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Abstract
Normal aging is accompanied by decline in selective cognitive and motor functions. A concurrent
decline in regional white matter integrity, detectable with diffusion tensor imaging (DTI), potentially
contributes to waning function. DTI analysis of white matter loci indicates an anterior-to-posterior
gradient distribution of declining fractional anisotropy (FA) and increasing diffusivity with age.
Quantitative fiber tracking can be used to determine regional patterns of normal aging of fiber systems
and test the functional ramifications of the DTI metrics. Here, we used quantitative fiber tracking to
examine age effects on commissural (genu and splenium), bilateral association (cingulate, inferior
longitudinal fasciculus and uncinate), and fornix fibers in 12 young and 12 elderly healthy men and
women and tested functional correlates with concurrent assessment of a wide range of
neuropsychological abilities. Principal component analysis of cognitive and motor tests on which
the elderly achieved significantly lower scores than the young group was used for data reduction and
yielded three factors: Problem Solving, Working Memory, and Motor. Age effects - lower FA or
higher diffusivity - in the elderly were prominent in anterior tracts, specifically, genu, fornix, and
uncinate fibers. Differential correlations between FA or diffusivity in fiber tracts and scores on
Problem Solving, Working Memory, or Motor factors provide convergent validity to the biological
meaningfulness of the integrity of the fibers tracked. The observed pattern of relations supports the
possibility that regional degradation of white matter fiber integrity is a biological source of age-
related functional compromise and may have the potential to limit accessibility to alternative neural
systems to compensate for compromised function.
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Introduction
The search for brain mechanisms underlying complex cognitive, motor, and other behavioral
functioning has shifted from single structures or loci to systems and circuits. Indeed, numerous
functional MR imaging (fMRI) studies suggest that multiple brain regions are invoked to
execute even the simplest psychomotor tasks. The systems conceptualization of brain
functioning has logical appeal for understanding the neural bases of the highly variable and
vastly complex behaviors characteristics of human performance and may serve to explain
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patterns of functional degradation typifying normal aging. With this shift comes the recognition
of the relevance of connecting elements of brain circuitry and the possibility that disruption of
the connections may be as effective as lesions in gray matter nodes in producing functional
impairment. Until recently, the study of white matter bundles was restricted to postmortem
analysis or slice-by-slice evaluation of structural MRI data. By contrast, magnetic resonance
diffusion tensor imaging (DTI) has enabled noninvasive in vivo assessment of the integrity of
brain connectivity by detecting the microenvironment of white matter (for reviews, Bammer
et al., 2003; Le Bihan, 2003; Mori and Zhang, 2006; Sullivan and Pfefferbaum, 2007). DTI
metrics applied to white matter regions include fractional anisotropy (FA), a measure of the
orientationally restricted diffusion of water by fibers; apparent diffusion coefficient (ADC), a
measure of water motility independent of orientation, commonly but not necessarily negatively
correlated with FA within white matter samples (Chen et al., 2001; Engelter et al., 2000; Head
et al., 2004; Helenius et al., 2002; Naganawa et al., 2003; Pfefferbaum et al., 2005; Pfefferbaum
and Sullivan, 2003, 2005); longitudinal (axial) diffusivity (λ1), reflecting axonal integrity; and
transverse (radial) diffusivity (λt), reflecting myelin integrity (Song et al., 2002, 2005a; Sun et
al., 2006a,b).

Typical DTI studies are based on analyses of intravoxel anisotropy in regionally restricted
white matter samples but do not take advantage of DTI’s ability to depict white matter systems
through fiber tracking (Basser, 1998; Conturo et al., 1999; Jones et al., 1999; Lazar and
Alexander, 2005; Masutani et al., 2003; Mori et al., 2002; Pajevic et al., 2002; Pierpaoli and
Basser, 1996; Tang et al., 1997). Voxel-to-voxel connectivity between different brain regions
is readily apparent on visual fiber tracking displays (Lehericy et al., 2004; Stieltjes et al.,
2001; Xu et al., 2002), and measurements of FA and ADC along the length of a fiber bundle
render estimates of its integrity. This approach, referred to as quantitative fiber tracking, is a
statistical representation of the voxel-to-voxel coherence of MRI-detectable water diffusion in
white matter. The validation of this statistical representation of white matter bundles by
correlations with presumed function contribute to demonstrating that such measures are
representative of underlying anatomy (Schmahmann et al., 2007).

