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Abstract
Forty nondemented older adults who were divided into two groups on the basis of their cognitive
status (MCI: n=20; Normal Control: n=20) underwent diffusion tensor imaging, and estimates of
fractional anisotropy (FA) and mean diffusivity (MD) were obtained for the genu and splenium of
the corpus callosum. Results demonstrated the following: (1) group comparisons revealed that
splenium FA was significantly lower in MCI participants than in NC participants, despite no
differences in gross morphometry or hippocampal volumes; (2) in the overall sample, higher stroke
risk was associated with lower white matter integrity, particularly in the genu; (3) increased stroke
risk was more strongly associated with poorer splenium FA in those with MCI than in normal elderly;
and (4) splenium FA significantly predicted performance on verbal memory (adjusting for the effects
of age, education, and whole brain volume). Findings demonstrate a relationship between increased
vascular burden and white matter changes, and they support the possibility that posterior white matter
pathology may contribute to the development of MCI-related cognitive changes.
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1-Introduction
Over the past two decades, there has been considerable evidence of gray matter alterations in
mild cognitive impairment (MCI), a clinical construct that describes individuals with mildly
impaired performance on objective neuropsychological tests but relatively intact global
cognition and daily functioning (Petersen et al., 1999, 2001). It is accepted that MCI, which
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has been validated as qualitatively different from both normal aging and dementia (Petersen,
2004; Smith & Ivnik, 2003), is a well-known risk factor for the development of dementia,
particularly Alzheimer's disease (AD). Research has shown that gray matter changes are
widespread throughout the cortex and are particularly striking in mesial temporal lobe (MTL)
structures such as the entorhinal cortex (deToledo-Morrell et al., 2000; Dickerson et al.,
2001) and hippocampal formation (Callen et al., 2001; deToledo-Morrell et al., 2004; Du et
al., 2001), brain areas known to be especially important for memory formation and
pathologically involved early in the AD process. In addition to degenerative changes in the
MTL, research suggests that there is increased gray matter pathology in posterior brain regions
relative to anterior regions in early AD (Arnold et al., 1991; Braak & Braak, 1995). While these
gray matter alterations have been well typified and described in the literature, the exact
mechanisms underlying these brain changes have not yet been fully elucidated and understood.

Recently, there has been a growing body of research in the literature to suggest that white
matter pathology may contribute to age-related cognitive impairment and possibly potentiate
the development of dementia (Raz & Rodrigue, 2006; Sullivan & Pfefferbaum, 2006). In
general, numerous post-mortem and volumetric studies have shown that macroscopic white
matter alterations such as demyelination, white matter lesion (WML) pathology, and
degeneration occur in both normal aging (Raz, 2000; Jernigan et al., 2001) and dementia
(Barber et al., 2000; Gurol et al., 2006). Although these studies have advanced our knowledge
considerably, the majority have employed conventional magnetic resonance imaging (MRI)
which is limited in its ability to reflect white matter microstructural integrity, and thus it is not
clear if the extent and pattern of white matter changes differ in aging and dementia, or whether
these changes play a role in the evolution and expression of dementia such as AD (Wozniak
& Lim, 2006). More recently, diffusion tensor imaging (DTI)—an MRI technique that
produces contrast between healthy and pathologic tissue (Basser & Pierpaoli, 1996)—has
shown particular promise in helping to elucidate the nature and pattern of white matter changes
that occur across the aging spectrum (see Minati, Grisoli, & Bruzzone, 2007 for review).

To date, only a few studies have employed DTI to examine early white matter changes in older
adults who are at high risk for the development of dementia due to the presence of Mild
Cognitive Impairment (MCI), Most studies that have examined white matter changes in MCI
have focused primarily on the cingulum (Rose et al., 2000; Takahashi et al., 2002) and medial
temporal lobe regions because they are known to be affected early in the course of AD (Kantarci
et al., 2001; Fellgiebel et al., 2006). In contrast, studies of normal aging have typically
investigated changes in the corpus callosum (Pfefferbaum et al., 2000; Salat et al., 2005; Hasan
et al., 2004) and have shown that white matter integrity decreases with increasing age,
particularly in frontal regions (Head et al., 2004; Ota et al., 2006). Although several studies
have shown greater posterior callosal white matter degradation in MCI (Naggara et al., 2006;
Cho et al., 2008; Medina et al., 2006; Ukmar et al., 2007), other studies have not found white
matter changes in the splenium in this population (Fellgiebel et al., 2004; Zhang et al., 2007;
Stahl et al., 2007). In general, little is known about changes in the tissue characteristics of
callosal subregions in MCI and how any observed changes may be associated with the presence
and severity of either vascular risk or neuropsychological functioning.

