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a b s t r a c t
Aging is associated with signiﬁcant white matter deterioration and this deterioration is assumed to be at
least partly a consequence of myelin degeneration. The present study investigated speciﬁc predictions of the
myelodegeneration hypothesis using diffusion tensor tractography. This technique has several advantages
over other methods of assessing white matter architecture, including the possibility of isolating individual
white matter tracts and measuring effects along the whole extent of each tract. The study yielded three main
ﬁndings. First, age-related white matter deﬁcits increased gradually from posterior to anterior segments
within speciﬁc ﬁber tracts traversing frontal and parietal, but not temporal cortex. This pattern inverts the
sequence of myelination during childhood and early development observed in previous studies and lends
support to a “last-in-ﬁrst-out” theory of the white matter health across the lifespan. Second, both the effects
of aging on white matter and their impact on cognitive performance were stronger for radial diffusivity (RD)
than for axial diffusivity (AD). Given that RD has previously been shown to be more sensitive to myelin
integrity than AD, this second ﬁnding is also consistent with the myelodegeneration hypothesis. Finally, the
effects of aging on select white matter tracts were associated with age difference in speciﬁc cognitive
functions. Speciﬁcally, FA in anterior tracts was shown to be primarily associated with executive tasks and FA
in posterior tracts mainly associated with visual memory tasks. Furthermore, these correlations were
mirrored in RD, but not AD, suggesting that RD is more sensitive to age-related changes in cognition. Taken
together, the results help to clarify how age-related white matter decline impairs cognitive performance.
Published by Elsevier Inc.

Introduction
Post-mortem and in vivo studies of the structural composition of
the human brain converge on the idea that aging is associated with
signiﬁcant changes in white matter architecture (Meier-Ruge et al.,
1992; for review, see Raz, 2005; Resnick et al., 2003; Scahill et al.,
2003; Tang and Nyengaard, 1997). Evidence from humans (Yakovlev
and Lecours, 1967) and non-human primates (Peters et al., 2000)
suggests that this deterioration is partly due to the degeneration of
myelin in old age, which is a process likely to impair the conduction of
neural signals across the brain. The main goal of the current study was
to investigate the possible predictions of this myelodegeneration
hypothesis using diffusion tensor imaging (DTI) tractography.
DTI tractography is a non-invasive imaging technique for investigating changes in white matter integrity. Whereas early neuroimaging
⁎ Corresponding author. Center for Cognitive Neuroscience, Duke University, PO Box
90999, LSRC Bldg., Room B254, Durham, NC 27708, USA. Fax: +1 919 681 0815.
E-mail address: simon.davis@duke.edu (S.W. Davis).

studies of white matter and aging typically used qualitative measures
of white-matter hyperintensities or quantitative analyses of white
matter volume (for review, see Sullivan and Pfefferbaum, 2006;
Wozniak and Lim, 2006), more recent studies have used DTI. This
technique assesses the diffusion of water molecules, which is more
constrained for intact than degraded white matter ﬁbers (Concha
et al., 2006; Thomalla et al., 2004). Most DTI studies of aging have
focused on regions-of-interest (ROI) or clusters of voxels showing
signiﬁcant differences (e.g., Grieve et al., 2007; Madden et al., 2004).
These methods afford a number of beneﬁts: manual ROI volumetry is
the gold standard of neuroanatomical assessment and affords a high
degree of spatial precision when compared to other voxelwise
methods (Kennedy et al., 2008); voxel-based morphometry (VBM;
Ashburner and Friston, 2000) approaches, on the other hand, beneﬁt
from a ﬁner spatial localizability. The contributions of both ROI- and
voxel-based analyses have been critical in identifying the ﬁnding that
age-related differences in white matter integrity are largely localized
to the frontal cortex. However, these approaches are limited in their
assessment of white matter anatomy in that a single ROI or voxel
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cluster (1) includes several different white matter tracts connecting
any number of different cortical areas, and (2) covers only a fraction of
a particular long white matter tract. Both of these limitations are
addressed in diffusion tensor tractography because the tracts
identiﬁed with this method can be more speciﬁc to an individual
white matter tract (e.g., the uncinate fasciculus), and can assess the
whole extent of a longitudinal tract. DTI tractography therefore offers
not only the opportunity to map ﬁber tracts representative of the
underlying anatomy (Burgel et al., 2006), but also allows for the ability
to test speciﬁc hypotheses about age-related changes in white matter
morphology along the length of speciﬁc ﬁber tracts. In the present
study, we used a seed-based diffusion tensor tractography approach
(Corouge et al., 2006; Mori and van Zijl, 2002) to investigate two
predictions motivated by the myelodegeneration hypothesis.
First, we investigated the prediction that age-related white matter
deﬁcits should increase gradually from posterior to anterior brain
regions. Developmental studies have shown that frontal and temporal
association regions are the last ones to myelinate (Kinney et al., 1988;
Sakuma et al., 1991). Given the assumption that the brain regions that
mature last during development tend to decline ﬁrst during
aging–“last in, ﬁrst out” (Raz, 2000)–one would expect that agerelated white matter should be more pronounced in anterior
compared to posterior brain regions. DTI studies using ROI and VBM
approaches have generally reported greater age effects in frontal
compared to primary posterior cortices, though age-related decline in
white matter volume and integrity occurs throughout the brain (Head
et al., 2004; Madden et al., 2006, 2007; O'Sullivan et al., 2001; Raz
et al., 2005; Salat et al., 1999; Sullivan et al., 2006). While many of
these previous studies have reported a general “anterior–posterior
gradient” describing the pattern of age-related changes (Head et al.,
2004; Madden et al., 2009; Pfefferbaum et al., 2005), this model has
not been directly investigated in either voxelwise or ROI methods. We
test one speciﬁc prediction of this model, in that the gradient
hypothesis is speciﬁc to certain ﬁber systems within cerebral regions
where the anterior–posterior gradient has been previously observed,
namely within frontal and parietal white matter. Tractography is wellsuited to isolate these ﬁber systems and provides a means of directly
testing the question of whether the age-related differences found in
these frontal regions reﬂects a general anterior–posterior gradient
within speciﬁc tracts connecting anterior and posterior regions, or
instead reﬂects the selective vulnerability of frontal white matter.
Given the debate about whether age-related cognitive decline is
primarily due to frontal dysfunction (Moscovitch and Winocur, 1992;
West, 1996) or to more widespread changes in the brain (Greenwood,
2000), this is an issue with important theoretical implications. If the
anterior–posterior gradient is in fact demonstrable in speciﬁc white
matter tracts, age effects should increase gradually from posterior to
anterior sections of each ﬁber tract traversing the frontal lobe
association regions. In contrast, if age-related decline is speciﬁc to
frontal regions, age effects should increase abruptly at the point in
which the ﬁber tract enters the frontal lobes.
Second, we investigated the prediction that the effects of aging on
white matter and their impact on cognitive performance should be
stronger for radial diffusivity (RD) than for axial diffusivity (AD)
measures. Evidence from post-mortem studies in primates suggests
that the protracted age-related degeneration of white matter is at least
partially related to changes in myelination, including increases in the
number of dense inclusions, the formation of myelin balloons, or the
formation of redundant myelin (Feldman and Peters, 1998; Peters and
Sethares, 2002). While these morphological changes may underlie the
observed age-related differences in white matter volume or integrity,
in vivo evidence for myelodegeneration in humans is limited. Although
most DTI studies have focused on fractional anisotropy (FA) as a
summary measure of white matter integrity, there is evidence that two
components of the diffusion signal, namely AD and RD, have different
relations to cellular mechanisms of white matter deterioration. AD

