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Abstract

Medial temporal lobe and temporoparietal brain regions are among the earliest neocortical sites to
undergo pathophysiologic alterations in Alzheimer’s disease (AD), although the underlying white
matter changes in these regions is less well known. We employed diffusion tensor imaging to
evaluate early alterations in regional white matter integrity in participants diagnosed with mild
cognitive impairment (MCI). The following regions of interests (ROIs) were examined: 1) anterior
cingulum (AC); 2) posterior cingulum (PC); 3) genu of the corpus callosum; 4) splenium of the
corpus callosum; and 5) as a control site for comparison, posterior limb of the internal capsule.
Forty nondemented participants were divided into demographically-similar groups based on
cognitive status (MCI: 7= 20; normal control: 7= 20), and fractional anisotropy (FA) estimates of
each ROI were obtained. MCI participants showed greater posterior white matter (i.e., PC,
splenium) but not anterior white matter (i.e., AC, genu) changes, after adjusting for age, stroke
risk, and whole brain volume. FA differences of the posterior white matter were best accounted for
by changes in radial but not axial diffusivity. PC FA was also significantly positively correlated
with hippocampal volume as well as with performance on tests of verbal memory, whereas stroke
risk was significantly correlated with genu FA and was unrelated to PC FA. When investigating
subtypes of our MCI population, amnestic MCI participants showed lower PC white matter
integrity relative to those with non-amnestic MCI. Findings implicate involvement of posterior
microstructural white matter degeneration in the development of MCl-related cognitive changes
and suggest that reduced FA of the PC may be a candidate neuroimaging marker of AD risk.
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INTRODUCTION

Several structural neuroimaging studies of Alzheimer’s disease (AD) and mild cognitive
impairment (MCI), a transitional state validated as qualitatively distinct from both normal
aging and dementia [1, 2], have shown striking gray matter changes in medial temporal lobe
(MTL) structures. The MTL is well known to be especially important for memory
formation, and studies have shown that the entorhinal cortex and hippocampal formation
represent vulnerable brain areas that are pathologically involved early in the AD process [3—
7]. However, functional neuroimaging studies using PET and SPECT techniques have found
metabolic and perfusion reductions primarily in the posterior cingulate cortex [8-10], well
before the severe neurodegeneration is demonstrated in this region in moderate to severe AD
[11]. Recently, Zhang et al. [12] suggested that this regional dissociation observed between
structural and functional alterations may be due to decreased “neuronal traffic” between
MTL structures and the posterior cingulate. Within this framework, cingulum fibers
connecting the MTL and the posterior cingulate may be negatively impacted early in the AD
process and, as AD pathology advances, commissural connections (e.g., the corpus
callosum) may also undergo changes. Indeed, histopathological studies have shown that, in
addition to degenerative changes in the MTL system, there is increased gray matter atrophy
and volume losses in posterior brain regions relative to anterior regions in early AD [13, 14].
While these gray matter alterations have been well described in the literature, the exact
mechanisms underlying these brain changes have not yet been fully characterized.

Recently, there has been a growing body of research to suggest that white matter pathology
may be related to age-related cognitive impairment and possibly represent one of the earliest
changes in the development of dementia [15, 16]. Disruption of white matter in AD has been
observed in neuroimaging [17, 18] and postmortem studies [19] as well as in animal models
[20]. However, although there have been increasing numbers of studies focusing on
diffusion tensor imaging (DTI), there have been several conflicting findings, and thus the
associations of white matter changes with various clinical states (e.g., MCI, dementia)
remain unclear [21]. Moreover, elucidating the role of white matter changes in MCI has
been particularly challenging given that little attention has been paid to differences across
MCI subtypes, the pattern of changes observed, and the role of important risk factors (e.qg.,
cerebrovascular disease risk) that may be related to white matter degeneration. Thus,
although several imaging studies have shown that white matter alterations occur across the
aging spectrum, it remains to be seen whether the pattern of these changes are central to
MCI. Moreover, it is unclear how important vascular risk variables may be associated with
microstructural white matter changes as well as concomitant neuropsychological decline.

DTI has been shown to be a useful technique for characterizing the structure of white matter
in vivo, and this enhanced visualization may allow early microstructural changes within the
white matter to be more fully captured (see [22] for review). Interestingly, studies using DTI
have shown a dissociation in terms of pattern of white matter changes in aging and AD.
Specifically, in the context of normal aging, white matter changes appear to occur first in
anterior regions (e.g., genu of the corpus callosum; [23, 24]), whereas AD-related changes
appear to be associated with posterior alterations in the white matter (e.g., splenium of the
corpus callosum; [25-27]). Collectively, these findings could be a consequence of Wallerian
degeneration which describes microstructural changes to white matter fibers as reflecting
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atrophy of the corresponding cerebral cortex. Alternatively, regional white matter change
may be explained by demyelination. In terms of the latter, there has been some interest in
the retrogenesis hypothesis [18, 28, 29] which posits that—in pathological states such as
MCI or AD—progression of white matter degradation occurs inversely to normal
developmental myelination patterns (see [30]). This developmental heterogeneity may
underlie the increased susceptibility of later-myelinating fiber systems such as association
fibers to myelin breakdown [17, 31, 32]. Indeed, it has recently been suggested that myelin
breakdown is at the core of the earliest changes involved in both normal and pathological
aging [33, 34]. Another possibility is that both processes, Wallerian degeneration secondary
to neuronal death within the MTL and primary demyelination, simultaneously occur in the
early stages of AD.

