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Abstract

Objective—Although reasoning and attention are two cognitive processes necessary for
ensuring the efficiency of many everyday activities in older adults, the role of white matter
integrity in these processes has been little studied. This is an important question due to the role of
white matter integrity as a neural substrate of cognitive aging. Here, we sought to examine the
white matter tracts subserving reasoning and visuospatial attention in healthy older adults.

Method—Sixty-one adults aged 60 and older completed a battery of cognitive tests to assess
reasoning and visuospatial attention. In addition, diffusion tensor images were collected to assess
Fractional Anisotropy (FA) — a measure of white matter integrity. A principle component analysis
of the test scores yielded two components: reasoning and visuospatial attention. Whole-brain
correlations between FA and the cognitive components were submitted to probabilistic
tractography analyses for visualization of cortical targets of tracts.

Results—For reasoning, bilateral thalamo-anterior prefrontal, anterior corpus callosum, and
corpus callosum body tracts interconnecting the superior frontal cortices and right cingulum
bundle were found. For visuospatial attention, a right inferior fronto-parietal tract, and bilateral
parietal and temporal connections were found.

Conclusions—We conclude that in older adults, prefrontal cortex white matter tracts and
interhemispheric communication are important in higher order cognitive functioning. On the other
hand, right-sided fronto-parietal tracts appear to be critical for supporting control of cognitive
processes, such as redirecting attention. Researchers may use our results to develop neuroscience-
based interventions for older adults targeting brain mechanisms involved in cognitive plasticity.

Keywords
aging; diffusion tensor imaging; reasoning; visuospatial attention; white matter integrity

Corresponding Author: Maren Strenziok, Ph.D., Arch Laboratory, Department of Psychology, George Mason University, 4400
University Dr., Fairfax, VA, MSN: 3F5, Phone: (001) 301-318-8912, mstrenzi@gmu.edu.
Dr. Raja Parasuraman passed away while the manuscript was under revision.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Monge et al. Page 2

1.0 INTRODUCTION

It is well known that cognitive functioning declines, on average, in healthy older adults.
Despite this knowledge, the neural substrate of age-related cognitive decline is not fully
understood. There are age-related changes in gray matter volume (Raz et al., 1997) and
cortical thickness (Fjell et al., 2006), but white matter integrity is the only brain measure to
be reliably associated with age-related cognitive change (Bennett & Madden, 2014;
Greenwood, 2007; Madden, Bennett, & Song, 2009; Ziegler et al., 2010). In order to identify
the substrate of cognitive aging, we sought to understand the relation between white matter
integrity and two cognitive abilities that are particularly important for normal functioning in
daily life-reasoning and visuospatial attention.

1.1 Reasoning/Visuospatial Attention and Cognitive Aging

Reasoning is important in a number of everyday activities of older people, including medical
and financial decision-making needed to maintain independence (Agarwal, Driscoll, Gabaix,
& Laibson, 2009; Boyle et al., 2012; Moye & Marson, 2007). A large literature
demonstrates that reasoning abilities decline with age (e.g., Salthouse, 2005), leaving older
adults impaired at these important everyday activities. Attention, and in particular
visuospatial attention, is also important in many everyday activities, notably in driving (Ball,
Owsley, Sloane, Roenker, & Bruni, 1993; Uc et al., 2006), finding objects (Greenwood,
Lambert, Sunderland, & Parasuraman, 2005), spatial navigation (Moffat, Elkins, & Resnick,
2006), and even playing bingo (Laudate et al., 2012). Similar to reasoning, visuospatial
attention declines with age (e.g., Greenwood & Parasuraman, 2004; Greenwood,
Parasuraman, & Haxby, 1993), leaving older adults impaired at these and many other
important everyday activities. With the possibility that a decline in reasoning and
visuospatial attention has detrimental effects on the everyday functioning of older adults,
and with the increasing proportion of older adults in the United States and in many other
countries (United Nations, 2013), it is important to better understand reasoning and
visuospatial attention in older adults with a view to developing techniques to improve these
cognitive processes.