The present study used DTI to compare and contrast white matter changes in older adults with
MCI and age-matched normal control (NC) participants. Subregions of the corpus callosum
(i.e., the genu and splenium) were selected given the heterogeneity of its microstructure (Aboitz
et al., 1996) as well as its heterotopic nature (i.e., anteroposterior cortical connectivity) (Huang
et al., 2005). We hypothesized that more widespread, global white matter changes would be
evident in MCI participants (i.e., poorer integrity of both callosal regions). In addition, given
the predilection for frontal white matter alterations in aging (Head et al., 2004; 2005) and the
sensitivity of DTI to early hypoxic-ischemic injury, we expected that anterior white matter
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(i.e., genu) would be primarily affected in normal aging and that integrity of this white matter
bundle would be inversely associated with stroke risk. Finally, we expected that regional DTI
indices of white matter integrity would be associated with cognition such that temporoparietal
white matter (i.e., splenium) would be related to memory whereas frontal white matter (i.e.,
genu) would be associated with executive functions. To our knowledge, the present study is
the first to relate DTI indices to stroke risk and neuropsychological functioning in a sample
diagnosed with MCI.

2 - Methods and Materials
2.1 - Participants

This study included 40 age- and education-matched nondemented participants (MCI: n = 20,
NC = 20; see Table 1 for demographic comparisons). This cohort was recruited solely for
research purposes, and they were subsequently drawn from a larger pool of 115 individuals
enrolled in a longitudinal study of aging. Participants were consecutively accrued and selected
because they had undergone both neuroimaging as well as a comprehensive
neuropsychological evaluation. The determination of cognitive status was based upon clinical
examination by a staff neurologist as well as an extensive medical, laboratory, and
neuropsychological evaluation. Participants were free from the following exclusionary
conditions: (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 (7) MRI contraindications (e.g., claustrophobia,
pacemakers, or metal implants). The appropriate institutional review boards approved this
study and all participants provided written informed consent.

2.2 - Diagnosis of Mild Cognitive Impairment
Criteria used to diagnose MCI were based on an adaptation of those recently outlined by
Petersen and Morris (2005). Specifically, a diagnosis of MCI was based on the following: 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 utility of the Mini-Mental Status Examination (MMSE;
Folstein, Folstein, & McHugh, 1975) has been shown to decrease for use with impaired
populations (particularly in highly educated samples) and does not appear to distinguish MCI
from normal aging (Diniz, 2007), we chose to use the Mattis Dementia Rating Scale (DRS)
which has recently been shown to be a more sensitive screening tool for MCI (Yang et al.,
2006). We used a cut-off score of 127/144 points possible, a cut-off that was selected
statistically to ensure that no participant scored more than 1.5 SD below the published
normative mean for this test. Group differences on the DRS (means and standard deviations)
are shown in Table 1. Functional ability was assessed using the Independent Living Scales
(ILS; Loeb, 1996), an ecologically valid performance-based measure designed to assess the
ability to independently complete activities of daily living. Subjective memory complaints
were not included in the diagnostic determination of MCI given that this criterion has been
heavily questioned in the literature. For example, it was recently shown that subjective memory
complains do not precede an AD diagnosis in at least half of all cases (Palmer et al., 2008).