DTI studies examining brain and cognitive changes in MCI are needed in order to examine
early white matter changes in important predilection sites (e.g., posterior cingulum,
subregions of the corpus callosum). Some recent studies of AD have found differences in
parahippocampal white matter [35-37], and one study has found lower parahippocampal
white matter integrity in MCI [35]. In line with these findings, Teipel et al. [38] showed
decreased functional connectivity in posterior regions in amnestic MCI using combined
EEG and DTI. However, although some studies have shown greater posterior callosal white
matter degradation (i.e., splenium) in MCI [26, 39-41], other studies have not found white
matter changes in this region in this population [12, 42, 43]. For example, a recent combined
voxel-based morphometry and DTI study investigating both white matter density and
diffusion indices showed anterior involvement of the anterior callosal subregion in MCI.
However, interestingly, this change was related to white matter density but not fractional
anisotropy (FA). Although there is generally some agreement that temporoparietal
connections are more impacted than frontal connections in the context of AD [12, 27, 44],
the findings in MCI are more disparate and thus there is currently great interest in better
understanding the pattern of degradation as it occurs in MCI.

Few studies have investigated changes in the tissue characteristics of callosal subregions in
MCI and its subtypes and how any observed changes may be associated with the presence
and severity of vascular risk as well as neuropsychological functioning. Thus, the present
study used DTI to examine white matter changes in older adults with MCI and
demographically-matched normal control (NC) participants in order to understand how
regional white matter changes may be related to hippocampal volumes, stroke risk, and
cognition. In addition to the cingulum (anterior and posterior portions), subregions of the
corpus callosum (i.e., the genu and splenium) were selected. Integrity of the internal capsule
was also measured as a control site for comparison given that little change is expected in this
brain region in the context of MCI (site of sensorimotor fiber convergence) and with respect
to the retrogenesis hypothesis. We predicted that, consistent with studies of AD, white
matter changes in MCI would be most pronounced in posterior regions versus anterior
regions. In addition, we expected that DTI indices of lower white matter integrity would be
associated with poorer neuropsychological functioning, reduced hippocampal volumes, and
increased stroke risk. Finally, we examined for differences by MCI subtype (i.e., hon-
amnestic versus amnestic MCI) in white matter integrity as well as whether any observed
white matter changes may be best accounted for changes indexed by axial diffusivity (DA)
or by radial diffusivity (DR). Taken together, we examined white matter integrity in MCI
and its subtypes as well as its associations with a sophisticated comprehensive assessment of
cognition; we further examined for important associations with hippocampal volume, APOE
genotype, and stroke risk.
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MATERIALS AND METHODS

Participants

This study included 40 age- and education-matched nondemented participants (MCI: n= 20,
NC = 20; see Table 1 for demographic comparisons) who were drawn from a larger cohort
of individuals enrolled in an ongoing, longitudinal study of normal aging and MCI (PI: Mark
Bondi, PhD), as well as through the community via word-of-mouth and flyers. Participants
were consecutively enrolled and selected because they had undergone both neuroimaging
(DTI) and comprehensive neuropsychological testing. Cognitive status of each participant
was initially based upon clinical examination by a staff neurologist as well as an extensive
medical, laboratory, and cognitive evaluation. Exclusion criteria included: 1) past history of
head injury with loss of consciousness or serious neurologic disorder (e.g., multiple
sclerosis, Parkinson’s disease, epilepsy); 2) significant history of alcohol or drug abuse; 3)
history of learning disability; 4) history of stroke; 5) current/past history of severe
psychiatric illness; or 6) MRI contraindications (e.g., claustrophobia, pacemakers, or metal
implants). The appropriate institutional review boards approved this study and all
participants provided written informed consent.

Diagnosis of Mild Cognitive Impairment

Participants were determined to have a diagnosis of MCI based on consensus diagnosis
using all available neurological, cognitive, and functional data. MCI criteria used for
diagnosis were based on an adaptation of those described by Petersen and Morris [45] and
discussed in detail in Delano-Wood et al. [46]. Specific criteria include: 1) normal activities
of daily living; 2) absence of dementia; and 3) mild quantifiable cognitive impairment
within one or more domains (i.e., attention, language, memory, executive function,
visuospatial function). Given that the Mini-Mental Status Examination (MMSE) [47] has
shown limited utility in terms of distinguishing normal control participants from MCI [48—
50], we chose to use the Mattis Dementia Rating Scale (DRS), a more comprehensive,
commonly used general test of overall cognitive ability. A cutoff of 127 was employed to
ensure that no participant scored more than 1.5 standard deviation (SD) below the published
normative mean values for this test. Table 1 shows that all participants exhibited normal
global cognitive functioning. In addition, the entire sample was free of functional
impairment (i.e., ability to effectively and independently execute important activities of
daily living [ADLS] as assessed by the Independent Living Scales (ILS) [51], an
ecologically valid performance-based measure. A composite score representing Money
Management and Health and Safety subscales of the ILS was used in all analyses.

To determine mild deficits on individual cognitive tests, we used a cut-off of 1.2 SDs (after
applying norms adjusted for age, education, and gender), signifying a level of performance
worse than 88.5% of the population and indicative of mild to moderate impairment [46, 52].
Although there is currently no standard cut-off criterion for defining cognitive impairment in
MCI, Petersen et al. [53] and Petersen and Morris [45] have suggested employing a 1.5 SD
cut-off, although Busse et al. [54] demonstrated that a more liberal cut-off (i.e., 1 SD below
the mean) provides higher sensitivity (while maintaining reasonable specificity) than the
traditional cut-off of 1.5 SD. Thus, we struck a balance between the recommendations of
Petersen and colleagues [45, 53] and Busse et al. [54] by using a cut-off of 1.2 SD. All
participants were categorized into one of four subgroups [single-domain amnestic MCI (7=
6); single-domain non-amnestic MCI (7= 5); multiple-domain amnestic-MCI (7= 5); and
multiple-domain non-amnestic MCI (n7= 4)] based on neuropsychological test scores [45].
Although examination of all four MCI subtypes (e.g., single-versus multi-domain, amnestic
versus non-amnestic) could not adequately be carried out due to the relatively small number
of individuals within each cell, we collapsed MCI subtypes to reflect both an amnestic MCI
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subgroup (single- and multiple-domain amnestic MCI participants) as well as a non-
amnestic MCI subgroup (single- and multiple-domain non-amnestic MCI participants).

