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Disconnected Aging: Cerebral White Matter Integrity and Age-
Related Differences in Cognition

llana J. Bennett! and David J. Madden23
1Center for the Neurobiology of Learning and Memory, University of California, Irvine

2Brain Imaging and Analysis Center, Duke University Medical Center

3Department of Psychiatry and Behavioral Sciences, Duke University Medical Center

Abstract

Cogpnition arises as a result of coordinated processing among distributed brain regions and
disruptions to communication within these neural networks can result in cognitive dysfunction.
Cortical disconnection may thus contribute to the declines in some aspects of cognitive
functioning observed in healthy aging. Diffusion tensor imaging (DTI) is ideally suited for the
study of cortical disconnection as it provides indices of structural integrity within interconnected
neural networks. The current review summarizes results of previous DTI aging research with the
aim of identifying consistent patterns of age-related differences in white matter integrity, and of
relationships between measures of white matter integrity and behavioral performance as a function
of adult age. We outline a number of future directions that will broaden our current understanding
of these brain-behavior relationships in aging. Specifically, future research should aim to (1)
investigate multiple models of age-brain-behavior relationships; (2) determine the tract-specificity
versus global effect of aging on white matter integrity; (3) assess the relative contribution of
normal variation in white matter integrity versus white matter lesions to age-related differences in
cognition; (4) improve the definition of specific aspects of cognitive functioning related to age-
related differences in white matter integrity using information processing tasks; and (5) combine
multiple imaging modalities (e.g., resting-state and task-related functional magnetic resonance
imaging; fMRI) with DTI to clarify the role of cerebral white matter integrity in cognitive aging.

Keywords

white matter integrity; diffusion tensor imaging; aging; cognition; magnetic resonance imaging;
disconnection

INTRODUCTION

The broad array of human information processing abilities that we categorize as perception,
attention, and memory are the result of coordinated processing among distributed brain
regions (Mesulam, 1990; Mclintosh, 2000). Disruptions to communication within these
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neurocognitive networks lead to cognitive dysfunction recognized as neurological disease
(Geschwind, 1965b, a; Catani and Ffytche, 2005; Filley, 2005). But disconnection may also
lead to measurable variations in performance that are well below the threshold for
neurological disease.

In healthy aging, for example, behavioral research has long established that age-related
declines occur in fluid (speed-based) measures, whereas crystallized (knowledge-based)
measures are relatively preserved (Craik and Salthouse, 2008). More recently, neuroimaging
research has revealed corresponding changes in the aging brain, including decreases in
integrity of white matter that can occur in the absence of specific neurological disease.
These recent findings have created a central role for the concept of cortical disconnection,
via age-related declines in white matter integrity, in the cognitive neuroscience of aging
(O'Sullivan et al., 2001; Bartzokis, 2004; Charlton et al., 2006; Andrews-Hanna et al., 2007;
Salat, 2011).

Diffusion tensor imaging (DTI) is ideally suited for the study of cortical disconnection as it
provides indices of structural integrity within interconnected neural networks. DTI measures
the diffusion, or movement, of molecular water (Basser et al., 1994; Pierpaoli and Basser,
1996; Johansen-Berg and Behrens, 2009). Within fluid filled spaces of the brain (e.g.,
ventricles), diffusion is nearly unbounded and thus non-directional (i.e., isotropic).
Similarly, within gray matter, diffusion is relatively isotropic as a result of non-uniform
restriction of molecular movement by microstructures such as cell bodies and dendrites. In
contrast, diffusion within white matter is more directional (i.e., anisotropic). In white matter,
microstructures such as axonal cell membranes, myelin sheaths, and neurofilaments restrict
molecular movement such that the primary direction of diffusion runs parallel to axons
(Pierpaoli et al., 1996; Beaulieu, 2002; Le Bihan, 2003).

Integrity of white matter structures can be inferred from DTI-based measures of the rate and
directionality of associated molecular diffusion. For example, fractional anisotropy (FA) is a
scalar measure that indexes the anisotropic, or restricted, fraction of total diffusion. Higher
FA values (i.e., closer to 1) reflect increased diffusion directionality, independent of the rate
of diffusion, which is characteristic of diffusion along the length of white matter axons.
Mean diffusivity (MD) indexes the average rate of diffusion, independent of the
directionality. Lower MD values within white matter are characteristic of regions where
neural microstructures (e.g., axonal cell membranes, myelin sheaths, and neurofilaments)
displace intra- and extra-cellular water.

White matter integrity can be further characterized by measuring the rate of diffusion along
the primary (axial diffusivity, AD) and secondary (radial diffusivity, RD) axes of diffusion
ellipsoids that summarize diffusion properties of each voxel. Animal studies have provided
support for the notion that AD is sensitive to axonal differences and RD is sensitive to
myelin changes (Song et al., 2003; Song et al., 2005; Sun et al., 2006; Sun et al., 2008). In
turn, these findings have guided interpretations of similar patterns in human studies (Bennett
et al., 2010; Burzynska et al., 2010). For example, age-related damage to both axon fibers
and the surrounding myelin sheaths is suspected when older adults show increases in FA
that are accompanied by increases in both RD and AD. In contrast, more specific disruption
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of myelin is inferred when age-related RD increases occur in the absence of AD increase.
These interpretations of the neurobiological substrates of AD and RD are limited when not
considered in the context of the orientation of the principal diffusion direction (Wheeler-
Kingshott and Cercignani, 2009). However, the utility of diffusivity measures (MD, AD,
RD) is strengthened by the notion that they may be more sensitive to white matter integrity
differences than their more commonly used counterpart, FA. That is, in some cases,
complementary changes in both AD and RD may lead to FA being relatively unchanged.

Beyond the measurement of white matter properties, DTI provides a basis for the anatomical
reconstruction of white matter tracts throughout the brain. An illustration of these major
white matter pathways is presented in Figure 1. DTI tractography (or fiber tracking)
algorithms estimate connections among interconnected voxels by propagating from a
specified source region or between source and target regions. This reconstruction may be
conducted in the native anatomical space of each participant, or in an averaged space that
normalizes the anatomy across individual participants. Tractography and other voxel-wise
analyses of DTI data have further variants, each with advantages and disadvantages, though
a comparison of these different methodologies is beyond the scope of this article (Mori and
van Zijl, 2002; Wakana et al., 2004; Catani and Ffytche, 2005; Catani, 2006; Smith et al.,
2006; Nucifora et al., 2007; Jones, 2008). Tractography is emerging as an informative
method for characterizing the major pathways of white matter in the brain. It is important to
note, however, that tractography and related DTI indices are measures of water diffusion and
thus are indirect measures of structural connectivity (Jones et al., 2013). Further, structural
and functional connectivity are not identical, because strong functional connections may
exist between regions with limited structural connections (Honey et al., 2009).

Researchers frequently use DTI to study age-related differences in cerebral white matter
integrity, as well as the relationships between measures of white matter integrity and
behavioral performance as a function of adult age. The technology of DTI and related
techniques, such as g-ball imaging and high angular resolution diffusion imaging (HARDI)
continues to evolve, providing improved resolution of the orientation of white matter
pathways (Tuch et al., 2003; Koenig et al., 2013; Nagy et al., 2013; Zhan et al., 2013). The
majority of the research to date, however, addressing the relation of white matter integrity to
age-related differences in cognition, has used conventional DTI and fiber tractography. The
current review aims to summarize consistent patterns of results across these studies, discuss
interpretations that can be drawn from DTI studies of cognitive aging and their limitations,
and outline future directions that will broaden our current understanding of these brain-
behavior relationships in aging.

