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bstract

We combined measures from event-related functional magnetic resonance imaging (fMRI), diffusion tensor imaging (DTI), and cognitive
erformance (visual search response time) to test the hypotheses that differences between younger and older adults in top-down (goal-directed)
ttention would be related to cortical activation, and that white matter integrity as measured by DTI (fractional anisotropy, FA) would be a
ediator of this age-related effect. Activation in frontal and parietal cortical regions was overall greater for older adults than for younger

dults. The relation between activation and search performance supported the hypothesis of age differences in top-down attention. When the
ask involved top-down control (increased target predictability), performance was associated with frontoparietal activation for older adults, but
ith occipital (fusiform) activation for younger adults. White matter integrity (FA) exhibited an age-related decline that was more pronounced
or anterior brain regions than for posterior regions, but white matter integrity did not specifically mediate the age-related increase in activation
f the frontoparietal attentional network.

2006 Elsevier Inc. All rights reserved.

eywords: Aging; Neuroimaging; White matter; Brain activation; Fractional anisotropy; Region of interest; Top-down processing; Visual search; Perception;

c
i
r
s
t
h
t

ognition; Response time

. Introduction

Visual search and identification tasks engage multiple
orms of attentional processing, including top-down (endoge-
ous, cognitively driven) and bottom-up (exogenous, stim-
lus driven) components. The goal of both top-down and
ottom-up processing is the guidance of attention to the

earch target [57,78]. Behavioral studies of age-related cogni-
ive change have reported a decline in attentional functioning
n tasks involving visual search and target identification, espe-
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[
e
u

f
a

197-4580/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
oi:10.1016/j.neurobiolaging.2006.01.005
ially when attention must be divided among multiple display
tems or input channels [38,44]. Some degree of this age-
elated decline is a consequence of bottom-up deficits in the
ensory and neural systems supporting the transmission of
he visual signal [65,66,68]. Behavioral studies, however,
ave also identified some tasks in which there is an addi-
ional age-related decline in top-down attentional selection
16,73], which may in turn represent a broader deficit in the
xecutive control processes of coordinating, planning, and

pdating currently available information [71,75,76].

Current models of visuospatial attention, based on
unctional neuroimaging investigations of healthy younger
dults, suggest that attentional processes are mediated by a
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idely distributed neural network, with critical components
ocated in prefrontal, deep gray matter, and parietal regions
12,18,28,31,77]. There is in addition some differentiation
ithin this frontoparietal network, comprising temporopari-

tal and inferior frontal cortex in the case of bottom-up atten-
ion, and dorsal parietal and superior frontal cortex in the case
f top-down attention [13,26,56,79]. The general theme of the
euroimaging results is that both frontal and parietal regions
re sources of top-down attentional signals that modulate tar-
et detection activity in visual cortical regions, by raising the
aseline activity for an attended object, counteracting the sup-
ressive effects of surrounding distractors, and limiting the
umber of potential object representations [1,14,28,67].

Neuroimaging studies of older adults have reported an
xtensive and complex pattern of age-related change in brain
tructure and function, including visual attention [9,58]. The
esults suggest that age-related decline occurs in the task-
elated activation of visual sensory cortex, consistent with
he behavioral evidence for age-related decline in the effi-
iency of bottom-up processing [40,58]. In some tasks this
ecline is also accompanied by increased activation of other
omponents of the frontoparietal attentional network, which
as been interpreted as a compensatory recruitment of cor-
ical regions outside the task-relevant pathway [8,20]. Most
ften, the regions associated with increased activation for
lder adults have included dorsolateral prefrontal cortex
8,21,37,45,48], although age-related increases in the acti-
ation of deep gray matter structures [42] and parietal cortex
8,21,48] have also been observed.

Functional neuroimaging investigations of cognitive aging
ave been concerned primarily with the characterization and
ocalization of age-related change in cortical function, that
s, measures of cerebral metabolism and blood flow obtained
rom positron emission tomography (PET) and functional
agnetic resonance imaging (fMRI). The cortical networks
ediating cognitive function establish connectivity through
hite matter pathways, however, and localized changes in

ortical activation within the attentional network (e.g., in the
rontal lobes) may result from white matter changes at various
oints in the network [22,61,70].

Diffusion tensor imaging (DTI) provides information
bout the properties of white matter, by measuring both the
ate and directionality of the displacement distribution of
ater molecules across tissue components [4,32]. In DTI,
ne measure of white matter integrity is fractional anisotropy
FA), the degree to which water molecules diffuse in a single
irection, which in turn is affected by axonal restrictions and
yelin content. Fractional anisotropy tends to decrease as a

unction of increasing age, even in the absence of significant
isease, suggesting a corresponding decline in the structural
ntegrity of white matter with age that could compromise
xonal conduction and the efficiency of information trans-

er among distributed cortical networks [46,55]. Age-related
ecline in FA is typically more pronounced for anterior brain
egions than for more posterior regions [24,54,62]. Indepen-
ently of age, decreased white matter integrity is associated
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ith lower performance on cognitive tasks [47], and this
elation between white matter integrity and cognitive per-
ormance may in addition be altered as a function of age, in
ays that are as yet not clear. The particular brain regions,

or example, that exhibit an association between white mat-
er integrity and cognitive performance may vary with age
41]. The disconnection of task-relevant cortical circuits by
ecreased white matter integrity has been proposed as a
eneral mechanism of age-related decline in cognitive per-
ormance [2,51,52].

