD). When testing the
aggregate ROI results of early- versus late-myelinating regions, the region (early/late) by group
(NC/AD) interaction approached significance (F1,28=2.81, p=.11, ηp

2=.09). This mixed-model
ANOVA was then performed separately for each late-myelinating ROI. For the SLF, the region
(early/SLF) by group (NC/AD) interaction was not significant (F1,28= .13, p=.72, ηp

2=.01).
For the ILF, the region (early/ILF) by group (NC/AD) interaction was significant (F1,28=4.28,
p=.05, ηp

2= .13; see Table 3 for descriptive statistics).

Stricker et al. Page 6

Neuroimage. Author manuscript; available in PMC 2009 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
The present DTI study used TBSS to test the retrogenesis model of AD using both a whole
brain voxelwise approach and a priori ROI analyses. Generally, our preliminary findings are
consistent with the retrogenesis model, although wallerian degeneration due to cortical atrophy
cannot be fully ruled out as a mechanism of WM change.

Whole brain voxelwise analysis
Consistent with the retrogenesis model of WM degeneration in AD, we found abnormally low
WM integrity in AD patients in corticocortical association pathways (uncinate fasciculus,
inferior longitudinal fasciculus, and superior longitudinal fasciculus), commissural pathways
(splenium, forceps major), and limbic pathways (fornix/stria terminalus, cingulum). These are
among the latest-myelinating pathways in the brain (Kinney et al., 1988; Yakovlev and
Lecours, 1967). Early-myelinating fiber pathways associated with primary motor and sensory
regions, as predicted, were spared in early AD. These results are consistent with those of Teipel
et al. (2007) who used a multivariate approach (principle components analysis) with VBM to
examine differences in FA across AD and NC groups. They are also consistent with those of
Damoiseaux et al. (2008) who employed TBSS for voxelwise analysis to show significantly
lower FA in the left uncinate fasciculus in AD patients. It should be noted, however, that
abnormally low FA was observed in many more late-myelinating regions in the present study
than in the Damoiseaux et al. (2008) study, perhaps because the AD and NC participants were
seven years older, on average, than those studied by Damoiseaux et al. In addition, there was
nearly twice as much variability in mean FA skeleton values for the healthy elderly group than
for the AD group in the Damoiseaux et al. (2008) study, which may have made meaningful
group differences difficult to detect.

Although the voxelwise analysis results are consistent with retrogenesis, possible contributions
from wallerian degeneration to WM changes in AD cannot be ruled out. The ILF, splenium,
fornix/stria terminalus, and cingulum fiber pathways all have connections to brain structures
(e.g., medial temporal lobe structures such as the hippocampal formation) affected early in the
course of AD (Braak and Braak, 1996) and changes in these structures could lead to wallerian
degeneration (Coleman, 2005). Arguing against this possibility, however, is our finding that
radial diffusion, a reflection of loss of myelin integrity, rather than axial diffusion, a reflection
of wallerian degeneration, revealed reduced FA in patients with AD compared to NC subjects.
Furthermore, group differences in FA remained significant after covarying for age and GM
volume, which suggests that the observed changes in WM integrity cannot be entirely explained
by GM loss. Similar results were reported by Salat et al. (2008) who found greater changes in
radial rather than axial diffusion in medial temporal lobe WM after controlling for hippocampal
volume. If wallerian degeneration were the primary mechanism of WM change in AD, variance
due to GM atrophy would be expected to at least partially account for the change in
microstructural WM integrity. Thus, the abnormalities in WM we observed in patients with
AD appear to be related to alterations of the integrity of myelin (Song et al., 2005), which is
more in accordance with retrogenesis through mechanisms outlined by Bartzokis (2004) than
with wallerian degeneration secondary to distal GM atrophy. This interpretation is consistent
with Brun and Englund (1986) neuropathological findings, which indicated that white matter
changes in AD are not likely to be solely due to wallerian degeneration.