WHITE MATTER INTEGRITY DECLINES IN AGING

Age-related declines in cerebral white matter integrity are well-documented, and the number
of DTI investigations addressing age-related integrity differences is growing rapidly
(Sullivan and Pfefferbaum, 2006; Wozniak and Lim, 2006; Malloy et al., 2007; Minati et al.,
2007; Sullivan and Pfefferbaum, 2007; Madden et al., 2009a; Salat, 2011; Carmichael and
Lockhart, 2012; Madden et al., 2012). Across studies, the predominant findings are
decreased FA and increased MD as a function of increasing adult age, suggesting an age-

Neuroscience. Author manuscript; available in PMC 2014 September 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bennett and Madden

Page 4

related decline in the composition and integrity of white matter. The age-related decrease in
FA is illustrated in Figure 2. These age-related differences in white matter integrity are
accompanied by substantial variability across individuals, and the ranges of DTI measures
overlap across adult age groups. Nonetheless, the pattern of age-related white matter
integrity decline observed across cross-sectional studies is further supported by longitudinal
studies, which have shown similar white matter integrity changes (i.e., age-related decrease
in FA and increase in MD) in as little as one year within healthy older populations (Barrick
etal., 2010; Teipel et al., 2010; cf. Sullivan et al., 2010b).

Across studies, age group differences in white matter integrity are also more prominent for
RD than AD (Bhagat and Beaulieu, 2004; Zhang et al., 2010; Davis et al., 2009; Madden et
al., 2009b; Bennett et al., 2010; Burzynska et al., 2010). In addition, RD is typically higher
for older adults relative to younger adults, whereas both age-related increases and decreases
in AD have been reported (Zahr et al., 2009; Bennett et al., 2010; Sullivan et al., 2010b;
Burgmans et al., 2011). This pattern of results is illustrated in Figure 3, in which older adults
show increased RD in the genu of the corpus callosum and superior longitudinal fasciculus
relative to younger adults, whereas there are no significant age group differences in AD
across tracts. These age-related differences in white matter integrity are consistent with
known changes in the aging brain. For example, post-mortem histological studies have
shown that healthy aging is accompanied by axonal and myelin degeneration and
deformation (e.g., swelling, redundant wrapping), in addition to other changes to the cellular
environment (e.g., accumulation of cellular debris, formation of glial scars) (Meier-Ruge et
al., 1992; Aboitiz et al., 1996; Tang et al., 1997; Peters, 2002; Marner et al.).

Another measure of white matter integrity gaining attention in the DT literature is mode
(MO; Ennis and KindImann, 2006), which indexes the shape of anisotropy as a continuous
measure. As illustrated in Figure 4, whereas FA indicates the degree of restricted diffusion,
MO can reveal whether diffusion is primarily restriction in a single direction (resulting in a
planar, pancake-shaped ellipsoid) or in two directions (resulting in a linear, cigar-shaped
ellipsoid). Higher MO values (approaching 1) reflect a more linear diffusion ellipsoid, as is
seen in white matter with predominantly one fiber orientation. Lower MO values
(approaching -1) indicate a planar ellipsoid more common to regions with multiple fiber
populations (e.g., crossing or kissing fibers). Examining MO in conjunction with other
integrity measures may clarify the neurobiology underlying differences in white matter
integrity (Gouttard et al., 2009; Douaud et al., 2011). For example, decreased FA with
increased MO may indicate reduced integrity within a white matter tract, whereas decreased
FA with decreased MO may suggest macrostructural changes (e.g., fiber organization) in
regions with crossing fibers.

Previous DTI studies suggest that aging has region-specific effects on white matter integrity.
Initial studies consistently reported larger age-related FA decreases in frontal regions
including the genu of the corpus callosum and pericallosal white matter, relative to posterior
brain regions (Pfefferbaum et al., 2000; Sullivan et al., 2001; Sullivan and Pfefferbaum,
2003). Results of later studies largely replicated these patterns (Madden et al., 2004; Salat et
al., 2005; Madden et al., 2007; Bucur et al., 2008; Madden et al., 2009a; Bennett et al., 2010;
Burzynska et al., 2010; Michielse et al., 2010). However, this anterior-posterior gradient
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does not necessarily represent age-related effects specific to the frontal lobe. Davis et al.
(2009) reported that white matter tracts traversing frontal cortex (e.g., uncinate fasciculus
and cingulum) exhibited a monotonic decrease in the magnitude of the age-related effect in
FA, and that this pattern did not change abruptly at the boundary of the frontal lobe. Further,
some posterior white matter regions exhibit larger age-related declines in FA compared to
frontal regions (Salat et al., 2005; Bennett et al., 2010). For example, Bennett et al. observed
a significant positive relationship between the percent age group difference in FA and the
location of white matter clusters, with larger age-related decreases in FA in more anterior
clusters. Yet, this anterior-posterior gradient, shown in Figure 5, was accompanied by
significant variability. Most notably, two posterior clusters (left inferior sagittal stratum,
right cerebellum) exhibited the largest age group differences in FA. In addition, other
researchers have suggested a superior-inferior gradient in which superior white matter is
more susceptible to age-related declines relative to inferior regions (Zahr et al., 2009;
Sullivan et al., 2010a; Sullivan et al., 2010b). Thus, the anterior-posterior gradient,
considered in isolation, may be an oversimplification of age-related effects in white matter
integrity.

Together, the various patterns of age-related differences in white matter integrity are
generally consistent with the white matter retrogenesis hypothesis. Also known as last-in-
first-out hypothesis, this theory states that white matter regions that myelinate later during
development exhibit deterioration earlier during aging (Bartzokis, 2004; Brickman et al.,
2012). However, in the same way that some posterior white matter regions do not conform
with the anterior-posterior gradient, not all age-related integrity effects accommodate this
retrogenesis hypothesis (Westlye et al., 2010). Ultimately, it may be more accurate to
categorize the age-related differences in white matter integrity in terms of specific fiber
systems (e.g., frontoparietal) rather than in terms of gradients of change (Salat et al., 2005;
Salat, 2011). Toward this approach, at least one study separated white matter tracts into
functional categories, finding that age had the largest negative effect on association fibers
that comprise cortical-cortical connections (e.g., superior longitudinal fasciculus), relative to
projection fibers that connect cortical and subcortical regions (e.g., corticospinal tract) and
callosal fibers that connect the left and right hemispheres of the brain (Stadlbauer et al.,
2008).

In summary, two main conclusions can be drawn from the existing DTI aging literature.
First, cerebral white matter integrity typically declines in healthy aging, as seen by age-
related decreases in FA and increases in MD. Second, these age effects are likely driven by
changes in underlying myelin, as seen by preferential age-related increases in RD relative to
AD. Additional research will be necessary to clarify the region-specificity of these age-
related declines in cerebral white matter integrity.

