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Abstract

A fundamental controversy is whether cognitive decline with advancing age can be entirely
explained by decreased processing speed, or whether specific neural changes can elicit cognitive
decline, independent of slowing. These hypotheses are anchored by studies of healthy older
individuals where age is presumed the sole influence. Unfortunately, advancing age is also
associated with asymptomatic brain white matter injury. We hypothesized that differences in white
matter injury extent, manifest by MRI white matter hyperintensities (WMH), mediate differences
in visual attentional control in healthy aging, beyond processing speed differences. We tested
young and cognitively healthy older adults on search tasks indexing speed and attentional control.
Increasing age was associated with generally slowed performance. WMH was also associated with
slowed search times independent of processing speed differences. Consistent with evidence
attributing reduced network connectivity to WMH, these results conclusively demonstrate that
clinically silent white matter injury contributes to slower search performance indicative of
compromised cognitive control, independent of generalized slowing of processing speed.
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1. Introduction

Consistent, gradual differences in cognition are commonly found among elderly individuals
even in the absence of clinical diseases such as Alzheimer's disease, and are frequently
ascribed to “normal” or cognitively healthy aging (Grady & Craik, 2000; Salthouse, 2009).
Researchers have attributed cognitive differences with advancing age to multiple, possibly
overlapping factors; some argue that global processing speed reductions explain a majority
of cognitive impairment, while others attribute aging-related impairments to declines in
prefrontal function and brain network connectivity (Greenwood, 2000; Nordahl et al., 2006;
Salthouse, 1996; Salthouse, 2000; West, 1996). These speed and disconnection hypotheses
are not mutually exclusive, yet they generate specific predictions regarding the effects of
brain structural differences in healthy aging on cognition. If declines in processing speed
predominantly explain cognitive differences, little to no residual performance differences
should remain once generalized slowing is factored out (Salthouse, 1996; Salthouse, 2000).
If some cognitive differences remain independent of speed differences, however, other
hypotheses related to connection efficacy and degraded information transfer would
contribute explanatory power to cognitive differences in healthy aging.

Advancing age also is associated with a variety of other disease processes, including
clinically asymptomatic cerebrovascular disease (CVD), that can impact the results of
cognitive tasks aimed at understanding specific differences in brain systems affected with
age. White matter abnormalities linked to cardiovascular risk factors and CVD, such as
white matter hyperintensities (WMH) seen on brain magnetic resonance images (MRI),
increase with age and are correlated with declines in processing speed and cognitive control
(DecCarli et al., 1995; DeCarli, Fletcher, Ramey, Harvey, & Jagust, 2005a; Gunning-Dixon
& Raz, 2000; Mayda, Westphal, Carter, & DeCarli, 2011); previous research has shown that
WMH are associated with frontal lobe and executive dysfunction regardless of where in the
brain they are located (Tullberg et al., 2004). Recent research in our laboratory suggests at
least some cognitive differences in healthy aging result from asymptomatic CVD
contributing to altered connection efficacy and degraded information transfer between
prefrontal systems and their cortical targets (Mayda et al., 2011; Nordahl et al., 2006). Yet
the specific role of CVD-related degradations in network information transfer in terms of
neurobiological and cognitive differences in healthy aging has not been fully explored.
Previous aging studies showed correlations of WMH with fluid intelligence or
neuropsychological measures (van den Heuvel et al., 2006; Rabbitt et al., 2007; Raz,
Rodrigue, Kennedy, & Acker, 2007), but used broad-domain tools assessing global
cognitive function rather than detailed cognitive neuroscience methods designed to tease
apart distinct components of cognition, or utilized qualitative and semi-quantitative WMH
measures. Additional studies have examined visual attentional search performance in
relation to white matter integrity with diffusion tensor imaging (DTI), and have found that
visual search performance was related to white matter tract integrity, but excluded
participants with conditions such as diabetes or hypertension that contribute to white matter
pathology, limiting generalizability to the full range of age- and CVD-related cognitive
differences (Madden et al, 2004; Bennett, Motes, Rao, & Rypma, 2012).

One possible role of CVD in cognitive aging could be that WMH contribute to cognitive
impairments by leading to generalized perceptual and motor slowing, affecting multiple
cognitive domains. There is evidence suggesting that WMH affect frontal-subcortical
systems associated with balance and motor speed (Poggesi et al., 2013). Other evidence,
from previous studies of cognitively healthy older adults (OA), finds that the extent of
WMH may affect speed and mediate cognitive differences in aging (Andrews-Hanna et al.,
2007; Head, Rodrigue, Kennedy, & Raz, 2008; Madden et al, 2004; Nordahl et al., 2006;
O'Sullivan et al., 2001; Smith et al., 2011; Sullivan et al., 2001; Ziegler et al., 2010).

Neuropsychologia. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lockhart et al.