To date, however, we know of no published report in which
TI and fMRI measures have been combined, within partic-

pants, in the assessment of age-related change in cognitive
unction. The primary goal of this study was to take this first
tep, by conducting this combined assessment in the investi-
ation of age-related changes in visual attention. We tested
he hypothesis that age-related changes in attentional func-
ioning would be related to cortical activation as measured
y event-related fMRI, and that this relation, in turn, would
e mediated by white matter integrity as measured by DTI.

We were interested specifically in the use of top-down
ttention during visual search. Previous neuroimaging studies
f age differences in visual search using multi-item displays
36,37] suggest that activation of visual processing (occip-
totemporal) regions is greater for younger adults, whereas
lder adults exhibit relatively greater activation of the fron-
oparietal network. These previous studies, however, have
ot distinguished between top-down and bottom-up process-
ng. Similarly, where age-related effects in top-down atten-
ional control have been isolated, the experiments have used
ingle-item displays that do not require the identification of
target item among distractors [42,48]. We therefore used a
ulti-item search task in which we could isolate top-down

ttentional effects, by comparing blocks of trials in which
he probability of a target-defining feature (color) is either
elatively low (neutral condition) or relatively high (guided
ondition) [39,43]. In addition, we adjusted the duration of
he search displays between the age groups (while keep-
ng the overall duration of visual stimulation constant), so
hat the influence of the age-related decline in bottom-up
rocessing (i.e., occipitotemporal activation) would be less
ronounced. Finally, with the aim of identifying network-
ependent effects, we adopted a region of interest (ROI)
pproach in which we selected sets of gray matter ROIs
ikely to be critically involved in various aspects of visual
earch performance: frontal and parietal regions related to
ttentional and oculomotor control, deep gray matter regions
elated to sensory-motor integration and response initiation,
nd occipital regions related to visual sensory processing
12,18,28,31,77]. We generated white matter ROIs that tar-
et fiber systems coursing to and projecting from these gray
atter regions.

We hypothesized that an age-related increase would occur

n the magnitude of fMRI activation of the frontoparietal net-
ork [8,20], and that this age difference would in turn be

elatively greater in the guided condition, due to the top-down
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ttentional control elicited by the higher level of target pre-
ictability. An age-related increase in the activation of deep
ray matter regions has been associated with the type of motor
esponses required by this search task [42], and we predicted
his type of age difference in the present task. In contrast, an
ge-related decline typically occurs in the activation of visual
ortical regions [7,36,37], but our adjustment of display dura-
ion in this experiment would be expected to reduce this age
ffect. Critically, we predicted that the relation between the
easures of neural activation and behavioral performance
ould change as a function of adult age. We reasoned that

f an age-related increase in frontoparietal activation does
ccur, then this activation will be more highly correlated
ith search performance for older adults than for younger

dults, and that younger adults would instead be more likely
o exhibit a correlation between performance and activation
n visual cortical regions [34,37].

With regard to DTI, we predicted that an age-related
ecline in white matter integrity (as indexed by FA) would
e evident, and that this decline would be more pronounced
or anterior brain regions than for more posterior ones,
s reported previously [24,54,62]. If, in addition, this age-
elated decline in white matter integrity is a mechanism of
ge-related neurocognitive change, then regression analyses
hould reveal that FA is related to age differences in fMRI
ctivation. More specifically, from the perspective of a dis-
onnection theory [2,51,52], we would expect that FA would
orrelate with fMRI activation and, further, be a mediator of
he relation between fMRI activation and visual search per-
ormance. Accordingly, the statistical control of individual
ifferences in FA should lead to a decrease in the relation
etween activation and performance, especially within the
rontoparietal network, and this mediating role of FA should
e more clearly evident for older adults than for younger
dults. Thus, our overall goal was to establish whether age-
elated change in cortical activation was associated specif-
cally with top-down guidance during visual search, and to
etermine whether a disconnection model of white matter
ntegrity could account for the age-related changes in activa-
ion.

. Methods

.1. Participants

The Institutional Review Board of the Duke University
edical Center approved the research procedures, and all

articipants gave written informed consent. The participants
ere 16 younger adults (8 women) between 19 and 28 years
f age (M = 23.4 years) and 16 older adults (8 women)
etween 60 and 82 years of age (M = 67.0 years). All partic-

pants were right-handed, community-dwelling individuals.
ounger adults and older adults did not differ significantly
ith regard to the number of years of education (younger

dults’ M = 16.7 years; older adults’ M = 17.5 years). On a

t
d
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creening questionnaire, all participants reported being free
f significant health problems such as atherosclerotic cardio-
ascular disease or hypertension. None of the participants
eported taking medications known to affect cognitive func-
ioning or cerebral blood flow. Participants scored a minimum
f 27 points on the Mini Mental State Exam [17], a maxi-
um of 9 on the Beck Depression Inventory [5], and had a
inimum corrected binocular acuity for near point of 20/40.
neuroradiologist (one of the authors: J.M.P.) reviewed all

articipants’ T2-weighted structural brain images and judged
hem to be free of significant abnormalities such as atrophy,
entricular dilation, and hyperintense white matter lesions.
ean response time (RT) per item on a computerized digit-

ymbol test [64] was higher for older adults (M = 1695 ms)
han for younger adults (M = 1338 ms), t(30) = 4.8, p < 0.001.
aw scores on the vocabulary subtest of the Wechsler Adult

ntelligence Scale-Revised [74] did not differ significantly
etween the age groups (younger adults’ M = 65.3; older
dults’ M = 65.4).