describes the principal eigenvector (λ1) and is assumed to contribute
information regarding the integrity of axons (Glenn et al., 2003) or
changes in extra-axonal/extracellular space (Beaulieu and Allen,
1994). In contrast, RD describes an average of the eigenvectors
perpendicular to the principal direction ([λ2 + λ3] / 2) and is assumed
to characterize changes associated with myelination or glial cell
morphology (Song et al., 2002, 2003, 2005). This relationship has
recently been extended to humans in a study by Schmierer et al.
(2004), in which a combined diffusion imaging and histological
assessment of unﬁxed brain tissue collected post mortem from
multiple sclerosis (MS) patients showed that both FA and RD, but
not AD, were signiﬁcant predictors of myelin content. While this direct
relationship between RD and myelin has yet to be extended to healthy
adults, DTI studies in healthy older adult populations have generally
found greater age-related declines in the medium and minor
eigenvectors, indicating a decline in radial diffusivity (Bhagat and
Beaulieu, 2004; Madden et al., 2009; Sullivan et al., 2006, 2008;
Vernooij et al., 2008). Furthermore, given that studies have shown that
developmental maturation of white matter may primarily be driven by
decreases in RD (Giorgio et al., 2008; Snook et al., 2005), it is
reasonable to hypothesize that changes to white matter anatomy later
in life are also a consequence of myelination, and maybe evidenced by
increases in RD in ﬁber systems that are the latest to myelinate (Lebel
et al., 2008). Thus, the myelodegeneration hypothesis predicts that age
effects should be larger for RD and AD, and that these effects should be
observed in all late-myelinating regions, including both frontal and
temporal association cortices. Moreover, this hypothesis predicts that
correlations between white matter integrity and cognitive performance in older adults should be stronger for RD than for AD measures.
In addition to testing the foregoing two predictions derived from
the myelodegeneration hypothesis, the third goal of the study was to
investigate the speciﬁcity of associations between the effects of aging
on different white matter tracts and different cognitive measures.
Given that (a) each cognitive function depends on a certain set of
brain regions and corresponding white matter connections and (b)
that the effects of aging across the brain show substantial individual
differences (Glisky et al., 1995, 2001), it is reasonable to expect that
correlations between the effects of aging on white matter tracts and
cognitive tasks should be speciﬁc rather than global. Examining this
idea requires assessment of several different tracts and several different cognitive measures, but most previous DTI studies of aging have
focused on a few white matter ROIs and a few cognitive measures
(Bucur et al., 2007; Madden et al., 2004; Persson et al., 2006; Sullivan
et al., 2001, 2006). Two studies investigated DTI-behavior correlations
using larger set of cognitive tests (Grieve et al., 2007; O'Sullivan et al.,
2001), but their conclusions regarding speciﬁcity are limited because
they found signiﬁcant age effects only in executive functions tests. To
address this issue, we investigated cognitive performance using a
standardized neuropsychological battery (Owen et al., 1996; Robbins
et al., 1998) likely to yield reliable age effects on several different tasks,
including tests of memory as well as executive functioning. We then
correlated DTI measures and cognitive performance measures to
identify tracts that were signiﬁcant predictors of age-related differences in cognitive performance in older adults.
Methods
Participants
The participants were 20 older adults (12 female; M = 68.89 years,
SD = 5.3 years,) and 20 younger adults (9 female; M = 20.04 years,
SD = 2.5 years) with normal or corrected-to-normal vision, and no
history of neurological or psychiatric disease. Written informed
consent was obtained from each participant, and the study was
approved by the Duke University Institutional Review Board. Younger
adults were recruited from the Duke University community; older
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Table 1
Participant characteristics and neuropsychological data.
YA (n = 20)
M (SD)
Age
Years of education⁎⁎⁎
Mini-Mental State Examination
Executive tasks
Spatial working memory
Between errors⁎⁎
Strategy⁎
Spatial Span ⁎⁎
Rapid Visual Information Processing⁎⁎
Intra-Extra Dimensional Set Shifting
Stages completed
Total errors⁎⁎
Memory tasks
Paired Associate Learning⁎
Pattern Recognition Memory⁎⁎
Speed tasks
Movement time⁎⁎
Reaction time⁎⁎

20.04 (2.85)
13.59 (1.70)
n/a

OA (n = 20)
M (SD)
68.89 (7.29)
17.47 (1.47)
28.3 (1.5)

7.40 (9.97)
25.00 (5.17)
7.80 (1.01)
0.96 (0.03)

35.40
32.35
5.65
0.91

(24.35)
(6.98)
(1.31)
(0.06)

9.00 (0.00)
10.35 (4.32)

8.75 (0.64)
20.70 (12.72)

96.27 (4.14)
2.60 (2.58)

92.08 (4.86)
14.20 (8.11)

316.83 (40.97)
298.91 (39.05)

402.82 (72.78)
376.09 (52.53)

Note. YA, younger adults; OA, older adults; M, mean; SD, standard deviation. Age-related
differences indicated by ⁎p b 0.05; ⁎⁎p b 0.005; ⁎⁎⁎p b 0.001.

adults were community-dwelling individuals who were recruited
from the greater Durham community. Older adults were screened for
health problems and conditions that could affect blood ﬂow (e.g.,
hypertension, medications affecting blood ﬂow) using a questionnaire. The selected group of older participants performed well within
the normal range in the Mini-Mental State Exam, as well as the normal
age appropriate range on tests of cognitive function included in the
Cambridge Neuropsychological Test Automated Battery (CANTAB),
ensuring that they were cognitively healthy and free from dementia,
with all imaging performed within 5 months of testing.
Behavioral testing
Before scanning, participants in both the older and younger groups
underwent neuropsychological assessment with the CANTAB battery
(Table 1). Included were four tests associated with executive
functioning (Intra-Extra Dimensional Set Shifting, Spatial Span,
Spatial Working Memory, Rapid Visual Information Processing), two
tests of visual memory performance (Paired-Associate Learning,
Pattern Recognition Memory), and two processing speed tasks
(Movement Time and Reaction Time).
DTI acquisition and preprocessing
MRI data were acquired on a 3 T General Electric (Milwaukee, WI)
Signa human MRI scanner. The DT-MRI dataset was based on a single-