2. Method

Page 3

Another possibility is that WMH also affect cognition through injury to distributed cortical
networks necessary for specific cognitive functions, such as cognitive control, independent
of generalized slowing. This latter hypothesis is supported when generalized reductions in
processing speed cannot address certain findings, such as associations between impaired
structural connectivity (e.g. WMH) and improved cognitive performance or increased task-
related activations (Cabeza, 2002; Greenwood, 2007; Mayda et al., 2011). This hypothesis is
also consistent with findings that impaired prefrontal connectivity impacts cognitive control
across several domains, including visual attention and working memory, in a manner
separable from age-related processing speed differences (Braver & Barch, 2002; Rush,
Barch & Braver, 2006). The use of WMH as a proxy for injury to connectivity within
broadly-distributed cognitive systems is supported by previous findings: WMH may
detrimentally affect cognition by impairing neural transmission and intraneuronal
connectivity (Gunning-Dixon & Raz, 2000), and WMH are associated with impaired
activation of prefrontal systems under cognitive demand and altered connection efficacy of
prefrontal systems (Mayda et al., 2011; Nordahl et al., 2006). The specific impacts of CVD-
related white matter injury on processing speed and cognitive differences in healthy aging
have received little study yet are crucial to understanding mechanisms of cognitive decline.
Examining the role of CVD in cognitive decline in healthy aging has public health
implications; early and aggressive treatment of vascular risk factors may deter brain injury
and cognitive decline, and might suggest cognitive benefits of speed-preserving
interventions.

Therefore we conducted a study to directly test whether individual differences in white
matter injury in cognitively healthy aging, measured by WMH, contribute to differences in
cognitive control independent of age-related generalized slowing. We designed a cognitive
control paradigm (a visual search task where attentional control is controlled by working
memory) emphasizing coordination of distributed frontoparietal control systems with visual
cortex (Corbetta & Shulman, 2002; Kastner & Ungerlieder, 2000). Our approach was
designed to dissociate two visual search components: a generalized processing speed
component reflecting time to conduct basic bottom-up search sensory and motor processing,
and a top-down control component that augments basic search strategies.

We hypothesized that, among both young adult (YA) and OA subjects, search slope (the
increase in log-normalized reaction time [INRT] with additional distracters) would increase
with task difficulty. In addition, we hypothesized that OA would show higher search
intercepts (InRT in each condition with no distracters present) than YA, representing age-
related generalized slowing. We further hypothesized that, among OA, greater extent of
WMH would be associated with impaired performance in this cognitive control task beyond
generalized slowing (measured by a main effect of WMH volume producing increasingly
longer InRTs, controlling for baseline search intercept), explaining, in part, network
disconnection leading to declines in cognitive performance in cognitively healthy older
adults.

2.1. Participants

Forty cognitively healthy OA and twenty YA were recruited. OA, aged 65-89 years and in
stable health, were cognitively healthy controls (free of cognitive impairment or dementia)
from the UC Davis (UCD) Alzheimer's Disease Center (ADC) participant pool, who
received detailed neuropsychological testing to determine the clinical diagnosis of
cognitively healthy or “normal,” as described previously (He et al., 2012). OA participants
possessed a range of whole-brain WMH volumes similar to the larger cognitively healthy
aging population, enabling examination of the role of white matter injury previously linked
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to aging and CVD processes in cognition (Carmichael et al., 2010). YA aged 18-30 were
recruited from UCD. All participants were right-handed, free of major illness, and not taking
medications thought to affect cognition; all had normal or corrected-to-normal visual acuity
and color vision, consented to participation, and received compensation. No participants
were excluded based on gender, race, or ethnicity. The UCD Institutional Review Board
approved the project. Procedures took 60-90 minutes with breaks as necessary. Two OA
were excluded who did not complete testing, yielding 38 OA for study. One YA subject was
excluded due to task non-compliance, yielding 19 YA.

2.2. Neuropsychological Testing

Participants performed several standard neuropsychological tests reported in Table 1. OA
performed more poorly than YA but exhibited no clinically significant cognitive
impairment.

2.3. Cognitive Control Task

Participants performed a computerized cue-guided search task (Carlisle, Arita, Pardo, &
Woodman, 2011; Wolfe, Horowitz, Kenner, Hyle, & Vasan, 2004; Woodman, Luck, &
Schall, 2007) with 3 conditions requiring varying levels of top-down and bottom-up
attentional control (Figure 1), using Presentation® (v14.9, www.neurobs.com). Participants
were required to report which of two targets (left- or right-oriented C, each presented in 50%
of trials) was present in a set of distracters (up- and down-oriented C's) while reaction time
(RT) was measured. Each C was 2.1° in diameter with a 0.41° gap, in an 8.6°-diameter ring.
A central fixation cross began each trial (1000 ms), followed by a color cue indicating target
color (1000 ms), then the search array (4000 ms). All stimuli were viewed against a black
background on a 15.6” screen at a 70 cm distance. There were 3 cue/stimulus colors (red,
green, and blue, each presented randomly on 1/3 of trials), and three different conditions
(Feature, Mixed, and ldentity search).