Participants performed the psychometric and screening
ests in a separate session approximately 2 weeks before the
canning session. During the screening session participants
lso performed a version of the visual search task, and these
ata (combined with additional participants not participating
n the fMRI testing) have been reported elsewhere [39]. All
articipants were also given an optometric examination prior
o the scanning session, and a pair of lenses for the scanner
oggles was ground for each participant based on his or her
ptometric prescription. Thus, each participant viewed the
isplays during scanning with his or her best corrected acuity.

.2. Behavioral task

During fMRI scanning, participants performed a visual
earch task [39] in which, on each trial, they indicated via
utton press which of two target letters (E or R) was present
n a display (Fig. 1). Display size was constant at four letters:
ach display contained three gray letters and one red letter
i.e., a color singleton) presented against a black background.
he two task conditions, neutral and guided, differed in the

ikelihood with which the color singleton was also the E/R
arget. In the guided condition, the color singleton was likely
o be the target (75% singleton targets and 25% nonsingle-
on targets), providing a basis for top-down attention. In the
eutral condition, the color singleton had only chance prob-
bility of being the target (25% singleton targets and 75%
onsingleton targets). Across trials within each condition,
he target was equally likely to be E or R for both singleton-
arget and nonsingleton-target trials. Thus, the composition
f each display, one red letter among three gray letters, was
he same in each task condition, equating the bottom-up influ-
nces on performance. What differed across conditions was

he predictability of the singleton-target correspondence, and
ifferences in search performance across the conditions rep-
esent the top-down attentional effects of this predictability
39].
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Fig. 1. Sequence of events on individual trials in the visual search task. On
each trial, participants viewed a display containing three gray letters and
one red letter (a color singleton). Participants made a two-choice response
regarding which one of two targets (E and R) was present in the display.
The singleton is represented in the figure by the outline font. Within each
block of trials (varied across scanner runs) the probability that the singleton
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as the target was either low (25%; neutral condition) or high (75%; guided
ondition).

On each trial, the distractor letters were selected without
eplacement from the set, F, H, K, N, P, S, T, and X. The
isplay items were arranged in a circle with six equidistant
ositions at 12, 2, 4, 6, 8, and 10 o’clock. Two diametrically
pposite positions (e.g., 12 and 6 o’clock) were randomly
hosen to be filled with a gray outline square that was approx-
mately the size of a letter. The total duration of visual stim-
lation per trial was the same (2000 ms) for both age groups.
s in the previous behavioral study using this task [39], we set

he duration of the letter display at 1000 ms for younger par-
icipants and 1500 ms for older participants, to provide some
ompensation for age-related slowing of visual processing.
ollowing the letter display, a mask of six pound signs (#)
as presented at the six display locations, with a duration
f 1000 ms for younger adults and 500 ms for older adults,
ielding the 2000 ms total duration of visual events. Before
he beginning of the next trial, a blank screen was presented
or 500, 1000, or 1500 ms (each with 33% probability), and
hus the average trial duration was 3 s.

Our goal was to examine age-related changes in top-down
ttention under conditions that minimized the age differences
n bottom-up processing, and thus we provided older adults
ith additional time to view the letter displays. When dis-
lay duration is held constant, task-related activation in visual
ortical regions is typically lower for older adults than for
ounger adults, reflecting this age difference in bottom-up
ctivation [7,36,37]. Using different display durations for
ounger and older adults raises the possibility that differ-
nt search processes may be invoked in relation to display

uration. Our interest here, however, was in the interactions
etween age group and task condition, which are independent
f duration because the duration was identical for the neutral
nd guided conditions [7]. Although using the same dura-
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ion for the two age groups may appear to be preferable, this
olution is also imperfect. As a result of age-related slowing
f information processing [38,63], older adults are obtain-
ng less visual information per unit time than younger adults,
o that what is ostensibly the same duration for the two age
roups is in fact a shorter duration for older adults.

Participants were told that the most efficient way to per-
orm the search task was to maintain fixation at the center of
he display, although eye movements were not recorded, and
accades may have occurred during the display presentation.
he neural activation associated with attending covertly to
eripheral display locations overlaps substantially with the
ctivation for executing a saccade [11,23,50], and we did not
ttempt to separate these processes in this context. Activation
f the frontal eye field, for example, can occur in associa-
ion with covert attentional shifts even when eye movement
ecording indicates no detectable change in eye position,
hereas overt eye movement additionally leads to activa-

ion in primary visual (cuneus) and association visual cortical
egions [14,19]. Top-down attention as measured here likely
nvolves the combined effects of covert attentional orienting
nd the planning and execution of eye movements.