3

shot EPI sequence (TR = 1700 ms, 50 contiguous slices of 2.0 mm
thickness, FoV = 256 × 256 mm2, matrix size 128 × 128, voxel size
2 × 2 × 2 mm, b-value = 1000 s/mm2, 15 diffusion-sensitizing directions, 960 total images, total scan time approx. 5 min). The resulting
images were skull-stripped in order to remove non-brain and ambient
noise using the Brain Extraction Tool (Smith et al., 2002), and eddycorrected to account for drifts in scanner acquisition. Diffusion tensors
were calculated from the 15 diffusion weighted images based upon a
typical simple least squares ﬁt of the tensor model to the diffusion
data (Basser et al., 2000). Diagonalization of the tensor yielded three
voxel-speciﬁc eigenvalues (λ1 N λ2 N λ3), which represent diffusivities
along the three principal directions of the tensor. These three
eigenvalues were used to construct ﬁber tracts and the diffusion
properties (RD, AD) discussed below.
Fiber tracking
Diffusion ﬁber tracts were constructed using software distributed by
Gerig et al. (http://www.ia.unc.edu/dev/), based on the method of Mori
and colleagues (Mori and van Zijl, 2002; Xu et al., 2002), which applies a
unit-step algorithm to tensor streamlines following the direction of
greatest diffusivity (λ1) between seed and target ROIs (for a more
detailed explanation, see Catani et al., 2002). The method consisted of
four steps (see Fig. 1). First, seed and target ROIs for each tract of interest
were drawn on the native space b0 (non-diffusion-weighted) image and
ﬁbers traversing seed and target regions were estimated by the software
(Fig. 1A). Consistent with previous tractography studies using similar
methods (Sullivan et al., 2006; Wakana et al., 2007), ﬁber tracking
parameters included a minimum FA of 0.2, a ﬁber tracking threshold of
0.125 and an angle of maximum deviation of 35°. Additional parameters
including seed and target ROIs and minimum/maximum ﬁber length
were determined speciﬁc to local ﬁber tract characteristics and standard
anatomical landmarks; these are described for each ﬁber tract in Table 2.
Fibers were then represented as polylines and reparameterized by cubic
B-spline curves (Fig. 1B), which ensured an equidistant sampling along
each ﬁber as well as consistent sampling for all ﬁbers (Corouge et al.,
2006). Third, after ﬁber estimation, mean tensor ﬁbers were constructed
from each set of ﬁbers (Fig. 1C). Diffusion properties were then
computed and reparameterized according to the distance from an
established origin based upon a consistent anatomical landmark;
diffusion properties were evaluated at points along the length of each
ﬁber at cross sections. Critically, all ﬁber tracts remained in native space
throughout ﬁber tracking procedure, and only after parameters were
derived from the individual were values adjusted for normalized ﬁber
length and averaged across age group. Fourth, after additional processing
and statistical analysis (see below), group differences were transposed
onto the mean tract for visualization (Fig. 1D).
The resulting parameters included mean fractional anisotropy,
axial diffusivity (λ1), and radial diffusivity ([λ2 + λ3] / 2). To derive

Fig. 1. Methodology for assessing diffusion metrics along ﬁber tract lengths. (A) Seed (red) and target (green) regions were drawn on the b0 image in order to identify white matter
tracts; in this example an axial view of the anterior cortex depicts a seed region around the midline and left and right ROIs in frontal cortex are used to elucidate ﬁber tracts passing
through the genu of the corpus callosum; (B) identiﬁed extracted ﬁber tracts with outliers removed; (C) mean ﬁbers were constructed by averaging the spatial characteristics of all
ﬁbers within a tract. (D) Linearly adjusted mean differences were assed via ANOVA and F-statistics were transposed back onto the mean tract for visualization. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 2
Fiber tracking heuristics.
Fiber tract

Seed ROI

Target ROI

Midpoint

IRR

Genu
Splenium
Uncinate fasciculus
Cingulum bundle
Inferior longitudinal fasciculus

Anterior CC
Posterior CC
Temporal pole
Posterior cingulate cortex
Anterior temporal cortex

Frontopolar cortex
Occipital cortex
Inferior frontal cortex
Anterior cingulate cortex
Periventricular occipital cortex

Midline
Midline
Frontotemporal border
Level of anterior commissure
Occipitotemporal ﬁssure

0.938
0.927
L: 0.942; R: 0.836
L: 0.881; R:0.824
L: 0.913; R:0.892

Note. ROI, region of interest; IRR, intra-rater reliability, CC, corpus callosum.

diffusion properties evident of consistent locations across subjects, we
set anchor points at consistent anatomical loci for each tract of interest
located along the path of the ﬁber tract (see Table 2). In order to
ensure sampling from a uniform anatomical structure and not
individual ﬁbers deviating from the main axis of the tract, mean
ﬁbers were computed for each tract in each subject by averaging the
spatial characteristics of all extracted polylines in a ﬁber tract, along an
axis extending from the tract midline. Individual tractography ﬁbers
deviating more than 35° from the mean ﬁber were then excluded from
analysis. In order to account for individual variability in ﬁber lengths,
tract data were then linearly adjusted across subjects via linear
interpolation according to at least 3 anatomical landmarks along the
course of the ﬁber before group averages were calculated, and then
sectioned into 10 mm segments along the main axis of the tract.
Anatomical guidelines and termination heuristics for deﬁning tracts
of interest were determined by anatomical reference (Bassett, 1952;
Curran, 1909; Duvernoy, 1999; Ebeling and von Cramon,1992; Kier et al.,
2004), and a diffusion tractography atlas (Wakana et al., 2004) and were
supervised by an expert neuroanatomist (LEW). Seed and target ROIs for
tractography are represented in Table 2. Additionally, our ﬁber tracking
was performed by 2 raters; inter-rater reliability was assessed by
performing repeated ﬁber tracking measurements on the same subset of
6 individuals randomly assigned for gender and group for each tract and
raters were blind to age group of the data, such that tractography
procedures did not differ between groups. Brieﬂy, ﬁber tracts were ﬁrst
converted to binary volumetric information by assigning a value of 1 or
0, and difference images between raters were used to assess the spatial
overlap in pixels between two raters. The Cohen's kappa coefﬁcient was
calculated by κ = (observed agreement − expected agreement) / (1
− expected agreement). The analysis was applied pair-wise between
individual raters, providing an intra-rater reliability estimate for each
tract (see Table 2). Previous studies using similar methods have
described the strong intra-rater reliability of this approach (Wakana et
al., 2007), indicating that the current methods provide a reliable
estimate of between expert raters. All tracts met the ﬁber tracking
parameters described above, except for one younger adult right UF and
one older adult left UF, likely due to scanner artifact in this susceptible
inferofrontal region. The remaining white matter structures traced in
this study all showed high inter-rater reliability across all tracts, with
average IRR scores within the “almost perfect” agreement (κ N 0.80) set
forth by Landis and Koch (1977). Additionally, we compared both the
total number of extracted ﬁbers as well as number of outliers (# of ﬁbers
before outlier removal− # ﬁbers after outlier removal) on each ﬁber
tract and found no signiﬁcant effects of age (p b 0.05); there were no
effects of gender on FA, RD, or AD across all tracts, which is consistent
with previous ﬁndings (Salat et al., 1999; Sullivan et al., 2001).
Supplementary voxelwise validation
In order to validate our tractography results a follow-up voxelwise
analysis was performed using Tract-Based Spatial Statistics (TBSS;
Smith et al., 2006) module of FSL (Smith et al., 2004). TBSS is
an attractive means of comparing tractography with voxel-based
methods, in that the normalization used is particularly responsive to
the underlying white matter architecture. In accordance with the
standard TBSS pipeline, FA maps from all 40 subjects were normalized