Stroke risk assessment

The Framingham Stroke Risk Profile (FSRP) [55], the most widely used scale of
cerebrovascular risk burden, was administered to each participant at the time of cognitive
testing. The FSRP was developed to predict a 10-year probability for risk of stroke and is
based on several risk factors identified from roughly 40 years of longitudinal study within
the Framingham Heart Study, and it has been shown to predict stroke in aging populations
[56]. The FSRP provides gender-corrected scores based on the following risk factors: age,
systolic blood pressure, diabetes mellitus, cigarette smoking, history of cardiovascular
disease, atrial fibrillation, left ventricular hypertrophy as identified by electrocardiogram,
and use of antihypertensive medications.

Apolipoprotein E genotyping

APOE genotyping was conducted using a polymerase chain reaction method discussed in
detail elsewhere [57]. APOE genotyping showed that 11 of the 40 individuals (27.5% of the
sample) included in the current study possessed at least one copy of the APOE-e4 allele. As
can be seen in Table 1, the breakdown of APOE-e4 allele distribution is as follows: (MCI
APOE-¢e4 positive: 4/20 [20%]; NC APOE-e4 positive: 7/20 [35%]; 1/2 =1.13, p=10.29).
The following represents the breakdown of APOE-¢4 allele distribution across MCI
subtype: (amnestic MCI APOE-e4 positive: 3/11 [27%]; NC APOE-e4 positive: 1/9 [11%];
p=0.37) (Table 2).

Neuropsychological assessment

All participants were administered a comprehensive cognitive battery that was created to
maintain consistency with that used in our UCSD Alzheimer’s Disease Research Center.
The battery, which is described in extensive detail elsewhere [58] includes tests of global
cognitive function (Mattis Dementia Rating Scale), attention [Wechsler Adult Intelligence
Scale-Revised (WAIS-R) Digit Span subtest], language (WAIS-R Vocabulary Subtest,
American National Adult Reading Test, Boston Naming Test, Verbal Fluency), memory
(California Verbal Learning Test-Version 1; Wechsler Memory Scale — Revised Logical
Memory), visuospatial functioning (WISC-R Block Design and Digit Symbol subtests;
Clock Drawing test, simple motor functioning (Grooved Pegboard), and executive
functioning (Tower, Color-Word Interference, Sorting, and Trail Making Number-Letter
Switching subtests from the Delis-Kaplan Executive Function System (D-KEFS) [59, 60]).

Data reduction of neuropsychological measures

Composite scores were created to represent the following cognitive domains: recall memory,
recognition memory, executive functioning, attention, and visuospatial skills. Significant
correlations between the tests that comprise each composite score supported this approach.
Raw scores for each of the measures listed below were z-transformed using the means and
standard deviations of the control group, and the z-scores for the individual tests were
averaged to create a summary score for each cognitive domain. The specific measures that
comprise each domain include: 1) Recall Memory was measured with the Wechsler
Memory Scale — Revised [61] Logical Memory sub-tests (WMS-R; Immediate and Delayed
Free Recall) and the California VVerbal Learning Test (CVLT; Trials 1-5 Total Recall and
Long Delay Free Recall; [62]); 2) Recognition Memory was assessed with WMS-R Logical
Memory Total Recognition Correct subtest and CVLT Total Recognition Correct (Hits)
subtest; 3) Attention was measured with the Attention sub-scale of the DRS and the Digit
Span subtest of the WAIS-R [61]; 4) Visuospatial Skillswere assessed with the Block
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Design subtest of the Wechsler Intelligence Scale for Children — Revised (WISC-R; [63])
and the Construction subscale of the DRS; 5) Executive Functioning was measured with
the following DKEFS subtests: Number-Letter Sequencing (Total Correct), and Letter and
Category Verbal Fluency (Total Words Correct) [59, 60]. Tests within each cognitive
domain were submitted to a principal components analysis (PCA) to verify that all tests
within a domain loaded on only one factor, which was the case for each domain. Ranges for
the individual factor loadings were the following for each cognitive domain: Recall Memory
(0.85-0.94); Recognition Memory (0.79-0.83); Attention (0.75-0.77); Visuospatial Skills
(0.76-0.79); and Executive Functioning (0.73-0.83).

MRI acquisition and processing

All images were acquired on a GE Signa LX 1.5 Tesla scanner located at the VA San Diego
Health-care System. High-resolution T1-weighted anatomic images were collected with an
SPGR sequence (124 slices acquired in the sagittal plane; 1.2 mm slice thickness; 256 x 256
matrix; field of view [FOV] = 250 mm; resulting in a 1 mm? in-plane resolution). For the
DTI sequence, 12 axial images through the corpus callosum, cingulum, and posterior limb of
the internal capsule were acquired, and diffusion was encoded with a single-shot stimulated-
echo sequence with spiral acquisition along 42 diffusion directions with b = 1990 s/mm?2. A
non-diffusion weighted image (b = 0) was also acquired. The image matrix was chosen to
allow for rapid acquisition of 7 scans (NEX = 7), which were averaged to improve SNR.
DTI quantification was preceded by eddy current correction based on the inversion recovery
images, using a six-parameter affine correction on a slice-by-slice basis [64]. Image
parameters for the DTI sequence were: TE = 100 ms, 64 x 64 image matrix, slice thickness
=3.8mm, FOV =24 cm?, and TR = 2.5 s. The images were reconstructed onto a 128 x 128
x 12 grid with a voxel size of 1.875 x 1.875 x 3.8 mmS.