Although both reasoning and visuospatial attention decline with age (Greenwood et al.,
1993; Mitchell et al., 2013), both cognitive processes have also been shown to be amenable
to change following cognitive training — one of the few promising interventions shown to
enhance older adults' cognitive function (Klingberg, 2010; Mackey, Whitaker, & Bunge,
2012; Rebok et al., 2014; Strenziok et al., 2014; Tang & Posner, 2009; Willis et al., 2006).
Training-induced cognitive change in older adults was accompanied by altered white matter
integrity (Engvig et al., 2012; Lévdén et al., 2010; Strenziok et al., 2014), further pointing to
the importance of white matter integrity in old age. Although training has been aimed at
other cognitive processes (e.g., working memory [Takeuchi et al., 2010] and perception
[Berry et al., 2010; Strenziok et al., 2014]), there has yet to be a neuroscience-based
cognitive training intervention specifically targeting reasoning and visuospatial attention. To
advance the goal of designing training interventions that help improve reasoning and
visuospatial attention in older adults, presumably by means of increased white matter
integrity as has been shown for working memory (Takeuchi et al., 2010), it is important to
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know the specific white matter tracts underlying communication in brain circuits that
subserve these cognitive processes. Although there is substantial evidence concerning the
brain regions important for reasoning and visuospatial attention in young adults, few studies
have examined the white matter tracts associated with reasoning and visuospatial attention in
older adults. This weakness in the literature limits the ability of clinicians and researchers to
develop neuroscience-based reasoning and visuospatial attention training interventions in
older adults.

1.2 Brain Organization Underlying Reasoning

What is the evidence that there are age-related changes in the brain organization underlying
reasoning? For gray matter, the only relevant study found age-related functional magnetic
resonance imaging (fMRI) activation changes during reasoning in bilateral frontopolar,
temporal, and cerebellar cortices (Esposito, Kirkby, Van Horn, Ellmore, & Berman, 1999).
There have been many other reasoning-fMRI studies, but not within the context of aging. A
recent meta-analysis of 28 fMRI studies in young adults pointed to a primarily left-
lateralized network of gray matter regions important for deductive reasoning, including the
left lateral and medial frontal cortices, parietal cortex, and basal ganglia (Prado, Chadha, &
Booth, 2011). However, white matter tracts important for reasoning have only been studied
within older adults to date. For white matter, a previous diffusion tensor imaging (DTI)
study in older adults suggested that performance on the Primary Mental Abilities analogical
reasoning test (Thurstone & Thurstone, 1949) depends on (a) left white matter tracts
connecting the prefrontal cortex (PFC) with the thalamus via the anterior corona radiata, (b)
fibers connecting left inferior PFC with medial temporal regions via the uncinate fasciculus,
and (c) left anterior corpus callosum fibers interconnecting the PFC bilaterally (Borghesani
et al., 2013). Strenziok, Greenwood, Santa Cruz, Thompson, and Parasuraman (2013)
previously showed that matrix reasoning performance depends primarily on the white matter
integrity of corpus callosum body fibers that subserve bilateral rostral and caudal
dorsolateral prefrontal cortices in middle-aged and older adults. They also found a
widespread prefrontal white matter network extending into the premotor cortex, superior and
inferior parietal cortices, left posterior parahippocampalgyrus, bilateral anterior corona
radiata, and bilateral splenium of the corpus callosum. Another group found that matrix
reasoning depends on widespread white matter tracts, including bilateral prefrontal,
temporal, parietal, and occipital regions in middle-aged and older adults (Haasz et al., 2013).

Despite this previous work, there remain important, unresolved questions. The existing
literature has not clarified the role of bilateral connections underlying reasoning in older
adults. Regardless of age, the literature agrees on a role for PFC gray and white matter
structures in reasoning, but some studies suggest the importance of left-lateralized
intrahemispheric communication (Borghesani et al., 2013; Prado et al., 2011) and left-
lateralized cortico-subcortical communication involving the PFC (Borghesani et al., 2013;
Prado et al., 2011). In middle-aged and older adults, some studies found a role for both left
and right-sided white matter tracts, as well as interconnecting corpus callosum fibers
(Borghesani et al., 2013; Hadsz et al., 2013; Strenziok et al., 2013). There is also functional
imaging evidence of the importance of bilateral engagement in older people seen in
increased bilateral brain activation during reasoning (Esposito et al., 1999) and other higher
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order cognitive functions (for reviews see Cabeza, 2002; Park & Reuter-Lorenz, 2009). Such
findings have been interpreted as signaling a general brain aging mechanism of either
dedifferentiation of brain networks (Li & Lindenberger, 1999) or compensation through
engagement of bilateral structures with aging (Cabeza, 2002). In order to advance
knowledge about white matter tracts important for reasoning in older adults, it is important
to address this question of lateralization of function in white matter tracts. Another weakness
in the existing literature is that previous DTI studies selected reasoning measures
idiosyncratically, which limits the applicability of their findings to one aspect of reasoning.
Finally, in light of the importance of reasoning to the daily lives of older people, it is
important to assess those abilities broadly, including in everyday reasoning performance.

