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Abstract

Diffusion tensor imaging (DTI) can detect, in vivo, the directionality of molecular diffusion and estimate the microstructural integrity of
white matter (WM) tracts. In this study, we examined WM changes in patients with Alzheimer’s disease (AD) and in subjects with amnestic
mild cognitive impairment (MCI) who are at greater risk for developing AD. A DTI index of WM integrity, fractional anisotropy (FA), was
calculated in 14 patients with probable mild AD, 14 participants with MCl and 21 elderly healthy controls (NC). Voxel-by-voxel comparisons
showed significant regional reductions of FA in participants with MCI and AD compared to controls in multiple posterior white matter regions.
Moreover, there was substantial overlap of locations of regional decrease in FA in the MCI and AD groups. These data demonstrate that white
matter changes occur in MCI, prior to the development of dementia.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction with a significantly increased risk of developing AD com-
pared to the elderly population without cognitive impairment
Mild cognitive impairment (MCI) may be a transitional [14,23,59—61]Neuropathological and neuroimaging studies
state between normal aging and Alzheimer’s disease (AD). report no significant difference in entorhinal volufi2é,29]
Individuals with amnestic MCI differ from healthy elderly in  or the extent of cell loss in layer Il of the entorhinal cortex
their level of cognitive function, performing more poorly than [49] in individuals with cognitive complaints and in patients
controls on measures of memory. Despite impaired memory with MCI compared to those with a diagnosis of AD. Since
performance, individuals with MCI do not meet diagnos- the entorhinal cortex is one of the earliest sites of pathology
tic criteria for dementigd10,43,59—61] MCI is associated in AD, these results indicate that patients with MCI may be
in the incipient phase of the disease process. Thus, studies of
— individuals with MCI provide a unique opportunity to inves-
* This research was supported by grants AG09466, AG10161 and tigate prodromal AD.
AGl7917fr0mthe National Institute on Aging, National Institutes of Health. Structural magnetic resonance imaging (MRI) techniques
* Corre_spondmg authorj Tel.: +1 312 563 3854; fgx: +1 312 663 4009. have been extensively used to investigate the pathophysiology
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1 present address: Department of Psychiatry, Chicago Medical College, Of Alzheimer’s disease (AD) in vivo. Additionally, individ-
Chicago, IL, USA. uals with MCI are now being studied in order to identify
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anatomical changes that precede a clinical diagnosis and tachanges in mean diffusivity and anisotropic diffusion
develop sensitive in vivo markers that may be predictive of [15,16,33,36,37,39,46,64,65,74]ost of these studies have
conversion to AD. The major emphasis of these studies hasbeen based on analyses of a priori defined regions of interest.
been on the detection of atrophy in regions of interest known The exact regions of alterations in diffusivity or anisotropic
to be pathologically involved in the disease process. Mesial diffusion vary between studies, with some reporting greater
temporal lobe structures critically important for memory anterior differences (e.§15]) in AD, while others demon-
function, such as the hippocampal formation and the entorhi- strate posterior or temporal lobe changes in AD and MCI
nal cortex, have received special attention in these investiga-{33,39,46,64,65]
tions[13,21,22,26-30,41,42,47,48, 18cause a disturbance These conflicting results from prior studies may be due to
in the acquisition of new information is a hallmark of MCI multiple causes such as differences in sample composition
and AD[26,27,29,47,48] (e.g., mild versus moderate cognitive impairment in AD,;
Although most imaging studies of MCl and mild AD have amnestic MCI versus MCI involving other cognitive
focused on gray matter alterations, a number of post-mortemdomains), imaging technique (diffusion weigh{é6,36,37,
investigations have documented white matter pathology asso-46,65]versus diffusion tensor imagiri5,33,39,64,68,74]
ciated with AD[18,19,31,44,45White matter changes asso- or location of brain regions chosen for examination of
ciated with AD may reflect different underlying causes or MRI differences. Most studies used a “region-of-interest”