WHITE MATTER INTEGRITY CORRELATES WITH COGNITION IN AGING

Of specific interest in the current review is whether age-related declines in cerebral white
matter integrity contribute to cognitive deficits associated with aging, as predicted by
cortical disconnection theories (O'Sullivan et al., 2001; Bartzokis, 2004; Charlton et al.,
2006; Andrews-Hanna et al., 2007; Salat, 2011). Salthouse (2011) recently concluded that
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the evidence in support of measures of brain structure as a neuroanatomical substrate of age-
related cognitive decline is weak. This limitation can be attributed to the use of inappropriate
statistical approaches for interrogating relationships among age, cognitive performance, and
white matter integrity. For example, disconnection theories predict age-related declines in
both white matter integrity (as described in the previous section) and cognitive performance,
and relationships between white matter integrity and cognitive performance. However,
separate pair-wise correlations among these variables do not address whether the age-related
differences in white matter integrity have a causal influence on the age-related differences in
cognitive performance. Instead, mediation analyses are required to infer a direct or causal
role for white matter integrity on cognitive deficits in aging (Baron and Kenny, 1986;
Salthouse, 1992; Hayes, 2009; Charlton et al., 2010; Fjell and Walhovd, 2010). When using
mediation analyses, white matter integrity can be identified as a significant mediator if
integrity is related to cognitive performance independently of age, and the age-related
variance in cognitive performance is attenuated when integrity is included in the regression
model that predicts cognitive performance using age.

In line with the broader aim of evaluating evidence for cortical disconnection as an
explanation for cognitive aging, we previously surveyed the DTI aging literature in two
complementary reviews (Madden et al., 2009a; Madden et al., 2012). Across a humber of
studies, significant relationships were reported between integrity from distributed white
matter regions and performance in multiple cognitive domains. Severable notable patterns
emerged: (1) relationships between white matter integrity and cognitive performance were
predominantly positive, such that increasing integrity was correlated with better
performance; (2) the strength of these brain-behavior relationships was weaker when
analyses statistically controlled for chronological age; and (3) the strength of age-behavior
relationships was weaker when analyses statistically controlled for white matter integrity.
Each of these three patterns will be briefly discussed in turn. We have emphasized results
from more recent studies that were not featured in our previous reviews in order to identify
remaining gaps in the current literature.

Positive Brain-Behavior Relationships

Consistent with the findings reported in our previous DTI reviews of cognitive aging
(Madden et al., 2009a; Madden et al., 2012), recent DTI studies have also observed that
increased white matter integrity (i.e., increased FA, decreased diffusivity) relates to better
cognitive performance across groups of younger and older adults (Schulze et al., 2011;
Coxon et al., 2012), within groups of older adults (Charlton et al., 2009; Penke et al., 2010a;
Sexton et al., 2010; Yassa et al., 2010; Forstmann et al., 2011; Metzler-Baddeley et al.,
2011; Ystad et al., 2011; Antonenko et al., 2012; Bosch et al., 2012; Brickman et al., 2012;
He et al., 2012; Lockhart et al., 2012; Van Impe et al., 2012; Borghesani et al., 2013; Jacobs
et al., 2013), and in groups that span childhood to later adulthood (Bendlin et al., 2010;
Stamatakis et al., 2011; Salami et al., 2012; Samanez-Larkin et al., 2012; Sasson et al., 2012,
2013).

We previously reported that these positive brain-behavior relationships were strongest for
measures of fluid cognition. Consistent with this finding, the majority of recent DTI studies
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reported that effect sizes for relationships between white matter integrity and cognitive
performance were larger for executive function and processing speed (Bendlin et al., 2010;
Ystad et al., 2011; Brickman et al., 2012; Salami et al., 2012; Borghesani et al., 2013; Haasz
etal., 2013). For example, Ystad et al. (2011) found significant positive relationships
between performance on tasks that tap executive processes and FA from three tracts
connecting subcortical regions (thalamus, putamen) to frontal regions (inferior,
dorsomedial), and between processing speed and FA from separate tracts connecting the
putamen to visual and sensorimotor regions. These data are presented in Figure 6. The only
study that reported similarly large effect sizes for memory performance included both
healthy older adults and individuals diagnosed with mild cognitive impairment and
Alzheimer's Disease in the analyses (He et al., 2012), suggesting that dementia-related
changes in white matter integrity may have driven their effects for memory. Nonetheless,
these data are consistent with the notion that (age-related) decreases in cerebral white matter
integrity are associated with impaired cognitive functioning in older adults.

We further previously reported that, across studies, there was minimal overlap in the region-
specificity of these positive brain-behavior relationships, with the exception that the
relationships were stronger in frontal brain regions (Madden et al., 2012). Within studies,
however, reliable relationships between cognitive performance and integrity from task-
relevant regions were observed, as described here for Ystad et al. (2011). These findings
suggest that cognitive processes, such as those featured in previous DTI aging studies are
complex and rely on multiple brain regions. An important direction for future research will
be to isolate component processes of these complex cognitive functions and assess their
relation to integrity from specific white matter fiber systems (see the section of this article,
General versus Task-Specific Components of Performance, below).

Age Mediates Brain-Behavior Relationships

In addition to finding that increased white matter integrity related to better cognitive
performance, our previous DTI reviews of cognitive aging revealed that, across studies, the
strength of these brain-behavior relationships was weaker when analyses statistically
controlled for age (Madden et al., 2009a; Madden et al., 2012). A handful of recent DTI
studies examined relationships between white matter integrity and cognitive performance
both before and after statistically controlling for age. These within-study comparisons
revealed that the brain-behavior relationships were attenuated (Salami et al., 2012;
Borghesani et al., 2013) or no longer significant (Metzler-Baddeley et al., 2011; Schulze et
al., 2011; Ystad et al., 2011; Lockhart et al., 2012) after accounting for age. In line with our
interpretation of the between-study comparison presented in our previous review (Madden et
al., 2012), this finding suggests that age, or some variable(s) associated with age, mediates
relationships between white matter integrity and cognitive performance, at least in part.

Importantly, however, a majority of the recent DTI studies controlled for age, among other
variables (e.g., gender, education, white matter volume). After accounting for this age-
related variance, their results still revealed significant relationships between white matter
integrity and cognitive performance across younger and older adults (e.g., Coxon et al.,
2012), lifespan samples (e.g., Bendlin et al., 2010; Salami et al., 2012; Samanez-Larkin et
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al., 2012; Sasson et al., 2012, 2013), and within older adults (e.g., Schiavone et al., 2009;
Penke et al., 2010a; Penke et al., 2010b; Sexton et al., 2010; Brickman et al., 2012; Jacobs et
al., 2013). Thus, age does not fully explain relationships between white matter integrity and
cognitive performance. Nonetheless, to ensure that the brain-behavior effects of interest are
not compounded by age effects, future studies should examine the contribution of white
matter integrity to cognitive performance after controlling for this age-related variance.
However, because chronological age often captures a large portion of age-related variance in
behavioral variables, controlling for age in this way can sometimes obscure the smaller
effect of white matter integrity on cognitive performance, or, more generally, decrease the
sensitivity of detecting effects of brain structure (Mungas et al., 2009). An alternative is to
control for the effect of chronological age on white matter, for example, by controlling for a
global measure of integrity. This is especially important in light of the controversy as to
whether or not age-related cognitive declines are due to localized effects of aging within
specific white matter tracts or more global age-related changes shared across all white
matter tracts (see the section of this article, Global versus Tract-Specific Age-Related
Effects, below).