1.3 Brain Organization Underlying Visuospatial Attention

Regarding visuospatial attention, abundant evidence in young adults suggests that it relies on
a dorsal fronto-parietal network (Bressler, Tang, Sylvester, Shulman, & Corbetta, 2008;
Corbetta & Shulman, 2002). For gray matter, the fMRI visual search literature shows lower
occipital and temporal, but greater fronto-parietal cortex activation in older adults (Madden
et al., 2007; Madden et al., 2002). For white matter, results are less clear. Findings from a
DTI study in young and middle-aged adults suggest that dorsal fibers connecting the
temporo-parietal and prefrontal cortices, and ventral fibers connecting the temporo-parietal,
prefrontal, and insular cortices are important in visuospatial attention (Umarova et al., 2010).
However, only right-sided white matter structures were assessed, limiting conclusions.
Madden et al. (2007) measured white matter integrity in older people during visual search,
but used a biased approach by limiting their analysis to regions of interest. They found that
white matter integrity in the superior parietal lobe did not mediate the relationship between
parietal activation and visual search performance. Overall, given the limitations of the
existing literature, the white matter tracts important for visuospatial attention in older adults
remain unclear.

1.4 Current Study

The goal of the present study was to investigate the white matter tracts subserving reasoning
and visuospatial attention in older adults. Clinically, this may further the development of
neuroscience-based reasoning and visuospatial attention training interventions for older
adults. Here, we examined the relation between white matter integrity and performance on a
series of tasks designed to assess reasoning and visuospatial attention. Correlations were
computed between (a) reasoning and visuospatial attention factors derived from a principal
component analysis (PCA) and (b) an index of white matter integrity. To determine likely
cortical targets of white matter tracts that subserve reasoning and visuospatial attention,
results from the correlations were submitted to probabilistic tractography analyses. Based on
the existing literature, our hypothesis predicted the following for our sample: (a) reasoning
varies with the integrity of anterior corpus callosum fibers interconnecting the bilateral PFC
(Borghesani et al., 2013; Cabeza, 2002; Esposito et al., 1999; Strenziok et al., 2013); (b)
visuospatial attention varies with the integrity of white matter tracts connecting the temporo-
parietal cortex dorsally to the prefrontal cortex and ventrally to the prefrontal and insular
cortices (Umarova et al., 2010). Given the increased dependence on bilateral brain activation
in cognitive processing in healthy older adults and indications that visuospatial attention
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relies on brain activation in both hemispheres, at least in young but perhaps also in older
people (Corbetta, Patel, & Shulman, 2008; Corbetta & Shulman, 2002), we predicted that
bilateral fronto-parieto-temporal tracts would be important for visuospatial attention in
healthy older adults.

2.0 METHODS
2.1 Sample

Sixty-one healthy adults aged 60 to 83 (mean = 69.2, SD = 5.3) years were recruited for this
study. Participants were screened with a self-report questionnaire for diseases or injury with
neurological implications such as stroke, head injury, psychiatric conditions, and diabetes.
The Mini Mental State Examination (MMSE) was used to screen for possible cognitive
dysfunction (Folstein, Folstein, & McHugh, 1975); individuals with scores lower than 24
were excluded based on the Alzheimer’s Disease Neuroimaging Initiative’s standards. The
Beck Depression Inventory was administered to assess for signs of clinical depression
(Beck, Ward, Mendelson, Mock, & Erbaugh, 1961); individuals with scores higher than 18
were excluded. In addition, significant injuries and brain pathology were assessed by a
neuroradiologist using T2-weighted FLAIR MRI images sensitive to lesions. No exclusions
were necessary based on these criteria. The study group was predominantly female (60.7%)
and right-handed (85.2%). Racially, the group included 95.1% White (n = 58), 1.6% Asian
(n =1), 1.6% African-American (n = 1), and 1.6% other (n = 1) participants. All study
procedures were approved by the George Mason University Institutional Review Board.
Prior to testing, written informed consent was obtained from each participant.

2.2 Neuropsychological and Laboratory Assessment

A battery of neuropsychological and laboratory tests was administered to examine reasoning
and visuospatial attention. Reasoning was assessed with the Matrix Reasoning test of the
Wechsler Adult Intelligence Scale-111 (WAIS-111; Wechsler, 1997), Letter/Word Series tests
of the Schaie-Thurstone Adult Mental Abilities Test (STAMAT; Schaie, 1985), and the
Everyday Problems Test (EPT; Willis & Marsiske, 1993). In the Matrix Reasoning test,
participants were shown a partially completed design and were asked to select from five
choices the one part that would complete the whole design. The number of correct trials was
recorded. In the Letter and Word Series tasks, participants were presented with either a
series of letters or words and were asked to infer and choose the letter or word that should
come next in the series based on the pattern. The total number of correct responses was
recorded to compute percentage of correct trials. In the EPT, participants were presented
with a series of everyday tasks and were asked to answer questions and make inferences
based upon them. The total number of correct responses (accuracy) and time to respond
were retained for further analyses.