Image processing prior to region of interest (ROI) analyses included co-registered structural
and diffusion-weighted data resampled to 1 mm3 voxels [65]. Solving the six independent
equations with respect to MDxx, MDxy, etc., yielded the elements of the diffusion tensor.
The general diffusion tensor was then diagonalized, yielding eigenvalues A1, Ay, A3, as well
as eigenvectors that defined the predominant diffusion direction. The transformation was
then applied to the DTI images before calculation of FA, a measure which reflects white
matter integrity (i.e., orientation coherence). DA was defined as the amount of diffusion
corresponding to the principal diffusion direction (DA = A1) and DR was defined as the
average of the two eigenvalues orthogonal to the principal diffusion direction (DR = (1, +
A3)/2) [66].

Derivation of DTl regions of interest

In general, DTI data analysis can be conducted in two ways. In a whole-brain, voxel-based
analysis the whole white matter is investigated simultaneously. VVoxel-based approaches
have the advantage of being automated (i.e., no need to manually identify regions of
interest) and allows for the detection of findings in regions beyond any a prioriregions of
interest. However, voxel-based approaches are subject to stringent multiple comparison
corrections, which may obscure the detection of subtle changes in small regions. ROI
analysis, on the other hand is not subject to the same stringent multiple comparison
correction, and may thereby be more sensitive to subtle changes. The disadvantages of an
ROI approach are that there may be placement errors across subjects which may lead to
erroneous findings (assessable via intra-rater reliability analysis), and, unlike voxel-based
approaches, the analysis is restricted to only those identified ROIs. In the present study, we
employed an ROI approach across multiple white matter regions in an effort to increase our
power of detecting a significant effect within those regions the literature has previously
identified as being sensitive to the early effects of AD.

J Alzheimers Dis. Author manuscript; available in PMC 2012 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Delano-Wood et al.

Page 7

All analyses were conducted with Analysis of Functional Neurolmages (AFNI) software
[67]. Individualized, manually outlined versus Talairach daemon-defined ROIs were chosen,
in part, to minimize partial volume effects and more accurately reflect individual variation
within white matter tracts (e.g., corpus callosum). Consistent with Zhang et al. [12], the
ROIs were standard (fixed) across all participants. Color-coded directionality maps of
diffusion were created and simultaneously displayed for easy visualization of the white
matter fiber tracts (red: left-to-right direction, green: anterior-to-posterior direction, blue:
superior-to-interior direction). Rectangular ROIs were drawn based on the identification of
white matter tracts on the color-coded maps [68]. Similar to the methodology of Zhang et al.
[12], three pairs of individually, manually-outlined ROIs (fixed across participants) were
placed on axial slices to maximally encompass each of the following white matter regions:
1) bilateral posterior cingulate regions, at the middle level of the dorsal curve of the
cingulum fibers; 2) genu and splenium ROIs (center of anterior and posterior CC); and 3)
bilateral regions at the posterior limb of internal capsule, where sensorimotor fiber converge.
FA values within each ROI were averaged and, to account for possible differences in fiber
thickness with head size, group analyses of DTI data were adjusted for total whole brain
volume. An experienced operator (LDW) who was blinded to group conducted the ROI
drawings. Intrarater reliability was computed for 10 randomly chosen subjects, which
yielded intraclass correlations averaging 0.96.

Derivation of hippocampal volumes

Hippocampal volumes were obtained bilaterally via inspection and manual outlining
performed in the coronal plane. Images were realigned perpendicular to the anterior-
posterior commissure line; however, they were not transformed into standard space
coordinates. Regions of interest were defined using AFNI software and completed by an
experienced operator (AJJ), who was blind to participant identity and group membership.
High levels of intra- and inter-rater reliability for the procedure have been previously
established (intraclass correlation coefficients >0.90; [69]). Hippocampal ROIs were
delineated using a stereotactic approach adapted from methods published previously [69,
70]. Briefly, the anterior bound of the hippocampus was chosen as the coronal slice through
the fullest portion of the mammillary bodies, and the posterior boundary was traced on the
last coronal slice on which the superior colliculi could be visualized.

Segmentation of structural images

Whole brain images were skull-stripped and segmented into gray matter, white matter, and
cerebrospinal fluid (CSF) compartments. Following N3 bias correction of field
inhomogeneities [71], each scan was processed with one or both of the following automated
methods to most fully remove all non-brain material: FreeSurfer’s Hybrid Watershed
Algorithm and/or Brain Surface Extractor (Version 3.3; [72]), which have been
demonstrated to be effective for processing images from older adults [73]. When necessary,
scans were manually edited to remove any residual non-brain material (e.g., skull). Tissue
segmentation was performed using FSL’s FAST (FMRIB’s Automated Segmentation Tool)
[74], whole brain volume was derived, and total gray matter, white matter, and CSF volumes
were normalized [75]. Specifically, each compartment was normalized by dividing the
respective structure volume by the whole brain volume and multiplying by 100 to correct for
intersubject differences in overall brain size.

Statistical analyses

Group comparisons (i.e., MCI versus NC; amnestic versus non-amnestic MCI) were
performed with ANCOVA, independent samples #tests, or Chi-Square tests, as appropriate.
Multivariate hierarchical regression was used to determine the relationship between DTI
indices and diagnosis, adjusting for important covariates (e.g., age, stroke risk, hippocampal
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and whole brain volumes). In addition, Pearson product-moment correlations examined
associations between DTI indices and cognitive and stroke risk variables of interest.
Moreover, ttests and analysis of covariance was used to test group differences on DR and
DA, adjusting for age and gray matter volume. All statistical tests were two-tailed and a
significance level of p< 0.05 was used for all analyses. Multiple comparisons were
addressed using the Bonferonni correction for all analyses. All analyses were conducted in
SPSS (Version 14.0).