White Matter Integrity Mediates Age-Behavior Relationships

Finally, our previous DTI reviews of cognitive aging revealed that the strength of
relationships between age and cognitive performance were weaker when analyses
statistically controlled for white matter integrity (Madden et al., 2009a; Madden et al.,
2012). The mediating role of white matter integrity in these age-behavior relationships was
further supported in a number of recent studies (Raz et al., 2005; cf., Burgmans et al., 2011,
Brickman et al., 2012; Salami et al., 2012; Samanez-Larkin et al., 2012; Borghesani et al.,
2013). Samanez-Larkin (2012), for example, reported that, across a sample of adults 21-85
years, age was significantly associated with impaired associative learning and decreased
thalamocorticostriatal tract integrity. After controlling for age, they found a positive
relationship between associative learning and thalamocorticostriatal tract integrity.
Importantly, the relationship between age and associative learning no longer attained
significance after controlling for thalamocorticostriatal tract integrity, indicating that white
matter integrity mediated the age-behavior relationship. These data are presented in Figure
7, Panels D and E. In addition to associative learning, other recent studies reported that
white matter integrity mediated relationships between age and executive functions
(Brickman et al., 2012; Borghesani et al., 2013) and between age and processing speed
(Salami et al., 2012).

Taken together, this pattern of results is consistent with the notion that cerebral white matter
integrity contributes to age-related deficits in cognitive performance. Importantly, this line
of work provides the strongest evidence in support of cortical disconnection as an
explanation for cognitive aging. However, these analyses do not rule out alternative
relationships among these three variables, including the possibility that white matter
integrity and cognitive performance are only related to each other through their relationship
with age (see the section of this article, Multiple Age-Brain-Behavior Models, below).
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CONSIDERATIONS FOR FUTURE RESEARCH

From the DTI literature of cognitive aging reviewed above, we can conclude that (1)
independently of age, increased white matter integrity is associated with better cognitive
performance; (2) age mediates relationships between white matter integrity and cognitive
performance, accounting for a significant portion, but not all, of the variance in these brain-
behavior relationships; and (3) in some contexts, white matter integrity mediates age-related
differences in cognitive performance. However, when appropriate, we noted additional
evidence indicating that our current understanding of relationships among age, white matter
integrity, and cognitive performance remains limited.

These limitations highlight important directions for future research. First, it will be
necessary to investigate multiple models of the age-brain-behavior relationship within a
study, rather than across studies as discussed previously. Finding that white matter integrity
mediates cognitive differences in aging does not rule out the possibility that white matter
integrity and cognitive performance are independent and only related to each other through
their relationship with age. Second, it has not yet been determined whether age-related
differences in white matter integrity represent effects associated with individual tracts, or
instead are global effects occurring across the whole brain. Third, the relative contribution of
microstructural versus macrostructural (e.g., white matter lesions) variation in white matter
integrity to age-related differences in cognition has not been resolved. Fourth, additional
research using information processing tasks is needed to define the component processes of
cognitive functions related to age-related differences in white matter integrity. Fifth,
different imaging modalities, particularly resting-state and task-related fMRI, need to be
combined with DTI and behavioral measures to clarify the role of white matter integrity in
cognitive aging. In the following sections, we consider some of the implications of each of
these new directions.

Multiple Age-Brain-Behavior Models

To date, DTI-based aging research has focused primarily on a particular model of the
relations among aging, white matter integrity, and cognitive performance. Specifically, age-
related differences in cognition are to some extent attributed to age-related declines in brain
structure or function, such as white matter integrity. Salthouse (2011) proposed that our
limited understanding of the neuroanatomical substrates of cognitive aging can be improved,
however, by devoting greater effort to testing alternative models of relationships among age,
brain, and cognitive variables. A schematic of alternative models is presented in Figure 8.
The modal model, consistent with disconnection theories of cognitive aging, is that white
matter integrity mediates the relation between age and cognition (Figure 8, model 1). As
discussed in the previous section, White Matter Integrity Mediates Age-Behavior
Relationships, the existing DT literature of cognitive aging provides some support for this
brain-mediating model, finding that relationships between age and cognitive performance
are attenuated after controlling for white matter integrity (Madden et al., 2009b; Perry et al.,
2009; Gold et al., 2010; Bennett et al., 2011; Brickman et al., 2012; Salami et al., 2012;
Samanez-Larkin et al., 2012; Borghesani et al., 2013).
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There are, however, alternative relationships among age, brain, and cognitive variables. For
example, cognitive or behavioral variables could be mediating the relation between aging
and brain measures (e.g., white matter integrity; Figure 8, model 2). Though it may initially
seem counterintuitive, this type of model underlies research on the effects of cognitive or
behavioral training interventions (Salthouse, 2006; Kramer and Erickson, 2007; Lustig et al.,
2009; Engvig et al., 2010; Mackey et al., 2012). According to another, independent-variable
model (Figure 8, model 3), white matter integrity and cognitive performance may instead be
independent and only related to each other through their relationship with age. That is,
individual differences in both white matter integrity and cognitive performance may be
associated with age, without white matter integrity accounting for additional variance in
performance beyond that explained by age. Some findings from previous studies are
consistent with this model, specifically results indicating that relationships between white
matter integrity and cognitive performance are reduced (or no longer statistically significant)
after controlling for age (Metzler-Baddeley et al., 2011; Schulze et al., 2011; Ystad et al.,
2011; Lockhart et al., 2012; Salami et al., 2012; Borghesani et al., 2013; Johnson et al.,
2013). Finally, it is possible that age, white matter integrity, and cognitive performance are
only related to each other as a result of their relation to some additional, unidentified
variable (Figure 8, model 4). The relevant variable may be an index of health status, lifestyle
variable, or genetic risk factors, which often remains unmeasured or uncontrolled. This type
of model has received less attention in the field, but is potentially important.

Thus, Salthouse (2011) proposed that advances in understanding the neuroanatomical
substrates of cognitive aging depend on the comparison of alternative models rather than just
testing the success of individual models. Whereas the brain-mediating model traditionally
guides studies that aim to identify white matter integrity correlates of cognitive aging, the
independent-variable model is probed by studies interested in (age-invariant) white matter
integrity correlates of cognition. In order to strengthen their conclusion, however, future
studies would need to contrast these models by assessing both age-behavior relationships
with and without controlling for white matter integrity (test for the brain-mediating model)
and brain-behavior relationships after control for age-related variance (test for the
independent-variable model). But in this latter case, if the goal is to detect specific relations
between brain-related variables and cognitive performance, any adjustments in the outcome
variable(s) as a function of the age variable may decrease the sensitivity of the detection of
brain-related effects (Mungas et al., 2009). At a theoretical level, comparison of the
alternative models provides more compelling evidence regarding the nature of relationships
among the age, brain, and cognitive variables, but this benefit must be evaluated within the
larger context of the research goals.