2.3.1. Feature search condition—The target appeared in the cued color and all
distracters (if present) were in one of the other two colors (randomly determined). Minimal
top-down control should be needed, as the target attracted attention automatically and
bottom-up signaling primarily drove search (Egeth & Yantis, 1997).

2.3.2. Mixed search condition—Half the items were in the cued color (targets were
always in this group) and the other half (all distracters) were in one remaining color. A
working memory representation of cued color could be used to eliminate half the items from
search. Individuals with poor top-down control will end up searching uncued-color items,
leading to slowed RTs (Gold, Fuller, Robinson, Braun, & Luck, 2007).

2.3.3. Identity search condition—The target and all distracters were in the cued color.
Target detection relied entirely upon top-down-controlled search processes, since no salient
bottom-up features distinguished the target from distracters.

2.3.4. Task difficulty and presentation—Set size was varied (1, 4, and 8 items) so we
could separately measure the intercept and slope. The intercept reflects the basic search
component, or processes occurring before and after search including sensory processing and
motor programming (see Fuller et al., 2006), and the search slope reflects implementation of
the cognitive control component, with increasing difficulty (set size and search condition).
We predicted search slope would increase with task difficulty, with negligible slope for
Feature search, and progressively steeper slopes for Mixed and Identity search. In addition,
we predicted OA would show higher intercepts than YA, and amongst OA, higher WMH
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volumes would lead to increasingly longer RTs and therefore progressively steeper slopes
for Mixed and Identity search conditions.

Task presentation was blocked by condition, with set size randomly determined for each
trial; each search condition block was divided into 3 mini-blocks to provide rest, with
counterbalanced mini-block ordering. Task parameters were piloted to ensure high
performance. Participants were instructed to indicate target direction quickly and accurately
using a left or right index finger button press. There were 42 trials for each of 9 set
size*search condition combinations. Participants practiced the task prior to the experiment;
none complained of difficulty performing the task.

For RT analyses, we removed incorrect response trials, excluded RTs under 200 ms as
anticipation responses, and log-transformed the remainder, yielding a primary dependent
variable termed trimmed correct InRTs. Slower InRT thus served as a marker of impaired
cognitive function, likely a combination of speeded processes and components of cognitive
control (goal maintenance, top-down and bottom-up attentional signaling). Logarithmic
transformations convert multiplicative factors into additive factors (Cui, Kerr & Churchill,
2003; Sokal & Rohlf, 1995; van den Berg, Hoefsloot, Westerhuis, Smilde, & van der Werf,
2006); this enabled us to examine the impact of independent variable interactions, which
when observed using INRT as a dependent variable, cannot be explained by generalized
slowing. This also normalizes the data. We considered alternative variable normalization,
including inverse RT (speed not time), as the outcome measure because of modest
heteroscedasticity, but results did not change materially.

2.4. MRI Acquisition and Processing

OA brain MRI data were obtained on a 1.5T GE Signa scanner on separate visits as part of
an ongoing study. High-resolution T1-weighted (TR/TE: 9/2.9 ms, slice thickness: 1.5 mm,
128 slices, FOV: 25 x 25 cm, matrix: 256 x 256) and FLAIR (TR/TE/TI = 11000/144/2250
ms, slice thickness: 3 mm, 48 slices, FOV: 22 x 22 cm, matrix: 256 x 192) sequences were
acquired.

Total intracranial volume (TCV) and WMH volume were measured from FLAIR images, by
operators blind to participant age and gender, using the Quanta package of software routines
produced in-house (DeCarli et al., 2005a; DeCarli et al., 1992; DeCarli, Murphy, Teichberg,
Campbell, & Sobering, 1996). First, non-brain elements were manually removed from the
image by tracing of dura mater within the cranial vault including middle cranial fossa, but
excluding posterior fossa and cerebellum. The volume of the traced region was defined as
the TCV. Tissues outside the traced cranial vault were removed from the image. To identify
brain matter, image intensity nonuniformities were removed, with the corrected image
modeled as a mixture of two Gaussian probability functions corresponding to brain and non-
brain tissue. The segmentation threshold between brain and non-brain intensities was located
at the minimum probability between these distributions (DeCarli et al., 1992; DeCarli et al.,
1996), with the volume of voxels on the brain side of the threshold defined as brain volume
(BV). Erosion of two exterior image pixels was applied to the BV image to remove the
effects of partially-volumed CSF pixels on WMH detection. A single Gaussian distribution
was fitted to the intensity distribution of remaining BV voxels; all voxels with intensity
greater than 3.5 standard deviations above the mean BV intensity were defined as WMH
(DeCarli et al., 2005a). A rigorous protocol ensured validity across analysts (Carmichael et
al., 2010). We corrected for head size by expressing WMH volume as a percentage of TCV,
and log-transformed these values for normality, to yield log-normalized WMH volumes
(INWMH); InWMH values were z-transformed for statistical modeling. Representative
images of brain WMH, as well as a WMH frequency map for this OA sample, are illustrated
in Figure 2. We additionally measured WMH and TCV volumes in a separate sample of 40
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cognitively healthy YA (aged 25.3 + 2.55 years) to demonstrate that YA WMH volumes can
be expected to be categorically zero.