.3. Imaging data acquisition

Scanning was conducted on a 1.5 T GE NVi SIGNA scan-
er with 41 mT/m gradients for fast image acquisition. Head
otion was minimized with a vacuum-pack system that was
olded to fit each participant. The following types of images
ere acquired, in the same order for all participants: sagit-

al localizer, T1-weighted, T∗
2-weighted (functional), spoiled

radient recalled (SPGR), DTI, and T2-weighted. The high
esolution SPGR sequence was obtained for assistance in
efining anatomical ROIs.

The 2D T1-weighted images were 21 contiguous near-
xial slices parallel to the anterior–posterior commis-
ure (AC–PC) plane, 5 mm thick, with no interslice gap.
he T1-weighted imaging used a gradient-echo sequence
ith TR/TE = 450/3.5 ms, flip angle = 90◦, 256 × 256 image
atrix, and in-plane resolution = 0.94 mm2.
The T∗

2-weighted functional images, sensitive to the
lood–oxygen-level dependent (BOLD) signal, were
cquired at the same slice locations as the 2D T1-weighted
mages (i.e., 21 contiguous slices parallel to AC–PC, each
mm thick). The functional scans used a spiral-out gradient-
cho sequence, with TR/TE = 1500/40 ms, flip angle = 90◦,
4 × 64 image matrix, and in-plane resolution = 3.75 mm2.

The DTI sequence included four signal averages, each
cquiring 27 contiguous near-axial slices, parallel to AC–PC,
mm thick. Diffusion was measured in six directions, plus
ne image with no diffusion weighting [3]. The actual gra-
ient strengths were adjusted for each direction to yield

he desired b-value. Diffusion tensor imaging used a spin
cho echo-planar sequence, with TR/TE = 12,000/82 ms, flip
ngle = 90◦, b = 1000 s/mm2, 128 × 128 image matrix, and
n-plane resolution = 1.88 mm2.
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Fig. 2. fMRI event-related design. Each scanner run comprised either neutral or guided condition trials. The run contained 72 visual search trials: 6 task-fixation
s period
i l trials
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equences, with each set of 12 task trials (36 s) followed by a 19.5 s fixation
n the task period are represented by arrows. The interval between individua

.4. Event-related fMRI design and procedure

There were six functional imaging runs. We used an event-
elated design in which each scanner run contained both
n-task and off-task (fixation) periods, with individual tri-
ls occurring at varying intervals during the task period. The
rst four images of each scanner run were discarded from
unctional analyses to allow longitudinal magnetization to
tabilize. During the following two TRs, an instruction screen
nformed participants as to whether the upcoming trials were
uided (“Target likely red”) or neutral (“Target unlikely red”).
ollowing the instruction screen, each scanner run contained
ix task-fixation sequences, illustrated in Fig. 2. Each task
eriod was 24 TRs (36 s), including 12 visual search trials of
TRs each, yielding 72 task trials per run. These 72 trials

ontained 54 singleton targets and 18 nonsingleton targets in
he guided condition, and 18 singleton targets and 54 nons-
ngleton targets in the neutral condition. The pseudorandom
ariation in the intertrial interval (blank screen) among three
alues: 500, 1000, and 1500 ms (Fig. 1), provided a jitter
n the display onset relative to the TR, thus increasing the
emporal resolution of the estimated hemodynamic response
HDR). The 24 TR task period was followed by a central fix-
tion cross, which did not require a response, presented for
3 TRs (19.5 s). A new task sequence began following this
3 TR period.

Neutral and guided task conditions were presented in alter-
ating scanner runs (three for each task condition), which
rovided 162 singleton-target trials and 54 nonsingleton-
arget trials in the guided condition, and 54 singleton-target

rials and 162 nonsingleton-target trials in the neutral condi-
ion. Two block orders were constructed that counterbalanced
he serial position of individual trial blocks. Block order
nd response order (i.e., the assignment of target letters to

2

h

. The figure illustrates a guided condition run; locations of individual trials
was jittered to increase the temporal resolution of the estimated HDR.

esponse buttons) were counterbalanced across participants
ithin each age group.
Within each block, the order of the target types (singleton

arget, nonsingleton target) was randomized, with the fol-
owing constraints. In the neutral task condition, for both
ingleton-target and nonsingleton-target trials, the current
rial was followed by a nonsingleton-target trial with a prob-
bility of approximately 67%, with the remaining instances
eing either singleton-target trials or fixation periods. Simi-
arly, in the guided condition, the current trial was likely to be
ollowed by a singleton target with a probability of approxi-
ately 67%. There were no more than nine successive targets

f the same type (singleton target, nonsingleton target) in any
lock. The duration of each intertrial interval was random-
zed, with the constraint that within both neutral and guided
ask conditions, approximately 33% of the targets of each
arget type (singleton target, nonsingleton target) were pre-
eded by each of the three intertrial intervals (500, 1000, and
500 ms).