Although no standard cut-off criterion for defining impairment in MCI has yet been delineated,
Petersen et al. (1999; Petersen & Morris, 2005) have suggested employing a 1.5 standard
deviation (SD) cut-off, although Busse et al. (2006) demonstrated that a more liberal cut-off
(i.e., 1 SD below the mean) is optimal since it offers higher sensitivity than the traditional cut-
off of 1.5 SD. Thus, given our aim to be broadly inclusive, we compromised between the
recommendations of Petersen and colleagues (Petersen et al., 1999; Petersen & Morris,
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2005) and Busse et al. (2006) by using a cut-off of 1.2 SD (after applying norms adjusted for
age, education, and gender), signifying a level of performance worse than 88.5% of the
population (indicative of mild to moderate impairment) (Delano-Wood et al., 2008). All
neuropsychological scores were standardized with a z-score transformation on the basis of
normative data of the neuropsychological tests (Welsh et al., 1994). Scores that reflected
number of errors or response times were multiplied by −1, so that negative z-scores consistently
reflected poor performance. All participants were categorized into one of four subgroups
(single-domain amnestic MCI [n = 7]; single-domain nonamnestic MCI [n = 5]; multiple-
domain amnestic-MCI [n = 4]; and multiple-domain nonamnestic-MCI [n = 4]) based on
neuropsychological test scores (Petersen & Morris, 2005). Examination of specific MCI
subtypes (e.g., single- vs. multi-domain, amnestic vs. non-amnestic) could not adequately be
carried out due to the relatively small number of individuals within each cell. However, for
descriptive purposes, we collapsed MCI subtypes to reflect two general groups for post hoc
analyses: 1) amnestic MCI (single- and multiple-domain amnestic MCI participants) and 2)
non-amnestic MCI (single- and multiple-domain amnestic MCI participants).

2.3 Stroke risk assessment
The Framingham Stroke Risk Profile (FSRP; D'Agostino et al., 1994), the most widely used
sex-specific clinical estimate of cerebrovascular risk burden, was administered to each
participant. The FSRP was developed to predict a 10-year probability for risk of stroke and is
based on the following risk factors identified from 36 years of longitudinal study within the
Framingham Heart Study: age, systolic blood pressure (SBP), antihypertensive medication,
diabetes, cigarette smoking, history of cardiovascular disease (CVD), atrial fibrillation (AF),
and left ventricular hypertrophy (LVH) as determined by ECG. The FSRP has been advocated
by the American Stroke Association for risk assessment and has been shown to be predictive
of stroke in aging populations (Truelsen et al., 1994).

2.4 - Neuropsychological Assessment
All participants were administered a cognitive battery that has been described previously
(Salmon & Butters, 1992). Specific measures included 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; Wechsler Memory Scale – Revised Logical Memory), visuospatial functioning (WAIS-
R Block Design and Digit Symbol subtests; Clock Drawing test), simple motor functioning
(Grooved Pegboard), and executive functioning (Tower, Color-Word Interference, Sorting,
and Letter-Number Sequencing subtests from the Delis-Kaplan Executive Function System
[D-KEFS; Delis et al., 2001a, 2001b).

2.5 - MR Acquisition and Processing
All images were acquired on a GE Signa LX 1.5 Tesla scanner. High-resolution T1-weighted
anatomic images were collected with an SPGR sequence (124 slices acquired in the sagittal
plane; 1.2 mm slice thickness; 256×256 matrix; field of view [FOV]=250 mm; resulting in a
1 mm2 in-plane resolution). For the DTI sequence, 12 axial images through the corpus callosum
were acquired with a high-angular resolution diffusion encoding sequence using spiral
acquisition (Frank, 2001). Diffusion was encoded with an SE preparation along 42 diffusion
directions with b = 1990 s/mm2. 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 (Frank, 2001). Image parameters for the DTI sequence were: TE=100ms, 64×64
image matrix, slice thickness = 3.8mm, FOV=24cm2, TR=2.5 sec, and NEX=7. The images
were reconstructed onto a 128×128×12 grid with a voxel size of 1.875×1.875×3.8 mm3.
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Image processing prior to ROI analyses included several image registration steps which
resulted in co-registered structural and diffusion-weighted data resampled to 1 mm3 voxels in
Talairach atlas space (Talairach & Tournoux, 1988). 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 λ1, λ2, λ3, as well as eigenvectors
that defined the predominant diffusion direction. The transformation was then applied to the
DTI images before calculation of fractional anisotropy (FA), a measure which reflects
orientation coherence and myelin content, and mean diffusivity (MD), an index of the overall
magnitude of water diffusion within the white matter.

2.6 - Region of Interest (ROI) and Hippocampal Volumetric Analyses
All analyses were conducted with Analysis of Functional NeuroImages (AFNI) software (Cox,
1996). Per Pfefferbaum and Sullivan (2003), regions of interest (ROIs) were not defined on
the FA maps themselves and, instead, were constructed using a T1-weighted structural image
to avoid using the dependent variable to define itself and thus preclude accurate examination
of abnormal white matter. Individualized, manually-outlined versus Talairach daemon-defined
ROIs were chosen, in part, to minimize partial volume effects and more accurately reflect
individual variation in the corpus callosum.

