
Introduction

With life expectancy increasing substantially it is becoming
progressively more important to understand the neurophysiolog-
ical underpinnings of age-related cognitive changes. Imaging
techniques such as Magnetic Resonance Imaging (MRI) enable us
to study age-related physiological changesin vivoin parallel with
age-related cognitive changes, thus establishing relationships
between physiology and cognition.

The majority of studies examining the relationship between age-
related changes in brain structure and cognition focus on grey
matter (GM). Early studies adopted practices from neuropsychol-
ogy and used manual outlining of brain structures to assess
changes across the lifespan and their impact on cognition [1].
Although this type of approach is still popular, the use of
automated methods that require minimal operator involvement is
now the norm. Volumetric studies have thus become more reliable
in producing robust observer independent findings [2–4].
Volumetric findings on age-related structural changes in white
matter diverge in that some studies report widespread white
matter changes with age [5] while other studies suggest that global
white matter does not decline with age [2]. White matter

comprises bundles of myelin-coated axons (tracts) that conduct
neural information between GM regions (effectively connecting
GM regions) so its role is crucial if the brain is to function in a
coordinated manner.

A technique that has gained remarkable popularity in the past
ten years as means for studying white matter integrity is Diffusion
Tensor MRI (DTI), used to image,in vivo, the diffusion of water
molecules in brain tissue. Diffusion weighted images are used to
calculate tensors providing information on local white matter fiber
tract direction fields, and regional white matter tissue composition
is expressed by measures such as Fractional Anisotropy (FA); [6].
FA in white matter originates roughly from the presence and
coherence of oriented structures and higher FA values have been
related to increases in white matter integrity [7]. Large FA values
suggest highly restricted diffusion and consequently highly
organized myelinated structures. FA images are more sensitive
to differences in white matter microstructure than T1-weighted
images [8] so using voxel based assessment of FA images offers
advantages over volumetric assessment of T1 weighted MRI
images. Moreover, in a comparison between DTI and magneti-
zation transfer imaging (MTI), DTI measures were shown to be
remarkably sensitive to age-related white matter changes in that

PLoS ONE | www.plosone.org 1 January 2011 | Volume 6 | Issue 1 | e14496



with proportion Know responses and proportion TOT responses
highlight the importance of an intact peri-Sylvian white matter
network for word production. In both cases better retrieval -
decreased TOTs or increased Knows - is related to higher FA
values. The white matter regions that correlated with proportion
TOTs were limited to the posterior aspect of the SLF and are a
subset of the more extensive network that correlated with
proportion Knows.

Although we expected age to be the primary determinant of
variation in both FA and TOT rates, if the SLF is crucial to word
production its integrity should be important across the age range.
To test for this possibility, we carried out a whole brain multiple
linear regression analysis in SPM using both age and proportion
TOTs as predictor variables in the same model. The question we
addressed with this analysis was whether proportion TOTs still
uniquely predicts FA variance when age is accounted for. The
clusters we report which correlate with TOT rates in the SLF
remain significant in the multiple linear regression model,
although t-scores for the peak voxels are reduced. For the left
hemisphere cluster we found a peak t-score of 5.72 (p, .001) in the
initial analysis that does not include age in the model, and a t-score
of 4.63 (p, .001) when we included age in the multiple linear
regression model. For the right hemisphere cluster we found a
peak t-score of 5.63 (p, .001) when age was not included in the
model and a t-score of 4.49 (p, .001) when age was included the
multiple linear regression model.

Additional evidence that the relationship between FA and
TOTs cannot be fully explained by a global aging effect comes
from carrying out two voxel based whole brain correlations of
Shipley vocabulary scores and NART scores with FA. Both of

these behavioral measures significantly increased with age (Shipley
vocabulary scores, r = .62, p, .001 and NART scores r = .60,
p, .001); however neither of them correlated with FA anywhere in
the brain. While it would be unexpected if increasing vocabulary
scores was related to decreasing FA, these null results confirm that
the relation of FA and proportion Know and TOT responses does
not simply represent the relation of any behavioral score and age.