The displays were projected from behind the scanner onto
liquid crystal display, and participants viewed the dis-

lays through goggles with attached mirrors. Participants
esponded by pressing two buttons on a fiber optic response
ox, using their left and right index fingers. Participants were
ncouraged to respond quickly and accurately. They first per-
ormed one block of 36 practice trials during collection of the
natomical images, which were not analyzed, followed by six
locks of 72 test trials corresponding to the six fMRI scanning
uns.
.5. fMRI data

Preprocessing of the fMRI data included correction for
ead motion and temporal order of slice acquisition within
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Table 1
Gray matter regions of interest

ROI Max. slice BA Region size (voxels)

Younger adults Older adults

Frontal
RAC 5 24/32 92 (29) 104 (33)
CAC 2 24/32 76 (25) 61 (18)
FEF+ 4 6 102 (20) 111 (22)
MFG 11 8/9/10/46 907 (159) 834 (125)

Deep gray matter
CAU 4 – 58 (18) 48 (9)
PUT 3 – 90 (28) 65 (21)
THA 3 – 163 (46) 157 (37)

Occipital
CUN 9 17/18/19 343 (107) 365 (75)
LOG 6 18/19 499 (119) 530 (106)
FFG 2 36/37 170 (49) 177 (74)

Parietal
ANG 6 39 461 (105) 440 (123)
SMG 7 40 495 (112) 458 (134)
SPL 8 7 463 (111) 463 (99)

Note: Imaging slices were near-axial oblique, 5 mm thick, parallel to AC–PC.
ROI, region of interest. Max. slice, maximum number of slices included in
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OI. BA, Brodmann areas included in ROI. Region size is mean number of
oxels across participants; standard deviations are in parentheses. See Fig. 3
egend for ROI labels.

TR, using SPM99 software (www.fil.ion.ucl.ac.uk/spm).
either additional spatial smoothing nor normalization was
erformed, and subsequent analyses of the BOLD signal
hanges were performed using custom MATLAB (Math-
orks, Natick, MA) scripts, applied to anatomically defined
OIs for individual participants.

There were 13 ROIs for the fMRI data, which were drawn
anually on individual slices of the near-axial T1 images for

ach participant, using the sagittal and coronal views of the
D SPGRs for additional guidance. Anatomical landmarks
ere identified by reference to an atlas with 1 mm axial MR

lices [15]. Location and size of the regions are presented
n Table 1, and examples of individual MR slices for the
OIs are presented in Fig. 3. This figure illustrates each ROI
n one slice, although in practice each ROI spanned 2–11
lices (see Table 1). Similarly, Fig. 3 illustrates each ROI
n one hemisphere, to allow inspection of the anatomy in the
omologous hemisphere, but in practice all ROIs were drawn
n both hemispheres.

We chose four sets of regions that, based on previous
euroimaging studies of visual attention [12,18,28,31,77],
hould capture the major contributions of top-down atten-
ional control, visual processing, and response preparation:
i) frontal regions, including the rostral portion of the ante-
ior cingulate, caudal portion of the anterior cingulate, middle
rontal gyrus, and frontal eye field; (ii) deep gray matter struc-

ures, including the caudate, putamen, and thalamus; (iii)
ccipital regions, including the cuneus, fusiform gyrus, and
ateral occipital gyri; (iv) parietal regions, including the angu-
ar gyrus, supramarginal gyrus, and superior parietal lobule.

s
D

f Aging 28 (2007) 459–476

In the frontal ROIs, the middle frontal gyrus was drawn
sing the superior frontal sulcus, inferior frontal sulcus, and
on superior slices) the precentral sulcus as major landmarks.
he rostral anterior cingulate ROI included the portion of

he cingulate gyrus anterior to the genu of the corpus cal-
osum, whereas the caudal anterior cingulate ROI included

ore superior and posterior aspects of the anterior cingu-
ate gyrus. The frontal eye field was identified as an area in
he banks of the lateral precentral sulcus [35,59]. Although
his premotor region likely resides in Brodmann area (BA) 6,
ust posterior to the location of the classical frontal eye field,
A 8 [6,29,33], the BA 6 region exhibits the highest con-
ordance of activation across human neuroimaging studies
f oculomotor control [23]. In the occipital ROIs, the cuneus
as drawn using the calcarine and parieto-occipital sulci as

he primary landmarks. The lateral occipital gyri were drawn
o include those gyral structures between the cuneus and the
nterior–lateral boundary of the occipital lobe. The fusiform
occipitotemporal) gyrus was drawn using the collateral sul-
us as the medial boundary. In the parietal ROIs, the primary
andmarks were the ascending segment of the superior tem-
oral sulcus (for the angular gyrus) and the intra-parietal
ulcus (for the superior parietal lobule). The supramarginal
yrus was drawn caudally to the postcentral gyrus, using the
scending ramus of the lateral fissure as a principal sulcal
andmark.

A team of two trained operators outlined frontal and deep
ray matter regions; another team of three operators outlined
arietal and occipital regions. Operators within each team
ere assigned equal numbers of image volumes from younger

nd older participants but were blinded to participant age.
he spatial overlap between ROIs for these shared partici-
ants served as a measure of consistency among operators,
xpressed as the percentage of common voxels [10,42,49].
efore operators drew regions on nonshared participants, we
etermined that the percentage of spatially overlapping vox-
ls on a set of shared images reached at least 80% for each
eam. The ROI size, in terms of number of voxels, was gener-
lly lower for older adults than for younger adults (Table 1),
ut the age difference was not statistically significant for any
f the ROIs.