Each ROI was manually outlined by two operators who were blind to group (see below for
reliability information). The callosal subregions were outlined separately on sagittal T1 images
using the following classification scheme based on cortical connectivity information obtained
via DTI tractography (Hofer & Frahm, 2006): The callosum was divided into five specific
arithmetic divisions and the perpendicular extending through the anterior most point of the
inner convexity of the anterior callosum was used to define the genu (including the rostrum;
anterior one-sixth of the corpus callosum); the splenium was defined as the posterior one-fourth
region of the callosum. Measurement took place on every slice in both hemispheres in which
both the subregions were fully volumed and clearly visible. Interrater reliability was computed
for 10 randomly chosen subjects, which yielded interrater intraclass correlations of r = 0.91
for FA and r = .94 for ADC in the genu and of r = 0.93 for FA and r = 0.95 for ADC in the
splenium. Following completion of individual tracings, the ROI masks were overlaid onto the
FA and trace images to obtain average FA and MD values for the two callosal subregions for
each subject.

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
(A.J.J), 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; Jak et al., 2007). Hippocampal regions of interest were delineated using a
stereotactic approach adapted from methods published previously (Nagel et al., 2004; Jak et
al., 2007). 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.

2.7 - 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 (Sled, Zijdenbos, & Evans, 1998), 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) (Shattuck et al.,
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2001), which have been demonstrated to be effective for processing images from older adults
(Fennema-Notestine et al., 2006). 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) (Zhang, Brady, & Smith, 2001), whole brain volume
was derived, and total gray matter, white matter, and CSF volumes were normalized (Bigler
& Tate, 2001). 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.

2.8 - Statistical Analyses
Composite scores were computed for memory (recall and recognition), executive functioning,
attention, and visuospatial skills, and 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. Next,
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 are as follows: (1) Memory
(Recall) was assessed with the Wechsler Memory Scale – Revised (Wechsler, 1987) Logical
Memory subtests (WMS-R; Immediate and Delayed Free Recall) and the California Verbal
Learning Test (CVLT; Trials 1–5 Total Recall and Long Delay Free Recall; Delis, Kramer,
Kaplan, & Ober, 1987); (2) Memory (Recognition) was measured with WMS-R Logical
Memory Total Recognition Correct subtest and CVLT Total Recognition Correct subtest; (3)
Attention was measured with the Attention subscale of the DRS and the Digit Span subtest of
the Wechsler Adult Intelligence Scale – Revised (WAIS-R; Wechsler, 1981); (4) Visuospatial
skills were assessed with the Block Design subtest of the Wechsler Intelligence Scale for
Children – Revised (WISC-R; Wechsler, 1974) and the Construction subscale of the DRS; and
(5) Executive functioning was measured with several DKEFS subtests (Trails, Number-Letter
Sequencing, Tower, and Verbal Fluency [Letter and Category]).

Group comparisons (MCI vs. NC) were performed with t-tests or Chi-Square tests, as
appropriate. Group by callosal region mixed-model analyses of variance (ANOVAs) were
conducted to examine the main effects of group and white matter integrity of callosal
subregions as well as their possible interaction. Hierarchical multiple regression and ANCOVA
were used to determine the relationship between DTI indices and the interaction between stroke
risk and diagnostic group, adjusting for age and whole brain volume. In addition, Pearson
product-moment correlations examined associations between DTI indices and cognitive
variables of interest. Finally, where appropriate, multiple comparisons were adjusted for in the
reported analyses (adjustment of alpha level by number of tests performed). All analyses were
conducted in SPSS (Version 14.0).

3- Results
3.1 - Regional Differences in Morphometry and Callosal DTI Indices by Group

As shown in Table 1, there were no significant differences between MCI and NC participants
on structural MR whole-brain segmentation volumetric measurements or in total hippocampal
volumes (all p-values > .20). For FA measurements, a group (MCI vs. NC) by callosal
subregion (genu vs. splenium) mixed-model ANOVA demonstrated an expected significant
main effect of region (F(1, 38) = 139.76, p < .001, ηp

2 = .84) indicating that splenium FA was
higher than genu FA when collapsed across groups. Although there was no main effect of group
(F < 1, p = .68, ηp

2 = .04), there was a significant interaction between group and callosal
subregion (F(1, 38) = 4.81, p = .01, ηp

2 = .21). Follow-up independent samples t-tests
demonstrated that splenium FA was significantly lower in the MCI group than in the NC group
(t(38) = 5.53, p < .001), whereas the groups did not differ significantly in genu FA (t < 1, p = .
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94). A similar analysis for MD measurements showed a significant main effect of region
(F(1, 38) = 38.62, p < .001, ηp

2 = .52) indicating that splenium MD was lower than genu MD,
but there was no main effect of group (F < 1) and no interaction between group and region
(F < 1). Figure 1 presents mean FA and MD values for the genu and splenium across groups.