mechanisms. First, white matter changes in AD may be (ROI) approach to examine MRI differences between groups.
indicative of anterograde Wallerian degeneration, especially This approach can be subjective with inconsistent defini-
in regions close to cortical areas with the greatest pathologi- tions of anatomical borders across studi28] and poor
cal burden. Secondly, there may be white matter rarefactionreproducibility [3]. Even when applied by trained individ-
[31] with axonal damage and gliosis. This type of change is uals with established reliability and reproducibility, dif-
diffuse, does not follow the regional extension of pathologi- ferential regional placement of ROIs across studies could
cally involved gray matter, and may be vascular or ischemic contribute to inconsistent reports of differences in DTI
in origin. Third, it has recently been suggested that myelin indices.
breakdown is an important component of the disease process Whole-brain, voxel-based methods applied to the analy-
in AD [4-6]. According to this hypothesis, damage to oligo- sis of DTI differences between samples provide a global and
dendrocytes may be a critical initiating step in the disease. comprehensive assessment un-complicated by the potential
Furthermore, since late developing oligodendrocytes may bebiases of ROI approaches. These techniques are automated
more vulnerable, late-mylenating association areas are pre-and, therefore, are not subject to issues of human based trac-
dicted to be more susceptible to myelin breakdown. ing reliability and/or reproducibility. In addition, voxel-based
The results ofimaging studies tend to support post-mortem analyses assess regional changes in DTI parameters indepen-
findings of white matter abnormalities in MCI and AD. dent of a priori constraints and may reveal differences that
Increased white matter hyperintensities (WMH) have been are not encompassed by specific ROIs.
found in both MCI and AD using either semi-quantitative In the present study, we examined white matter changes
radiologic ratings scalgg,51] or quantitative measurements in patients with probable mild AD and in those with amnes-
[5,12,24,32] The role of WMH in the pathology or disease tic MCI compared to controls using whole-brain, voxel-
severity of MCI or AD is not established, however. Indepen- based analyses. We were especially interested in determining
dence between WMH and diagnosis or cognitive impairment whether patients with MCl who are presumed to be in the pre-
has been reported by some authid,40,51] while others clinical phases of AD could be differentiated from elderly
report significant correlations between WMH and diagnosis controls based on white matter changes. To our knowledge,
or cognitive impairmenf2,24,32] These discrepancies may this is the first investigation to use a whole brain analysis of
be due to differences in the sample studied, analytic methods white matter changes in MCI.
or sensitivity of the MRI methodology.
A recently developed structural MRI technique, diffu-
sion tensor imaging (DTI), provides increased sensitivity to 2. Materials and methods
alterations in the microstructure of white matter in vivo and
is especially indicative for diseases causing axonal damage2.1. Subjects
and demyelinatiofi7—9,52,70] DTI detects microstructural
alterations in white matter by measuring the directionality Data reported here were obtained from the following three
of molecular diffusion (fractional anisotropy: FA). Highly  groups of participants: (1) 21 elderly control subjects (NC)
organized white matter tracts have high FA because diffu- with no cognitive impairment, (2) 16 patients who met crite-
sion is highly constrained by the tract’s cellular organization. ria for amnestic MCI, and (3) 14 patients diagnosed with
As white matter is damaged, FA decreases due to decreasedild AD. All participants were recruited from the Rush
anisotropic diffusion. Alzheimer’s Disease Center (RADC, Chicago, IL), the com-
Previous investigations of white matter changes in AD munity and the Religious Order Study (ROS), a longitudinal,
or MCI using diffusion weighted MRI have reported clinico-pathologic investigation of aging and AD in older
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nuns, priests and brothers who have agreed to annual evaluaef eddy currents. Eddy currents are geometric distortions
tions and to brain autopsy at the time of defdth,58] To be introduced by the echo planar diffusion weighting gradi-
included in the study, participants had to be 65 years of ageents and can cause distortions in shear, magnification and/or