An initial quantitative fiber tracking study of 10 normal, healthy elderly (72±5 years) and 10
young (29±5 years) adults revealed higher ADC, lower FA, and fewer fibers in anterior relative
to posterior fiber bundles of the corpus callosum (Sullivan et al., 2006). A similar study
described an age-related negative correlation with FA and an age-related positive correlation
with mean diffusivity, measured using quantitative fiber tracking, in the genu and rostral body,
but not splenium of the corpus callosum (Ota et al., 2006). In 120 healthy men and women
spanning the adult age range from 20 to 81 years, the anterior-posterior gradient of age-related
degradation of white matter endured: quantitative fiber tracking of major white matter cortical,
subcortical, interhemispheric, and cerebellar systems demonstrated lower FA and higher
diffusivity in anterior than posterior fibers (genu vs. splenium and frontal vs. occipital forceps).
This pattern of lower FA and higher ADC in older than younger adults also pertained to superior
versus inferior fiber systems (i.e., superior vs. inferior longitudinal fasciculi, superior vs.
inferior cingulate bundle, Sullivan et al., in press). Stadlbauer et al. used quantitative fiber
tracking to examine three different categories of fiber systems: association, callosal, and
projection fibers (Stadlbauer et al., 2008a). Age-related declines in FA were greatest in
association fibers and least in projection fibers, whereas mean diffusivity was significantly
higher in the elderly in all three fiber systems. Because substructures of these fiber systems
were not evaluated, the report was unable to comment on the anterior-posterior, superior-
inferior age-related degradation gradient. In another study, quantitative fiber tracking identified
age-related FA declines and ADC increases in the fornix but not cingulum (Stadlbauer et al.,
2008b).
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The in vivo elucidation of specific white matter tract anatomy combined with correlations with
functional measures would allow for a better understanding of how brain fiber connectivity
contributes to cognitive and motor function. To that end, we used quantitative fiber tracking
to delineate multiple fiber systems throughout the brains of 12 young and 12 elderly, healthy
men and women. Volunteers were administered a wide range of cognitive and motor tasks to
validate DTI metrics by examining relations with performance of selective functions,
categorized empirically as working memory, motor speed and dexterity, and problem solving.
We expected an anterior-posterior and superior-inferior gradient of age-related white matter
degradation with lower FA and higher diffusivity in the elderly than the young group. As
previous study results indicate that both λ1 and λt increase with age (Stadlbauer et al.,
2008a,b; Sullivan et al., 2006, in press), we expected an age-related increase in both
longitudinal and transverse diffusivity. Based on known anatomy (Table 1), we hypothesized
that working memory would correlate with cingulum measures, and bimanual motor tasks with
genu measurements. We also predicted that problem solving would show relationships with
DTI metrics of a more widely distributed network of white matter (cf., Duncan and Owen,
2000).

Methods
Participants

With the exception of 5 elderly participants, this was a new cohort of subjects not included in
our previous DTI studies (Pfefferbaum et al., in press, 2005, 2000). All 24 subjects in the
present study participated in the current DTI acquisition protocol and a new neuropsychological
test battery. Volunteers were 12 young (25.50±4.34 years, range=19-33 years) and 12 elderly
(77.67±4.94 years, range=67-84 years), right-handed, nonsmoking healthy men and women,
recruited from the local community (Table 2). Each subject provided signed, informed consent
to participate in this study, as approved by the Institutional Review Boards of SRI International
and Stanford University. The Structured Clinical Interview for the Diagnostic and Statistical
Manual (DSM) IV, administered by a trained research psychologist, was used to detect DSM-
IV diagnoses or medical conditions that can affect brain functioning (e.g., diabetes, head injury,
epilepsy, uncontrolled hypertension, radiation/chemotherapy) or preclude MR study (e.g.,
pacemakers).

The two age groups did not differ significantly in education or estimated general intelligence
(NART IQ; Table 2). The elderly had a higher socioeconomic status (SES, Hollingshead,
1975), but scored lower than the young on the Dementia Rating Scale (DRS, cutoff for dementia
<124 out of 144, Mattis, 1988), although well-within the normal range of published values for
healthy elderly individuals living in the community (e.g., 137.48±5.18, Vitaliano et al.,
1984). The significantly greater body mass index (BMI; slightly overweight, i.e., BMI between
25 and 29.9 kg/m2) of the elderly than the young was close to the mean BMI calculated from
5,200 subjects participating in the cardiovascular health study (26.3±3.9 kg/m2, Janssen et al.,
2005). Although the elderly had significantly higher systolic blood pressure than the young
group, they were all in the pre-hypertensive range (i.e., between 120 and 139 mmHg,
Chobanian et al., 2003). The participants in this study also underwent MR spectroscopic
evaluation (Zahr et al., 2008).

Neuropsychological assessment
Psychomotor testing, designed to assess a wide range of cognitive and motor functions to
question whether regional DTI metrics had functional significance, included measures of
reaction time, verbal and nonverbal fluency, working memory, set-shifting, rule formation,
upper and lower limb motor function. Tests, their neurocognitive significance, and the scores
used for analysis are listed in Table 3. Each test score was standardized by z-transformation to
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produce a mean score of 0 and a standard deviation of 1; scores were multiplied by-1 for tests
in which high raw scores were indicative of worse performance (e.g., reaction time). For tests
on which the elderly achieved significantly (p≤.05) lower scores than the young group (Table
4; t-tests and Mann-Whitney U tests), z-scores for each test were submitted to a principal
component analysis (PCA; orthogonal transformation varimax solution), which yielded three
factors with eigenvalues ≥2. The resulting test clusters were theoretically meaningful.
Consequently, each test measure was sorted into one of the three identified factors, together
accounting for 71% of the variance in neuropsychological test performance: Working Memory,
Motor, or Problem Solving. Composite scores for each factor were calculated as the mean of
the standardized z-scores of the tests identified within a factor.

DTI and MRI acquisition
DTI data were acquired with an 8-channel head coil at 3.0 T after higher-order (nonlinear)
shimming. DTI and FSE data were collected with the same slice locations: DTI (2D echo-
planar, TR=7300 ms, TE=86.6 ms, thickness=2.5 mm, skip=0, locations=62, b=0 (5 NEX)+15
noncollinear diffusion directions b=860s/mm2 (2 NEX)+15 opposite polarity noncollinear
diffusion directions b=860s/mm2 (2 NEX), FOV=240 mm, x-dim=96, y-dim=96,
reconstructed to 128×128, 4030 total images); FSE (2D axial, TR=7850 ms, TE=17/102 ms,
thickness=2.5 mm, skip=0, locations=62). T1-weighted SPGR (3D axial IR-prep, TR=6.5 ms,
TE=1.6 ms, thick=1.25 mm, skip=0, locations=124) images were aligned, such that two 1.25
mm SPGR slices subtended each 2.5 mm thick FSE/DTI slice. A fieldmap was generated from
a gradient recalled echo sequence.