Visuospatial attention was assessed with a Posner-type cued attention task (Greenwood,
Sunderland, Friz, & Parasuraman, 2000) and a visuospatial working memory task
(Greenwood et al., 2005). In the cued attention task (Greenwood et al., 2000), participants
were presented with a fixation cross on a computer screen (displayed for 500 ms) followed
by a centered location cue (an arrow pointing to the left, right, or in both directions). In the
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valid cues condition (62.5% of trials), the cue correctly predicted the target location. In the
invalid cues condition (18.75% of trials), the cue incorrectly predicted the target location. In
the neutral cues condition (18.75% of trials), both the left- and right-pointed arrows
appeared providing no indication of target location. The centered location cue appeared for a
variable cue-target stimulus onset asynchrony (SOA) of 200, 500, or 2000 ms, followed by a
letter target appearing 6.7° (visual angle) to the right or left of fixation. A speeded response
was required, identifying the target as either a consonant or a vowel by pressing one of two
response buttons within 2000 ms. Total cue validity reaction time (invalidly cued response
time — validly cued response time) of the cued attention task with a 2s cue-target SOA was
the measure of interest.

In the visuospatial working memory task (Greenwood et al., 2005), a fixation cross appeared
for 1s followed by either one, two, or three black dots (0.67 degrees in diameter) that were
displayed for 500 ms in randomly chosen locations. Next, a fixation cross appeared alone
during a 3s delay. After the delay period, a single red test dot appeared on the screen either
in the same location as one of the target dots (match) or at a different location (non-match,
target-test distance 2, 4, or 8 degrees of visual angle). Participants were asked to indicate
whether or not the location of the test dot matched the location of one of the target dots by
pressing one of two response buttons (same or different location). Percentage correct of the
visuospatial working memory task under the three-dot load and 1 cm (0.67 degrees in
diameter) distance between the test dot and target dot was the measure of interest.

2.3 MRI Data Acquisition

A Siemens Allegra 3 Tesla head-only MRI scanner equipped with a standard quadrature
transmit-receive head coil was used to collect diffusion-weighted MRI images. A single-shot
EPI sequence with 12 gradient directions (b-value = 1000 s/mm?; TE = 75 ms; TR = 10000
ms; 50 slices; slice thickness = 3 mm; acquisition matrix = 128 mmx 128 mm) and 4
repetitions was used to acquire axial images. The four repetitions of our DTI sequence were
used to increase the signal-to-noise ratio in the acquired diffusion-weighted images.

2.4 Principal Component Analysis

SPSS Statistics 20.0 was used to perform the PCA with varimax rotation to obtain cognitive
components to be used as input data for the brain-cognition correlation analyses. The PCA
was computed on all the measures collected in the current study. These were the Matrix
Reasoning raw score, average of the percentage correct of the Letter and Word Series tasks,
percentage correct of the EPT, total cue validity reaction time (invalidly cued response time
—validly cued response time) of the cued attention task with a 2s variable cue-target SOA,
and percentage correct of the visuospatial working memory task under the three dot load and
1 cm (0.67 degrees in diameter) distance between test dot and target dot. An extraction
criterion of eigenvalues larger than 1 was used.

2.5 Diffusion Imaging Data Processing

Diffusion image processing was performed using FSL 4.1.8. (Smith et al., 2004).
Preprocessing included head movement and eddy currents correction and voxel-wise fitting
of the diffusion tensor model yielding FA maps for each participant (Smith et al., 2006). FA
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values assess the directionality of diffusion, with a FA value of zero indicating non-
directional (isotropic) diffusion and a value of one indicating entirely directional
(anisotropic) diffusion. Tract-based spatial statistics (TBSS; Smith et al., 2006) included
non-linear registration of individual FA maps to the FMRIB58-FA standard space and linear
transformation of registration parameters into 1 mm isotropic MNI1152-TI-1 mm space.
Normalized FA maps were averaged across subjects and thresholded at 0.2 resulting in a
white matter skeleton, which was fed into voxel-wise covariance analyses.