or older. pixel shifts. A set of CSF nulled inversion recovery images
(T, ~2100ms) are acquired with=0 as a reference for
2.2. Clinical work-up and subject selection unwarping eddy current effects in the diffusion weighted

imaged25,38] Processing of unwarped DT images involved

All evaluations were carried out by members of the the calculation of the six diffusion coefficients defining the
RADC as previously describel@8,72] Briefly, the evalu- six elements of the diffusion tensf#]. Eigenvectors, defin-
ation incorporated the Consortium to Establish a Registry for ing the three principle directions of diffusion for each voxel
Alzheimer's Disease (CERA[B7]) procedures andincluded  were derived from the diffusion tensor. The magnitude of dif-
a medical history, neurological examination, neuropsycho- fusivity in each direction was represented by the eigenvalues
logical testing, informant interview and blood tests. The MRI for the three eigenvectors. The mean diffusivity (DW) and
scans of all participants in the present study were reviewed bythe fractional anisotropy (FA) were derived from the eigen-
a neuroradiologist to assess the presence of stroke or othevalues[7-9]. From this post-processing, three values were
exclusionary brain abnormalities. The clinical diagnosis of constructed for each slice: DW, FA atd=0 (0 weighted
probable AD followed NINCDS/ADRDA guidelinef53]; image =T2 image).
it required a history of cognitive decline and neuropsycho-
logical test evidence of impairment in at least two cognitive 2.4. MRI data analyses
domains, one of which had to be memory.

Participants diagnosed with MCI underwent the same Individual participant slice images for DW, FA and T2
standard clinical evaluation as the patients with AD, were acquisitions were concatenated into whole-brain volumes in
found to have a deficit in memory only, but did not meet cri- acceptable format using software developed by Russ Pol-
teria for dementia. Exclusion criteria for both patients with drack, Ph.D. littp://sourceforge.net/projects/spm-toolhox
mild probable AD and MCI were evidence of other neuro- Whole-brain volumes were imported into Statistical Para-
logic, psychiatric or systemic conditions that could cause metric Mapping softwarg35] (version SPM99) for analysis.
cognitive impairment (e.g., stroke, tumor, alcoholism, major To facilitate voxel-by-voxel comparisons between groups,
depression, a history of temporal lobe epilepsy). all images were spatially normalized to a standard tem-

Control subjects received the same work-up as the two plate. To avoid the geometric distortions associated with
patient groups. Selection as an elderly control subject diffusion weighted echoplanar imaging, we used the 0 diffu-
required a normal neurological examination, normal cog- sion weighted (e.g., T2) image obtained during the scanning
nition and a Mini Mental State Examination (MMYB4]) sequence for normalization. The T2 weighted image was
score>27. Exclusion criteria for the controls were the same normalized to the standard T2 template in SPM99 using
as those used for the patient groups. Informed consent wasa 12 iteration linear transformation and a non-linear trans-
obtained from all participants according to the rules of the formation with 7x 8 x 7 basis functions. The adequacy of
Institutional Review Board of Rush University Medical Cen- transformation of each participant’s T2 weighted image to the

ter. T2 template was assessed by visual inspection. Parameters
from this transformation were then applied to the remaining
2.3. Acquisition and processing of MRI data DT images and statistical maps were created for DW and FA

values. This normalization processing re-sampled the vol-

Scans were performed on a 1.5T GE scanner (Generalumes into a 2 mvoxel size.
Electric, Milwaukee, WI, USA) equipped with fast gradient To limit our analysis to DW and FA values in white matter,
Horizon Echospeed upgrades (Rev. 8.4). Single-shot echoplawe created individual subject mask volumes that were used to
nar diffusion-weighted imaging was used with the following exclude voxels representing white matter abnormalities based
parameters: repetition tim&g =8000, echo timeTg =97, on T2 signal, voxels from gray matter, CSF, and extra-cranial
gradient durations=20ms, acquisition matrix 128 128 space. The first step in creating the masks was to segment the
zero-filled to 256« 256, field of view (FOV)=240, slice  normalized T2 images into CSF, gray matter, and white mat-
thicknes =6 mm 0 gap, 18xial slices. Two degrees of diffu-  ter compartments. The segmentation algorithms for defining
sion weighting b values) were useth= 0 ancb = 800 s/mm. white matter were based on a probability of greater than 0.80
These diffusion weights were applied in six non-collinear for white matter classification. This process allowed us to
directions Ky, yz xz, —xy, —yz, —x2) with two repetitions not only exclude voxels from gray matter, CSF and extra-
of b=0 and four repetitions of each diffusion weighted cranial space, but also to exclude areas of white matter in
image. Images were transferred to an off-line workstation which the T2 signal was altered due to white matter lesions,
(Sun Microsystems, Palo Alto, CA) for processing. atrophic changes or other abnormalities on an individual par-