As stated earlier, it was not possible to investigate each of the four MCI subtypes due to a lack
of power (i.e., low sample sizes within each cell); however, exploratory analyses were
conducted to examine for differences between amnestic and non-amnestic MCI groups (single-
and multiple-domain collapsed across group). In comparison to the non-amnestic MCI group,
the amnestic MCI group demonstrated significantly smaller hippcampi (t(15) = 3.35, p = .004),
and there was a trend indicating lower stroke risk (t(18) = −1.90, p = .07). In terms of group
differences on DTI indices, results demonstrated that the non-amnestic MCI group showed
poorer FA of the splenium when compared to the amnestic group (t(18) = 2.89, p = .01). Further,
findings from ANCOVA showed that the non-amnestic MCI group showed poorer splenium
FA (F(5,40) = 8.26, p = .015) but not genu FA (adjusted for age, education, and whole brain
volume). Neither amnestic nor non-amnestic MCI status was associated with any other DTI
index in this sample.

3.2 - Associations Between Stroke Risk and Callosal DTI Indices by Group
As shown in Table 1, the MCI and NC groups did not differ significantly on mean stroke risk
(p = .39). Collapsed across group, elevated stroke risk was significantly associated with
advancing age (r = .40, p = .01), decreased FA in both callosal regions (genu FA: r = −.51, p
= .001; splenium FA: r = −.46, p = .003), and MD in the genu (r = .48, p = .002) but not the
splenium (r = .29, p = .069).

A series of hierarchical multiple regression analyses demonstrated that higher stroke risk across
the entire sample strongly predicted poorer genu FA and MD above and beyond the effects of
age and total brain volume (genu FA: β = −.48, ΔR2 = .23, p = .001; genu MD: β = .45, ΔR2

= .20, p = .002). In addition, the same model was significant for splenium FA (β = −.38, ΔR2

= .12, p = .02) but not for splenium MD (β = .14, ΔR2 = .02, p = .40). To determine whether
the MCI and NC groups differed by stroke risk and DTI indices, a group by stroke risk
interaction term was added to the model. Results revealed that, over and above the effects of
age, total brain volume, MCI status, and stroke risk, the interaction term (MCI status × stroke
risk) was statistically significant for the prediction of FA of the splenium (β = −.51, ΔR2 = .
14, p = .02) and a trend was observed for the prediction of genu FA (β = −.31, ΔR2 = .06, p = .
06). Using the same model, the MCI status × stroke risk interaction term did not predict MD
of either subregion (genu MD, p = .32; splenium MD, p = .32). Figure 2 illustrates the group
by stroke risk interaction on mean splenium FA.

3.3 - Associations Between Group Membership, Cognition, and Regional DTI Indices
Means and standard deviations by group (MCI vs. NC) for each neuropsychological variable
of interest are shown in Table 2. After controlling for multiple comparisons (adjusted alpha
level to account for number of tests performed), independent samples t-tests demonstrated that
the MCI group performed significantly more poorly than the NC group on the following two
memory composite variables: Memory Recall (t(36) = 4.33, p < .001) and Memory Recognition
(t(35)= 2.84; p = .008). Secondary analyses were conducted to examine individual tests within
those factors that were significant. All memory variables contributing to the Memory Recall
composite variable were significant: DRS Memory; t(35) = 3.22; p < .001); WMS-R LM-I
(t(36) = 3.63; p = .001; LM-II (t(36) = 4.28; p < .001); CVLT Learning (Trials 1–5; t(36) = 2.93,
p = .006); and CVLT LD Free Recall (t(36) = 2.51; p = .017). Both measures contributing to
the Memory Recognition composite variable were also significant: WMS-R LM Total
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Recognition Correct (t(35) = 2.84; p = .008) and CVLT Total Recognition Correct (t(36) = 2.71;
p = .007).