2.6 Statistical Analyses of Fractional Anisotropy

The skeletonized mean FA was subjected to a one-sample voxel-wise whole brain t-test
(general linear model, GLM). Two cognitive components — reasoning and visuospatial
attention — derived from the PCA were included as predictors in the GLM. Age, sex, and z-
transformed number of years of education served as nuisance predictors. MMSE scores were
not included in this analysis because this screening instrument yields ceiling effects.
Contrasts were computed to assess positive and negative FA-cognition components
correlations. Correlation maps corrected for multiple comparisons were obtained using
FSL’s randomise tool and the family-wise error (FWE) correction method on threshold-free
cluster-enhanced images. For anatomic reference, correlation maps were overlaid onto a
rendered brain volume (MNI152_TI_1 mm). In order to label white matter tracts that yielded
significant correlations between FA and cognition, the Juelich histological atlas (Eickhoff et
al., 2005), JHU ICBM-DTI-81 white matter labels (Mori, Wakana, Van Zijl, & Nagae-
Poetscher, 2005), and JHU white-matter tractography atlas (Hua et al., 2008) were used.

2.7 Probabilistic Fiber Tractography Analyses

In order to visualize both (a) the white matter tracts that were found to be associated with the
reasoning and visuospatial attention components and (b) the cortical targets of those tracts,
probabilistic fiber tractography analyses were conducted. This information is not captured in
the FA-cognitive component correlations. The tractography analysis was intended to be
purely descriptive. Locations of voxels with the highest signal intensity values in the FA-
cognition component correlation maps were chosen as seeds to track pathways that are
important for reasoning and visuospatial attention. Small spherical seeds were used for the
probabilistic fiber tractography analyses because we were interested in examining the
cortical targets of white matter tracts innervating regions most strongly associated with the
cognitive components as found in the TBSS analyses. Three 2 mm diameter spherical seeds
were chosen based on voxels with the highest signal intensity values from the TBSS
analyses in the right anterior corona radiata (seed 1: MNI, 14, 25, 20; reasoning), right
corpus callosum body (seed 2: MNI, 8, 7, 25; reasoning), and right corpus callosum
splenium (seed 3: MNI, 28, —42, 24; visuospatial attention), which were created in 1 mm
isotropic MNI152_TI standard space. Probabilistic tractography (5000 samples; step length
= 0.5 mm, curvature threshold = 0.2) was performed from these seeds for each cognitive
component using a fully automated Bayesian method (BedpostX; Behrens, Berg, Jbabdi,
Rushworth, & Woolrich, 2007). Connectivity maps were computed and thresholded at 50%
for each seed, which revealed the tracts that were drawn through each voxel of the seed
regions in at least half of the sample. Maps were then binarized and added to obtain a group
overlay of pathways. The Juelich histological atlas (Eickhoff et al., 2005) and the Harvard-
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Oxford cortical and subcortical structural atlases (Desikan et al., 2006) were used to label
gray matter targets of the white matter tracts.

3.0 RESULTS

3.1 Principal Components

Demographics and cognitive performance results are displayed in Table 1. The PCA using
an extraction criterion of eigenvalues larger than 1 yielded a factor solution with satisfactory
communalities across variables (Matrix Reasoning, 0.69; Letter/Word Series, 0.70; EPT,
0.75; cued attention task, 0.55; visuospatial working memory task, 0.62), indicating that the
percent of variance of each of the five variables that is accounted for by the components is
sufficiently high to accept the PCA solution. Two components were retained that accounted
for a cumulative variance of 66.1%. Component 1- called reasoning — loaded high on Matrix
Reasoning, Letter/Word Series, and EPT and explained 42.7% of the total variance.
Component 2— called visuospatial attention — loaded high on the cued attention task and the
visuospatial working memory task and explained 23.5% of the total variance. The rotated
component matrix revealed independence of the two components (Table 2).

3.2 Reasoning Component

Results from the regression analysis on FA revealed that significantly increased FA in right
anterior corona radiata and right corpus callosum body were both associated with better
performance on the reasoning component (Fig. 1A; p<0.05, FWE corrected based on the
threshold-free cluster-enhanced statistical image); the negative reasoning component-FA
correlation contrast did not yield any statistically significant results. The voxels with the
highest signal intensity values were found in the right anterior corona radiata and right
corpus callosum body. These locations were used as seeds for subsequent fiber tracking
analyses. Tracking from the right anterior corona radiata seed revealed () bilateral thalamo-
anterior prefrontal tracts and (b) corpus callosum tracts connecting bilateral anterior PFC
(Fig. 1B). Tracking from the right corpus callosum body seed revealed corpus callosum
body tracts interconnecting the superior frontal cortices and right cingulum bundle, the latter
connecting medial parietal regions with the PFC, thalamus, and the medial temporal lobe
(Fig. 1C).