to the FMRIB58_FA standard space white matter template. A voxelwise
analysis of the normalized FA maps was then completed in a twosample (young, old) t-test in Statistical Parametric Mapping 5 (SPM5;
http://www.ﬁl.ion.ucl.ac.uk/spm/). Given that tracts within the
current analysis observed an anterior–posterior gradient only when
traversing frontal-parietal cortices (see below), we applied both a
whole-brain WM as well as a frontal-parietal WM mask to the
voxelwise analysis above. The whole brain mask comprised all white
matter voxels in the FMRIB58_FA atlas with an FA value greater than
0.2; the frontal-parietal mask comprised a subset of those voxels
located within the frontal and parietal lobe ROIs from the PickAtlas
toolbox (http://www.fmri.wfubmc.edu/download.htm) in SPM5.
Statistical analyses
To investigate the prediction that age-related white matter deﬁcits
should gradually increase from posterior to anterior brain regions, we
focused on the effects of aging along the y-axis of two tracts that
follow an anterior–posterior trajectory and enter the frontal lobe: the
cingulum bundle (CB) and frontal section of the uncinate fasciculus
(UF). Temporal sections of this latter tract were excluded from trend
analysis by removing points inferior to the fronto-temporal border,
which also served as the midpoint landmark (i.e., anchor) for this ﬁber
tract (see Table 2). Adjusted tract coordinates from the group means
above were transposed linearly to Talairach coordinates, and lengths
of each tract were divided into 10 mm sections with respect to their
position along the y-axis. To distinguish between gradual vs. abrupt
changes in age effects, independent-samples t-test was performed at
each point along a normalized ﬁber tract; trend analyses were
performed on the resulting measure of age differences in FA (partial
eta) along the anteroposterior extent of the ﬁber tract. Both linear and
quadratic changes were tested simultaneously in the model. In this
analysis, a linear trend represents a gradual change, a quadratic trend
represents an abrupt change, and the intercept represents the main
effect of age. Thus, a trend analysis can be useful in characterizing
whether age-related differences along a tracts are global (intercept
differences) or whether they differ along the tract gradually (linear
term) or abruptly (quadratic term) along the anteroposterior extent of
a longitudinal ﬁber tract. Trend analyses were repeated on t-statistics
from the masked voxelwise analysis described above, averaging the
t-statistic for each slice within the mask along the same anterior–
posterior axis as in the above tractography-based analysis (see Fig.
S1).
To investigate the prediction that the effects of aging on white
matter and their impact on cognitive performance should be stronger
for radial diffusivity (RD) than for axial diffusivity (AD) measures we
performed two analyses. First, we performed age (younger vs.
older) × diffusivity measure (RD vs. AD) ANOVAs on all sections of
all tracts showing signiﬁcant age effects on FA. Age group and
diffusivity measures were used as ﬁxed factors, subjects as a random
factor, and gender as a covariate of interest. Additionally, RD and AD
were evaluated independently for group effects, with gender again
included as a covariate of interest. Second, using t-tests we tested
whether the correlations between age-related white matter decline
and age-related cognitive decline (see below) were greater when for
RD than AD.
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Fig. 2. Age-related differences in FA, RD, and AD for tracts of interest. FA differences are shown along a tract; FA data were smoothed with a 6 mm kernel and displayed upon mean tracts
from a representative subject for the genu, UFs, CBs, ILFs, and splenium. RD and AD differences within these target sections are displayed in graphs corresponding to speciﬁc long association
tracts. RD = radial diffusivity; AD= axial diffusivity; CB= cingulum bundle; UF= uncinate fasciculus; ILF = inferior longitudinal fasciculus. Metric dimensions: AD, RD: 10− 3 mm2/s;
⁎p b 0.01; ⁎⁎p b 0.005; ⁎⁎⁎p b 0.001.

Finally, to investigate the speciﬁcity of associations between the
effects of aging on different white matter tracts and different cognitive
measures we correlated DTI measures and CANTAB measures. The
goal of these analyses was to ﬁnd tracts which act as predictors of
cognitive performance in older adults; hence, only test scores and
white matter tracts which showed both a signiﬁcant age-related
difference in FA (p b 0.01) and test performance (p b 0.05) were
included in the analysis. Because age is positively correlated with
white matter decline, we used a stepwise regression model in order to
identify age-dependent changes in white matter–behavior relationships. The Age variable was forced into the regression model at the
ﬁrst step, and other predictor variables were entered into the model
sequentially based on the strength of their relationship to the
dependent variable, covaried for the effects of variables entered
previously. Model estimation ended when no other variable met the
criterion for entry (p = 0.5). Signiﬁcant Age × FA interactions predict-

ing task performance were identiﬁed and further evaluated for
signiﬁcant effects within older adults with Pearson's r.
Results
Anterior–posterior trend analysis
Fig. 2 shows age-related differences in FA (younger–older) along
the length of ﬁve tracts: the genu and the splenium of the corpus
callosum, the cingulum bundle (CB), the inferior longitudinal
fasciculus (ILF), and the uncinate fasciculus (UF). Qualitative inspection of this ﬁgure suggests that the greatest age-related differences in
FA (i.e., warmer colors in Fig. 2) occurred mainly in anterior segments
of longitudinal tracts traversing the frontal lobe. To investigate the
prediction that age-related white matter deﬁcits should gradually
increase from posterior to anterior brain regions, we focused

Table 3
Age differences in fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD).
FA
Genu
Splenium
Left CB
Right CB
Left UF‡
Right UF†
Left ILF
Right ILF

RD

AD

YA M (SD)

OA M (SD)

ηp

YA M (SD)

OA M (SD)

ηp

YA M (SD)

OA M (SD)

ηp

0.55 (0.04)
0.67 (0.04)
0.58 (0.04)
0.55 (0.02)
0.51 (0.05)
0.51 (0.04)
0.57 (0.04)
0.58 (0.04)