The first step in post-acquisition processing of diffu- ticipantbasis. Thus, only voxels surviving this threshold were
sion tensor-MRI images (DT-MRI) involved the unwarping included in the group analyses. The individual white mat-
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Table 1
Demographic variables and white matter mask volumes of clinical groups (me3ufs)
NCI (N=21) MCI (N=14) AD (N=14)
Age (years) 77.210.1 78+5.6 77.4-6.8
Range 62-96 64-86 70-89
Medians 78.0 78.5 76.5
Education (years) 1542.0 14.3+£3.3 15.2+3.2
Female/male 11/10 11/3 9/5
MMSE score 29.3:0.7 26.9+2.1 24.5+1.9"
Cardiovascular risk factors (%)
History of myocardial infarction 11.8 0 21.4
Diabetes 5.9 14.3 0
High blood pressure 35.3 35.7 42.9
White matter mask volumes 41015t81255.7 42927.%1244.4 44386.9-949.7

* Significantly different from NCI§<0.001).
** Significantly different from both NCIg< 0.001) and MCI < 0.001).

ter masks were then applied to individual subject DW and medians and ranges. Analyses of independence revealed no
FA maps. Group differences in voxel level DTI values were significant relationships between diagnostic groups and vari-
assessed using these individual, masked DW and FA maps. ables such as gender3(2] = 2.488,p=0.288) or the pres-
ence of cardiovascular risk factors; i.e. myocardial infarction
(x?[4]=6.784,p=0.148), diabetes@[4] = 5.754,p=0.218)
3. Statistical methods and high blood pressurex3[4]=3.606, p=0.462) (see
Table 1. However, the groups were significantly different on
Differences between the three groups of participants in MMSE scoresff(2,46) = 37.67p < 0.001]. Pairwise compar-
demographic and disease related measures, as well as volisons showed that the control group had significantly higher
umes of white matter masks, were assessed by one-wayscores than patients with MCI or ADp€ 0.001 for both).
analyses of variance (ANOVA) followed by post hoc tests Similarly, participants with MCI had significantly higher
(Fisher's). x2-tests were used to determine the relationship scores than patients with A[p € 0.001). There were no sig-
between variables such as gender or cardiovascular risk fac-nificant differences in the volumes of the white matter masks
tors, and diagnostic classification. between the group$(2.46) =2.04p=0.14).
Voxel-wise group differences in FA and DW were assessed
using the ANOVA module in SPM99 followed by group-wise 4.1. Voxel-based comparisons
t-test comparisons. For these comparisons, significance was

determined with g-value of <0.01 (corrected for multiple Voxel-wise comparison for DW failed to reveal reli-
comparisons at the cluster level) with a seven-voxel extent able group differences. In contrast, voxel-wise analysis of
threshold. regional differences in white matter FA between the NC,

Determination of the location of voxels demonstrating MCI and AD groups using a<0.01 threshold showed sig-
significantly different DTI values was accomplished by con-
verting thex z rdin for th k voxel within
erting thex, y, z coo dinates for the peak voxe t Talairach space-derived distribution of white matter regions with decreased

a clus_ter from the_ Montreal Neurologlcal InStI_tUte (MNI) . intra-voxel diffusion anisotropy (FA) in MCI subjects compared to age-
coordinates used in SPM99 analyses, to Talairach coordi-matched controls

nates[69] using the MNItoTAL software Ittp://www.mrc-

Table 2

. . . Centroid voxel Z Area  Correspondent anatomical
cbu.cam.ak/Imaging/mnispace.hjnilhe resultant Talairach location
coordinates were entered into a software program that iden-* y 2
tifies lobar and Brodman area locatidb$)]. —28 -11 17 4.74 405 Left sub-lobar extra-nuclear
—-28 -31 8 4.31 20 Left sub-lobar extra-nuclear
16 -19 53 423 187 Left frontal lobe sub-gyral
—-30 —41 30 3.91 19 Left parietal lobe sub-gyral
4. Results —-16 -11 45 365 21 Left frontal lobe sub-gyral
16 25 37 3.63 21 Right cingulate gyrus
Demographic and cognitive status information on the 16 16 42 348 27  Rightcingulate gyrus
.. . . . . 28 -15 21 3.44 56 Right sub-lobar extra-nuclear
pgrt|0|pa}nts is listed ifmmable 1 Two participants with the B 7 10 341 14 Left sub-lobar extra-nuclear
diagnosis of MCI were excluded from analyses because of _4 8 44 332 37 Left cingulate gyrus
radiologically confirmed cerebral vascular accidents. Theage-22  —47 39 31 7 Left parietal lobe sub-gyral
of participants was equitably distributed among the three 26 20 16 308 13  Rightfrontal lobe sub-gyral