2.5. Statistical Modeling

We used multivariate linear mixed-effects (LME) regression to model single-trial trimmed
correct InRTs among OA, and their associations with continuous predictors such as age and
WMH volume. LME models (Pinheiro & Bates, 2000) allow for systematic differences, not
accounted for by predictors, in intercept and variation in InRT (subject-specific random
effects). LME models also assume individual trial observations might differ from the
person’s general performance by a quantity drawn independently from a Gaussian
distribution with zero mean and constant “noise” variance. LME models effectively assess
general trends in cognitive performance data and their modification by predictors, and
characterize between- and within-person variation from general trends (Carmichael et al.,
2010; Wilson et al., 2002). Our approach allowed missing observations (variable numbers of
correct trials) and possible correlation between the reference level of cognitive measurement
for an individual and variation with predictors. LME models were fitted using nlme routines
in R 3.1 (Ihaka & Gentleman, 1996). Model assumptions were validated graphically and by
examining alternative models to investigate violations. For OA, we centered education at 12
years and age at 65 years. Sex and education variables represented the influence of early
childhood experiences and genetics on performance.

We developed four LME search task contrasts of interest, representing hypothesized tests for
differences in search performance, to assess how different search task attributes contributed
to trial INRT. Contrasts were designed to treat Feature search condition and set size 1 as
reference levels, controlling for subjects' own baseline processing speed and allowing
comparison of different effects of predictors on basic cognitive processing speed and more
complex cognitive control. We defined processing speed this way to control for those stages
of task performance occurring before and after search, including sensory processing,
response selection, and motor programming, which are the basic perceptual-motor processes
necessary for responding with a button press to a visual target in isolation. In extant
literature this is often referred to as a “choice reaction time” measure of generalized
processing speed (Salthouse, 2000), utilizing simple manual keypress responses to basic
visual stimuli, to combine perceptual speed, response selection, and psychomotor speed into
a measure of processing speed. Using performance on the Feature search conditions and set
size 1 from the same task, as a measure of generalized slowing of processing speed,
additionally controls for differences in visual stimuli and response mapping that might occur
if a separate task were used.

The contrast set level tested for linear trends with increasing trial set size (1, 4, 8). Set
nonlinearity tested for nonlinear performance differences with increasing set size. A Top-
down control contrast assessed whether subjects were slowed in more difficult conditions
(Mixed and ldentity) requiring additional top-down attentional control relative to the
reference Feature search condition (which was more reliant on bottom-up signaling).
Selective vs. nonsel ective directly contrasted performance on the Mixed and Identity search
conditions.

To estimate relations between age and search performance among OA, we constructed an
LME model to predict single-trial trimmed correct INRTs, with random effects of
participant, and fixed effects of age and the 4 search task contrasts. We additionally modeled
all 2-way age*contrast interactions. To test whether WMH and other variables predicted OA
search performance, we constructed an LME model to predict single-trial trimmed correct
InRTs, with random effects of participant and fixed effects of the 4 search task contrasts,
plus effects of WMH volume, sex, education, and days between testing and brain MRI. We
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also tested specific set level*WMH, top-down control*WMH, and set |evel*top-down
control interactions, aiming to understand effects of WMH not only on basic search speed
but also on performance as difficulty and top-down control increased (we also examined 3-
way interactions, but results were similar). As mentioned, any effects or interactions with
WMH on trial InRT in this model cannot be explained by generalized slowing. Our model
specifically tested the effect of WMH on modifying performance in difficult task scenarios
with high cognitive control demand (Mixed and Identity search, larger set sizes) relative to
an easier reference (Feature search; set size 1). To assess the contribution of age in the
WMH-search relationship, we constructed an LME model identical to the previous one,
adding age.

We identified a number of potential confounding variables representing search task
parameters that could relate to aspects of task performance, such as stimulus color and
fatigue, which did not pertain to our hypotheses. Such nuisance variables included target
direction, target color with green as reference, target side of screen, and trial order within
each block and across the experiment. Nuisance variables were added stepwise to models
and retained if p <.1. Our aim was to control for the contribution of such nuisance variables
to performance, in order to be more confident that any additional results were not due to
factors such as stimulus differences or fatigue.

We used univariate linear regression models, t-tests, and ANOVA as necessary to test
whether interrelations between age and other variables might influence our analyses,
therefore requiring inclusion of age in full models. We also constructed mixed ANOVASs
examining effects of predictors like age group or search condition on dependent variables
including search intercept, slope, and mean RT at each set size*search condition level.
These analyses were done to allow comparison with previous attention studies, but lack
sensitivity compared with LME models regarding trial-to-trial performance variability, as
data are averaged. We used log-transformed slope as this converts multiplicative into
additive effects.