3.3 Visuospatial Attention Component

Results from the regression analysis on FA revealed that significantly increased FA in
widespread bilateral frontal and parietal areas was associated with better performance on the
visuospatial attention component (Fig. 2A; p<0.05, FWE corrected based on the threshold-
free cluster-enhanced statistical image); the negative visuospatial attention component-FA
correlation contrast did not yield any statistically significant results. The voxels with the
highest signal intensity values were found in the right corpus callosum splenium. Fiber
tracking from this location revealed a right inferior fronto-parietal tract. We also found
bilateral parietal and temporal tracts (Fig. 2B).
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4.0 DISCUSSION

Our results largely supported our hypothesis that the integrity of specific PFC white matter
tracts is associated with reasoning and visuospatial attention performance in healthy older
adults.

4.1 Reasoning

We hypothesized that reasoning is associated with integrity of white matter tracts connecting
the anterior PFC (Borghesani et al., 2013; Cabeza, 2002; Esposito et al., 1999; Strenziok et
al., 2013). We tested that hypothesis with a PCA-derived reasoning factor that included a
range of reasoning tasks, including those relevant for older adults' everyday functioning. The
results were consistent with the hypothesis. In our sample of healthy older adults, we found
associations with the integrity of the corpus callosum likely interconnecting anterior PFC.
Anterior PFC is thought to be involved in the processing of relationally complex, abstract
information (e.g., Koechlin, Ody, & Kouneiher, 2003), such as those presented in reasoning
tasks. Our present finding implicating anterior callosal interconnections in reasoning
supports the hypothesis of greater bilateral engagement in healthy older adults compared to
young adults during processing of higher order cognitive functions involving the PFC
(Cabeza, 2002; Park & Reuter-Lorenz, 2009). Nevertheless, it is important to note that the
lack of a young comparison group prevents us from concluding that this result is specific to
older adults.

In addition to anterior PFC, dorsolateral PFC and parietal brain regions have been associated
with reasoning —fluid ability, deductive reasoning, and abstract thinking (Kroger et al., 2002;
Perfetti et al., 2009; Prabhakara, Smith, Desmond, Glover, & Habrieli, 1997; Preusse, van
der Meer, Deshpande, Krueger, & Wartenburger, 2011). In the present DTI study, we found
that healthy older people relied for reasoning on corpus callosum body tracts interconnecting
the superior frontal cortices. Similar evidence was previously reported by our group
(Strenziok et al., 2013) and further supports the idea of a prominent role of the PFC and
bilateral integration in reasoning processing in older adults. We also found the cingulum
bundle to be important for reasoning in older adults, previously found to be important for the
integration of frontal, parietal, temporal, and thalamic regions (Croxson et al., 2005; Morris,
Pandya, & Petrides, 1999). Although we did not predict that the cingulum bundle would be
associated with reasoning performance, that result is consistent with previous findings that
measures of fluid ability depend on white matter integrity in a widespread fronto-parieto-
temporo-thalamic network, including the cingulum bundle (Penke et al., 2012).

We also found evidence that cortico-thalamic connections are important for reasoning in
healthy older people, as revealed by the association we observed between integrity of the
anterior corona radiata and reasoning performance. Our results are in accordance with
previous DTI studies conducted in older adults (e.g., Borghesani et al., 2013). Borghesani et
al. (2013) also found that the anterior corona radiata is involved in reasoning. Furthermore,
Penke et al.(2012) found that general intelligence assessed with a composite measure of
fluid intelligence, including reasoning, varied with the white matter integrity of subcortico-
cortical fibers. The observed importance of subcortico-cortical integration for reasoning
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suggests that subcortical areas may modulate cortical neurons in response magnitude, firing
mode, and synchrony in the service of cognition (Saalmann & Kastner, 2011).

Lastly, we did not find any evidence that better reasoning performance is associated with
decreased white matter integrity. This finding agrees with an abundant literature
demonstrating that better cognitive performance is associated with greater white matter
integrity in older adults (Bennett & Madden, 2014; Madden et al., 2009; Ziegler et al.,
2010).

4.2 Visuospatial Attention

For visuospatial attention, we hypothesized that visuospatial attention function varies with
the integrity of white matter tracts connecting the temporo-parietal cortex dorsally to the
prefrontal cortex and ventrally to the prefrontal and insular cortices, and to frontal and
parietal white matter tracts (Corbetta et al., 2008; Corbetta & Shulman, 2002; Umarova et
al., 2010). Our results are consistent with our hypothesis insofar as we found that right
inferior fronto-parietal white matter and additional bilateral parietal and temporal white
matter were important for visuospatial attention performance in our sample of older adults.