diagnostic groupsH(2,46)=0.02,p=0.974], with similar 2 Talairach coordinates.
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nificant regional group differences. The majority of these anterior regions and the remaining 87% were in posterior
were in posterior areas with few regions anterior to the regions (12.7% anterior versus 87.3% postenéfi] =827,

anterior commissure. Approximately 13% of all voxels p<0.0001). NC versus MCI group contrasts revealed signif-
showing significant differences between the groups were inicant decrease in FA in the MCI participants in 12 regions

Fig. 1. Representative regions of significantly reduced fractional anisotropy (FA) in patients with mild cognitive impairment (MCl) compareckticiaed
healthy control participants. Three dimensional volumes were created from contiguous individual slices and normalized to a common staagavdizear
using SPM9935]. Differences were analyzed using a two-santgiest statistic. Significance thresholds were sepfe0.01. Voxels evidencing significant
differences between groups are displayed on representative coronal sections on a canonical brain image. The color scale indicates the mheajniésde of
with lowest appearing in dark red and the highest in bright yellow/white. The left side of the images represents the left side of the brain.
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Table 3 gyral white matter (voxel size = 1Z,score = 3.07, Talairach
Talairach space-derived distribution of white matter regions with decreased coordinates: 16, y. —4,z 46).

intra-voxel diffusion anisotropy (FA) in AD subjects compared to age-

matched controls

Centroid voxel z Area I(;é);;sn[;ondent anatomical 5. Discussion
X y A
16 21 38 426 14 Right cingulate gyrus In the present study we characterized in vivo changes in
16 -19 53 4.06 146 Right superior frontal gyrus normal-appearing white matter microstructural integrity of
—28 31 38 400 168  Leftparietallobe sub-gyral  narticipants with MCI and mild AD using whole brain diffu-
:ig 722 ii g:ig gé '[Z?t i?%ﬁgggeﬁﬁ'””dem sion tensor imaging. We found significant regional decreases
38  —42 24 347 14 Right parietal lobe sub-gyral O White matter anisotropy in the two patient groups com-
-16 —11 49 347 23 Left superior frontal gyrus pared to age-matched healthy controls in voxel-by-voxel
—32 —41 28 346 8 Left parietal lobe sub-gyral comparisons. While no differences in regional molecular dif-
-22  -45 39 320 7  Leftparietal lobe sub-gyral  fsjon variables were detected between the MCI and mild
_gg 2? ii gﬂ fé 'F‘fft parietal lobe sub-gyral Ay 4rgps, the anatomical pattern of white matter anisotropy
— . ight parietal lobe sub-gyral . . .
26 25 38  3.12 9 Right frontal lobe sub-gyral changes (FA) was similar for both patient groups with greater
28 -15 21 311 42 Right sub-lobar extra-nuclear ~ posterior than anterior involvement. Moreover, decreases in
32 -8 34 275 7 Right frontal lobe sub-gyral posterior FA were not due to differential age or gender dis-
a Talairach coordinates. tributions among the groups, increased cardiovascular risk

factors (e.g., diabetes, myocardial infract, hypertension) in
the cognitively impaired groups, or differential volume sizes