3.1. Participant Characteristics

OA were older and marginally more educated than YA participants, with significantly lower
scores on most neuropsychological measures (Table 1). OA also had a range of brain WMH
consistent with previously described non-demented community based populations (DeCarli
et al., 2005b), illustrated in Figure 2. As YA in this study did not undergo MRI and have no
WMH volumes for analysis, we performed WMH quantification on a separate sample of 40
cognitively healthy young adults for whom identical structural imaging sequences were
available. In this separate sample there was no significant relation between age and WMH
volume (R2 = .04; p = .2), and all YA WMH volumes fell within or below the lowest decile
of OA WMH volumes; the WMH burden of YA performing this task was therefore assumed
to be near zero.

3.2. Speed-accuracy Tradeoff

Search task accuracy was high, at 99% for YA and 96% for OA, averaged across conditions
and set sizes. Mean accuracy for each search condition*set size combination was >90% for
YA and OA; the lowest accuracy was 92% for OA for Identity search set size 8. For each
search condition*set size*participant combination, we constructed linear regression models
for YA and OA to assess relations between mean trimmed correct INRT and errors. There
was no association between InRT and errors in YA (p = .51). In OA, longer InRT was
associated with significantly more errors (R = .31; p < .001); as InRT and error rates were

Neuropsychologia. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lockhart et al. Page 8

positively correlated, we conclude our results were likely not confounded by speed-accuracy
trade-off.

3.3. Age Differences in Search Performance

Visual search performance data (InRTs as proxy of cognitive performance) are presented in
Figure 3. We constructed a 3-way ANOVA examining effects of age group (Young; Old),
set size (1; 4; 8 items) and search condition (Feature; Mixed; ldentity) on mean trimmed
correct InRT for each search condition*set size*participant combination. As expected from
previous results (Madden, 2007; Salthouse, 2009), advancing age was associated with
prolonged InRT: there was a main effect of age (p < .001) related to prolonged response time
across all conditions. In addition, increasing task difficulty (assessed by set size or search
condition) was associated with increasing INRT (condition, set size, and condition*set size
p's < .001). However, there was no effect modification of age on task difficulty (condition or
set size) as seen by the parallel lines in Figure 3 for YA and OA, suggesting age was
associated with a fixed increase of response time independent of task difficulty. These
results were similar when untransformed data were used (data not shown).

Similarly, in a 2-way ANOVA examining effects of age group and search condition on
log(slope), there was a significant search condition main effect (F(2, 162) = 141.3, p < .001)
but no group or group*condition effects, and in a 2-way ANOVA examining effects of age
group and search condition on intercept, only the group main effect was significant (p <.
05), again suggesting age was associated with a fixed RT increase, or generalized slowing,
independent of task difficulty.

3.4. Univariate Associations of Age with WMH and Search Performance within OA

Among OA, WMH tended to increase with age, but this was not significant (p = .089; Figure
4). Furthermore, age in OA was not significantly associated in univariate models with other
measures that may influence performance, such as education (regression p = .56) and sex (t-
test p = .098). Age was also not associated with number of correct trials for different
nuisance variables (experimental factors such as target color ANOVA p =.99; target
direction t-test p = .92; target side of screen t-test p = .99; experiment trial order regression p
=.75; block trial order regression p = .98).

In an LME model (Table 2), age was not significantly associated with search performance
among OA (p = .15), although there was a trend toward longer RTs with advancing age.
Having demonstrated that age did not show statistically significant associations with any of
our predictor variables in a mediation analysis, we analyzed the relation between WMH and
search performance in OA without adjusting for age.

3.5. Associations between WMH and Search Performance

In an LME model, increased WMH volume was significantly associated with longer InRT
among OA (p = .02; Table 3), suggesting impaired cognitive performance associated with
greater WMH burden. Target color and direction also significantly affected performance,
and there were significant effects of the 4 search contrasts and the WMH*top-down control
and WMH*set level interactions. The WMH effect, however, remained significant (p = .04)
after covarying for age, as did all other significant effects and interactions (data not shown),
suggesting that age does not play a strong role in modifying the effect of WMH on cognitive
performance among OA. The main effect of WMH, and the interactions of WMH with the
search contrasts—particularly the WMH*set level interaction, which demonstrates an
increasing search slope with greater WMH volume—suggest that WMH have an effect on
the cognitive control component of search independent of generalized slowing.
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Figure 5 illustrates how varying the value of WMH volume modifies search performance
(InRT). Each graph represents model-predicted performance for an average female OA
participant. The three lines per plot represent estimated trajectories of an average female OA
with differing levels of log-normalized WMH volume: the sample mean (0.43% of head
size), the mean plus one standard deviation (1.3%) and the mean minus one standard
deviation (0.15%). This figure illustrates the significant main effect of WMH volume, as
well as the significant WMH*set level interaction effect (progressively higher slopes in the
blue, red, and green lines).