ROI analyses
Results from our ROI analyses provide mixed support for the retrogenesis model. Consistent
with the model and a number of previous studies (Naggara et al., 2006; Rose et al., 2000,
2008; Xie et al., 2006; Zhang et al., 2007), there were no significant differences between AD
patients and healthy elderly in early-myelinating regions such as the cerebral peduncles or the
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posterior limb of the internal capsule. Furthermore, patients with AD had decreased WM
integrity compared to normal healthy elderly across late-myelinating pathways as predicted by
the retrogenesis model. However, when the late-myelinating ILF and SLF were separately
evaluated, it became clear that the group difference was driven almost entirely by changes in
the ILF. There was a significant region (early- versus late-myelinating) by group interaction
effect when the ILF represented the late-myelinating region, but not when the late-myelinating
region was represented by the SLF. These results are consistent with a recent study by
Fellgiebel et al. (2008) who also failed to find group differences in early AD patients compared
to normal healthy elderly in the SLF when using an ROI approach.

Because the ILF contains connections between medial temporal lobe areas affected early in
the AD neuropathological process (Braak and Braak, 1996) and posterior cortical regions, it
is possible that the observed group differences in this fiber pathway could be explained by
wallerian degeneration. In contrast, the SLF primarily connects the frontal and parietal lobes
(Schmahmann and Pandya, 2006), which are affected later in the disease process than medial
temporal lobe structures (Braak and Braak, 1996). Therefore, WM changes due to wallerian
degeneration are more likely in the ILF than the SLF in our sample of mildly-to-moderately
impaired AD patients. Although wallerian degeneration cannot be ruled out, our finding that
radial diffusion and not axial diffusion reveals decreased WM integrity in the ILF in our AD
group argues against its importance.

Discrepancies in the literature and the retrogenesis model
Our findings have implications for discrepancies in the literature that relate to the issue of
greater anterior versus posterior WM changes in AD. Although a number of investigators using
DTI report that WM changes in AD patients are found predominantly in anterior regions (Choi
et al., 2005; Duan et al., 2006; Naggara et al., 2006), other investigators using this procedure
report that WM changes occur predominantly in posterior regions (Head et al., 2004; Medina
et al., 2006; Rose et al., 2000; Takahashi et al., 2002). Our results indicate that WM in both
anterior and posterior regions is affected in AD, but the important distinction is not its location,
but whether the region is early- or late-myelinating. This perspective suggests that an
alternative, and perhaps more unifying, approach to characterizing the pattern of WM
degeneration in AD is to predict WM changes in vulnerable late-myelinating fiber pathways,
rather than looking for anterior versus posterior gradients of change (see Salat et al., 2005 for
a similar approach in normal aging). A general principle that may guide this approach is that
myelination of functional systems that are critical early in life (e.g., sensorimotor systems)
begins earlier and progresses more rapidly than myelination of functional systems that are not
necessary until later in childhood and have a higher evolutionary function (e.g., language,
executive functions Barkovich, 2005; Yakovlev and Lecours, 1967). This sequence is
consistent with the progression of cognitive changes in AD (e.g., relative preservation of
sensory and motor functions in the presence of memory, language and executive function
deficits) and is consistent with the retrogenesis model of WM change in AD.

Limitations and future directions
Although our study was limited by a relatively small sample size, a problem common to most
neuroimaging studies of this kind, we were able to detect group differences in WM integrity
that were congruent with our a priori hypotheses and with the extant literature. Our results
suggest that retrogenesis may be the primary mechanism of WM change in mild to moderate
AD patients. However, without longitudinal data and measures of cortical gray matter
structures thought to be affected prior to these WM pathways, the primacy of GM atrophy
cannot be determined. Although the current study focused on the retrogenesis model in subjects
with AD, this model may be applicable to a number of neurodegenerative processes as
suggested by Bartzokis (2004). Future studies should include other types of degenerative
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syndromes to help elucidate whether the process of retrogenesis is specific to AD or if it
represents a more general neurodegenerative process.

Another limitation is that while TBSS circumvents some of the problems with VBM that can
lead to partial voluming, these problems remain when examining smaller WM tracts. In
particular, if the tract width is smaller than the original voxel size, the voxel may include GM
(Smith et al., 2006). We attempted to minimize this potential problem by applying an initial
threshold that removes all voxels with an FA value less than .2, but care should be taken when
interpreting group differences in small WM tracts (e.g., the fornix). Variability in registration
procedures may lead to differing results across studies, thus replication of these results in native
space and with other registration procedures such as TBSS v1.2 is needed.