0.50 (0.04)⁎⁎⁎
0.63 (0.04)⁎
0.56 (0.04)⁎
0.51 (0.04)⁎⁎
0.46 (0.04)⁎⁎
0.47 (0.03)⁎⁎
0.53 (0.03)⁎⁎
0.54 (0.03)⁎⁎⁎

0.33
0.15
0.17
0.18
0.21
0.27
0.21
0.25

0.49 (0.04)
0.54 (0.12)
0.46 (0.05)
0.47 (0.03)
0.51 (0.06)
0.48 (0.03)
0.48 (0.03)
0.46 (0.02)

0.54 (0.06)⁎⁎
0.59 (0.11)
0.52 (0.04)⁎⁎
0.51 (0.03)⁎⁎⁎
0.55 (0.07)
0.54 (0.07)⁎⁎
0.55 (0.06)⁎⁎⁎
0.50 (0.05)⁎⁎

0.22
0.05
0.27
0.40
0.10
0.24
0.35
0.25

1.27 (0.05)
1.78 (0.19)
1.26 (0.09)
1.26 (0.08)
1.23 (0.16)
1.19 (0.04)
1.31 (0.07)
1.29 (0.06)

1.24 (0.06)
1.75 (0.17)
1.25 (0.09)
1.23 (0.07)
1.17 (0.08)
1.19 (0.06)
1.36 (0.07)
1.31 (0.06)

0.09
0.01
0.00
0.01
0.04
0.00
0.10
0.03

Note. metric dimensions: FA: dimensionless; AD, RD: 10– 3 mm2/s; ⁎p b 0.01; ⁎⁎p b 0.005; ⁎⁎⁎p b 0.001. YA = young adult; OA = older adult; M = mean; SD = standard deviation;
ηp = partial eta (effect size). †n = 19 YAs, 20 OAs; ‡n = 20 YAs, 19 OAs.
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Fig. 3. Age-related differences in AD (A) and RD (B) represented upon mean tracts from a representative subject, demonstrating greater age-related effects for RD than AD. Color
scales for RD have been reversed such that OA NYA differences are reﬂected by warmer colors. RD = radial diffusivity; AD = axial diffusivity. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

speciﬁcally on two tracts that follow an anterior–posterior trajectory
and enter into the frontal lobes, the UF and CB. As illustrated by the
trend analyses in Fig. 5, in both left and right UF and in both left and
right CB, group-related effect sizes from a Young N Older t-contrast
increased linearly from posterior to anterior regions. To determine if
the change was gradual or abrupt, linear and quadratic regressors
were simultaneously tested. The intercept trend (p b 0.01) was
signiﬁcant for tracts, indicating a main effect of age. Importantly, the
linear regressor was signiﬁcant in all four tracts (left and right frontal
UF, left and right CB), whereas the quadratic regressor was signiﬁcant
for none of them. Follow-up analyses based upon a masked voxelwise
analysis conﬁrmed these linear trends for voxels within frontal and
parietal cortex (linear: t = 5.27, p b 0.01; quadratic: t = 1.13, p = n.s.),
providing an important validation of the tractography results
compared to more standard voxelwise analyses. Combined, these
results support the prediction of the myelodegeneration hypothesis
that age effects increase gradually from posterior to anterior regions
rather than being speciﬁc to the frontal lobes.
Radial vs. axial diffusivity
Age-related differences in RD and AD for all tracts are reported in
Table 3 and depicted in Figs. 2 and 3. To investigate the prediction that
the effects of aging are greater for RD for AD, we tested for Age
(younger, older) × Diffusivity Measure (RD, AD) interactions. Signiﬁcant interactions were found in the genu (F = 11.39; p b 0.005), bilateral CB (L: F = 6.39; p b 0.05; R: F = 5.90; p b 0.05) and bilateral UF
(L: F = 5.69; p b 0.05; R: F = 5.49; p b 0.05), and in all cases age
differences were greater for radial than axial diffusivity (Fig. 3). In left
and right ILF, the interaction did not reach signiﬁcance, but the age
effect was signiﬁcant for RD but not for AD, consistent with the
pattern displayed by the other tracts in late-myelinating regions.
Tract-function speciﬁcity
To investigate speciﬁc relations between the effects of aging on
particular white matter tract and particular cognitive functions we
focused ﬁber tracts that showed signiﬁcant age-related decline in FA
(see Table 3) and cognitive tasks that showed reliable age effects (see
Table 1). Within older adults, a number of correlations between task
performance and diffusion metrics were found and are displayed in
Table 4 and Fig. 4. As evidenced by the standard deviations in Table 1,
data from younger adults' performance showed a relatively low
variance compared to older adults; consistent with other tractography
studies of younger adults, diffusivity measures for these subjects also
showed a similarly low variance in FA, AD, and RD values (see Table 3).
It is therefore unsurprising that no signiﬁcant relationship was

observed between behavior and structure in this younger population.
Consistent with the notion of functional speciﬁcity, tracts connecting
frontal regions in older adults (e.g., genu, right UF) were highly
correlated with performance on executive function tasks (Spatial Span,
Spatial Working Memory, and Intra-Extra Dimensional Set Shifting),
whereas tracts connecting more posterior regions (left CB, ILF,
splenium) were highly correlated with performance on visual memory
tests (Paired Associate Learning, and Pattern Recognition Memory).
We also investigated how well RD and AD predict cognitive deﬁcits
associated with aging. As illustrated by Table 4, correlations were
generally signiﬁcant for RD but not for AD. Importantly, with the
exception of two posterior tracts (left ILF and splenium), the correlations
were signiﬁcantly stronger for RD than for AD; t-tests showed greater
behavior-diffusivity measure correlations for RD than AD in the genu
(Spatial Span: t = 5.90, p b 0.01), right UF (Spatial Working Memory:
t = 3.50, p b 0.01; Spatial Working Memory-strategy: t = 2.47, p b 0.05;
Intra-Extra Dimensional set shifting: t = 3.97, p b 0.01) and left CB
(Pattern Recognition Memory: t = 4.89, p b 0.01; Paired Associate
Learning: t = 2.48, p b 0.05). In sum, the results suggest that the effect
of aging on individual white matter tracts inﬂuences speciﬁc cognitive
functions, and support the prediction of the myelodegeneration
hypothesis that the effects of aging on white matter and their impact
on cognitive performance are stronger for RD than AD.
Discussion
Our results revealed three main ﬁndings. First, age-related white
matter deﬁcits within tracts traversing frontal and parietal cortices
increased gradually, not abruptly, from posterior to anterior brain
regions. Second, the effects of aging on white matter structure and
their impact on cognitive performance were stronger for RD than for
Table 4
Relationships between DTI metrics and cognitive performance in older adults.
Tract