DTI analysis
DTI quantification was preceded by eddy current correction on a slice-by-slice basis using
within-slice registration, which took advantage of the symmetry of the opposing polarity
acquisition (Bodammer et al., 2004) and also allowed for compensation of the diffusion effect
created by the imaging gradients (Neeman et al., 1991), reducing the data to 15 non-collinear
diffusion-weighted images per slice for tensor computation. Using the field maps, B0-field
inhomogeneity-induced geometric distortion in the eddy current-corrected images was
corrected with PRELUDE (Phase Region Expanding Labeller for Unwrapping Discrete
Estimates, Jenkinson, 2003) and FUGUE (FMRIB’s Utility for Geometrically Unwarping
EPIs, Jenkinson, 2001). Maps of the apparent diffusion coefficient (ADC) were calculated,
each being a sum of three elements of the diffusion tensor. Solving the equations with respect
to ADCxx, ADCxy, etc. yielded the elements of the diffusion tensor. The diffusion tensor was
then diagonalized, yielding eigenvalues λ1, λ2, λ3, and eigenvectors that define the predominant
diffusion orientation. Based on the eigenvalues, FA and ADC were calculated on a voxel-by-
voxel basis (Basser and Jones, 2002; Basser and Pierpaoli, 1998; Pierpaoli and Basser, 1996).
These “native space” DTI data were used for fiber tracking.

To achieve common anatomical coordinates across subjects, SPGR data for each subject were
aligned with a brain template made from these 24 subjects (“SRI24 atlas”, Rohlfing et al.,
2008) with group-wise nonrigid registration (Learned-Miller, 2006; Rohlfing and Maurer,
2003). Each subject’s FA data were reformatted into common space using the transformation
computed between the SRI24 space and that subject’s SPGR data, concatenated with the
transformation from subject SPGR to subject DTI space. From the reformatted FA maps from
all subjects, a group average FA image was then created. Fiber tract seed points were identified
on the group average FA image with single point landmarks in 3 dimensions on axial or coronal
slices. The commissural fibers (genu and splenium) were identified at their maximum in the
midline; the fornix was also identified in the midline. Bilateral association tracts were identified
with anterior-posterior locations: inferior longitudinal fasciculus, cingulum bundle (superior,
posterior and inferior portions), and uncinate fasciculus. For fiber tracking, the target and
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sources were then mapped to the corresponding locations on the native basis images for each
subject with a numerical inversion of the transformation previously used to reformat the
individual FA maps into SRI24 space. The tensor matrix, targets, and sources were passed to
the fiber tracking routine in native space, the output of which was a 3D graphic of the fiber
paths plus a table of all point locations along each fiber with local DTI metrics (FA, ADC,
etc.).

Fiber tracking
Fiber tracking was performed with the software by Gerig et al. (Gerig et al., 2005) based on
the method of Mori and colleagues (Mori and van Zijl, 2002; Xu et al., 2002, 1999). Fiber
tracking parameters included white matter extraction threshold (minimum FA) of .17,
minimum fiber length of 37.5 mm, maximum fiber length of 187.5 mm, fiber tracking threshold
of .125, and maximum voxel-to-voxel coherence minimum transition smoothness threshold
of .80 (∼37° maximum deviation between fiber segments from neighboring voxels), with no
limit on the number of fibers.

Identified fibers were required to originate in source voxels and pass through target voxels. In
common (atlas) space, each landmark was dilated with a morphological operator to produce a
5 mm cube as the fiber-tracking target. Sources were 3 mm thick planes: a) 5 mm bilateral to
commissural targets, b) 5 mm anterior and 5 mm posterior to association and fornix targets.
The mean FA and ADC of all voxels comprising each fiber, for all fibers, were determined.

After fiber detection the fiber locations were transformed back to common standard coordinates
for display and further analysis. Fiber tracking on the group-average FA image in common
space identified 5 association fibers (superior, posterior, and inferior cingulate, uncinate
fasciculus and inferior longitudinal fasciculus), 2 commissural fibers (genu and splenium), and
the fornix (Fig. 1). For each region, mean FA, ADC, longitudinal diffusivity (λ1=λ1) and
transverse diffusivity (λt=[λ2+λ3]/2) for each fiber bundle were the units of analysis.

Statistical analysis
Primary analyses were based on group-by-fiber tract and group-by-factor analysis of variance
(ANOVA); where appropriate, Green-house-Geiser (GG) correction was applied, and only
group effects and interactions involving group effects were of interest to this analysis. Follow-
up group differences were determined by t-tests and confirmed by Mann-Whitney U tests with
the prediction that the elderly group would have lower FA, higher diffusivity, and poorer test
performance than the young group. In another set of analysis, we examined whether individual
fiber tract DTI metrics (FA and ADC) were predictive of test performance (PCA factors) using
simple linear regressions. Only Spearman Rank correlations enduring a family-wise Bonferroni
correction for 8 comparisons (5 bilateral, 2 commissural, and fornix measures), for which 1-
tailed p-values≤0.012 were significant were considered for further analysis. The relationships
among age, PCA factors, and selected DTI fiber metric variables were calculated with
hierarchical regression. The percentage of variance in performance in each PCA factor
explained by a) age and b) selected DTI metrics were evaluated. Also calculated were the
percentage of c) variance in age-PCA factor relations attenuated by selected DTI metrics and
d) variance in DTI metrics-PCA factor relations attenuated by age (Anstey et al., 1997).