Taken together, emerging data appear more consistent with the independent-variable model
relative to the brain-mediation model. Three recent studies, for example, directly contrasted
the brain-mediating and independent-variable models within the same dataset (Zahr et al.,
2009; Salami et al., 2012; Borghesani et al., 2013), and all three studies found that
relationships between white matter integrity and cognitive performance were reduced or no
longer significant after controlling for age, consistent with the independent-variable model.
The three studies differed, however, in their support for the brain-mediation model. Whereas
Salami et al. (2012) provided unequivocal support for the independent-variable model, Zahr
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et al. (2009) and Borghesani et al. (2013) also found support for the brain-mediating model,
in that relationships between age and cognitive performance were reduced or no longer
significant after controlling for white matter integrity. Interestingly, however, Zahr et al.
reported that age attenuated brain-behavior relationships to a similar degree as white matter
integrity attenuated age-behavior relationships (> 82%), suggesting that only a small
proportion of the variance in performance could be uniquely attributed to either age or white
matter integrity. Thus, although a brain-mediation model may provide the best theoretical
framework for cortical disconnection, and an appropriate starting point for theory
development, alternative models should always be considered and explored, within the same
data set when possible.

Global versus Tract-Specific Age-Related Effects

Neuroimaging studies of cerebral white matter integrity frequently compare individual tracts
or regions of interest, under the assumption that different anatomical regions may contribute
differentially to age-related differences in cognitive function. Although this assumption may
often be justified, it is an empirical question whether, within a particular data set, the
uniquely age-related effects associated with individual regions can be reliably distinguished
from their shared effects. A similar issue exists in behavioral investigations of cognitive
aging, particularly those measuring the speed of response. For example, Salthouse (1985)
pointed out that reaction time will typically be higher overall for older adults than for
younger adults, for a variety of reasons including declines in sensorimotor functioning
(Birren, 1965; Cerella, 1985; Schneider and Pichora-Fuller, 2000). Thus, when statistical
analyses reveal an interaction with age group, it is important to distinguish between age-
related differences that are associated with the cognitive demands of specific task conditions
and those that are associated more general, shared effects (i.e., age-related slowing).
Behavioral investigations of cognitive aging have addressed this issue by using various data
analytic approaches, including transformations of reaction time, so that the influence of
general age-related slowing may be taken into account (Salthouse, 1996; Faust et al., 1999;
Madden, 2001; Salthouse and Madden, 2007).

In the case of DTI measures, the question is whether age-related differences for individual
tracts or regions of interest can be interpreted independently of more global, whole-brain age
effects. Increasing adult age may be associated with some change in white matter integrity
throughout the brain, and thus selecting individual tracts for analysis may be essentially
sampling from this general effect. Even in the absence of a truly general effect, the data for
individual tracts will be correlated to some extent, particularly tracts that are spatially
contiguous. Therefore, by analyzing each tract individually, the contribution from the shared
variance across tracts is not taken into account. To date, research on this issue has been
limited. Thus, in characterizing the relation between white matter integrity and age-related
differences in cognitive performance, methods for distinguishing between whole-brain
(global) and tract-specific effects will be valuable.

Penke et al. (2010b) have demonstrated a prominent influence of a global effect of white
matter integrity in older adults. These authors used principal component analysis (PCA),
which identifies latent (component) variables that are responsible for the shared variance
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among manifest (measured) variables. The PCA was applied to each of several integrity
measures (FA, AD, RD, MD), from eight white matter tracts in a sample of 132 older adults.
For each integrity measure, all of the individual tracts (except the splenium) loaded highly
on the first component, which explained approximately 45% of the variance in each
measure. Two of these global components (those for FA and RD) were correlated with
information processing speed, but not with general intelligence or memory. The Penke et al.
results suggest that, among older adults, individual differences in white matter integrity is a
relatively global effect across nearly all of the selected white matter tracts. This global
effect, however, has a specific relation to one form of fluid cognition (information
processing speed).

Ldvdén et al. (2013) also obtained some evidence for a global effect of white matter
integrity in a sample of 260 older adults. These authors examined integrity (FA, MD) from
seven white matter tracts in each hemisphere using structural equation modeling to compare
two models: one positing a general factor (i.e., individual differences shared across all
tracts) and one modeling tract-specific effects (i.e., individual differences shared between
homologous pairs of tracts). Consistent with the Penke et al. (2010b) findings, a global
factor was evident in the data. However, the model that explained the most variance
contained specific factors for homologous tract pairs, thus supporting a tract-specific view.
Also supportive of a tract-specific account, Li et al.(2012) conducted an independent
component analysis of whole-brain FA maps and found that multiple independent
components emerged, which corresponded to groups of white matter tracts (e.g.,
supratentorial commissural, association, or projection pathways).

Thus, some evidence exists for both global and tract-specific individual differences in
cerebral white matter integrity, although how these patterns of individual differences are
related to age-related variance in cognitive performance is not yet entirely clear. Whereas
Penke et al. (2010b) and Lovdén et al. (2013) focused on samples of older adults (71-73 and
60-87, respectively), Li et al.(2012) used a wider range of middle-aged adults (20-50 years).
Westlye et al. (2010) examined several DTI measures in 430 individuals across a wide range
of 8-85 years of age, but the goal was to characterize developmental trajectories rather than
the differentiation of global and tract-specific effects. Tamnes et al. (2011) found that PCA
yielded evidence for a global factor, across 64 brain regions, within each of several
structural brain measures (cortical thickness, white matter volume, FA, and MD) for 168
participants. Further, these global components correlated significantly with a measure of
general intellectual ability. However, Tamnes et al. were concerned with cognitive
development in younger individuals 8-30 years of age.

Johnson et al. (2013) addressed the age-related differences in both DTI measures of white
matter integrity and behavioral measures of cognition, in 52 younger adults (18-28 years)
and 64 older adults (60-85 years). These authors, using a PCA methodology similar to that
of Penke et al. (2010b), identified latent variables from white matter integrity across eight
regions corresponding to anatomically defined white matter tracts. The data yielded some
evidence for a global effect beyond the level of individual tracts, in that analyses that
combined both age groups identified latent components representing groups of tracts.
However, individual tracts varied in their contribution to this global component. Thus, the
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results represented a mixture of global and tract-specific effects, similar to Li et al.(2012),
rather than the entirely global effects as proposed by Penke et al. Further, Johnson et al.
conducted mediation analyses that demonstrated, in this data set, age mediated the relation
between one of the FA components and sensorimotor speed (digit symbol RT), but the FA
component was not a mediator of the age-speed relation. Thus, some variable associated
with age but not measured, such as cardiovascular risk factors, led to an association between
decreasing FA and decreasing sensorimotor speed. More generally, the Johnson et al.
findings reinforce the Salthouse (2011) recommendation that comparing different models of
the relations among age, cognition, and neuroimaging variables is needed to define which
variable (if any) is a mediator within a particular data set.