Across the entire sample, neuropsychological variables of interest (DRS Total Score; all
composite variables, and individual subtests assessing confrontation naming [BNT] and
processing speed [Trails A]) were correlated with genu and splenium FA. Results demonstrated
only trends between genu FA and cognitive tasks associated with the executive functioning
composite variable (r = .31, p = .058) and naming (BNT; r = .30, p = .061). However, splenium
FA was significantly positively associated with global cognition (DRS; r = .39, p = .01) as well
as the Recall Memory composite variable (r = .35, p = .02). Separate secondary analyses showed
that the following individual tests comprising the Recall Memory composite variable were
significantly positively associated with splenium FA: WMS-R Logical Memory [Delayed
Recall: r = .38, p = .01]; CVLT [List A Trials 1–5; r = .31, p = .047 and Long Delay Free
Recall: r = .37, p = .01]). Results of a hierarchical regression demonstrated that lower splenium
FA significantly predicted poorer verbal memory recall performance, above and beyond the
effects of age, education, and whole brain volume (β = .51, ΔR2 = .21, p = .003). The results
of the regression are depicted in Table 3.

4 - Discussion
The present study used DTI to investigate differences in regional callosal white matter integrity
between normally aging older adults and those with MCI. The relationship between callosal
white matter integrity, stroke risk, and neuropsychological functioning was also examined.
Results demonstrated that older adults with MCI had diminished white matter integrity in the
splenium relative to cognitively normal older adults. Across the entire sample, elevated stroke
risk was associated with decreased white matter integrity, particularly in the genu. Furthermore,
although there were no significant associations in our sample between genu FA and tasks of
executive functioning, decreased FA in the splenium was associated with poorer performance
on global cognitive functioning as well as several tests of verbal memory. Interestingly, recall
but not recognition memory was positively related to posterior white matter integrity.

Across the sample as a whole, stroke risk was inversely associated with white matter integrity
in both callosal subregions measured. Consistent with the notion that frontal white matter is
most vulnerable to age-related ischemic changes, results showed a particularly strong
relationship between increased stroke risk and decreased white matter integrity in the anterior
callosal region (i.e., genu). In contrast to normal elderly, those with MCI demonstrated selective
posterior callosal white matter vulnerability, and these findings are particularly notable given
that the groups did not differ in terms of age, stroke risk, or global brain changes (i.e., whole
brain, gray matter, white matter, or CSF volumes). These findings are supported by other
studies that have shown splenium but not genu FA changes in MCI samples (Naggara et al.,
2006; Cho et al., 2008; Medina et al., 2006; Ukmar et al., 2007). However, the literature is not
consistent, as other studies have not found white matter changes in any subregion of the corpus
callosum (Fellgiebel et al., 2004; Zhang et al., 2007; Stahl et al., 2007). Although these studies
had slightly lower sample sizes that may have precluded an ability to detect group differences,
in general, trends were reported that mirror our findings (i.e., no association between MCI
status and genu FA; lower splenium FA in MCI). Overall, it is possible that the splenium is
particularly susceptible to pathological insult given that it contains numerous small diameter
fibers thought to be more vulnerable than large diameter fibers (Pantoni, Garcia, & Gutierrez,
1996). Early degeneration of these smaller white matter fibers in the splenium may interrupt
neuronal transmission and impair cortical function, and this possibility is supported by our
observed associations between splenium FA and neuropsychological performance.
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Identifying mechanisms contributing to poorer posterior white matter integrity and associated
cognitive impairment in MCI is particularly difficult and challenging. For example, although
our groups did not differ with respect to overall vascular burden (i.e., stroke risk), MCI-related
microstructural changes in the splenium may reflect cumulative ischemic pathology stemming
from a primarily vascular etiology. This theory is supported by our post hoc finding of poorer
white matter integrity (especially within the posterior region of the corpus callosum) in non-
amnestic versus amnestic MCI. Indeed, there have been observations that non-amnestic MCI
is associated with increased WML burden (Mariani et al., 2007) and hypertension (Reitz et al.,
2007), and Mariani et al. (2007) suggest that non-amnestic MCI might itself be considered a
vascular cognitive disorder. Alternatively, it may be that incipient pathological processes
associated with a dementia syndrome such as AD underlie the early, degenerative white matter
changes we observed in the posterior brain regions of our MCI participants. However, it is
notable that our MCI sample did not differ significantly from our normal control participants
on hippocampal volume, and this finding suggests that Wallerian degeneration may not be a
primary contributor to the poorer posterior white matter integrity demonstrated in our MCI
group. Nevertheless, microvasculature changes often occur in AD (Kalaria, 2000), and vascular
risk factors such as hypertension and atherosclerosis increase AD risk (Kalaria, 2002) and are
associated with AD-related neuropathological changes (increased neuritic plaques and
neurofibrillary tangles) (Borroni et al., 2007; Zhu et al., 2007). It is thus plausible that the
interaction between early AD and vascular pathology may increase the likelihood of expressing
cognitive impairment or hasten the rate of decline (Chui et al., 2006; Esiri et al., 1999). Finally,
the differential relationship between stroke risk and posterior microstructural changes in MCI
and normal aging may be related to the concept of cognitive reserve (Stern, 2006). Specifically,
the existence of subclinical vascular disease could influence the presentation of MCI by
reducing the threshold for cognitive dysfunction in AD (Esiri et al., 1999). These early
neuropathological changes may impair the brain's ability to compensate for considerable stroke
risk, increase the burden of pathology, and enhance the relationship between stroke risk and
reduced white matter anisotropy.