Results
Group differences in DTI metrics

FA and ADC—Separate repeated measures ANOVAs examining genu and splenium FA or
ADC in the young and elderly revealed group effects (F(1,22)=14.5, p=.001; ADC F(1,22)
=26.89, p=.0001) and group-by-region interactions, indicating that relative to the young group,
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the elderly group tended to have disproportionately lower FA (F(1,22)=2.82, p=.1071) and had
higher ADC (F(1,22)=4.44, p=.0468) in the genu than splenium. Follow-up t-tests confirmed
these effects, indicating lower FA in the genu (t(22)=6.15, p=.0001) and higher ADC in the
genu (t(22)=-5.4, p=.0001) and splenium (t(22)=-3.37, p=.0028) of the elderly than young
groups (Fig. 2).

A repeated-measures ANOVA for FA, involving two groups, two hemispheres, and the five
bilateral association fiber tracts, yielded a group effect (F(1,22)=10.839, p=.0033) and group-
by-hemisphere interaction (F(1,22)=4.939, p=.0368 GG). FA was lower in the elderly than
young group in the left superior cingulate (t(22)=2.45, p=.0229), left inferior cingulate (t(22)
=2.63, p=.0151), left inferior longitudinal fasciculus (t(22)=2.26, p=.034), and left (t(22)=2.93,
p=.0078) and right (t(22)=2.85, p=.0093) uncinate.

A repeated-measures ANOVA for ADC, involving two groups, two hemispheres, and the five
bilateral association fiber tracts, yielded a group effect (F(1,22)=7.316, p=.0129) and a trend
for a group-by-tract interaction (F(4,88)=2.388, p=.0734 GG), but no other interactions
involving group. Follow-up analysis, based on average values of the two hemispheres,
indicated that ADC was higher in the elderly than young group in the uncinate fasciculi (t(22)
=4.82, p=.0001) and showed a trend to be higher in the superior cingulum (t(22)=1.99, p=.
0587).

A t-test demonstrated lower FA (t(22)=7.05, p=.0001) and higher ADC (t(22)=8.32, p=.0001)
in the fornix of the elderly than young groups (Fig. 2). The fornix was analyzed separately
because, whereas the genu and splenium are both commissural fibers, and the cingulum,
inferior longitudinal fasciculus, and the uncinate fasciculus are bilaterally distributed
association fibers, the anatomy of the fornix makes it difficult to categorize as either
commissural or association, as it has properties of both.

λ1 and λt—Separate repeated-measures ANOVAs examining genu and splenium λ1 or λt in
the young and elderly revealed group effects (λ1 F(1,22)=11.66, p=.0025; λt F(1,22)=37.12,
p=.0001). A significant group-by-region interaction indicated that the elderly group had
disproportionately higher λt (F(1,22)=7.27, p=.0132) in the genu than splenium. Follow-up t-
tests indicated higher diffusivity component values in the elderly than young group in the genu
(λ1 (22)=3.14, p=.0048; λt (t(22)=7.58, p=.0001) and splenium (λ1 (t(22)=2.56, p=.0177; λt t
(22)=3.11, p=.0051; Fig. 2).

A repeated-measures ANOVA for λ1, involving two groups, two hemispheres, and five fiber
tracts, yielded a group-by-tract interaction (F(4,88)=3.227, p=.0337 GG) but no group effect
(F(1,22)=.806, p=.3791) and no significant interactions involving group and hemisphere.
Follow-up analysis, based on average values of the two hemispheres, indicated that λ1 was
higher in the elderly than young group in the uncinate (t(22)=3.95, p=.0007).

A repeated-measures ANOVA for λt, involving two groups, two hemispheres, and five fiber
tracts, yielded a group effect (F(1,22)=14.548, p=.0009) but no significant interactions
involving group. Follow-up analysis indicated that λt was higher in the elderly than young
group in the superior cingulum (t(22)=2.81, p=.0101) and uncinate (t(22)=4.94, p=.0001).

In the fornix, t-tests indicated higher λ1 (t(22)=7.13, p=.0001) and higher λt (t(22)=8.85, p=.
0001) in the elderly than young groups (Fig. 2).

Group differences in neuropsychological performance
Table 4 presents mean raw scores±standard deviations for performance on cognitive and motor
tests, p-values from two group t-tests, and confirmatory Mann-Whitney U tests. With a t-test,
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all tests with the exception of phonological fluency, digit forward and backward, fine finger
movements, and comprehensive trail making showed significant age effects. With a Mann-
Whitney U test, the balance task was additionally not significantly different between groups.
The tests showing age-related compromise in performance with a Mann-Whitney U test were
submitted to PCA and categorized into 3 factors as demonstrated in Table 4. A two group by
three testfactor ANOVA yielded a group effect (F(1,22)=43.610, p=.0001). Follow-up group
comparisons of the PCA factors revealed that the elderly group achieved lower scores than the
young group on Working Memory (t(22)=4.363, p=.0002), Motor (t(22)=4.557, p=.0002), and
Problem Solving (t(22)=4.75, p=.0001) composite scores.