4. Discussion

The goal of this study was to investigate the contributions of clinically silent small vessel
CVD to declines in processing speed and visual attentional control in cognitively healthy
aging. We hypothesized that white matter injury indexed by WMH volume, known from
previous research to increase with age and CVD, would result in impaired attentional
control, measured as slowed search performance beyond the effect of cumulative
generalized slowing (i.e., slowed InRT controlling for baseline performance, distinct from
age-related speed shifts). The present results suggest that increased WMH is associated with
reduced search performance in older adults, and that WMH exert effects on controlled
search performance not explained by simple, generalized perceptual-motor slowing.
Critically, we referenced participant performance data to their own baselines to control for
differences in response speed and log-transformed our cognitive dependent variable; as
logarithmic transformations convert multiplicative factors into additive factors, this allowed
us examine the impact of WMH effects and interactions independent of effects of
generalized slowing.

We replicated the large age differences found in previous studies of visual search
performance (Madden, 2007; Salthouse, 2009), and also demonstrated a significant
association between WMH and performance among cognitively normal elders beyond the
effect of age. These results suggest to us that WMH may exert effects more on complex
search behavior and attentional control than on the more simple response speed. The
significant interactions of WMH with the search contrasts suggest that the contribution of
WMH to search becomes more apparent with increasing difficulty, and WMH strongly
affect task performance at levels of higher search difficulty (4 and 8 items in particular),
consistent with theories attributing cognitive decline with advancing age to impaired
connectivity of a frontally-mediated cognitive control network (Braver & Barch, 2002),
described below. However, as noted below, WMH may somewhat affect task performance
even when minimal top-down and bottom-up attentional signaling are required.

It is plausible that white matter injury could result in reduced cognitive network efficiency:
cognitive neural networks are widely distributed in the brain, and axons are a requisite
component of intraneuronal connections. Altered connection efficacy within distributed
brain networks, caused by white matter deterioration in healthy aging, is hypothesized to
lead to cognitive changes in healthy aging (O'Sullivan et al., 2001; Sullivan et al., 2001).
These results provide theoretical support for the idea that white matter tract alterations in
cognitively healthy aging may degrade network information transmission leading to
cognitive dysfunction. Therefore, altered information flow through visual attention networks
due to WMH might degrade information transfer required by higher cognitive processes,
such as working memory and top-down and bottom-up attentional signaling, and result in
visual search impairment which likely places greater demand on these widely distributed
systems. To determine whether differences in white matter injury affect information flow
into the frontal processing stream, and how this is mediated by decreased processing speed,
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future studies should assess the impact processing speed differences may have on cognitive
network functional connectivity using fMRI.

Within healthy elders, whole-brain WMH volume was associated with impaired search
performance, particularly as difficulty increased. These results are inconsistent with a model
that increased white matter injury in cognitively healthy aging leads simply to a generalized
slowing as the cause for associated reductions in search performance; rather, they appear
consistent with a model where WMH also affect another cognitive control component
through degrading network connectivity (or efficacy), including those mechanisms engaged
at higher levels of task difficulty.

The significant positive WMH*set level interaction suggests that OA with clinically
asymptomatic white matter injury expressed increasingly greater difficulty with an
increasing number of distracters. This greater susceptibility to distracters, particularly when
distracters were of a cued, salient color (in the Mixed and Identity conditions) as suggested
by the significant set level*top-down control interaction, is also consistent with theories of
reduced inhibitory control in aging (Chao & Knight, 1997), and is inconsistent with a model
that would posit WMH as being solely associated with generalized speed reductions in older
adults. The significant negative WMH*top-down control interaction suggests that while both
WMH and the harder conditions (Mixed and Identity) are associated with increased response
time, the effect of WMH on the harder conditions relative to Feature search is slightly less
for each additional unit of WMH. However, the interaction effect size is small, such that at
all biologically plausible values of WMH the effect of both WMH and the harder conditions
is to increase OA subject response time. The negative interaction term appears largely due to
the substantial effect that WMH volume already has on the easiest (Feature) condition,
where WMH already strongly impairs performance, and increased WMH is associated with
increased response time. In harder conditions, subjects with high WMH volume already start
slower (i.e., their baseline is already higher) and WMH increase does not produce the same
magnitude of slowing relative to baseline. An overall slowing of response time in the harder
conditions with increased WMH is still present, but slowing due to increasing WMH volume
is not as dramatic as slowing associated with WMH in the easier condition. Visually, this
can be appreciated by the spread between the green and red lines in Figure 5, which is larger
in Feature than Mixed and Identity search. Nonetheless, WMH in cognitively healthy aging
clearly have an effect on search InRT, these effects are modulated by load (particularly by
set size), and they are separable from age-related generalized slowing, suggestive of a link
between WMH volume and impaired cognitive control.

In addition, we found significant effects of several nuisance variables, such as target color,
target direction and location, and trial order, which unsurprisingly indicate that task
parameters had measurable effects on OA performance. For example, subjects were fastest
when the target was green, faced right on the right side, and appeared later in the experiment
or block. This last finding in particular suggests that fatigue did not impair OA task
performance. Given that our objective was to observe a significant WMH main effect even
when the model included these nuisance variables, in addition to the high statistical power
for finding such effects significant (due to high degrees of freedom), we do not heavily
weight these nuisance variable results in our interpretation. We plan to remove green cues
and targets from future task versions to avoid a performance bias.