Cognitive test

Genu
Right UF

Spatial Span
Spatial Working Memorya
Spatial Working Memory-strategy
Intra-Extra Dimensional Set Shiftinga
Pattern Recognition Memory
Paired Associate Learninga
Paired Associate Learninga
Pattern Recognition Memory

Pearson's r
FA

L CB
L ILF
Splenium
a

0.57⁎⁎
0.57⁎⁎
0.52⁎⁎
0.63⁎⁎⁎
0.38⁎
0.47⁎
0.43⁎
0.44⁎

RD
− 0.41⁎
− 0.37
− 0.40⁎
− 0.38⁎
− 0.37⁎
− 0.45⁎
− 0.42⁎
− 0.53⁎⁎

AD
− 0.18
0.18
0.03
0.21
0.23
− 0.06
− 0.32
− 0.46⁎

Task scores based on number of errors have directions of Pearson's r ﬂipped.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.005.
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Fig. 4. Representative correlation between diffusivity measures extracted from the right uncinate fasciculus and performance on the Intra-Extra Dimensional Set Shift (IED) task.
Scatterplots show signiﬁcant relationships between IED performance and FA (A) and RD (B), but not AD (C). Metric dimensions: FA: dimensionless; AD, RD: 10− 3 mm2/s. ⁎p b 0.05;
⁎⁎⁎p b 0.005.

AD measures. Finally, results revealed that the effects of aging on
particular white matter tracts had an impact on speciﬁc cognitive
functions; in particular, anterior tracts were primarily associated with
executive tasks and posterior tracts were mainly associated with
visual memory tasks. Furthermore, the results show that relationships
between cognitive performance and FA were generally mirrored in RD,
but not AD. These ﬁndings support predictions based on the
myelodegeneration hypothesis of aging and are discussed in separate
sections below.
Anterior–posterior gradient
The ﬁrst main ﬁnding of the study was that age-related white matter
deﬁcits increased gradually from posterior to anterior brain regions
within speciﬁc white matter tracts. The anterior–posterior gradient was
found within tracts that traverse frontal and parietal cortex (CB & UF),
but not for tracts which traverse the temporal lobe (ILF). Thus, the data
partially supports the general anterior–posterior gradient hypothesis in
that it may be generalized to only those ﬁber systems within frontal and
parietal lobes. This new ﬁnding of a linear gradient of change within

ﬁber tracts traversing through and outside the frontal cortex does not
support the frontal hypothesis of aging. Although this ﬁnding is
consistent with the results of ROI-based DTI studies that have identiﬁed
an increase in the age-related difference in FA from posterior to anterior
regions (Bucur et al., 2007; Head et al., 2004; Salat et al., 2005), it adds to
these ﬁndings by providing greater speciﬁcity to the previously
described anterior–posterior gradient (Head et al., 2004; Madden et
al., 2009; Pfefferbaum et al., 2005) in speciﬁc tracts connecting the
frontal lobe with more posterior cortices. As noted in the Introduction,
ROI-based DTI analyses cannot distinguish among overlapping white
matter ﬁber tracts within a given ROI, and do not normally sample the
whole extent of long white matter ﬁbers. In contrast, the tractographybased analyses employed in this study were able to isolate individual
ﬁber tracts highly representative of white matter anatomy, and measure
age effects along the whole extent of each tract.
Measuring age effects along the whole extent of each tract is
particularly important for the goal of investigating anterior–posterior
differences in age-related white matter decline because it allows one
to (1) compare age effects on anterior vs. posterior sections of the
same tract, as opposed to comparing different age effects on separate
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Fig. 5. Trend analysis of the CB and frontal UF. Trend lines for both linear (solid) and quadratic (dashed) trends are represented over the y-axis component (Talairach coordinates) of
each tract using the effect size (partial eta) based on a pairwise analysis at points along a tract. F statistics for best ﬁt for both linear and quadratic terms are displayed below the data.
Linear trends are signiﬁcant for the left and right CB, and the left and right (frontal) UF. The vertical dashed line approximates the border between frontal and parietal cortex,
according to the anterior border precentral sulcus. CB = cingulum bundle; UF = uncinate fasciculus; YA = young adult; OA = older adult.

anterior vs. posterior tracts (e.g., genu vs. splenium), and (2) measure
age effects continuously along each ﬁber tract. Because of these
features, the current study was able to compare two possible patterns
of anterior–posterior differences in age-related white matter decline:
a gradual pattern vs. frontal-speciﬁc pattern. As illustrated by Fig. 5,
signiﬁcant linear trends supported the idea of a gradual pattern,
though only within speciﬁc white matter ﬁber tracts. In the cingulum
bundle (CB), for example, age effects were greater for frontal than for
posterior brain regions, and they decreased gradually from anterior
frontal (e.g., y = 20) to posterior frontal (e.g., y = 0) to anterior
parietal (e.g., y = −20) and to posterior parietal (y = − 40) regions.
This ﬁnding challenges the traditional idea that healthy cognitive
aging is a frontal phenomenon (Moscovitch and Winocur, 1992; West,
1996) and suggests instead that age effects decrease gradually from
anterior to posterior brain regions.
Importantly, these linear trends identiﬁed in our tractography
analysis were replicated in a masked voxelwise analysis, in that an
anterior–posterior gradient also described age-related differences
throughout the frontal and parietal lobes. Thus, results of both
tractography and voxelwise assessments provide greater speciﬁcity
to the anterior–posterior gradient, localizing this effect to white
matter connecting frontal and parietal cortices. Additionally, both
tractography and voxelwise analyses (see Fig. 2, S1) identiﬁed an
exception to the anterior–posterior trend within temporal lobes
(discussed below), suggesting that this trend does not generalize to
temporal cortices. While future studies are needed to further
evaluate the correspondence between analysis techniques, the
identiﬁcation of a linear trend within the voxel-based analysis
nonetheless suggests further support for the anterior–posterior
gradient within frontal and parietal cortices.
As noted in the Introduction, one possible explanation of the
observed anterior–posterior gradient is the “ﬁrst-in-last-out” hypothesis (Raz, 2000), which postulates that white matter decline during
aging follows the reverse order of white matter maturation during
childhood development. Evidence from developmental studies suggests that during childhood the maturation of both gray and white
matter roughly follow a posterior-to-anterior gradient, with more
anterior/frontal regions developing last (Giedd et al., 1999; Sowell