Correlations between FA and ADC and neuropsychological factors scores
Simple regression analysis included all subjects to test relations between each of the three
performance factors and FA and ADC for each of the eight fiber tracts (left and right hemisphere
DTI values were averaged where appropriate). A family-wise Bonferroni correction was
calculated, representing the eight fiber tracts measured, resulting in a 1-tailed p value (given
the directional nature of our predictions) of .012 for α=.05.

Working Memory correlations (Table 5, Fig. 3) with genu FA, and fornix FA and ADC were
significant with family-wise Bonferroni correction and confirmed with Spearman Rank Order
correlation. Table 6 shows the total variance in the Working Memory composite explained by
age and the individual DTI metrics that correlated with Working Memory. Also included is
the proportion of variance contributed by age after each DTI metric was considered and the
proportion of variance accounted for by each DTI metric after age was considered. When tested
individually, age and the 3 selected DTI metrics contributed significantly to the variance in
Working Memory performance. However, when the relationships between age and the DTI
metrics were considered together, neither age nor the DTI metrics explained a significant
proportion of the variance in Working Memory. Each DTI metric alone attenuated the age-
related variance in performance on Working Memory by at least 82%, and the three metrics
together attenuated the age-Working Memory relationship by 99% (Table 7).

The Motor measure (Table 5, Fig. 4) correlated by simple regression with genu FA and ADC,
splenium ADC, fornix FA and ADC, superior cingulum FA and ADC, inferior cingulum FA,
inferior longitudinal fasciculus FA, and uncinate fasciculus FA and ADC. With a Spearman
Rank Order test, correlations were similar; the only difference was that inferior longitudinal
fasciculus ADC instead of FA correlated with the Motor composite. With a family-wise
Bonferroni correction on the Spearman’s correlations, the fibers that remained significantly
correlated with the Motor composite were genu, fornix, and uncinate fasciculus FA and ADC,
and splenium ADC. The total variance in Motor performance explained by age, each DTI metric
alone, age after each DTI metric, and each DTI metric after age is presented in Table 8. Again,
when tested individually, age and each DTI metric alone explained a significant proportion of
the variance in Motor performance. With a Bonferroni correction, age remained a significant
contributor to the variance in Motor performance after splenium ADC and uncinate fascicules
FA were considered (i.e., age remained significant when each of these fiber metrics was entered
prior to age). Conversely, when age was entered prior to uncinate fasciculus FA, there remained
a significant contribution by the uncinate fasciculus FA measurement to the variance in Motor
performance. However, when genu ADC, fornix FA, or fornix ADC were entered before age,
age no longer explained a significant proportion of the variance in Motor performance. Genu
ADC, fornix FA, and fornix ADC each attenuated the relationship between Motor performance
and age by at least 84% (Table 9). Further, although the 7 fiber metrics together reduced the
age-related variance in Motor performance by 84%, the 3 fiber metrics tested (i.e., genu FA,
fornix FA and ADC) together reduced the age related variance by over 99% suggesting that
they account for a large portion of the age-related variance in Motor performance.
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The Problem Solving composite (Table 5, Fig. 5) correlated with parametric and nonparametric
tests and Bonferroni correction with genu and fornix FA and ADC. When tested individually,
age and each of the 4 DTI metrics explained a significant proportion of the variance in Problem
Solving performance. None of the fiber metrics explained all of the age-related variance in
Problem Solving, as there was a significant contribution of age to Problem Solving after entry
of each of each fiber measure (Table 10). When age was entered prior to each DTI metric, there
was no significant remaining contribution of the relevant DTI metric to the variance. Together,
these results suggest that none of the fiber metrics explained a significant proportion of the
variance in Problem Solving performance independent of age. Genu ADC and fornix FA each
reduced the age-Problem Solving relationship by 77%, while all 4 metrics together attenuated
the relationship by 96% (Table 11).

Discussion
Anterior fiber systems (genu, uncinate fasciculus, and fornix) were more sensitive than
posterior systems (splenium, cingulum, and inferior longitudinal fasciculus) to age, regardless
of the DTI metric (e.g., FA, ADC, λ1, or λt) used for the age comparison. We also provide
evidence for associations between microstructural connectivity integrity and cognitive and
motor performance in healthy young and elderly men and women with robust correlations
identified between the cognitive and motor composite test scores and genu and fornix FA and
ADC. Demonstration of predictable relationships provides validation of DTI fiber tracking
metrics of specific white matter systems as representative of underlying anatomy

Age effects
DTI metrics—Quantitative fiber tracking revealed aging effects in FA, ADC, λ1, or λt in six
of the eight fiber systems measured. A current consensus of DTI studies, whether based on
region-of-interest, voxel-based morphometry, or quantitative fiber tracking, indicates that with
advancing age, FA declines and ADC increases in anterior brain regions disproportionately
more than posterior regions (Head et al., 2004; Madden et al., 2004; O’Sullivan et al., 2001;
Pfefferbaum et al., 2005; Pfefferbaum and Sullivan, 2003; Salat et al., 2005). Using quantitative
fiber tracking, we have also demonstrated more consistent age effects on superior compared
with inferior fiber systems (Sullivan et al., in press). In the current study, the age-related pattern
of low FA and high ADC in anterior-posterior and superior-inferior gradients persisted, with
age effects most prominent in the genu, fornix, and uncinate fibers. In all three fiber systems,
the pattern of aging effects on DTI metrics were similar: the decrease in FA and increase in
ADC were accompanied by increases in both λ1 and λt, suggesting that lower FA and higher
ADC were due to the increases in longitudinal and transverse diffusivity. In the splenium, an
increase in λ1, λt, and ADC were observed. Age-related DTI metric differences in the cingulum
were only evident in the superior region (i.e., the most anterior portion), where FA was lower
and λt higher in the elderly than young. Age effects on all four DTI metrics in the fornix, but
on only two in the superior cingulum, and none in the posterior or inferior cingulate bundle
regions comports with a recent study demonstrating that the cingulum is relatively resistant to
age, whereas the fornix is not (Stadlbauer et al., 2008b). The inferior longitudinal fasciculus
revealed age-related compromise detectable with FA in the current study and ADC in our
previous study (Sullivan et al., in press); in neither study was longitudinal or transverse
diffusivity related to age.