Our results agree with previous findings that impaired prefrontal connectivity impacts
cognitive control across domains of working memory and attention, and that cognitive
control declines are distinct from age-related processing speed differences. In the context
processing theory of cognitive aging (Braver & Barch, 2002; Rush et al., 2006), normal
cognitive impairments in aging may be due to declines in dorsolateral prefrontal cortex
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(DLPFC) function and connectivity. Braver and colleagues argue that a healthy DLPFC and
intact connections are important for successful cognitive control, and diverse cognitive
functions impose a heavy load on control. Specifically, attention and working memory tax
internal representation, maintenance, and updating of context information—such as goal
representations that bias processing in task- relevant neural networks—to control cognition.
In our study, particularly in Mixed and ldentity conditions, successful maintenance and use
of goal representations (color and target identity) are critical to successful performance;
impaired goal maintenance and updating associated with WMH likely drives poorer search
in aging. Our findings support the context processing theory and more general frontal lobe
hypotheses attributing aging-related impairments to declines in prefrontal function and
connectivity (West, 1996). White matter injury may affect cognition through altered
connection efficacy and degraded information transfer of distributed, frontally anchored
cortical networks essential to context processing and top-down attentional control,
independent of generalized slowing.

Some results in the literature report significant effects of age on more difficult search
conditions, for example, on conjunction relative to feature search (Bennett et al., 2012;
Madden et al., 2002), which initially appear discordant with the current study; however,
there are several possible explanations for such discrepancies. For example, in the current
study we used exclusively target-present trials; some studies include both target-present and
target-absent trials, and older adults may be less efficient in target-absent trials (Madden et
al., 2007). Furthermore, as discussed above, few studies separately explore the contributions
of aging and white matter injury to visual search; many studies either exclude subjects with
vascular risks or do not measure WMH, which may also affect results. The range of WMH
volumes in this study may have also been higher than in other studies, and differences in
effects across WMH burden levels are not well understood.

One of the strengths of this study is the broad range of OA WMH volumes enabling
generalizability to the cognitively healthy OA population. Additionally, the various task
difficulty levels tested increase confidence that effects of WMH volume on search
performance in aging, independent of generalized slowing, represent real differences.
However, the absence of YA WMH data, and a lack of an independent processing speed
measure, may constrain interpretability of our results; future efforts should include YA MRI
scans and independent processing speed tasks. Future work should also include a middle-
aged group (e.g. 50-64 years old); indeed, middle-aged adults may be the most important
group of all to study in this regard since they are likely the optimal target for interventions
that prevent or slow WMH accrual.

Relatively low subject numbers and limited age variance in the OA sample may also
confound our results. The small OA sample size (n = 38), and the number of individuals per
decade of life, are relatively small compared to other studies of WMH and cognition in
aging populations, such as Raz et al. (2007) which assessed OA ranging from 45-77, or
compared to studies explicitly designed to measure the effects of age on cognitive
performance, such as Bucur & Madden (2010) and Grady et al. (2006) which each assessed
3 groups including middle-aged and older adults spanning 41-79 and 40-87 years of age,
respectively. Our sample is especially small compared with those arising from
epidemiological cohorts (e.g. Wilson et al., 2002, which examined 694 OA aged 65-96).
This reduced age variance may have impaired our ability to fully examine associations
between age, WMH volume, and cognition, in particular our ability to measure the effect of
age on cognitive performance. However, the current experiment was not designed from the
outset to measure the effect of age on cognitive performance or to test effects across a wide
age range; rather, it was to test cognitive performance across a WMH volume range that is
characteristic of what is found in cognitively healthy elders. In addition, for studies that use
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novel cognitive neuroscience paradigms to acquire fine-grained performance measures in
specific domains, our sample size and age range are fairly typical (e.g. Head et al., 2008;
Ziegler et al., 2010), and while participants only sparsely sampled the 65-89 age range
(particularly the lower and upper ends of this age range), they do represent a distribution of
WMH volumes highly similar to those observed in prior epidemiological samples (DeCarli
et al., 2005b), supporting the generalizability of the findings.

In conclusion, increased age is associated with impaired visual attention measured by
slowed search performance. Amongst elders, WMH volume is associated with impaired
visual attentional control independent of generalized slowing, particularly as search
difficulty increases, exacerbating age-related differences. These data support a model
whereby WMH exert specific effects on brain network connectivity and cognition measured
by visual search performance in healthy aging, suggesting at least some performance on this
task commonly ascribed to advancing age is the consequence of clinically silent vascular
brain injury.
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Figure 1.

Cue-guided search task conditions: Feature, Mixed (Feature plus Identity), and Identity
search. For each condition, an example 8-item array is presented with one possible target-
distracter color combination.
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Figure2.