The T1 images and ROIs were coregistered to the func-
ional images using SPM99 software. Coregistered vol-
mes were visually inspected and corrected as necessary.

low-pass filter was applied to the T∗
2 images around the

vent frequency of 0.33 Hz to remove periodic effects of
he task itself, independent of task conditions. To reduce
ariability in the time course data, we excluded from fur-
her analysis the TRs corresponding to incorrect responses
48].

.6. DTI data
The DTI images were processed using custom MATLAB
cripts that calculated the diffusion tensor eigenvalues (D1,
2, and D3) in each voxel. The FA values were calculated

http://www.fil.ion.ucl.ac.uk/spm
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Fig. 3. Examples of gray matter ROIs. For each ROI, an example is displayed of one representative T1-weighted MR slice, with Z value (in mm) for location
of this slice relative to the AC–PC plane. Only the left hemisphere ROIs are illustrated, but all ROIs were drawn in both hemispheres. Although only one slice
i OIs we
c ; MFG,
c yrus; S
F sically i

f

F

w

s illustrated, each ROI could include multiple slices (see Table 1), and the R
ingulate; CAC, caudal portion of anterior cingulate; FEF+, frontal eye field
uneus; FFG, fusiform gyrus; LOG, lateral occipital gyri; ANG, angular g
EF+ to distinguish our ROI in BA 6 from the frontal eye field defined clas

rom Eq. (1):
A =

[(3/2)((D1 − Dav)2 + (D2 − Dav)2

+ (D3 − Dav)2)]
1/2

DM
, (1)

+

s
u

re defined for each participant individually. RAC, rostral portion of anterior
middle frontal gyrus; CAU, caudate; PUT, putamen; THA, thalamus; CUN,
MG, supramarginal gyrus; SPL, superior parietal lobule. We use the label
n BA 8 [29].

here Dav = (D1 + D2 + D3)/3 and DM = (D12 + D22
D32)1/2.
White matter ROIs were drawn directly on individual ten-

or image slices for each participant, following the methods
sed with the fMRI data (see Table 2). Due to the inherent
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Table 2
White matter regions of interest

ROI Max. slice Region size (voxels)

Younger adults Older adults

Genu* 4 107 (38) 83 (26)
Splenium 4 110 (53) 118 (58)
SFG* 3 195 (69) 122 (44)
PCF* 3 239 (81) 173 (53)
ALC 3 65 (15) 62 (21)
PV 4 284 (80) 243 (72)
FFG 3 253 (73) 275 (88)
PAR* 3 1132 (265) 873 (289)

Note: Imaging slices were near-axial oblique, 6 mm thick, parallel to AC–PC.
Max. slice, maximum number of slices included in ROI. ROI, region of
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nterest. Region size is mean number of voxels across participants; standard
eviations are in parentheses. See Fig. 4 legend for ROI labels.
* Age group difference in region size significant at p < 0.05.

istortion of the tensor images it was not possible to coregis-
er them to the T1-weighted series, but the T1-weighted and
PGR images were used for additional guidance in drawing

he white matter ROIs.
The eight white matter ROIs, illustrated in Fig. 4, were

elected to target components of white matter pathways rel-
vant for the gray matter ROIs, though (given the resolution
vailable in the DTI images) not necessarily with a point-
o-point correspondence with the gray matter ROIs. These
ncluded: (i) four relatively anterior regions, including the
enu of the corpus callosum, frontal white matter just lat-
ral to the genu (pericallosal frontal), white matter within
he superior frontal gyrus, and the anterior limb of the inter-
al capsule; (ii) four relatively posterior regions, including
he splenium of the corpus callosum, medial occipital white

atter (posterior visual), white matter associated with the
usiform gyrus, and parietal white matter. Before drawing
he regions, operators set the maximum FA to a low value
0.30), so that all voxels with values greater than this cri-

erion were saturated and appeared homogeneously as pure
hite. This procedure helped minimize the influence of vox-

ls with higher FA values on the definition of the shape of
he ROI. No thresholding was performed on the extraction

f
t
p
m

ig. 4. Examples of white matter ROIs. The ROIs were drawn on diffusion tensor
lice is illustrated, each ROI could include multiple slices (see Table 2), and the RO
C–PC plane; FFG, fusiform gyrus; PV, posterior visual region; SFG, superior fron
LC, anterior limb of internal capsule; splenium, splenium of corpus callosum; PA
f Aging 28 (2007) 459–476

f FA within the ROIs. A team of two operators drew the
arietal region and a team of five operators drew the other
even ROIs. Prior to drawing ROIs independently, operators
ithin each team attained at least 80% overlap of voxels.
The genu and splenium of the corpus callosum and the

nterior limb of the internal capsule were clearly visible on
he T1-weighted images, and thus standard anatomical land-