Exceptionally high diffusion values for the fornix have previously been noted (Fujiwara et al.,
2008; Stadlbauer et al., 2008b). Indeed, in our 1.5 T quantitative fiber tracking study, by far
the highest diffusivity measures were in the fornix (Sullivan et al., in press). A potential
explanation is that the fornix is surrounded by cerebral spinal fluid (CSF), which might increase
the effects of partial voluming (i.e., the inclusion of CSF rather than white matter in the voxel),
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thereby contaminating diffusivity measures; however, the criterion of a minimum of FA=.17
in the fiber tracking routine mitigates against the unwanted influence of CSF in the targeted
white matter voxel. Further, although ADC in the fornix was about double that of any other
fiber system, FA in the fornix was well within range of other fibers.

Pathological studies have demonstrated that an increase in λt accompanies breakdown of
myelin (Beaulieu et al., 1996; Glenn et al., 2003; Gulani et al., 2001; Ono et al., 1995; Pierpaoli
et al., 2001b; Schwartz and Hackney, 2003; Song et al., 2003, 2005b). Advancing age, as shown
by postmortem study, is also associated with myelin breakdown (Bartzokis et al., 2004;
Feldman and Peters, 1998; Marner et al., 2003; Meier-Ruge et al., 1992; Peters and Sethares,
2002; Peters et al., 2001). Thus, age-related increases in λt are consistent with age-related
modifications to myelin. In contrast to the current results, pathological studies have
demonstrated that λ1 decreases in acute axonal injury, specifically in distal sites where injury
(e.g., stroke, ischemia) induces Wallerian degeneration (Schwartz and Hackney, 2003; Song
et al., 2003; Sun et al., 2006b; Thomalla et al., 2004). Despite evidence for axonal damage with
age (Sandell and Peters, 2003), older age has also been associated with loss of tissue
organization, increases in extra-axonal fluid, or other alterations in the extracellular space
surrounding axons (Aboitiz et al., 1996; Meier-Ruge et al., 1992; Nusbaum et al., 2001; Sen
and Basser, 2005), all of which can increase diffusivity, contributing to the increase in λ1 seen
in normal aging (Stadlbauer et al., 2008a,b; Sullivan et al., 2006, in press). This pattern also
occurs in primary stroke regions (in contrast to distal regions) where resolution of necrosis is
followed by water accumulation in interstitial spaces and formation of cystic spaces filled by
cerebral spinal fluid (Pierpaoli et al., 2001a). Thus, while λ1 is assumed to represent axonal
modification, a decrease or increase in the measure can be informative about the underlying
processes, with a decrease likely representing axonal degeneration, and an increase likely
signifying fluid accumulation in regions around the axon.

Neuropsychological factors scores related to DTI metrics and age
Normal aging is accompanied by declines in selective cognitive and motor functions and
frontally based executive functions are especially vulnerable to undesirable effects of
advancing age (but see Greene et al., 2008; Raz and Rodrigue, 2006; Stuss and Alexander,
2000). The current study demonstrates that the elderly performed significantly worse than the
young on PCA-derived Working Memory, Motor, and Problem Solving domains, the latter of
which included multiple tasks drawing on frontally-based brain systems (Robbins et al.,
1998).

Functional correlates of the DTI measures provide convergent validity to the biological
meaningfulness of the tracked fiber loci and metrics. Here, performance in the Working
Memory domain was related to the integrity of the genu and fornix. The genu links anterior
right and left hemispheres, including prefrontal regions. Given the dependence of Working
Memory on the integrity of prefrontal regions (Badre, 2008), the correlations between Working
Memory and the genu would be expected. The fornix is the primary link between the
hippocampus and the mammillary bodies and anterior thalamic nuclei, principal components
of Papez circuit (Papez, 1937). In rodents, the fornix and the hippocampus each have been
shown to be required for successful performance on a spatial working memory task, the eight-
arm radial maze (Sziklas and Petrides, 2002).

Seven of the eight fiber system metrics reported herein correlated with performance on the
Motor composite. Four fiber system correlations with the Motor factor composite were robust
as they endured both the nonparametric evaluation and the Bonferroni correction: the genu (FA
and ADC), splenium (ADC), fornix (FA and ADC), and uncinate fasciculus (FA and ADC).
This set of correlations suggests that a complex network of systems is involved in integrating
multiple functions for execution of the speed and dexterity required to accomplish the motor
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tasks of this study. Our motor measure included tasks requiring visual search, comprehension
(CANTAB Motor, and CANTAB Big/Little Circle), and learning (CANTAB Big/Little
Circle), which likely involve the recruitment of visuospatial attention systems, such as the
parietal cortices (Ehrsson et al., 2002; Guye et al., 2003; Tuch et al., 2005), visuospatial context
systems, such as the temporal cortices (Kwok and Buckley, 2006), and even decision making
centers in superior frontal regions (Gallea et al., 2005; Karagulle Kendi et al., 2008), which
together would necessitate the integrity of commissural fibers as well as the fornix and uncinate
fasciculi to promote effective and efficient performance.