Discussion

In this study we employed voxel-based analyses of FA images to
establish age-related changes in WM integrity using DTI. The
prevailing view of age–related WM changes is that ischemic events
related to hypertension [42] cause these changes but decreases in
myelinated axons may also play a role [43]. Comparable DTI
studies [44] reported extensive FA decline with age and in keeping
with those findings we observed a widespread pattern of age-
related FA decreases that were not uniform throughout the brain.
Fronto-temporal FA decreases were more prominent in our data
with FA in occipital areas appearing relatively spared from the
aging process, suggesting an anteroposterior gradient in the effect
of aging. This anterior-to-posterior age-related gradient of change,
especially in the corpus callosum, has been previously reported in
both region of interest (ROI) and voxel based analyses
[35,36,33,37,38,39], and has also been established with relaxo-
metry measures [45]. This pattern of change was reversed in
periventricular areas. We found an opposite gradient of decline (in
agreement with Salat et al., 2005 [33]) with posterior periventric-
ular regions showing a greater decline in FA than anterior ones
(see Figure 2a). Although periventricular abnormalities are often

Figure 3. Fractional anisotropy and performance in the TOT task. a) Correlations between proportion Know responses from the TOT task and
FA are shown superimposed on a T1-weighted spatially normalized brain scan. Color bar indicates range of t-scores. b) Mean FA values for each
participant, obtained at the statistical peak of2 42 2 46 6 are shown plotted against proportion Know responses (r = 2 .75,p, .001). Mean FA values
from each participant were obtained from a 10 mm diameter sphere centered at the peak of the statistically significant cluster. c) FA correlations
between proportion TOTs and FA are shown superimposed on a T1-weighted spatially normalized brain scan. Color bar indicates range of t-scores.
d) Mean FA values for each participant, obtained at the statistical peak of 412 48 19 are shown plotted against proportion TOTs (r = 2 .72,p, .001).
Mean FA values from each participant were obtained from a 10 mm diameter sphere centered at the peak of the statistically significant cluster.
doi:10.1371/journal.pone.0014496.g003
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noted in aging, the specific pattern we observed here has rarely
been reported [33].

Given the fact that even the best spatial normalization
procedure will not equate the ventricles of the older participants
to those of the youngest participants there remains the possibility
that the periventricular effect we report may be an artifact caused
by spatial normalization or even smoothing. However, we
confirmed with visual inspection that both smoothing and spatial
normalization had a similar effect in anterior and posterior aspects
of periventricular brain regions and therefore normalization or
smoothing are unlikely explanations for the greater posterior
periventricular age-related changes we found.

Another question we attempted to answer with this study was
whether hemispheric FA asymmetries exist and whether they
change with age. We replicated previous findings of hemispheric
asymmetries in FA measures, demonstrating predominantly left
temporal lobe advantage, which may signify increased organiza-
tion in WM tissue supporting language function [31,46,16]. Our
relatively novel finding is that these asymmetries persist over the
lifespan. Given that there are fMRI studies proposing older
individuals recruit increasingly more bilaterally distributed brain
regions compared to younger adults in response to the same task,
[47] our finding of stable hemispheric asymmetry is somewhat
unexpected (but see [48]). If older individuals recruit additional
contralateral regions as suggested by fMRI, the expectation would
be that contralateral WM organization increases to support these
activations. Such WM tissue changes would cause a decrease in
left/right FA asymmetry. Contrary to this our findings suggest that
left/right WM asymmetries remain stable throughout the lifespan.
One potential explanation is that despite the global reduction FA
there is enough residual WM integrity to support the age-related
bilateral activation patterns.

Finally, we turn our attention to the main question we set out to
answer with this study: whether age-related changes in white
matter integrity are associated with age-related increases in rates of
word retrieval failures. Word-finding failures constitute a major
complaint in old age [11] and by using a picture naming task we
found that the proportion of correct naming (Know) responses
correlated with FA in a number of WM bundles. These included
primarily the SLF, inferior longitudinal fasciculus, cingulum, and
also the corpus callosum, i.e. an extensive white matter network
that is necessary for successful word production. These white
matter tracts connect cortical regions known to be involved in
language production, principally the posterior extent of the
superior and middle temporal gyri to the inferior frontal cortex.
Although the integrity of a wide range of tracts was related to
Know responses, proportion TOTs correlated with FA only in a
subset of these tracts. Specifically, TOT rates correlated negatively
with FA in the most posterior aspect of the SLF at the level of the
posterior superior temporal gyrus. Hence, age-related increases in
TOTs appear to be related to age-related deterioration in the
integrity of a specific white matter tract, which plays a major role
in language function. The SLF arcs around the Sylvian fissure to
connect frontal, posterior temporal and inferior parietal regions.
Findings in this study, as well as others [31,46,16], propose that
there is a leftward asymmetry in the SLF, suggesting the SLF plays
a role in language function. The question remains which type of
language function the SLF subserves.