arks were used to define these regions. The pericallosal
rontal and superior frontal gyrus ROIs were defined on image
lices containing the genu of the corpus callosum. The peri-
allosal ROI targeted the anterior centrum semiovale, where
bers of passage associated with dorsal prefrontal cortical
reas and related subcortical structures would be expected to
ourse. This ROI was bounded by gray matter at the fundi of
rontal sulci anteriorly and laterally (it did not sample sub-
ortical white matter within frontal gyri), by the anterior horn
f the lateral ventricles medially, and by insular cortex pos-
eriorly. The superior frontal gyrus ROI was drawn generally
n the same slices as the pericallosal ROI, comprising the
hite matter between the latter region and the gray matter of

he superior frontal gyrus. The fusiform ROI was drawn on
lices inferior to the thalamus, targeting the medially located
hite matter associated with the fusiform gyrus, with the
arieto-occipital sulcus as its posterior boundary. The pos-
erior visual ROI was defined in slices that contained the
halamus. This ROI targeted the medially located white mat-
er associated with the cuneus and occipital gyri, with the
arieto-occipital sulcus as its anterior boundary. The inferior
imit of the parietal ROI was the most superior slice on which
he ventricles were visible. This ROI was bounded anteri-
rly by extending an imaginary line parallel from the fundus
f the central sulcus and posteriorly by the parieto-occipital
ulcus. We sampled white matter within this area, avoid-
ng the splenium of the corpus callosum. Tests of age group
ifferences in the number of voxels per region yielded signif-
cant effects for the genu, t(30) = 2.09, p < 0.05, pericallosal

rontal region, t(30) = 2.77, p < 0.01, superior frontal gyrus,
(30) = 3.58, p < 0.001, and the parietal region, t(30) = 2.64,
< 0.01, all of which exhibited an age-related decline in white
atter ROI size (Table 2).

images set at a lower maximum image intensity. Although only one image
Is were defined for each participant individually. Z, millimeters above the
tal gyrus; PCF, pericallosal frontal region; genu, genu of corpus callosum;
R, parietal.
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.7. Magnitude and spatial extent of event-related
ctivation

The time series for event-related effects were linearly
etrended to remove drift effects across the task period.
e calculated averaged voxelwise epochs for each com-

ination of participant, condition (neutral versus guided),
arget type (singleton versus nonsingleton), and hemisphere
left versus right), using custom MATLAB tools. Each aver-
ged epoch spanned 12 TRs (18 s), including the three
mage volumes preceding the trial onset and the nine vol-
mes following trial onset. The average response on the
rst four volumes served as a pre-event baseline of activity
uring the task period. The percentage signal change, rela-
ive to this baseline, was calculated for each volume of the
poch.

We correlated the averaged time series for each voxel with
n empirical reference waveform [27] that represented the
ime course of the average event-related HDR observed in the
resent study. Thresholding was performed using t statistics
erived from the resulting correlation coefficients by creat-
ng separate spatial maps for voxels activated by each of the
our combinations of task condition and target type. Vox-
ls whose correlations with the reference waveform met a
< 0.10 threshold were included in each map. We adopted a

elatively liberal threshold at this early stage (i.e., prior to the
ask condition analyses), because the goal was to eliminate
nly those voxels that were not active in some biologically
lausible way. The four maps were then combined into a
nal map of voxels activated by any of the four combina-

ions of condition and target type. This thresholding ensured
hat voxels without systematic responses to any of the trial
vents did not contribute noise to the average HDRs for
ach ROI.

To obtain the HDR curve we connected the average per-
entage change values of suprathreshold voxels as a func-
ion of TR; no curve fitting was performed. The dependent
ariable representing the magnitude of activation was the
rea under the HDR curve. We obtained this latter mea-
ure by obtaining the area under each pair of adjacent
oints on the HDR curve and summing the results. The
rea under the curve measure did not include deactivations
i.e., decreases in activation relative to the fixation baseline
evel).

We also determined the spatial extent of activation, by
btaining the percentage of voxels above threshold at p < 0.05
or each ROI, based on the t statistics for the correlation with
he reference waveform.

.8. Statistical analyses

Preliminary analyses of the magnitude of event-related

ctivation (area under the HDR curve) indicated that there
ere few significant (or interpretable) effects of left ver-

us right cerebral hemisphere. The independent variable of
emisphere was consequently dropped, and we present the

w

a
f

f Aging 28 (2007) 459–476 467

esults averaged over hemisphere. The independent variables
n the event-related analyses were age group, task condi-
ion, and target type. All of the independent variables except
ge group were within-subjects. Top-down attentional effects
ere represented by significant changes in task performance

nd activation associated with the guided condition, relative
o the neutral condition.

We divided the gray matter ROIs into four groups corre-
ponding to their anatomy: frontal, deep gray matter, occip-
tal, and parietal. To control for multicollinearity among the
ariables, and to protect against Type I error, we performed
ultivariate analysis of variance (MANOVA) for the HDR
agnitude within each group of ROIs [69]. Univariate tests

f the independent variables, for an individual ROI, were
onducted only when the corresponding MANOVA effect
Wilks’ Lambda) for the regional group was significant at
< 0.05.

Using a similar approach, we analyzed the eight white
atter ROIs by two separate MANOVAs, one on the rel-

tively anterior regions (genu, pericallosal frontal, superior
rontal gyrus, and anterior limb of internal capsule), and one
n the relatively posterior regions (splenium, posterior visual,
usiform, parietal). The dependent variable in this case was
he average FA within each ROI, and univariate tests of the
ge group effect were conducted only when the MANOVA
ffect was significant.