The Problem Solving composite correlated with genu and fornix FA and ADC.
Interhemispheric projections through the genu connecting bilateral prefrontal cortical sites (de
Lacoste et al., 1985; Hofer and Frahm, 2006) may contribute to optimal performance on
“executive tasks” by enabling coordinated functioning from both hemispheres in conditions,
such as successful aging, where unilateral functioning is suboptimal (Cabeza et al., 2002).
Recent DTI studies using region-of-interest measures report that FA in the genu of the corpus
callosum of cocaine-dependent subjects correlated with greater impulsivity (measured with the
Barratt impulsiveness scale) and reduced discriminability (measured with an Immediate and
Delayed Memory task, Devanand et al., 2006). In healthy, elderly subjects, reduced perceptual-
motor speed correlated with FA in the genu (Bucur et al., 2007). The splenium is composed of
interhemispheric fibers coursing between several cortical areas, including parietal regions (de
Lacoste et al., 1985; Hofer and Frahm, 2006), implicated in attentional shifting (Gurd et al.,
2002) and visuospatial information transfer (Suzuki et al., 1998). A recent DTI study in
adolescents demonstrates the importance of splenium integrity (FA) to Rey-Osterrieth
Complex Figure copy accuracy, WASI Vocabulary, and WRAT-3 reading scores (Fryer et al.,
2008), tasks that include attentional, visuospatial, and linguistic integration. Furthermore, we
have previously shown, in alcohol dependent individuals, correlations between performance
on matrix reasoning, a task challenging visuospatial abilities, and splenium DTI metrics
(Pfefferbaum et al., 2006). Lesions of the fornix can disrupt declarative episodic (Gaffan,
2005; Kuroki et al., 2006), associative (Gaffan et al., 2002), and working memory (Sziklas and
Petrides, 2002). In addition to its linkage to sites serving primarily mnemonic functions (e.g.,
Papez circuit), the fornix projects to the anterior thalamus (Paxinos, 1990) and nucleus
accumbens (Kelley and Domesick, 1982), placing it in a strategic position to integrate complex
functions that draw on these additional gray matter regions and likely necessary for successful
performance on the tasks included in the Problem Solving domain.

Limitations
A limitation of the current study is that principal component analysis data reduction blurs the
components that comprise the factors, potentially obscuring relevant correlations between
neuropsychological test performance and fiber system metrics. However, given the 16
neuropsychological test scores acquired and the combined 32 DTI metrics for the 8 fiber
systems, data reduction was a necessary step to conduct the correlational search in our modest
sample size. Another limitation of this study was the small sample size and the bimodal
distribution of ages, so that our exploration of brain structure-function relationships in these
two groups of healthy men and women were founded on a non-continuous variable (age) for
the correlational analyses. Further, correlational analyses cannot imbue causality, regardless
of the complexity of the correlational approach used and further, neuropsychological correlates
of white matter fiber systems merely reflect the connections between gray matter nodes that
are the primary brain regions responsible for executing actions. An ideal study would account
for gray matter volume in relevant regions of interest and would analyze the specificity of brain
structural measures (gray matter volume vs. white matter diffusion properties) as predictors of
selective performance measures. Given our current understanding that systems and circuits
linking multiple brain regions are invoked to execute even the simplest psychomotor tasks, it

Zahr et al. Page 10

Neuroimage. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is possible that performance would be mediated more by the integrity of specific white matter
systems than by regional cortical gray matter volumes.

Conclusions
We have collected on a 3T system DTI data adequately robust to conduct quantitative fiber
tracking in selective bilateral association and commissural fiber bundles and to observe an
anterior-posterior and superior-inferior gradient effects of age-related degradation. The DTI-
functional correlations are consistent with the possibility of regional degradation of white
matter fiber integrity as a biological source of age-related functional compromise and provide
validation of DTI metrics of white matter fiber tracts as representative of underlying anatomy.
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Fig. 1.
Fiber tracts were identified on the group-average FA image in common space. (a) Sagittal (left)
and axial (right) views of the genu (red), splenium (green), and fornix (blue). (b) Sagittal (left)
and coronal (right) views of the uncinate fasciculus. (c) Sagittal views of the cingulum (left;
superior, green; posterior, yellow; inferior, red) and inferior longitudinal fasciculus (right).
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Fig. 2.
Mean±S.D. for FA, ADC, λ1, and λt for young (red) and elderly (blue) subjects for each fiber
bundle. *p≤.05 t-test. With a Mann-Whitney U test, superior cingulum FA is not significantly
different between groups.
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Fig. 3.
Correlations (Spearman Rank and Bonferroni corrected) between the Working Memory
domain isolated using PCA and DTI metrics (FA and ADC) by tract.
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Fig. 4.
Correlations (Spearman Rank and Bonferroni corrected) between the Motor domain isolated
using PCA and DTI metrics (FA and ADC) by tract.
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Fig. 5.
Correlations (Spearman Rank and Bonferroni corrected) between the Problem Solving domain
isolated using PCA and DTI metrics (FA and ADC) by tract.
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Table 2
Group demographics: means, standard deviations, and ranges