Demographic, clinical, and morphometric characteristics by group

There were no significant differences between MCI and NC participants on any
demographic (i.e., age, education, gender), clinical (i.e., FSRP [stroke risk], ILS [activities
of daily living], and GDS [depression]), structural MR whole-brain segmentation volumetric
measurements, or on total hippocampal volume (all p-values = 0.16; see Table 1).

DTI difference between MCI and control groups

Independent samples #tests demonstrated that FA of both posterior white matter indices
were significantly lower in the MCI group than in the NC group (posterior cingulum [PC]
FA: t=3.40(3g), d=1.10, p=0.002; splenium FA: ¢=2.13(3g), = 0.69, p=0.04). When
adjusting for multiple comparisons, only PC FA is statistically significantly lower in the
MCI group. Figure 2 shows that, when directly investigating PC FA by brain hemisphere,
FA was significantly lower in the MCI group bilaterally (left PC FA: = 2.85(3g), d=0.92, p
=0.007; right PC FA: t=2.37(3g), d=0.77, p=0.02). The MCI and NC groups did not
significantly differ on FA of the anterior white matter regions (anterior cingulum; p=0.22;
genu: p=0.52). Moreover, as expected, the groups did not significantly differ on FA of the
posterior limb of the internal capsule (p = 0.57).

Prediction of MCI status from posterior white matter DTl indices

A series of multivariate hierarchical regression analyses were modeled to assess prediction
of posterior white matter ROIs (PC and splenium) by diagnostic group (MCI and NC),
adjusting for age, total stroke risk, and whole brain volume. Results showed that, above and
beyond the effects of the covariates entered into the model, lower PC FA predicted MCI
status (8= -0.51, AR? = 0.25, p= 0.001); however, only a trend existed for the prediction of
splenium FA by MCI status after adjusting for age, total stroke risk, and whole brain volume
(8=-0.30, AR% = 0.065, p= 0.07). In order to examine the differential contribution of
hippocampal volume, another multivariate stepwise regression analysis was run. After
adding hippocampal volume to the regression, results showed that the prediction of PC FA
by MCI status remained significant (diagnosis: 8= -0.48, AR% = 0.22, p=0.001;
hippocampal volume, 8= 0.32, AR% = 0.11, p= 0.045). There were no associations between
MCI status and frontal white matter indices (all p> 0.40).

DTI differences by MCI subtype

Exploratory analyses were conducted to test for differences between amnestic and non-
amnestic MCI groups. As shown in Table 2, independent samples £tests showed that the
two MCI subgroups did not differ on any demographic, clinical (e.g., stroke risk, depressive
symptomatology), or morphometric variable (e.g., whole brain volumes). One-way
ANCOVA (comparing amnestic MCI, non-amnestic MCI, and NC groups) adjusting for age
and whole brain volume demonstrated that the subgroups differed only on PC FA (F(z9) =
7.88, an =0.32, p=0.001). Tukey post hoc testing showed that the significant ANCOVA
was largely driven by a group difference between NC and amnestic MCI groups (o= 0.001).
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NC participants did not differ significantly from those with non-amnestic MCI (p = 0.15),
nor did the MCI subgroups differ significantly from each other (p=0.91).

Further analyses explored PC FA hemispheric differences by MCI diagnosis. One-way
ANCOVA (adjusting for age and whole brain volume) revealed that, collapsed across group,
MCI status was associated with lower FA in both the left PC (F(3g) = 6.19, npz =0.21, p=
0.005) as well as the right PC (F(3g) = 4.15, 77p2 =0.14, p=0.02). Tukey post hoc testing
showed that for both the left PC and right PC, the NC group differed significantly from the
amnestic MCI subgroup (o =0.003 and p = 0.018, respectively). NC participants did not
differ significantly from those with non-amnestic MCI (left PC: p=0.49; right PC; p=
0.62), and the MCI subgroups did not differ significantly from each other (left PC: p=0.15;
right PC: p=0.27). No other white matter ROI significantly differed between MCI
subgroups. Interestingly, MCI subgroups did not differ by hippocampal volume (p = 0.23).

Associations between regional white matter indices, cognition, and stroke risk

FA of the PC was significantly and positively related to hippocampal volume (r=0.33, p=
0.04) as well as to both memory composite scores (Recall: r=0.50, p=0.001; Recognition:
r=0.49, p=0.009). Importantly, however, the association of PC FA with hippocampal
volume does not reach significance after adjusting for multiple comparisons. Stepwise
multiple hierarchical regression showed that PC FA significantly predicted Recall Memory,
even after adjusting for hippocampal volume and stroke risk (B = 0.43, AR2 = 0.16, p=
0.007). Collapsed across group, elevated stroke risk was significantly associated with
advancing age (7= 0.40, p=0.01), decreased FA in the genu (r=-0.34, p=0.03), and total
hippocampal volume (r=-0.32, p=0.04). A trend was revealed between elevated total
stroke risk and lower percent gray matter volume (r=-0.31, p= 0.055).