et al., 2002). Furthermore, it is well established that during cortical
maturation, white matter within posterior sensory areas develop ﬁrst
whereas anterior association areas develop at a later stage (Eluvathingal et al., 2007; Flechsig, 1901; Paus et al., 1999; Sowell et al.,
2004; Yakovlev and Lecours, 1967). For example, primary visual cortex
is one of the ﬁrst regions to develop fully formed myelin sheaths,
whereas anterior association regions begin myelination much later in
development and continue to undergo myelination until the second or
third decade of life (Hayakawa et al., 1991; Kinney et al., 1988).
Additionally, the “last-in-ﬁrst-out” hypothesis is also reﬂected by a
rank ordering based on effect sizes for each tract for the age difference
in FA (genu N R UF N L UF N R ILF N L ILF N R CB N L CB N splenium), and
suggests the same general pattern consistent with the last-in, ﬁrst-out
hypothesis: tracts showing the largest effects in the current study are
the same tracts that tend to develop later in the ﬁrst decade of life
(Dubois et al., 2008; Eluvathingal et al., 2007). For example, the
occipito-temporal segment of the ILF showed a greater age effect in FA
than more anterior regions of the ﬁber tract; the boundary between
occipital and temporal cortices is a late-myelinating region (Flechsig,
1901), and hence, the ﬁrst-in-last-out hypothesis–but not the gradient
hypothesis–would predict early age-related white matter decline in
this region.
The effects of age on white matter architecture are complex and
cannot be completely explained by the anterior–posterior gradient.
Notably, (1) not all ﬁber systems observe this pattern, and (2) agerelated differences in RD (Fig. 3) did not appear to observe the same
anterior–posterior pattern as observed in FA (Fig. 2). One explanation
for this discrepancy may be that FA describes only a general pattern of
age-related changes in white matter, and taken as individual
components AD and RD may represent qualitatively different patterns
not dependent on position along an anterior–posterior axis. A more
precise description of age-related change necessitates both a greater
spatial speciﬁcity to the previously described anterior–posterior
gradient, as well as complimentary metrics of white matter health
such as RD and AD. Therefore, a description of the whole-brain pattern
of age-related changes may not be best described by the anteroposterior extent but instead by the developmental history of the region
the tract traverses.

Please cite this article as: Davis, S.W., et al., Assessing the effects of age on long white matter tracts using diffusion tensor tractography,
NeuroImage (2009), doi:10.1016/j.neuroimage.2009.01.068

ARTICLE IN PRESS
S.W. Davis et al. / NeuroImage xxx (2009) xxx–xxx

Radial vs. axial diffusivity
The second main ﬁnding of the study was the effects of aging on
white matter and their impacts on cognitive performance were
stronger for RD than for AD measures (see Table 3 and Figs. 2 and 3).
Taken together with previous neurobiological studies (Song et al.,
2005; Sun et al., 2007; Trip et al., 2006) and complementary ﬁndings
in callosectomy patients (Concha et al., 2006) and MS (Schmierer
et al., 2004) suggesting dissociations between RD/myelination and
AD/axonal integrity, this ﬁnding suggests that age-related differences
in FA are more likely driven by myelodegeneration than by a loss of
axonal integrity. When compared directly, the age-related changes
associated with AD to that of RD in the genu, CB (left and right), and
UF (left and right) all showed signiﬁcant Age × Diffusivity Measure
interactions. Moreover, no white matter regions investigated herein
showed signiﬁcant differences in AD within the conservative
constraints of the present study (p b 0.01). Thus, the current ﬁnding
lends considerable support to the idea that age-related changes in
white matter are largely driven by changes in myelination rather than
by gross morphological changes in the axons themselves (Bartzokis,
2004). It should be noted that increases in RD likely reﬂects other
systematic age-related changes in the characteristics of white matter
tracts aside from demyelination, including reductions in the concentration of neuroglia and changes associated with gliosis (Beaulieu and
Allen, 1994). While there has been no direct link between diffusivity
measures as recorded from DTI and post mortem analysis of myelin
content in healthy older adult humans, the observation from previous
studies that oligodendrocytes and other myelin-supporting glia are
particularly susceptible to the effects of aging (Bartzokis et al., 2004;
Peters and Sethares, 2002) nonetheless suggests a link between RD
and the health of myelin in the aging brain. Furthermore, a recent
analysis of post mortem MS brain tissue has shown FA and RD–but not
AD–to be signiﬁcant predictors of myelin content (Schmierer et al.,
2004), providing some of the most compelling support for the
relationship between RD and myelin content. Future post mortem
studies investigating the relationship between diffusivity measures
and histological markers of myelin content (e.g., via myelin staining)
within brain tissue from healthy older adults are necessary to provide
further support for this hypothesis.
Previously, we discussed how the observed age differences in
white matter integrity followed an anterior–posterior gradient and
that this gradient could, in turn, be explained by last-in-ﬁrst-out
hypothesis of development and aging. The current pattern of agerelated differences in RD can also be readily understood within this
last-in-ﬁrst-out framework. For example, developmental studies have
shown that white matter near cortical association areas that develop
later in maturation (Lebel et al., 2008) also shows the earliest agerelated decline in myelination (Bartzokis, 2004; Raz et al., 1997;
Yakovlev and Lecours, 1967). This idea is supported in the current
results, with ﬁbers near frontal and temporal association cortex
showing the largest group differences in RD (see Table 3). Moreover, a
rank ordering of the effect size in the group comparison of RD—
(R CB N L ILF N L CB N R ILF N genu N R UF N L UF N splenium) makes clear
the observation that this pattern of age-related decline may at least
partially invert the sequence of myelination observed during childhood and development. While studies using larger age ranges will be
necessary to test this idea directly, the current ﬁndings demonstrate
the differences between generalized patterns of white matter decline
(i.e., the anterior–posterior gradient), and patterns that may be more
representative of the degree of myelination.
These results compliment recent DTI studies of infants (Gao et al.,
2008) and young adults (Lebel et al., 2008) that demonstrate that
many of the same frontal ﬁber systems (e.g., UF, CB) mature later in
development than more posterior ﬁber systems (e.g., ILF). A similar
pattern was shown within interhemispheric ﬁber systems, with the
splenium ﬁnishing major development before the genu. Later-
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myelinating regions have been shown to have a greater prevalence
of smaller axons, which have thinner myelin sheaths (Lamantia and
Rakic, 1990) making them more vulnerable to the effects of age.
Oligodendrocytes in these later regions have also been shown to
support a greater number of myelin sheaths (∼50) than oligodendrocytes in earlier-myelinating regions (10 or less), which may make
those regions more susceptible to oxidation (Husain and Juurlink,
1995) and amyloid beta-protein neurotoxicity (Geula et al., 1998).
While more work is necessary to provide a comprehensive in vivo
analysis of these effects, the current results provide strong support for
a primary myelin-dependent mechanism underlying this pattern of
age-related changes in white matter.
In addition to the general effect of aging on RD vs. AD, results found
RD to be a better predictor cognitive performance in older adults. In
fact, most of the diffusivity-behavior correlations evaluated in the
current study were signiﬁcantly greater for RD than AD. This ﬁnding
provides even further support for the myelodegenerative hypotheses
of aging, in that the same behavioral correlations between performance and general white matter integrity (i.e., FA) were mirrored in
correlations between performance and a measure of myelination (i.e.,
RD). While it is relatively well established that white matter plays a
critical role in mediating cognitive performance (Wozniak and Lim,
2006), the current ﬁndings link these behaviors with a speciﬁc
component of the diffusion imaging signal (RD) and the cellular
structure it may represent (myelin). While further research is needed
to validate these in vivo assessments of myelination (e.g., through the
complementary use of other imaging methods such as magnetization
transfer imaging), the current results offer strong support for the
myelodegeneration hypothesis of aging (Bartzokis, 2004) and suggest
a prominent role for this metric in future analyses of lifespan data.
Tract-function speciﬁcity
Finally, the study found that the effects of aging on particular white
matter tracts had an impact on speciﬁc cognitive functions, with
anterior tracts primarily associated with executive tasks and posterior
tracts mainly associated with visual memory tasks. Within anterior
tracts, FA and RD within the genu correlated signiﬁcantly with Spatial
Span, a measure of working memory ability. The fact that this
correlation was observed only in older adults suggests that the crosshemispheric communication engendered by this tract may be
important for maintaining cognitive performance in these subjects
(Cabeza, 2002; Daselaar and Cabeza, 2005; Sullivan et al., 2006).
Additionally, the right UF, which connects anterior temporal and
infero-frontal regions, showed signiﬁcant correlations with Spatial
Working Memory and Intra-Extra Dimensional Set Shifting tasks, both
measures of executive functioning. This structure likely plays a
signiﬁcant role in mediating executive and memory functions
(Markowitsch, 1995), and recent DTI tractography studies have
shown it to be degraded in neuropsychological patients who exhibit
executive impairments (Price et al., 2008; Yasmin et al., 2008). In
accord with previous functional imaging studies, the results thus
demonstrate the importance of frontotemporal connectivity for
successful performance in healthy aging (Daselaar et al., 2006; e.g.,
Grady et al., 1995; Gutchess et al., 2005).
Turning to tracts connecting posterior regions of the cerebrum, the
CB, ILF, and splenium showed signiﬁcant correlations with scores on
the Paired Associate Learning and Pattern Recognition Memory tests.
These tests use abstract ﬁgures to evaluate visual memory performance, which is functionally supported by the temporal, parietal and
occipital regions connected by these tracts (Gould et al., 2003).
Previous studies have shown paired associate learning to show
signiﬁcant age-related decline (Rabbitt and Lowe, 2000), and it is
well established that older adults have more general impairments in
visuospatial processing (Madden et al., 2006; Madden et al., 2002).
The left CB showed a signiﬁcant relationship with visual memory