Wernicke, 1874 [49] claimed that the SLF was the most
relevant WM tract for language function and that disruption to the
SLF leads to frontotemporal disconnection resulting in conduction
aphasia, a type of aphasia characterized by poor speech repetition.
This model lacked anatomical specificity and implicated all of the
SLF in language production and specifically phonological

processing. Data from more recent DTI studies indicates that
only the superior temporal gyrus terminations of the SLF are
implicated in phonological processing [20]. Additionally, the
Wernicke WM model has been disputed by studies showing that
conduction aphasia is possible with lesions in insular grey matter
[50] an area shown in our previous research [15,51] to play a role
in age-related phonological retrieval. Thus, it may be that damage
to areas involved in the phonological network, whether grey
matter (such the insula) or white matter (such as the SLF), can
result in impaired phonological processing. This is supported by
previously-reported functional and structural data published by
our group [15,51] and by the current findings.

Additional evidence for the role of SLF in phonological
processing comes from research implicating SLF abnormalities
in the phonological impairments seen in developmental dyslexia
[52]. Many previous researchers have suggested functional
separation of different segments of the SLF [16], so it may be
that the posterior aspect (where we find a correlation between FA
and TOTs) has particular significance for phonological retrieval.
Another possibility is that a more extensive region of SLF is
relevant for phonological retrieval, but FA in the most posterior
aspect correlated with age-related increases in word-finding
failures because this region was particularly vulnerable to the
effect of age (see Figure 2). The aspect of the SLF we found to
correlate with TOTs, behind the posterior extent of the superior
temporal gyrus, not only further substantiates the notion that the
SLF is involved in phonological retrieval but also strengthens our
belief that TOTs in old age may result from a temporary inability
to access the phonology of a word, following successful activation
of semantic information [53,13].

With the data we present here we do not propose that the SLF is
dealing with phonological processing alone. There has been a
plethora of recent DTI studies providing evidence for a more
complex system of tracts linking posterior temporoparietal and
frontal cortical regions, most of which are likely to be involved in
multiple aspects of language function [18,54,19].

Although our previous [15] and current findings demonstrate
the potential for integrating the role of insula grey matter and SLF
white matter connections in word production failures, there are
notable differences in the correlations between performance and
white matter in the current study and grey matter in our previous
research [15]. For example, whereas in the current study WM
correlated with both Know and TOT scores, in our previous
research, grey matter correlated with TOT rates [15], but
demonstrated no significant correlation with Know rates anywhere
in the brain (unreported result from the same dataset). The
implication is that although grey and white matter may be
integrated into the same functional network, their sensitivity to the
modulation of specific processes involved in word production
differs.

One general point that needs to be made is that despite the fact
that FA images contain information on grey matter fractional
anisotropy none of the analyses we report here produced
significant findings in grey matter areas. This suggests that FA is
not a sensitive enough measure of age-related changes in grey
matter probably because directionality of diffusion in grey matter
does not change significantly with age. GM density, as derived
from T1 weighted images, is a more sensitive measure of GM
related changes as we have reported in Shafto et al., 2007 [15].

Finally, although we believe our method provides the best
chance of identifying the relationship between FA change and
performance in old age, some criticism has been directed at a
voxel-based approach to FA analysis [55,56]. An alternative
method, tract-based spatial statistics [57] aims to reduce the error
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introduced by imperfect tract registration by assessing only the
centers of major tracts. In this paper, these registration issues were
addressed by careful inspection of the images and adaptation of
our methods in order to allow assessment of the whole tract
volume including tract periphery. We also note that several of our
findings replicate findings from other groups that have used
alternative WM analysis methods. For example, using our voxel-
based approach we were able to replicate an anteroposterior
gradient in the way aging affects WM. This specific gradient of
change has been previously reported in both region of interest
(ROI) and voxel based analyses [35,36,33,37,38,39] Moreover, we
replicated the previous finding of hemispheric asymmetries in FA
measures, demonstrating predominantly left temporal lobe
advantage [31,46,16,48].

In conclusion, our findings indicate that age-related increases in
word finding failures represent a specific rather than universal
cognitive decline, corroborating previous behavioral data [12,13]
as well as evidence from grey matter structure [15] and fMRI [51].
We found widespread changes in FA with age, and positive
correlation of FA and successful retrieval rates throughout the
WM structures supporting a cortical grey matter language
network. However, we found a specific correlation between FA
decline and increasing TOT rates in SLF, a region important for
language production. Finally, the current findings in combination
with previous evidence from grey matter measures demonstrate
the importance of examining both grey and white matter when
characterizing brain-behavior relationships in old age.
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