Examination of diffusion components of posterior DTl indices

We next examined group differences in DA and DR for each ROI that were significantly
different between groups in the prior analyses (i.e., PC and splenium). Compared to the NC
group, the MCI group showed significantly higher DR in the PC (g = —4.88,d = -1.58, p <
0.001) as well as the splenium (g = -3.16, d = —1.03, p=0.003). There was no significant
difference in DA across groups (PC: g =-0.70, p=0.49; 5 = -1.18, p=0.24). The group
differences in PC and splenium DR remained significant when controlling for age and GM
volume (Fy 36 = 23.85, p< 0.001, 7,2 = 0.40 and Fy 36 = 9.98, p=0.003, 7,2 = 0.22,
respectively).

DISCUSSION

Using DTI to investigate regional differences in white matter integrity, we found that, in
comparison to normally aging control participants, those with MCI showed lower FA of
posterior—but not anterior—white matter regions examined. Specifically, independent of
several important variables (e.g., age and whole brain volumes), older adults with MCI
demonstrated considerably diminished white matter integrity in the posterior cingulum and,
to a lesser extent, the splenium relative to cognitively normal older adults. Additionally,
results showed that, above and beyond the effects of age, stroke risk, hippocampal volume,
and whole brain volume, diminished white matter integrity of the PC was strongly predictive
of MCI status as well as neuropsychological performance on recall and recognition memory
tasks. Finally, exploratory analyses showed that those with amnestic MCI showed decreased
white matter integrity of the PC, although this effect was only significant for the left PC.

Results of the current study are consistent with Chua et al. [76] who also found that DTI
indices of the posterior cingulate region discriminated MCI from cognitively normal
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participants. In this study, both nonamnestic- and amnestic-MCI subgroups showed
degradation of the PC, although those with amnestic-MCI showed more profound changes in
this region coupled with additional changes to the splenium and parahippocampal white
matter. Zhang et al. [12] also showed decreased PC white matter integrity in MCI as well as
a gradient of PC white matter damage across MCI and AD (lower integrity in AD versus
MCI). Their results also demonstrated FA reductions predominantly in the left PC, although
white matter degeneration of the splenium was not seen in MCI but was evident in AD.
Furthermore, in line with our findings, Zhang et al. [12] showed that, compared to
classifications of MCI and AD using hippocampal volume loss alone, DTI white matter
indices of the PC increased sensitivity and group classification rates. Our results
complement these findings by suggesting that neuropathologic changes associated with MCI
may first affect the PC before spreading to other white matter structures important for
cognition (e.g., splenium). Our results extend the findings of Chua et al. [76] and Zhang et
al. [12] by relating regional white matter integrity to stroke risk burden and
neuropsychological functioning.

Given that white matter changes in the PC were most salient in our MCI group, it may be
that this region—an important outflow tract of the MTL that connects the posterior cingulate
gyrus to the hippocampus [77]—is especially vulnerable and compromised early in the
course of MCI. Indeed, other studies have found greater posterior versus anterior
involvement in dementia [25-27, 78], while an anterior-posterior gradient of atrophy and
degeneration have been found in the context of normal aging [79-83]. Within MCI, there are
a few studies showing a posterior-anterior gradient of change [24, 26, 42], and some studies
have found especially large reductions in FA in parahippocampal regions in this population
[12, 27, 69]. However, other studies have shown conflicting results with the results of the
current study. For example, although Stenset et al. [84] found lower FA in the PC region in
participants with MCI, their results showed that FA of the genu but not the splenium was
lower in their MCI group. Differences across DTI studies of MCI likely reflect a number of
study methodological differences, including definition of and tools used to diagnose MCI,
specific scanning parameters employed, and DTI processing and analysis approach.

Our findings of early PC involvement in MCI are in line with studies that have shown
reduced gray matter density in this population [85, 86], and with neuropathologic data
demonstrating neuronal degeneration in the PC in early AD [87, 88]. Moreover, AD-related
neuropathologic changes in the PC cortex and in MTL structures have been recently found
using /n vivo molecular imaging [89]. The findings of our study speak to the potential
specific vulnerability of cingulum fibers—particularly in the left hemisphere—in MCI, and
they raise the question of selective involvement of this brain region in the context of
progressive cognitive impairment. Indeed, it may be that AD-related cognitive deficits are
secondary to a disruption of critical cortical memory networks involving the MTL and
posterior cingulate-retrosplenial cortices. Additionally, although PC FA was associated with
hippocampal volume and memory performance across the sample, there were no group
(MCI versus NCs) differences by hippocampal volume. These findings suggest that
macrostructural volume losses to the hippocampus likely occur later than white matter
microstructural changes in the progression of cognitive impairment. Accordingly, our results
suggest that DTI-derived indices of white matter integrity may offer increased utility over
and above hippocampal volume differences in the prediction of risk of MCI and conversion
to dementia such as AD.

Consistent with other studies in the literature, stroke risk was related to anterior but not
posterior white matter integrity (see [90] and [15] for review). This finding was not
surprising given that histopathological and imaging studies have shown preferential
vulnerability of the frontal-subcortical circuitry due to vascular compromise [92, 93]. A
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potential hypothesis that may reconcile the finding that FA of the PC is related to
hippocampal volume and memory performance but not related to stroke risk is the amyloid
“cortical hub” theory put forth by Reisa Sperling and colleagues [94, 95]. This theory
suggests that amyloid-f deposition in “cortical hubs” (brain areas that are highly connected
to multiple other regions) may disrupt cortical networks prior to clinically-diagnosed AD.
Specifically, this theory posits that the ‘default mode network’ important for memory
function (i.e., posterior cingulate cortex and medial prefrontal, hippocampal, and inferior
parietal cortical regions) is preferentially negatively affected by synaptic pathologies prior to
neuronal death and atrophy [94, 96-98]. Indeed, several studies have shown that roughly
one- to two-thirds of participants with MCI have higher [11C] Pittsburgh compound B (PiB)
uptake indicative of significant amyloid-p burden, particularly in the posterior cingulate
region [99, 100]. As recently suggested by Sperling et al. [101], white matter changes may
be initiated through the accumulation of amyloid-p which may subsequently trigger the
release and activation of various pro-inflammatory neurotoxic substances and microglia
[102, 103].