Finally, it is possible that differences in WM integrity that we observed across groups could
be related to factors other than AD pathology, such as subtle registration error or
cerebrovascular disease (Delano-Wood et al., in press). The AD patients and healthy control
subjects did not differ significantly in stroke risk measured by the Hachinski ischemia score,
but this does not guarantee that vascular processes did not underlie some of the results. The
relationship between WM microstructural integrity and vascular risk factors warrants further
study and may prove to be a moderating factor in the development of AD or in disease
expression. Future longitudinal studies of groups at risk for AD that implement a broader range
of stroke risk or incorporate multiple imaging modalities that directly assess perfusion rates or
stenosis of the vasculature will best address this issue.

Summary
Our prospective DTI study demonstrated that patients with AD show changes in late-
myelinating WM fiber pathways consistent with the retrogenesis model of neurodegeneration.
Although some contribution of wallerian degeneration to this model of WM change cannot be
ruled out, the observed group differences remained even when controlling for GM volume,
suggesting that DTI captures unique variance associated with neurodegenerative brain changes
that traditional structural MR measures may miss. Knowledge of the pattern of WM
microstructural changes in AD and its underlying mechanisms may contribute to earlier
detection and intervention in groups at risk for AD, especially if WM abnormalities are not
entirely due to changes in cortical volume.
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Fig. 1.
Regions of interest: posterior limb of the internal capsule (in green), superior longitudinal
fasciculus (in orange), cerebral peduncles (in purple), and inferior longitudinal fasciculus (in
pink) overlaid on mean FA skeleton (in blue). The left hemisphere of the brain corresponds to
the right side of the image.
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Fig. 2.
Voxelwise group differences in the uncinate fasciculus, inferior longitudinal fasciculus, fornix,
splenium, cingulum, forceps major and superior longitudinal fasciculus (in red) overlaid on
mean FA skeleton (in blue). In all instances, AD patients demonstrated significantly lower
fractional anisotropy values in the aforementioned regions. The left hemisphere of the brain
corresponds to the right side of the image.
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Table 1

Demographic data for Alzheimer's disease (AD) patients and healthy normal control (NC) participantsa

NC n = 14 AD n = 16

Age 77.4 (8.1) 77.3 (9.0)
Education 15.3 (2.9) 15.8 (2.1)
Sex % female (M/F) 64% (5/9) 50% (8/8)
Rosen's Modified Hachinski Scale 0.36 (0.50) 0.31 (0.48)
Mattis Dementia Rating Scaleb 141.1 (4.0) 124.0 (6.7)
Mini-Mental State Examb 29.29 (.73) 24.44 (3.46)

a
Mean (SD).

b
p<.05.
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Table 2

Group comparisons of average diffusion measures and brain volume indices in patients with Alzheimer's disease
(AD) and healthy normal control (NC) participantsa

NC n = 14 AD n = 16 p

FAb .445 (.033) .399 (.027) <.001
DA 1.565 (.064) 1.566 (.057) .96
DRb .742 (.074) .817 (.060) .005
Gray matter (%) .444 (.031) .425 (.021) .07

Note. FA=FA skeleton voxels that were significantly different across groups in FA voxelwise analysis, DA=DA skeleton voxels that were significantly
different across groups in FAvoxelwise analysis, DR=DR skeleton voxels that were significantly different across groups in FA voxelwise analysis.

a
Mean (SD).

b
p<.01.

Neuroimage. Author manuscript; available in PMC 2009 November 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stricker et al. Page 17

Table 3

Average fractional anisotropy values for Alzheimer's disease (AD) patients and healthy normal control (NC)
participants for each region of interesta

NC n = 14 AD n = 16 p

Early-myelinating .644 (.023) .638 (.031) .58
 CP .620 (.026) .617 (.029) .75
 ICp .667 (.028) .659 (.039) .52
Late-myelinatingb .435 (.027) .414 (.028) .04
 SLF .403 (.027) .394 (.030) .40
 ILFb .467 (.036) .434 (.037) .02

Note. CP=cerebral peduncles, ICp=posterior limb of the internal capsule, SLF=superior longitudinal fasciculus, ILF=inferior longitudinal fasciculus.

a
Mean (SD).

b
p<.05.
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