(seeTable 2 and Fig. 1). Talairach locations of reduced of the DTI measures.
anisotropy in posterior regions in MCI participants cor- Our results are consistent with those of previous stud-
responded to the superior longitudinal fasciculus, arcuateies demonstrating impaired white matter integrity in MCI
fibers underlying the superior frontal gyrus, posterior cin- and AD using diffusion weighted MRI. The published find-
gulate bundle, superior and posterior thalamic peduncles,ings have been based on both diffusion weighted imaging
sub-lobar extra-nuclear white matter, and the arcuate fibers o0f[16,36,37,46,65which does not develop a full tensor and is,
the superior temporal lobe at the temporal-parietal juncture. thus, susceptible to artifacts from differential head positions,
Anterior regions of decreased FA in the MCI participants and diffusion tensor imagin§l5,33,39,64,68,74]a tech-
were observed in bilateral sub-gyral cingulate gyrus and nique thatis invariant to head position. Most of the published
in the right sub-gyral frontal lobe. There were no regions studies on MCI and AD have inferred impaired white mat-
with significantly increased FA in the MCI compared to NC ter integrity from findings of both increased free-molecular
participants. diffusion (mean diffusivity) and decreased directional diffu-

Voxel-wise group comparisons of FA differences between sion (anisotropic diffusion), although some studies have only
NC and AD participants revealed significantly reduced FA in reported increases in free-molecular diffus[86,39,46]or
the AD group in 14 region$(< 0.01) (se@able 3andFig. 2). have failed to find any significant differencds].
Talairach locations of reduced anisotropy in AD compared  Diffusion weighted and diffusion tensor imaging studies
to NC participants were similar to those found for partici- have demonstrated various regional abnormalities of white
pants with MCI. Specifically, posterior regions of reduced matter integrity in patients with MCI and AD. The loca-
FA in patients with AD corresponded to the superior longitu- tion of these anomalies differs across studies depending upon
dinalfasciculus, arcuate fibers underlying the superior frontal the exact placement of the ROIs. For example, some studies
gyrus, posterior cingulate bundle, superior and posterior tha- have investigated limited regions such as the corpus callo-
lamic peduncles, sub-lobar extra-nuclear white matter, and sum[36], posterior cingulunj74], or temporal lobe regions
fibers underlying the paracentral lobule. Anterior regions of [37], but others have investigated multiple ROls in the frontal
decreased FA in the AD participants were observed in bilat- lobes, temporal lobes, cingulum, parietal lobes, and occipital
eral sub-gyral cingulate gyrus. There were no regions with lobes[15,16,33,39,46,64,65,68The most consistent find-
significantly increased FA in the AD group compared to NC ings across studies are of impaired white matter integrity in
participants. the corpus callosum, temporal lobe, parietal lobe, and the

To assess the overlap in disturbances of anisotropic dif- cingulum, with greater posterior than anterior involvement
fusion in MCI and AD groups, we examined regions of [39,65,68]
decreased FA unique to the NC versus AD contrast. There The variability of previous results may be due to mul-
was a high degree of overlap in the MCI and AD groups, tiple factors. These factors could include effects of differ-
with only one region of significantly decreased FA in the ent head positions in those studies that did not develop a
AD group that was not demonstrated in the NC versus MCI position-invariant tensor, inclusion of MCI with mixed cog-
contrast. The one unique region of decreased FA in the NC nitive domain impairments, and/or differential placement of
versus AD comparison was in the posterior cingulate sub- ROIs across studies. In contrast to these potential influences
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Fig. 2. Representative regions of significantly reduced fractional anisotropy (FA) in patients with Alzheimer's disease (AD) compared to edéeaittoh

control participants. Three dimensional volumes were created from contiguous individual slices and normalized to a common standardizechérain volu
using SPM9935]. Differences were analyzed using a two-santgiest statistic. Significance thresholds were sepfe0.01. Voxels evidencing significant
differences between groups are displayed on representative coronal sections on a canonical brain image. The color scale indicates the hegjniésde of
with lowest appearing in dark red and the highest in bright yellow/white. The left side of the images represents the left side of the brain.