Other possibilities for our finding of reduced white matter integrity in posterior regions in
MCI include changes associated with Wallerian degeneration, demyelination, and/or
vascular territory compromise. First, changes in FA may arise from white matter fiber
change reflecting degeneration/atrophy of the corresponding cerebral cortex. Alternatively,
our findings could be explained by the retrogenesis hypothesis [29] which posits that later-
myelinating fibers (e.g., limbic pathways such as the cingulum; see [104, 105]), are more
susceptible to myelin breakdown than earlier-myelinating fibers (e.g., posterior limb of the
internal capsule). However, we did not observe changes in the genu of the corpus callosum
which is known to myelinate much later in development when compared to other white
matter regions [104, 105]. Taken together, our results speak to partial support for both
Wallerian degeneration and demyelination. First, although whole brain volumes did not
differ between MCI and NC groups, lowered FA of the PC predicted decreased hippocampal
volumes across all subjects. Thus, early degeneration of the hippocampus may have lead to
subsequent damage of its associated white matter tracts (i.e., PC). Examination of the
intrinsic differences in the posterior DTI indices provided support for demyelination as well.
Specifically, we observed a change in DR that was not accompanied by a similar change in
DA, suggesting changes specific to demyelination. These findings are generally consistent
with recently reported studies in MCI [68] and AD [27, 30]. However, it is important to note
that there has been recent debate in the literature regarding what these diffusion parameters
actually measure. For example, Madden et al. [106] recently argued that, although myelin
may contribute to DTI-based radial diffusivity, factors other than demyelination (i.e., fiber
arrangement and packing, decreased axonal diameter, and reduction in axons or axonal
density) may affect this index making it more a composite index of white matter
microstructure than any specific myelin marker.

Although additional prospective studies are needed in order to better identify the mechanism
of white matter degeneration seen in MCI, there is evidence from several studies suggesting
that disruption of white matter may occur early in the course of AD [92]. Indeed, myelin
degradation may be central to the earliest changes involved in brain aging and, recently,
Bartzokis [34] suggested that changes in the myelin may represent a primary disease process
for dementia such as AD, even preceding the formation of plaques and tangles. However, in
the context of neurodegenerative dementias such as AD, neuronal loss is earliest and most
severe in the MTL and, thus, consistent with the Wallerian degeneration, it might be
expected that the most significant alterations in white matter would be found in the tracts
connecting this region to important neocortical areas [3]. It may be that as hippocampal
damages progress, the functioning of connected areas such as the cingulate cortex is
disrupted. It remains to be seen whether Wallerian degeneration, retrogenesis, or some
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combination lead to degradations in critical white matter tracts in the transition of normal
aging to MCI to AD. Moreover, such transitions may be further influenced by
cerebrovascular risk given our observed association of increased stroke risk with anterior FA
and decreased gray matter (percent of whole brain volume). Taken together, our results
suggest that these three different mechanisms (i.e., Wallerian degeneration, demyelination,
and vascular risk) may act differentially on specific white matter tracts and would be
predicted by each of the hypotheses based on areas of AD-related histopathologic damage,
developmental myelination, and vascular territory.

Despite these novel findings, results presented here need to be replicated in larger samples,
particularly since data gleaned from MCI subtypes is critically important in order to
elucidate possible differing etiologies. Additionally, our DTI observations could be related
to vascular factors such as deterioration of cerebral hemodynamics and white matter lesion
pathology due to underlying cerebral vascular disease. Although we had no measure of
white matter lesion in the current study, we expect generally low burden given that vascular
burden for this sample was fairly low as indexed by the FSRP, and our MCI and NC groups
did not differ on this measure. Moreover, our DTI sequence does not afford us the ability to
capture differences with respect to crossing fibers, and partial voluming effects (i.e.,
inclusion of CSF)—particularly with respect to smaller structures such as the cingulum
bundle—may have biased our DTI findings in MCI toward lower FA. However, any FA
attenuation would have been expected to be constant across groups, there were no gross
differences in overall brain volume between groups, and our methodology was chosen, in
part, to minimize partial voluming effects by selecting central voxels within each ROI.
Despite these limitations, our results show that white matter changes are evident in at-risk
older adults and further validate the use of DTI to capture subtle, early white matter changes
before significant atrophy (e.g., whole brain, hippocampus) is present.

In summary, our study is among the very few that has (1) examined MCI subtypes, (2)
provided a sophisticated comprehensive assessment of cognition as opposed to rudimentary
use cognitive screening measures or reliance on very few measures, and (3) examined for
the importance of APOE genotyping and stroke risk assessments—all within a single study.
In short, we found that a loss of microstructural white matter integrity is evident in early
MCI. Importantly, this loss appears to be selective to the posterior white matter,
disproportionately affecting the PC. Additionally, results showed a positive association
between white matter integrity of the PC and verbal memory performance on
neuropsychological tests, suggesting that white matter integrity of PC fibers may be a
supplementary marker and early predictor of future cognitive decline and development of
dementia such as AD. In order to assess whether white matter changes represent a primary
or secondary even in the etiology of progressive cognitive impairment as well as to
determine if DTI indices predict cognitive decline and progression to AD and other
dementia types, prospective, longitudinal follow-up of our samples will be essential.
Altogether, results further suggest that selective posterior microstructural white matter
degeneration may play a particular role in MCl-related cognitive changes, and they suggest
that reduced FA of the PC may be a candidate biomarker of progression to AD.
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Fig. 1.