White Matter Lesions

In this review, we have focused on DTI measures that represent the microstructural
organization of white matter, as inferred from the rate and directionality of diffusion of
molecular water. Further, in the majority of the relevant studies, the DT measures are
limited to normal-appearing white matter, that is, undamaged tissue. With increasing adult
age, however, macrostructural changes in white matter, in the form of decreasing volume
(atrophy) and degeneration of white matter (lesions), also increase (de Leeuw et al., 2001).
White matter lesions (WML) are evident as hyperintense areas in T2-weighted or proton
density imaging, particularly fluid attenuated inversion recovery (FLAIR) sequences, which
can suppress cerebrospinal fluid effects on the image (Gawne-Cain et al., 1997). As shown
in Figure 9, WML are prominent in periventricular regions. Various forms of
pathophysiology lead to WML but a primary factor appears to be cerebrovascular changes
leading to vessel dysfunction and consequently an ischemic environment (Young et al.,
2008; Salat, 2011). Typically, in DTI studies, image thresholding techniques are used to
separate normal-appearing and lesioned white matter, and data analyses are limited to one
tissue class or the other. However, the distinction between normal-appearing but low FA
tissue and a frank lesion is not entirely clear-cut. For a particular region, FA decreases as a
function of spatially proximate WML, and lesions may represent the foci or penumbra of
more subtle and widespread white matter changes, rather than distinct anatomic
abnormalities (Maillard et al., 2011).

Age-related increases in WML are to some extent a phenomenon of normal aging, as is
some degree of white matter and gray matter atrophy, in that these macrostructural changes
can occur in the context of otherwise good health and preserved cognitive function. But
increasing WML volume is also correlated with impairments in aspects of cognition
(Vernooij et al., 2009; Smith et al., 2011; Maillard et al., 2012; VValdes Hernandez et al.,
2013). At a systems level, the effects of macrostructural damage from WML are similar to
decreases in the microstructural integrity of normal-appearing white matter: a disconnection
of the networks of cortical regions necessary for cognition. Thus, although our focus in this
review is on DTI analyses of normal-appearing white matter, a complete account of cerebral
white matter integrity and cognitive aging must also consider the potential role of WML.

For example, it will be important for future research to clarify relationships between white
matter integrity and WML. In a population-based study with 832 healthy older adults,
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Vernooij et al. (2008) compared the age-related differences in white matter integrity,
atrophy, and WML. Age-related differences associated with white matter integrity were
minimal when atrophy and WML were taken into account. Further, atrophy and WML
exhibited correlations with FA in different regions, suggesting that these two variables are
distinct in pathophysiology. The DTI analysis, however, used a normalized approach (tract-
based spatial statistics; TBSS; Smith et al., 2006), in which analyses were conducted using
data from the center of tracts common to all participants (i.e., a skeletonized FA map).
While this approach provides superior between-subject registration and is less subject to
partial volume effects, focusing on the center of white matter tracts may not fully capture
inter-subject variability. Thus, while the VVernooij et al. analyses suggest that age-related
decline in the microstructural integrity of white matter may be explained primarily by
atrophy and lesion formation, this hypothesis should be explored further with other analytic
techniques.

The contribution of these microstructural (white matter integrity) and macrostructural
(WML, white matter volume) variables to cognitive aging also requires further scrutiny as
some evidence suggests that WML may have a more important role in cognitive function
than microstructural integrity, but the contribution of underlying pathology is unclear. Meier
et al. (2012), for example, compared WML and a summary FA measure as predictors of
several tests of cognitive function, in a sample comprising both cognitively impaired older
adults and healthy controls. Increased WML volume in the frontal lobe was associated with
poorer delayed memory performance, whereas FA was not a predictor of cognitive test
performance. Meier et al. noted that in this sample, with a prominent representation of
history of vascular disease, WML may be more relevant to cognition than the
microstructural integrity of healthy white matter. Parks et al. (2011) also found that WML
have a mediating (causal) role in cognitive function (episodic memory and executive
function) in their sample of 422 healthy older adults and individuals diagnosed with mild
cognitive impairment and dementia. Further analyses revealed that the effect of WML on
memory in this older and clinically diverse sample was indirect and dependent on the
relation between executive function and hippocampal volume. Complementary longitudinal
data suggest that the influence of WML on executive function and episodic memory, in
older adults, operates through the extension of pre-existing lesions rather the emergence of
new lesions (Maillard et al., 2012).

In contrast, Burgmans et al. (2011) compared microstructural and macrostructural variables
as potential mediators of age-sensitive cognitive functions (executive function and
perceptual-motor speed) in 219 healthy older adults. Their most critical result was that,
whereas an age-related increase in WML volume was significant, as was age-related decline
in all of the anisotropy measures, only linear anisotropy (related more closely to axonal
integrity) was a mediator of the relation between age and the cognitive measures (processing
speed). The presence of hypertensive participants did not affect the results. Thus, in contrast
to the Vernooj et al. (2008) findings, the relation between age-related differences in
cognition and white matter were more clearly evident in the microstructural indices of
healthy white matter than in the WML volume. Burgmans et al. concluded that in healthy
adults, deterioration of axonal integrity (through axonal damage and demyelination of white

Neuroscience. Author manuscript; available in PMC 2014 September 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bennett and Madden

Page 15

matter) and the ensuing breech of connectivity may contribute to age-related slowing of
information processing.

General versus Task-Specific Components of Performance

We have noted previously that age-related differences in behavioral measures of cognitive
performance have general (i.e., age-related slowing) as well as task-specific components. In
developing models of the relations among aging, cognition, and white matter integrity, it
will be important to recognize that the models may differ as a function of the way in which
cognition is measured. General measures, for example, are typically obtained by combining
data from psychometric tests that are different instances of a common cognitive domain
(e.g., perceptual-motor speed, executive function, and memory), which can be done either
on the basis of a pre-existing theoretical framework (Andrews-Hanna et al., 2007) or on a
more data-driven basis, from factor analytic techniques that identify latent variables from
manifest measures (Burgmans et al., 2011; Haasz et al., 2013; Sasson et al., 2013). Analyses
relying on one or more general measures of cognition have several positive features,
including standardization of procedures across testing environments and the removal of
measurement error and task-specific variance.

Alternatively, task-specific variance may be the aspect of the data that yields the most
theoretically informative pattern of age-related effects. Several DTI aging studies have used
information-processing tasks that measure the time required for specific cognitive operations
such as semantic memory retrieval (Madden et al., 2009b) and switching between task sets
(Perry et al., 2009; Gold et al., 2010). Bennett et al. (2012), for example, used a visual
search task that varied the attentional demands between a relatively simple feature
discrimination (detection of a green, upright T target among red distractor Ts) or more
complex discrimination of conjunctions of features (detection of a green, upright T target
among red, upright Ts and green, inverted Ts). For both younger and older adults, higher
integrity of frontoparietal white matter tracts (i.e., genu and splenium of corpus callosum,
superior and inferior longitudinal fasciculi) was correlated with lower visual search reaction
time (i.e., faster responding). When overall motor speed was controlled statistically,
however, only FA from the genu and left superior longitudinal fasciculus were significant
predictors of search reaction time. Thus, by isolating the components of performance
specific to visual search, Bennett et al. were able to identify the most relevant tracts within
the frontoparietal network.