WMH within the brain. These figures illustrate characteristic slices from FLAIR scans of a
young adult (a; acquired in a separate study that did not measure task performance), as well
as older adult individuals in this study who had low (b), moderate (c), and severe (d) values
of WMH volume. In addition, a WMH frequency map (e) thresholded at 20% of subjects
demonstrates the location of WMH throughout the white matter of OA subjects in this study
(ventricles are presented in white, along with an axial slice, for reference).
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Figure 3.
Mean InRT values, for each search condition and set size, for young (solid lines) and older
adults (dashed lines).
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Figure4.
Older adult log-normalized WMH volumes plotted against age, with corresponding
histograms and line of best fit.
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Figure5.

These graphs illustrate how varying WMH volume modifies search performance amongst
older adults. The graphs represent predicted performance, on the Feature, Mixed, and
Identity search conditions for each set size, for participants whose log normalized WMH
volume takes on the mean value and the mean +/- one standard deviation. Each line
represents model-predicted performance for a female with mean education (14.9 years) and
average length between testing and MRI (545.9 days), for red targets pointing right on the
right side of the screen, for the middle trial of the experiment (overall trial 190, block trial
22). The three lines per graph represent the estimated trajectories of an individual that
exhibits these characteristics along with differing levels of log-normalized WMH volume:
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the sample mean (-0.85, or 0.428% head size), the mean plus one standard deviation (1.25%)
and the mean minus one standard deviation (0.146%). Larger graphs represent INRT values
(those tested in statistical analyses); insets represent untransformed RT (in ms) for visual
comparison.
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Summary (Means and Standard Deviations or Frequencies) for Demogr aphics,

Table 1

Neuropsychological Measures, and Brain Measures

YA OA Group

(n=19) (n=38) Difference
Age? 205(3.26) 775(5.13)  y(s5) = -44.08, p<.001"
Yearsof education® 135(1.74) 149(351)  t(55)=-1.69, p=.097
Sex, F/IM 11/8 25/13 (1L, N=57)=0.08,p=.77
% MinorityP 68 74 2 (1, N=57)=0.01, p=.92
Days between MRI and behavioral testing  N/A 545.9 (401.6) N/A
WMH volume, % TCV N/A 0.730 (0.835) N/A
MM SE scor €2 296(077) 27.8(131)  ys55)=534,p<.001"
Forward digit span® 91(L75)  77(181) 1(55) = 2.66, p = .010"
Backward digit span? 6.4(195) 53 (197) 1(55) = 2.00, p = .051
Category fluency® 24.8(6.36) 191(6.71)  y55)=3.10, p=.0031"

Note: TCV = Total cranial volume. WMH = White Matter Hyperintensities.

*
Denotes significant at p < .05.

a\/alues displayed as M (SD) unless otherwise noted.

bMinority defined as subject not identifying as Caucasian Non-Hispanic.
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Table 2

Age and Search Task Performancein Older Adults

Predictor Effect of Predictor on InRT

B SE DF p
Age 0.0098  0.0067 36 15
Set Level 0.3635 0.0537 13755 <.001
Set Nonlinearity -0.0675 0.0310 13755 .029

Top-down control

0.1930 0.0927 13755 .037

Selective vs. nonselective -0.1157 0.0538 13755 .032

Age * Set Level
Age * Set Nonlinearity

Age * Top-down control

-0.0011 0.0007 13755 .12
0.0006  0.0004 13755 .144
0.0013  0.0012 13755 .29

Age* Selectivevs. nonselective  0.0021  0.0007 13755 .002

Page 23

Note: InRT = log-normalized reaction time on search task. SE = Standard error. DF = Degrees of freedom. Bold denotes significant at p < .05.
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WMH and Search Task Performancein Older Adults
Predictor Effect of Predictor on InNRT
B SE DF p
Set Level 0.1071  0.0057 13750 <.001
WMH Volume 0.0826 0.0334 33 .019
Set Nonlinearity -0.0217 0.0019 13750 <.001
Top-down control 0.0311 0.0090 13750 <.001
Selective vs. nonselective 0.0490 0.0033 13750 <.001
Days between test and scan -0.0001 0.0001 33 .20
Sex 0.0001 0.0699 33 99
Education -0.0221  0.0098 33 .032
Set Level * WMH 0.0082 0.0034 13750 .015
WMH * Top-down control -0.0123 0.0058 13750 .034
Set Level * Top-down control  0.2616  0.0070 13750 <.001
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Note: InRT = log-normalized reaction time on search task. SE = Standard error. DF = Degrees of freedom. WMH = White Matter Hyperintensities
(corrected by total cranial volume, log-normalized and z-transformed). All effects are controlling for significant nuisance variables (DF = 13750 for
each) including target color (green faster than blue [p <.001] and red [p < .001]), target direction (right-facing faster, p < .001), target side of
screen (right-sided faster, p = .0008), and target order within each block and across the experiment (both p <.001, with later trials faster). Bold

denotes significant at p < .05.
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