Very few studies have used DTI to examine the relationship between cognition and white matter
integrity across the aging spectrum. Although trends were observed between genu FA and
cognition (i.e, executive functioning and confrontation naming) in our sample, we did not fully
replicate O'Sullivan et al. (2001) results which showed that executive functioning (Wisconsin
Card Sorting Test) was related to DTI indices in anterior white matter. Discrepant findings
across studies may be attributable to differences in sample size, DTI parameters, and/or specific
ROI methodology. Additionally, it may have been difficult to demonstrate associations with
executive functioning given that this particular cognitive domain is complex and multi-modal,
and thus heavily dependent on several cognitive abilities (e.g., processing speed, working
memory, attention). Other studies have shown that DTI indices of white matter integrity are
associated with global cognitive functioning in patients with dementia (Rose et al., 2000;
Bozzali et al., 2002); however, to our knowledge, the present study is the first to show a positive
relationship between splenium FA and verbal memory ability in a nondemented sample of
older adults.

Interestingly, although, the MCI and normal control groups differed significantly on both recall
and recognition memory abilities, results indicated a dissociation between recall and
recognition memory and our DTI measures of white matter integrity. Specifically, although no
relationship was found between our memory variables and genu FA, recall memory—but not
recognition memory—was negatively associated with splenium FA. It is thought that active
recall is more effort-demanding than recognition, and thus perhaps our finding implies that
underlying brain mechanisms involved in recall may be more vulnerable than those underlying
recognition in the prodromal phase of AD. This finding is supported by a recent study which
demonstrated that 13 of 14 verbal recall measures significantly differed across normal aging,
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MCI, and AD groups, and that learning and recall—but not recognition—best discriminated
patients with MCI from AD and normal aging (Greenaway et al., 2006). The authors suggest
that their findings support the notion that these memory indices may be the most sensitive
predictors of later progression to AD (Bondi et al., 1999; Albert et al., 2001). Also, Tsivilis et
al. (2008) recently showed that mammillary body volume significantly correlated with tests of
episodic memory recall but poorly correlated with recognition memory, supporting models
that posit that limbic-diencephalic memory mechanisms require hippocampal inputs for recall
but not for recognition. Thus, it has been suggested that the neuroanatomical substrates for
recognition memory rely on more diffuse, distributed networks and are thus dependent on
multiple brain pathways than the substrates underlying recall memory. Within this framework,
it is thus conceivable that circuits supporting recognition memory are not affected until later
in the AD prodrome.

To our knowledge, the present study is the first to show that changes in white matter
microstructural integrity in sub-regions of the corpus callosum are differentially associated
with increased stroke risk and decreased neuropsychological test performance in older adults
with MCI. Results indicate 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 is present. In addition, our results show that DTI indices of white matter integrity are
associated with various aspects of neuropsychological function. Given that studies relating
cognition and traditional MR-derived measures of white matter integrity (e.g., visual ratings
of white matter lesions) have not been consistent, DTI indices of abnormal white matter may
ultimately prove to be better predictors of cognitive functioning across the aging spectrum.