What is the role of ventral fronto-parietal connections in visuospatial attention? The right
ventral attention network has been claimed to be involved in reorienting attention toward
visual targets appearing at unattended locations (Corbetta et al., 2008; Corbetta & Shulman,
2002). The visuospatial attention tasks we included in the PCA required attentional
reorienting to detect validly- and invalidly-cued targets, consistent with our observed
associations with ventral fronto-parietal pathways. In older adults, the reorienting response
may become particularly important based on evidence suggesting that older adults are more
susceptible to disruptions from task-irrelevant stimuli (Healey, Campbell, & Hasher, 2008),
and, therefore, may rely more on neurocognitive processes that facilitate reorienting
following disruptions. One functional imaging study showed that older adults have a
diminished ability to disengage from the processing of an interruption and to reengage task-
related functional networks (Clapp, Rubens, Sabharwal, & Gazzaley, 2011). This evidence
combined with our current DTI findings indicate that healthy older adults rely on ventral
fronto-parietal brain circuits known to be important for the reorientation of visuospatial
attention.

Also, we found that better visuospatial attention performance was not associated with
decreased white matter integrity. This is consistent with a large literature showing that better
cognitive performance is associated with greater white matter integrity (Bennett & Madden,
2014; Madden et al., 2009; Ziegler et al., 2010).

4.3 Strengths and Limitations of the Current Study

The methods used in the present study have some advantages over prior work. First, the use
of a PCA allowed us to avoid a bias toward composite or idiosyncratically-chosen test scores
that can limit findings to individual aspects of reasoning and visuospatial attention. Second,
because reasoning ability is an important aspect of older people's daily lives, we assessed
reasoning broadly, including in everyday problem solving. Third, the use of fiber
tractography analyses to describe the cortical targets of white matter tracts important for
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reasoning and visuospatial attention in older adults allowed interpretations supplementing
the FA-behavior correlations. In addition, our fiber tractography analyses add to information
available through published fiber tractography atlases by showing the specific tracts that are
likely important for reasoning and visuospatial attention in older adults based on the white
matter voxels derived from the FA-behavior correlations.

Although the present study does contain several methodological strengths, there are some
limitations. First, higher FA values are known to be biased toward larger white matter tracts,
such as the cingulum bundle (Mos, Jones, Viergever, & Leemans, 2011), and away from
white matter tracts with fibers that cross at oblique angles (Chepuri et al., 2002; Oouchi et
al., 2007). It is possible that white matter integrity variation in smaller white matter tracts
and white matter tracks with low fiber direction coherence were not detected due to this
methodological limitation. Second, we did not utilize high angular resolution diffusion MRI,
which limits our ability to resolve fibers that cross at oblique angles within our tractography
analyses (for a review see Savadjiev et al., 2008). Third, this study cannot detect causality
between white matter integrity and cognitive function; the results only indicate that
reasoning and visuospatial attention performance are associated with white matter integrity
in the tracts discussed above. It may be that reduced white matter integrity causes cognitive
decline, but it is also possible that decline in cognitive function, caused by changes in
another neural substrate (e.g., gray matter), results in reduced white matter integrity. Lastly,
because a population of young adults was not included in the study, it cannot be confirmed
that the correlations discussed above are specific to older adults. Future studies could
include a similar experimental design with both young and older adults to directly examine
the effect of age on white matter associations with reasoning and visuospatial attention.

4.4 Conclusions

The present results indicate that (a) white matter integrity is an important brain substrate for
reasoning and visuospatial attention, and (b) that integrity of white matter connections of the
PFC are important for good cognitive performance in older adults. Our results are also
important in their support to the idea that at least some cognitive processes, such as
reasoning, depend on bilateral processing in older adults, supporting fMRI-based evidence
of greater bilateral processing in older compared to young adults (Cabeza, 2002). In
addition, we avoided some limitations of past reasoning- and visuospatial attention-DTI
studies in older adults by using a PCA approach and including tasks relevant to everyday
functioning. Also, unlike past visuospatial attention-DTI studies in older adults, we did not
limit our analysis to regions of interest. That decision allowed us to observe effects of white
matter tracts in older adults that previously may not have been assessed for a role in
visuospatial attention.