White matter regions of interest (ROIs) on color-coded directional maps (left) and fractional
anisotropy maps (right). PC region (green) is represented bilaterally at the middle of the
dorsal curve of cingulum fibers; Genu (yellow) and splenium (orange) ROIs traced at center
of anterior and posterior corpus callosum; IC (pink) is represented bilaterally at posterior
limb.
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Demographic, clinical, global cognitive, and brain MRI morphometric characteristics of normal control (NC)

participants and patients with mild cognitive impairment (MCI)

Groups p
MCI (n = 20) NC (n = 20)
Mean SD Mean SD
Age (years) 77.70 (6.61) 78.30 (6.32) 0.77
Gender (Women/men)o 8/20 12120 021
Education (years) 15.90 (2.69) 16.70 (2.06) 0.30
APOE genotype (e4/non-e4) 4/16 7/13 0.29
Stroke risk (FSRP) 15.5 (7.10) 16.3 (11.20) 0.79
Depression (GDS) 6.28 (4.70) 6.16 (5.08) 0.94
Total DRS score 137.65 (5.22) 142,55 (1.76)  <0.001*
Activities of daily living” 0.09 (0.68) -0.08 (1.05) 0.63
Hippocampal volume (mm3) ~ 6056.21 (113.66)  6072.40 (80.03) 0.96
Whole brain volume (cm?3) 1314.54 (145.8)  1279.09 (110.44) 0.39
Gray matter volume (cm?) 515.68 (74.3) 515.95 (53.9) 0.97
White matter volume (cm3) 464.18 (78.5) 448.99 (70.6) 0.52
CSF volume (cm?3) 334.68 (40.0) 315.14 (42.5) 0.14
Gray matter proportion (%) 39.18 (2.95) 40.38 (3.94) 0.28
White matter proportion (%) 35.22 (3.80) 34.93 (2.85) 0.79
CSF volume proportion (%) 25.60 (2.96) 24.69 (3.11) 0.35

APOE = apolipoprotein E gene; FSRP = Framingham Stroke Risk Profile [55]; GDS = Geriatric Depression Scale; DRS = Dementia Rating Scale;

CSF = Cerebrospinal fluid;

o, . . - .
Chi-square test with continuity correction;

7Activities of Daily Living = composite score representing Money Management and Health and Safety subscales of the Independent Living Scales

(ILS).
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Table 2

MCI subgroup differences (amnestic versus nonamnestic MCI) on demographic, clinical, DTI, and brain MRI
morphometric characteristics

AmnesticMCI (n=11) NonamnesticMCI (n=9) p

Age 77.9(7.3) 78.8 (5.3) 0.77
Gender (male/female) 7/11 (64%) 5/9 (56%) 0.71
Stroke Risk (FSRP) 17.3 (7.0) 13.3 (7.0) 0.23
APOE-24 Status (e4/non-g4) 3/11 (27%) 1/9 (11%) 0.37
DRS Total Score 135.8 (4.3) 139.9 (5.6) 0.08
Depression (GDS) 7.8(5.1) 4.8(3.9) 0.18
Posterior Cingulum (PC) FA 0.38 (0.04) 0.41 (0.02) 0.03*
Right PC FA 0.40 (0.05) 0.43 (0.02) 0.11
Left PC FA 0.37 (0.05) 0.41 (0.03) 0.04*
Splenium 0.63 (0.04) 0.63 (0.05) 0.72
Genu 0.51 (0.08) 0.53 (0.04) 0.41
Anterior Cingulum (AC) FA 0.28 (0.05) 0.28 (0.03) 0.84
Right AC FA 0.27 (0.07) 0.27 (0.04) 0.97
Left AC FA 0.31 (0.04) 0.29 (0.03) 0.39
Internal Capsule (IC) FA 0.50 (0.08) 0.54 (0.04) 0.23
Hippocampal volume (mm3) 5772.9 (1327.7) 6402.4 (787.1) 0.23
Right hippocampus 3012.8 (666.5) 3206.3 (451.3) 0.47
Left hippocampus 2760.1 (698.6) 3196.2 (399.7) 0.12
Whole brain volume (cm?3) 1298.29 (118.45) 1334.41 (179.34) 0.60
Gray volume 501.42 (69.62) 533.10 (180.27) 0.36
White volume 469.32 (84.00) 457.90 (75.72) 0.76
CSF 327.55 (33.73) 343.41 (47.04) 0.39

FSRP = Framingham Stroke Risk Profile; APOE = Apolipoprotein-E; DRS = Dementia Rating Scale; GDS = Geriatric Depression Scale.
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Table 3

Group comparisons of posterior diffusion measures and brain volume indices in participants with mild
cognitive impairment (MCI) and healthy normal controls (NC)4

NC (n = 20) MCI (n = 20) p
Posterior cingulum (PC) FA  0.438 (0.049) 0.392(0.037)  0.002*
PC DA 1.776 (0.044) 1.784 (0.035) 0.49
PC DR 0.770 (0.032) 0.817 (0.029)  <0.001*
Splenium FA 0.653 (0.030) 0.629 (0.041) 0.04
Splenium DA 1.829 (0.097) 1.861 (0.072) 0.81
Splenium DR 0.793 (0.035) 0.831(0.042)  0.003*

Whole brain volume (cm3) 1279.09 (110.44)  1314.54 (145.83) 0.39

Gray matter volume (%) 40.38 (3.94) 39.18 (2.95) 0.28
White matter volume (%) 34.93 (2.85) 35.22 (3.80) 0.79
CSF Volume (%) 24.69 (3.11) 25.60 (2.96) 0.35

FA = fractional anisotropy; PC = posterior cingulum; DA = Axial diffusivity; DR = Radial diffusivity.

Mean (SD).
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