on determination of anisotropic changes in MCl and AD, separated the 0 diffusion weighted images (T2 relaxation
we developed position-invariant diffusion indexes derived time) into CSF, gray matter and white matter segments. The
from a full tensor, studied amnestic MCI only, and used a WM segment image was then applied to each individual DW
whole-brain voxel-based analytic method. Additionally, we and FA maps to avoid “contamination” of the DW or FA maps
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by elements other than white matter, such as hyperintensities anisotropy in cortico-cortical and subcortico-cortical white
CSF, gray matter, and extra-cerebral matter. The exclusion ofmatter tracts may be the presence of subclinical ischemic
cortical gray matter decreases the potential artifact of echochanges. Vascular risk factors and ischemic events, common
planar distortions at brain/air/bone interfaces, most notable in the elderly population, are known to increase the risk of AD
at the frontal pole and inferior temporal regions. [44]. Asindicated in the introduction, alterations in microvas-
In our study, strikingly similar regions of decreased white culature are commonly seen in brains of patients with AD
matter integrity were found in the MCI and AD groups, with  [45]. In addition, there may be white matter rarefaction with
most regions of significantly decreased FA located posterior axonal damage and gliosj81]. In the present study how-
to the anterior commissure. The presence of these regionakever, the occurrence of clinically relevant cardiovascular risk
alterations in MCl that are shared by participants with AD are factors (e.g., diabetes, myocardial infarct, hypertension) was
consistent with findings in volumetric studies of gray matter similar across the three groups.
changes, in which specific patterns of mesial temporal atro-  Another pathological process contributing to the loss of
phy are seen in both groups and can predict longitudinally white matter integrity in MCI and AD may be increased
the conversion from MCI to A)27,29,47,48] susceptibility of oligodendrocytes to free-radical and other
The present results demonstrate significantly decreasedmetabolic damagp!]. According to this theory, later myeli-
FA in the fasciculi of the cortico-thalamic and thalamo- nated regions (cortical association areas) have fewer oligo-
cortical connections through the internal capsule (superior dendrocytes supporting greater numbers of axons compared
and posterior thalamic peduncles) in both MCl and AD com- to earlier myelinated regions (primary cortical regions).
paredto controls. Additionally, the white matter fiberslocated Because of the high metabolic demands of oligodendro-
deep in the posterior white matter, such as the superior lon-cytes in the cortical association areas needed to maintain the
gitudinal fasciculus and the posterior cingulum bundle, were widely distributed axons, formation of ferritin-released iron
particularly affected in patients with AD and MCI compared is increased and may amplify pathological processes due to
to controls. Indeed, the only region showing decreased white oxidative stress. These, and other metabolic processes may
matter integrity unique to the AD group was in the posterior lead to decreased white matter integrity in association cortical
cingulum bundle. regions due to damage to the supporting oligodendrocytes. In
Specific interest has been given to the cingulum bundle general, our findings of decreased white matter integrity in
in DTI investigations of WM integrity in patients with AD  later-mylenating regions in patients with MCI and AD sup-
because of the existing evidence of the early involvement port this hypothesis.
of the posterior cingulate in the progression of the disease. In the early stages of AD, there is increased gray mat-
Neuropathological, MRI-volumetrid21], and especially ter pathology in posterior brain regions relative to anterior
brain metabolism studid$6,62,63,71]have indicated that  regiong1,17]. Ourfinding of decreased posterior DTl indices
the posterior cingulate is involved very early in the course of white matter integrity in MCI and early AD demon-
of AD. Moreover, behavioral measures of mental status are strates that this pathological process occurs in white matter
significantly correlated with DTl-based diffusion values aswell. The white matter changes in the cognitively impaired
in the posterior cingulate gyrus among patients with AD groups are independent of the presence of cardiovascular

[74]. risk factors such as diabetes, myocardial infarct or hyper-
The underlying white matter pathway of the cingulate tension and cannot be accounted for by differences in age
gyrus is an important part of the cholinergic systgsf]. distributions between the groups. Therefore, our results sug-

Alterations of the cholinergic system in AD results from the gest that posterior white matter damage is specific to the

loss of neurons of the nucleus basalis of Meynert (nbM), with pathological processes of AD. The occurrence of significant

a subsequent depletion of cortical acetylcholine and cholin- regional changes of whole brain WM anisotropy in both MCI

ergic fibers[54,55]. Additionally, a significant relationship  and AD groups, compared to controls, suggests that poste-

between the presence of WMH in the cholinergic pathways rior regional anisotropy changes in normal-appearing white

and level of cognitive impairment has been reported with matter of patients with MCI could occur before the onset

the severity of WMH in cholinergic fibers accounting for a of overt dementia and may play a role in the progression

specific impairment in executive functions, regardless of an towards AD.

equivalent global cognitive impairment ratif&y]. Thus, our

finding of decreased FA in the cingulum bundles in MCI and

AD compared to NC could reflect increased vulnerability of Acknowledgement
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