Please cite this article as: Davis, S.W., et al., Assessing the effects of age on long white matter tracts using diffusion tensor tractography,
NeuroImage (2009), doi:10.1016/j.neuroimage.2009.01.068

ARTICLE IN PRESS
10

S.W. Davis et al. / NeuroImage xxx (2009) xxx–xxx

performance, and this ﬁnding provides further evidence that this
white matter structure, and the cingulate cortex it traverses, subserve
evaluative functions, such as monitoring sensory events in the service
of spatial orientation and memory (Vogt et al., 1992).
All told, the observed relationships between white matter
structure and cognitive performance are consistent with previous
DTI studies using both younger and older adults. The present ﬁndings
expand upon previous work by demonstrating that observed
morphological changes attributable to distinct components of the
diffusion signal may be an important mechanism of age-related
cognitive decline. The results further suggest that the effects of aging
on individual white matter tracts inﬂuence speciﬁc cognitive functions reliant on the distributed neural systems underlying successful
performance.
Limitations of the current study
Though the method presented here represents a novel algorithm
for assessing the effects of aging on long white mater association
ﬁbers, the ﬁndings from the current study must be qualiﬁed with
some caveats. Although the pattern of age-related differences in the
CB and UF shows that both tracts demonstrate a linear gradient of
change, the extent to which this trend extends to other ﬁber systems
may be dependent on local anatomy, especially for tracts which do not
observe an anterior–posterior trajectory. As noted above, the
progression of white matter development over the lifespan is complex
and cannot be fully characterized by a linear gradient. We show here
neuroimaging evidence that the observed trends may be a consequence of a more speciﬁc underlying pathology, such as myelin
degeneration. However, the inferences drawn from neuroimaging
data largely rely on previous research, and it is possible that the
observed changes in RD may be due to changes not in myelin but
instead to the extracellular matrix within the white matter; DTI alone
cannot differentiate with certainty between intracellular and extracellular morphological changes in brain tissue, nor between effects to
neurons or to glia. It is likely that combinations of newer imaging
methods will likely provide a more deﬁnitive explanation to the
mechanism underling age-related changes in white matter in vivo.
While previous methodological studies of white matter have demonstrated that DTI tractography provides ﬁber tracts that have been
shown to be highly representative of the underlying white matter
anatomy (Burgel et al., 2006; Wakana et al., 2007), newer sampling
methods which are less susceptible to partial volume effects (Jensen
et al., 2005) may improve the inferences made on DTI imaging data.
More practically, current methods of characterizing well-known ﬁber
systems using seed-based tractography are typically time-consuming
and are susceptible to human errors during tract tracing; more recent
techniques relying on automated classiﬁcation algorithms of these
ﬁber systems (O'Donnell and Westin, 2006) will likely improve the
efﬁcacy of this technique. As noted above, more work is necessary to
describe the correspondence between deterministic (e.g., seed-based
tractography) and probabilistic (e.g., TBSS) methods, as well as how
well these methods characterize the complex architecture of white
matter (Goodlett et al., 2008; Ronen et al., 2005). The success of future
age-related studies of white matter structure will likely rely on the
ability of tractography to compliment voxel-based analyses, and the
extent to which these methods can dissociate tract-speciﬁc from
regionally-speciﬁc effects. The present analysis nonetheless adds
contribution to the current literature by carefully examining diffusion
characteristics not only within particular ﬁber systems, but along the
spatial trajectory of those ﬁber systems.
Conclusions
In summary, the DTI tractography ﬁndings presented here make
three signiﬁcant contributions to the literature characterizing age-

related changes in white matter integrity. First, DTI tractography
results support an anterior–posterior gradient in age-related white
matter degradation within speciﬁc long-range white matter tracts
traversing frontal and parietal cortex. This ﬁnding demonstrates a
gradual age-related decline in white matter integrity along the anteroposterior extent of a tract, rather than a localized frontal degradation. Second, the age-related deﬁcits in white matter integrity and
their impact on cognitive performance were greater for RD than for
AD, suggesting that the observed trends may reﬂect demyelination.
Finally, cognitive performance in older adults was correlated with the
integrity of speciﬁc white matter tracts throughout the cerebrum:
frontal tracts were found to predict executive or working memory
functions and more posterior white matter tracts were found to
predict visual memory performance. Taken together the results
characterize age-related changes in white matter integrity and their
role in age-related cognitive decline.
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