Reasoning and visuospatial attention are cognitive processes that are essential for everyday
activities in older adults. To the extent that training on reasoning and visuospatial attention
could increase integrity in white matter tracts (as has been shown for working memory
training [Takeuchi et al., 2010] and perception training [Berry et al., 2010; Strenziok et al.,
2014]), such training could have particular benefits for cognition in healthy older people.
Therefore, understanding the white matter connections important for these cognitive
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processes can inform researchers about white matter networks that may be usefully targeted
by cognitive training. Such information could provide health professionals with information
about training interventions that are effective in modulating age-related cognitive decline.
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Fig. 1. Reasoning component tract-based and probabilistic tractography results
For the tract-based spatial statistics results (TBSS; Panel A), white matter tracts shown in

black (in red in the online version of this figure) represent statistically significant positive
correlations between fractional anisotropy (FA) and the reasoning component (p < .05,
corrected). The TBSS results revealed that significantly increased FA in right anterior corona
radiata and corpus callosum body was associated with better performance on the reasoning
component. Images are shown at x= 17 (top) and x = 8 (bottom).

For the probabilistic tractography results (Panels B and C), the color code represents the
number of participants for which connectivity distributions were found in a given voxel,
with lighter shades of gray (warm colors in the online version of this figure) indicating larger
participant overlap and darker shades of gray (cold colors in the online version of this figure)
indicating smaller participant overlap (light gray = largest overlap, black = smallest overlap;
in the online version of this figure, yellow = largest overlap, light blue = smallest overlap).
Seed 1 (Panel B) was placed in the right corona radiata (MNI, 14, 25, 20), and Seed 2 (Panel
C) in the right corpus callosum body (MNI, 8, 7, 25). The gray (purple in the online version
of this figure) circles and arrows indicate the locations of the seeds. Images in Panel B are
shown at x = 22 (top) and z = 7 (bottom). Images in Panel C are shown at y = 10 (top) and z
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= 31 (bottom). All results are shown overlaid onto MNI152_T1 1 mm standard space
(radiological convention).
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Fig. 2. Visuospatial attention component tract-based and probabilistic tractography results
For the tract-based spatial statistics results (TBSS; Panel A), white matter tracts shown in

black (in red in the online version of this figure) represent statistically significant positive
correlations between fractional anisotropy (FA) and the visuospatial attention component (p
<.05, corrected). The TBSS results revealed that significantly increased FA in widespread
frontal and parietal areas was associated with better performance on the visuospatial
attention component. Images are shown at x = -18 (top) and z = 20 (bottom).

For the probabilistic tractography results (Panel B), the color code represents the number of
participants for which connectivity distributions were found in a given voxel, with lighter
shades of gray (warm colors in the online version of this figure) indicating larger participant
overlap and darker shades of gray (cold colors in the online version of this figure) indicating
smaller participant overlap (light gray = largest overlap, black = smallest overlap; for color
version, yellow = largest overlap, light blue = smallest overlap). Seed 3 was placed in the
right corpus callosum splenium (MNI, 28, -42, 24). The gray (purple in the online version
of this figure) circle and arrow indicates the location of the seed. Images are shown at x = 29
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(top left), y = =54 (top right), and x = 38 (bottom). All results are shown overlaid onto
MNI152_T1 1 mm standard space (radiological convention).

Neuropsychology. Author manuscript; available in PMC 2017 July 01.

Page 19



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Monge et al.

Table 1

Age, Years of Education, and Cognitive Test Results for 61 Healthy Older Adults.

Variable M (SD) n
Age (years) 69.2 (5.3)
Education (years) 16.7 (2.5)

MMSE (raw score) 28.7 (1.4)

Matrix Reasoning (raw score) 16.9 (4.4)
Letter/Word series (average % correct) 57.8 (19.8)

EPT (% correct) 87.5(8.4)

Cued attention (total cue validity RT) 79.082 (52.377)

Visuospatial working memory (% correct)? 47.8 (18.8)
Gender (male/female) 24/37

Note. MMSE = Mini-Mental State Examination; EPT = Everyday Problems Test; RT = reaction time.

a . . . .
Percentage correct of trials with three dot load and 1 cm (0.67 degrees in diameter) distance between test dot and target dot.
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Page 21

Principal Component Analysis Results: Estimates of Correlations between Cognitive Tests and Estimated

Components (Rotated Component Matrix).

Component
Cognitive Test 1 2
Matrix Reasoning 0.830 0.010
Letter/Word series 0809 0.212
Everyday Problems Test 0.866 0.050
Cued attention 0.004 0.743

Visuospatial working memory  0.073

0.781

Note. PCA, Principal Component Analysis. Component: 1 = reasoning, 2 = visuospatial attention. Data in italics indicate non-trivial correlations

(greater than 0.4).
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