This task-specific approach has the advantage of increasing the specificity of the cognitive
outcome variable. It is often useful to retain the metric of real time as a dependent measure
(Pachella, 1974). In sum, task-specific analyses will typically be more valuable in smaller
sample studies that have specific hypotheses regarding the cognitive processes most relevant
to white matter integrity, whereas more general measures of cognitive domains will be
valuable in larger sample studies that do not require defining the individual stages of
information processing within a task.
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Multimodal Imaging

Beyond the microstructural and macrostructural effects in cerebral white matter integrity,
aging is associated with other structural changes such as gray matter atrophy and ventricular
enlargement (Anderton, 2002; Raz et al., 2005), as well as functional changes in the form of
increased and decreased regional cortical activation and functional connectivity (Dennis and
Cabeza, 2008; Grady, 2008; Park and Reuter-Lorenz, 2009; Parks and Madden, 2013). Thus,
disconnected aging, as discussed here, likely results from a combination of structural and
functional aspects of brain aging. Future research combining DTI with additional
neuroimaging techniques, especially functional MRI (fMRI), will be necessary to provide a
more complete understanding of how brain structure and brain function contribute to
cognition in aging. Multimodal imaging will also have the benefit of moving interpretations
of neural data from functional segregation (i.e., regional localization) to functional
integration (i.e., information flow between networks; Ramnani et al., 2004).

Initial multimodal imaging studies in aging combined DT measures of structural integrity
with fMRI measures of intrinsic functional connectivity. Intrinsic functional connectivity
refers to covariation in the low-frequency (< 0.10 Hz) component of the fMRI signal time
course that is evident either in the absence of a task (i.e., resting state) or in analyses that
attenuate task-dependent components of the fMRI signal (Fox and Raichle, 2007; Biswal et
al., 2010; Yeo et al., 2011). For example, Andrews-Hanna et al. (2007) reported that healthy
older adults exhibited a decrease in intrinsic functional connectivity relative to younger
adults, and that, within the older group, reduced connectivity was associated with both
reduced white matter integrity and behavioral measures of cognitive performance. Chen et
al. (2009) similarly found that increasing intrinsic functional connectivity within primarily
prefrontal regions was associated with lower choice reaction time (i.e., faster responding) in
a group of healthy older adults. Further, 87% of the age-related variance in choice reaction
time was shared with individual differences in functional connectivity. The older adults'
intrinsic functional connectivity, in turn, was correlated positively with FA in the genu of
the corpus callosum, consistent with a disconnection model.

Also consistent with the notion of cortical disconnection, Davis et al. (2012) compared
unilateral and bilateral presentation in a word matching task and found a performance
advantage to bilateral presentation that was greater in magnitude for older adults than for
younger adults. Importantly, older adults also exhibited greater functional connectivity
between left and right prefrontal regions, during the bilateral condition, than younger adults,
and older adults' task-related connectivity was correlated positively with both FA and RD in
the genu of the corpus callosum. However, in a study of task-related functional connectivity
during an executive control task (task-switching), Madden et al. (2010) found that although
functional connectivity significantly accounted for portion of the age-related variance in
semantic categorization performance, the integrity of frontal and posterior white matter
(genu and splenium of the corpus callosum, respectively) did not make age-independent
contributions to functional connectivity. The potential influence of several variables, such as
the difference between intrinsic and task-related functional connectivity, and the magnitude
and direction of age-related differences in the imaging and behavioral variables, remain to
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be explored in further investigations of age-related differences in cerebral white matter
integrity.

A growing body of literature has also combined DTI and fMRI research to study the
functional neuroanatomy of cognitive aging (Bennett and Rypma, 2013). In support of
cortical disconnection, these studies reveal that healthy aging is accompanied by declines in
the integrity of white matter connections between brain regions and disrupted processing
within those regions (i.e., age-related increases and decreases neural activity), both of which
contribute to age-related cognitive declines. Schulze et al. (2011), for example, acquired

DTI and fMRI during performance of a working memory (n-back) task in healthy younger
and older adults. These authors found that, relative to younger adults, older adults showed
declines in working memory performance, decreased white matter integrity (whole-brain
and prefrontal), and both increased (especially in frontal regions) and decreased (especially
in visual regions) task-dependent activation. A series of correlations further supported these
relationships, revealing that decreased frontal white matter integrity was significantly related
to increased age, decreased working memory performance, and decreased frontal activity.
The positive relationship between frontal white matter integrity and frontal activity remained
significant even after controlling for age. However, others have observed negative
relationships between frontal white matter integrity and frontal activity during different task
conditions (e.g., Zhu et al., 2013). These data are consistent with a disconnection model, but
as with the Andrews-Hanna et al. (2007) and Chen et al. (2009) results, the evidence is
indirect because alternative models were not compared directly.

More recently, a number of multimodal imaging studies of cognitive aging have employed
three or more neuroimaging approaches (Burgmans et al., 2011; Schulze et al., 2011, Ystad
etal., 2011; He et al., 2012). In addition to collecting DTI and fMRI data, for example,
Schulze et al. (2011) acquired volumetric data using structural MRI. Their results revealed
that white matter volume was not significantly related to their measures of white matter
integrity or neural activity. Such data sets are complex, and the detection of subtle
interactions among the variables of interest requires large sample sizes and often advanced
statistical approaches. Nonetheless, future multimodal imaging research that combines two
or more neurcimaging techniques will be an integral part to revealing how brain structure
(white matter integrity, volume) and brain function (neural activity, functional connectivity)
contribute to cognition, and whether these brain-behavior relationships contribute to
cognitive aging as proposed by cortical disconnection theories.

CONCLUSIONS

Findings from recent DTI studies of cognitive aging lead to several conclusions: (1) White
matter integrity typically declines in healthy aging, as reflected in age-related decreases in
FA and increases in MD. (2) These age effects are likely driven by changes in underlying
myelin, as suggested by preferential age-related increases in RD relative to AD. (3)
Increased white matter integrity relates to better cognitive performance, that is, the age-
independent relationships between white matter integrity and cognitive performance are
predominantly positive. (4) Statistically controlling for chronological age typically weakens
brain-behavior relationships, suggesting that age mediates the effect of white matter
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integrity on cognitive performance. (5) In some contexts, white matter integrity mediates
age-related declines in cognitive performance, as seen by weaker age-behavior relationships
when analyses statistically control for white matter integrity. Taken together, these findings
are generally consistent with the notion that healthy aging is accompanied by cortical
disconnection, and that, in turn, these age-related differences in white matter integrity
contribute to the different forms of cognitive declines observed in healthy older adults.

As discussed throughout the current review, however, a number of questions remain
unanswered regarding the nature of relationships among white matter integrity, cognitive
performance, and aging. Specifically, additional support for cortical disconnection
interpretations will require that future studies pursue several new avenues: (1) exploring
multiple models of age-brain-behavior relationships; (2) differentiating global and tract-
specific effects; (3) assessing the potential contribution of white matter lesions; (4) isolating
component processes of cognition using information processing tasks; and (5) combining
information from structural and functional imaging modalities.
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Figure 1.
A classification of major white matter tracts within the brain visualized using diffusion

tensor tractography and superimposed on medial and lateral views of the brain surface.
Projection tracts that connect cortical to subcortical structures include: descending fibers
projecting from the motor cortex to basal ganglia, midbrain motor nuclei (corticobulbar
tract), and the spinal cord (pyramidal tract); ascending fibers from the thalamus to the
cortical mantle (thalamic projections); and the fornix, which connects the medial temporal
lobe to hypothalamic nuclei. Commissural tracts that connect the two hemispheres include:
the corpus callosum, which is the largest white matter bundle and connects cortical regions
within frontal, parietal, occipital and temporal lobes; and the anterior commissure, which
connects the left and right amygdalae and ventromedial temporo-occipital cortex.
Association tracts that run within each hemisphere connecting distal cortical areas include:
the cingulum, which connects medial frontal, parietal, occipital, temporal and cingulate
cortices; the arcuate/superior longitudinal fasciculus, which connects perisylvian frontal,
parietal and temporal cortices; the uncinate fasciculus, which connects orbitofrontal to
anterior and medial temporal lobes; the inferior longitudinal fasciculus, which connects the
occipital and temporal lobes; and the inferior fronto-occipital fasciculus, which connects the
orbital and lateral frontal cortices to occipital cortex. Reproduced with permission from
Catani and Ffytche (2005).
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Figure 2.
Difference in fractional anisotropy (FA) from diffusion tensor imaging, for the genu (Panel