Despite these novel findings, it is important to highlight that we sampled a relatively small
number of MCI participants and results presented here need to be replicated in larger samples,
particularly since data gleaned from MCI subtypes is critically important in order to elucidate
the possible differing etiologies of each subtype. In addition, the current study is cross-sectional
in its design and therefore limited in assessing the role of stroke risk and posterior white matter
degeneration in the subsequent development of dementia (e.g., vascular dementia, AD).
Longitudinal follow-up of our samples will be essential to determine whether the cross-
sectional findings found in this study predict progression to dementia. Finally, despite being
one of the most commonly employed rating scales of vascular risk, the FSRP may not have
fully captured the possible underlying cerebrovascular disease burden. Direct measurement of
cerebrovascular integrity or reactivity via MR imaging techniques such as perfusion or
angiography studies is needed.

In conclusion, the present results suggest that regional callosal white matter changes,
independent of age and brain volume, are associated with specific deficits in
neuropsychological performance in participants with MCI. In addition, stroke risk appears to
be inversely related to white matter integrity, and results indicate that individuals with MCI
may be more vulnerable to the influence of stroke risk than healthy aging individuals. The
observation that stroke risk may differentially modify posterior white matter integrity in MCI
highlights the possible complex relationship between AD- and vascular-related pathology in
the development of dementia. Finally, results suggest that selective posterior white matter
degeneration may play a particular role in MCI-related cognitive changes.
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Figure 1.
Mean fractional anisotropy (FA) and mean diffusivity (MD) values for the genu and splenium
in normal control (NC) participants and mild cognitive impairment (MCI) patients.
Note: Lower FA and higher MD values reflect poorer microstructural integrity of the white
matter. Bars indicate one standard error of the mean. * p < .001
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Figure 2.
Group by stroke risk interaction of mean splenium fractional anisotropy (FA) values.
Note. Stroke risk was based on the mean Framingham Stroke Risk Profile (D'Agostino et al.,
1994).
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Table 1

Demographic, clinical, global cognitive, and brain MRI morphometric characteristics of normal control (NC)
participants and patients with mild cognitive impairment (MCI).

Groups

p-valueMCI Mean SD NC Mean SD

Age (years) 78.00 (7.32) 78.14 (7.06) .88

Sex (women/men)° 9/20 11/20 .36

Education (years) 16.11 (2.64) 16.48 (2.21) .63

Stroke Risk (FSRP) 17.6 (7.54) 15.1 (10.38) .39

Depression (GDS) 6.57 (4.79) 5.79 (4.96) .53

Total DRS Score 138.11 (5.36) 141.9 (2.79) .007

Activities of Daily Living† 0.09 (0.68) −0.08 (1.05) .63

Hippocampal Volume (mm3) 5889.4 5942.9 .97

Whole Brain Volume (cm3) 1312.8 (148.6) 1288.2 (109.9) .46

Gray Matter Volume (cm3) 511.7 (77.2) 518.6 (51.2) .77

White Matter Volume (cm3) 470.6 (77.5) 443.9 (70.2) .26

CSF Volume (cm3) 330.5 (32.0) 319.8 (46.2) .43

Gray Matter Proportion (%) 38.91 (3.04) 40.56 (3.75) .20

White Matter Proportion (%) 35.75 (3.62) 34.45 (2.97) .22

CSF Volume Proportion (%) 25.33 (2.84) 24.98 (3.26) .72

Note: FSRP = Framingham Stroke Risk Profile (D 'Agostino et al., 1994); GDS = Geriatric Depression Scale; DRS = Dementia Rating Scale; CSF =
Cerebrospinal fluid.

°
Chi-square test with continuity correction

†
Activities 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

Means and standard deviations of neuropsychological variables by group

Cognitive Variable Cognitively Normal (n = 20) MCI (n=20)

Attention† .05 (.82) .01 (.61)

Executive Functioning† .10 (.61)* −.82 (.65)*

Memory (Recall)† .00 (1.5)*** −1.90 (.83)***

Memory (Recognition)† −.06 (1.00)** −1.24 (1.71)**

Visuospatial Ability† .01 (.52)* −1.02 (.62)*

Processing Speed (Trails A Total Time) .00 (1.0) .23 (.81)

Confrontation Naming (BNT Total Correct) .00 (1.0) −.40 (1.11)

Note: All scores z-transformed.

BNT = Boston Naming Test

*
p < .05

**
p < .01

***
p<.001

†
indicates composite scores for cognitive domain.
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