Young (6 M, 6 F) Elderly (6 M, 6 F) p valuea

Age (years) 25.50±4.34 (19-33) 77.67±4.94 (67-84) <0.0001

Education (years) 16.25±2.18 (14-21) 17.08±1.98 (14-21) 0.337

NART IQ 113.67±5.66 (102-121) 118.17±5.59 (107-126) 0.063

DRS 141.42±2.57 (136-144) 137.25±4.71 (130-143) 0.013

BMI 23.08±2.98 (19-29) 26.64±4.55 (21-37) 0.034

Systolic BP (mm Hg) 114.00±16.16 (93-143) 135.92±21.84 (108-178) 0.011

Diastolic BP (mm Hg) 68.58±8.46 (59-88) 75.42±11.65 (60-96) 0.114

a
t-tests.
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Table 6
Percentage variance in performance in Working Memory explained by age and selected DTI Metrics

Predictor %variance p value

Age 47.70 .0003

Genu FA 39.60 .0010

Fornix FA 39.90 .0009

Fornix ADC 44.60 .0004

Age after genu FA 8.30 .0822

Age after fornix FA 8.00 .0851

Age after fornix ADC 4.10 .2047

Age after all(n=3) 0.40 .7003

Genu FA after age 2.20 .3560

Fornix FA after age 2.20 .3498

Fornix ADC after age 3.00 .2754

Correlations significant at the .05 level are in red; those meeting family-wise Bonferroni correction (p=.025, 1-tailed, α=.05, n=4) are in red and bold.
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Table 7
Percentage of variance in age-Working Memory relations attenuated by selected DTI metrics and variance in DTI
metrics-WM relations attenuated by age

Predictor % variance attenuated

Age attenuated by genu FA 81.84

Age attenuated by fornix FA 82.49

Age attenauted by fornix ADC 91.03

Age attenuted by all 3 99.12

Genu FA attentuated by age 94.44

Fornix FA attentuated by age 94.49

Fornix ADC attenuated by age 93.27
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Table 8
Percentage of variance in performance in Motor explained by age and selected DTI metrics

Predictor % Variance p Value

Age 49.40 .0001

Genu FA 40.50 .0008

Genu ADC 45.40 .0003

Splenium ADC 32.00 .0040

Fornix FA 45.80 .0003

Fornix ADC 43.00 .0005

UF FA 42.50 .0006

UF FA/UF ADC 39.70 .0010

Age after genu FA 10.50 .0465

Age after genu ADC 7.50 .0748

Age after splenium ADC 20.30 .0070

Age after fornix FA 7.20 .0859

Age after fornix ADC 7.60 .0870

Age after UF FA 16.50 .0085

Age after UF ADC 12.70 .0275

Age after all(n=7) 7.90 .0243

Genu FA after age 1.60 .4240

Genu ADC after age 3.90 .2038

splenium ADC after age 2.60 .2760

Fornix FA after age 3.60 .2188

Fornix ADC after age 1.20 .4873

UF FA after age 9.60 .0378

UF ADC after age 3.00 .2624

Correlations significant at the .05 level are in red; those meeting family-wise Bonferroni correction (p=.012, 1-tailed, α=.05, n=8) are in red and bold.
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Table 9
Percentage of variance in age - Motor relations attenuated by selected DTI metrics and variance in DTI metrics-MOT
relations attenuated by age

Predictor % variance attenuated

Age attenuated by genu FA 78.74

Age attenuated by genu ADC 84.01

Age attenuated by splenium ADC 58.91

Age attenuated by fornix FA 84.62

Age attenuated by fornix ADC 84.62

Age attenuated by UF FA 66.60

Age attenuated by UF ADC 74.29

Age attenuated by all 7 84.01

Genu FA attenuated by age 96.05

Genu ADC attenuated by age 91.41

Splenium ADC attenuated age 90.94

Fornix FA attenuated by age 92.14

Fornix ADC attenuated by age 97.91

UF FA attenuated by age 77.41

UF ADC attenuated by age 92.44
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Table 10
Percentage of variance in performance in Working Memory explained by age and selected DTI Metrics

Predictor % Variance p Value

Age 57.00 .0001

Genu FA 36.00 .0019

Genu ADC 44.60 .0004

Fornix FA 45.80 .0003

Fornix ADC 37.70 .0014

Age after genu FA 22.40 .0043

Age after genu ADC 12.70 .0153

Age after fornix FA 12.60 .0197

Age after fornix ADC 19.80 .0014

Age after all (n=4) 2.20 .3268

Genu FA after age 1.40 .9731

Genu AD after age 0.30 .4046

Fornix FA after age 1.40 .3983

Fornix ADC after age 0.50 .6984

Correlations significant at the .05 level are in red; those meeting family-wise Bonferroni correction (p=.025, 1-tailed, α=.05, n=4) are in red and bold.
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Table 11
Percentage of variance in age -Problem Solving relations attenuated by selected DTI metrics and variance in DTI
metrics and variance in DTI metrics-PS relations attenuated by age

Predictor % variance attenuated

Age attenuated by genu FA 60.70

Age attenuated by genu AADC 77.72

Age attenuated by fornix FA 77.89

Age attenuated by fornix ADC 65.26

Age attenuated by all 96.14

Genu FA attenuated by age 96.11

Genu ADC attenuated by age 99.33

Fornix FA attenuated by age 96.94

Fornix ADC attenuated by age 98.67
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