A) and splenium (Panel B) of the corpus callosum, for younger and older adults. Data are
voxelwise t maps of the younger > older FA difference score, across 23 younger adults (19—
39 years of age) and 23 older adults (60-79 years of age). Participants were healthy,
community-dwelling individuals without any sign of cognitive impairment on
neuropsychological testing or history of cardiovascular disease (other than hypertension).
Data are overlaid on a T1-weighted template, in radiological orientation (left = right). Age-
related decline in FA is most prominent in the lateral segments of the genu. Authors'
unpublished data.
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Figure 3.
Age-related differences in axial (Panel A) and radial (Panel B) diffusivity as a function of

age group and region. Panel A reveals similar AD between younger (black bars) and older
(gray bars) adults across all white matter regions, whereas Panel B reveals increased RD in
older adults relative to younger adults in the genu of the corpus callosum, splenium-
occipital region (Sp-Occ), and superior longitudinal fasciculus (SLF). Sp—Par = splenium-
parietal. Reproduced with permission from Madden et al. (2009b).
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Figure4.
Demonstration of the space of anisotropy decomposed into two orthogonal channels:

fractional anisotropy (FA = Ry) and mode (= Rz = K3). Each glyph represents the shape of
diffusion tensors with constant tensor norm rendered with superquadric glyphs. Increasing
distance from the top left spherical glyph indicates increasing FA, whereas the angular
deviation from the left edge indicates increasing mode as it transitions from planar
anisotropic (mode = —1), to orthotropic (mode = 0), to linear anisotropic (mode = 1). Glyphs
along constant radii (constrained to an arc) are of constant fractional anisotropy, but of
varying mode. This figure explicitly demonstrates that increases in FA do not necessarily
indicate increasing linear anisotropy. The space of FA and mode is correctly diagrammed as
an isosceles triangle; note that isocontours of FA are orthogonal to isocontours of mode.
Reproduced with permission from Ennis et al. (2006).

Neuroscience. Author manuscript; available in PMC 2014 September 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bennett and Madden

Page 31

< 030
= A . B
g 0251 ° . °
g .
5020 * 3 ¢
&0 . e o v o . o ©
A /
o 0.157 &
ah) *
< R .
X o.10 : T . . .
-80 -60 -40 20 0 20 40 60
Average Y Coordinate

Figureb.
An anterior-posterior gradient of age-related difference in FA. A significant positive

relationship was observed between the percent age group difference in FA (y-axis,
calculated for each white matter cluster as FA in older adults minus FA in younger adults,
divided by the average FA value for that cluster) and the location of white matter clusters (x-
axis, measured as the average y coordinate for each white matter cluster in mm according to
MNI space). As the regression line indicates, age-related decreases in FA were significantly
larger in anterior (Panel B) versus posterior (Panel A) clusters. This relationship was
significant for the frequently reported superior clusters (closed circle) with z coordinates
above or traversing zero, but did not attain significance for inferior clusters (open circles).
However, this anterior-posterior gradient was accompanied by significant variability, with
two posterior clusters (left inferior sagittal stratum, right cerebellum) exhibiting the largest
age group differences in FA. See original text for white matter clusters that correspond to
each y coordinate. Reproduced with permission from Bennett et al. (2010).
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Figure®6.
Positive relationships between white matter tract integrity and cognitive performance. The

left column presents 3D renderings of white matter tracts connecting subcortical nuclei to
cortical resting state networks identified using independent components analysis (IC). Tracts
include connections between thalamus (IC1) and anterior default mode network (IC6) (Row
1), inferior putamen (IC4) and anterior default mode network (Row 2), inferior putamen and
dorsal attention network (1C9) (Row 3), inferior putamen and calcarine/visual/lingual
cortices (IC17) (Row 4), and superior putamen (IC3) and left sensorimotor cortex (1C13)
(Row 5). The number of participants displaying each connection is noted in the bottom right
corner of each rendering. Scatterplots display pairwise correlations between FA from each
tract and composite scores of executive function (middle column) and processing speed
(right column). Least squares regression lines have been superimposed on the data, and
correlation coefficients indicate significant effects at p < 0.01. Reproduced with permission
from Ystad et al. (2011).
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Figure?.
Relationships among age, fronto-striatal white matter tract integrity and probabilistic reward

learning. White matter tracts connecting ventral tegmental area and nucleus accumbens
(Panel A), nucleus accumbens and dorsomedial thalamus (Panel B), dorsomedial thalamus
and medial prefrontal cortex (Panel C), and medial prefrontal cortex and nucleus accumbens
(Panel D) are presented from a representative participant. Scatter plots display pairwise
correlations between FA from each tract and either age (left) or probabilistic reward learning
(right). The thalamocortical (Panel C) and corticostriatal (Panel D) tracts were significantly
associated with both age and learning. Furthermore, a combined measure of
thalamocorticostriatal (TCS) white matter integrity significantly mediated age differences in
probabilistic reward learning (Panel E). Path coefficients are standardized s. *p < 0.05,
two-tailed. Reproduced with permission from Samanez-Larkin et al. (2012).
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Figure8.

Schematic illustration of relationships among age (A), brain (B), and cognitive (C) variables
(top). Four alternative models of correlations among these variables are presented, including
a (1) brain-mediating model, in which white matter integrity mediates relationships between
age and cognitive performance; (2) cognition-mediating model, in which cognitive
performance mediates relationships between age and white matter integrity; (3)
independent-variable model, in which white matter integrity and cognitive performance are
independent and only related to each other through their relationship with age; and (4)
additional-variable model, in which age, white matter integrity, and cognitive performance
are related to each other through their relation to an unidentified third variable. Reproduced

with permission from Salthouse (2011).
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Figure9.
White matter lesion volume. Panel A: White matter lesions for individual adults 20, 48, and

65 years of age, in T2-weighted FLAIR images. Participants were healthy, community-
dwelling individuals without any sign of cognitive impairment on neuropsychological
testing or history of cardiovascular disease (other than hypertension). Lesions, as identified
from a semi-automated program separating lesions from normal white matter appear in red.
Panel B: Composite lesion maps for 23 younger adults (19-39 years of age), 19 middle-aged
adults (40-59 years of age), and 16 older adults (60—79 years of age), overlaid on a T1-
weighted template. Images are in radiological orientation (left = right). Color scale
represents the number of individuals within each group exhibiting a lesion, per voxel.
Authors' unpublished data.
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