. Results

.1. Visual search performance

Response time and error rate in the visual search task
re presented in Table 3. Error rate was low and did not
iffer significantly as a function of age group (younger
dults M = 2%; older adults M = 1%). In the analysis of
T for correct responses, we obtained the median RT for
ach participant in each combination of task condition and
arget type. Univariate analysis of variance (ANOVA) con-
ucted on these RT data, with the between-subjects vari-
ble of age group and the within-subjects variables of
ondition and target type, yielded significant main effects
or all three variables. The mean of the median RTs was
igher for older adults (M = 848 ms) than for younger adults
M = 654 ms), F(1, 30) = 50.51, p < 0.0001, higher for the
uided condition (M = 757 ms) than for the neutral condi-
ion (M = 744 ms), F(1, 30) = 5.08, p < 0.05, and higher for
onsingleton targets (M = 808 ms) than for singleton targets
M = 694 ms), F(1, 30) = 103.0, p < 0.0001. The interactions
f age group × target type, F(1, 30) = 6.40, p < 0.05, con-
ition × target type, F(1, 30) = 156.85, p < 0.0001, and age
roup × condition × target type, F(1, 30) = 23.07, p < 0.0001,

ere also significant.
To examine the interaction effects in the RT data, we

nalyzed the target type effect, defined as the percentage dif-
erence in RT between singleton and nonsingleton targets
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Table 3
Performance in visual search task as a function of age group, task condition, and target type

Condition Response time Error rate

Younger adults Older adults Younger adults Older adults

Neutral
Singleton targets 627 (40) 819 (111) 2.08 (4.11) 1.74 (2.48)
Nonsingleton targets 668 (60) 863 (107) 1.77 (2.10) 1.12 (1.34)

Guided
Singleton targets 595 (32) 734 (87) 1.35 (1.45) 0.42 (0.67)
Nonsingleton targets 725 (77) 975 (127) 2.31 (3.21) 1.04 (2.24)
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ote: Response times are means (across participants) of median values, i
esponses. Standard deviations are in parentheses.

Eq. (2)).

arget type effect =
[

nonsingleton RT − singleton RT

nonsingleton RT

]

×100 (2)

hus, the target type effect represents the relative difference
n RT between singleton and nonsingleton targets, within
ach task condition, using the nonsingleton-target trials as
baseline.

In the guided condition, there was a substantial effect
f target type that was significantly greater for older
dults (M = 24%) than for younger adults (M = 17%), F(1,

0) = 7.25, p < 0.01. The corresponding measure in the neu-
ral condition was smaller and comparable for the two age
roups (younger adults’ M = 6%; older adults’ M = 5%), F(1,
0) < 1.0. These results represent a pattern in which, relative

d
fi
t
e

able 4
ignificant F values in analysis of variance of magnitude of fMRI activation

Multivariate effects Univaria

rontal ROIs RAC
ge group 4.35** –
ondition × target type 23.30*** 88.73***

eep gray matter ROIs CAU
arget type 3.61* –
ondition × target type 23.14*** 25.14***

ccipital ROIs CUN
ondition × target type 7.73** 20.85***

arietal ROIs ANG
ge group 4.57** 12.11**

ondition 3.43* 4.12*

arietal ROIs ANG
arget type 9.59** –
ondition × target type 5.72** 15.23***

ote: Values are F ratio. For frontal ROIs, multivariate d.f. = 4, 27; for deep gray
nivariate d.f. = 1, 30. Multivariate analyses included data from each ROI as a separ
ndependent variables were age group (younger vs. older), and task condition (guid
he dependent variable representing the magnitude of fMRI activation was the area

egion of interest. See Fig. 3 legend for ROI labels.
* p < 0.05.

** p < 0.01.
** p < 0.001.
or correct responses. Error rate values are mean percentages of incorrect

o the neutral condition, the guided condition led to both a
ecrease in RT for singleton targets and an increase in RT for
onsingleton targets. As a result, the difference between the
wo target types was more prominent in the guided condition
han in the neutral condition. This pattern was in addition

ore pronounced for older adults than for younger adults.

.2. Magnitude of activation

The significant statistical effects in the event-related analy-
is of the magnitude of activation are presented in Table 4, and
he mean values (averaging left and right hemispheres) are

isplayed in Figs. 5 and 6. These analyses yielded two main
ndings. First, there was an age-related increase in activa-

ion within the frontoparietal network. The multivariate main
ffect of age group was significant for the frontal and pari-

te effects

CAC FEF+ MFG
– 17.89*** 8.19**

52.23*** 10.25** 23.16***

PUT THA
– 7.85**

61.81*** 35.33***

LOG FFG
– 4.11*

SMG SPL
8.42** 9.53**

– 6.23*

SMG SPL
– 15.53**

16.09*** 12.06**

matter, occipital, and parietal ROIs, multivariate d.f. = 3, 28; for all ROIs,
ate dependent variable. In both the multivariate and univariate analyses, the
ed vs. neutral). Only correct-response trials were included in the analyses.
under the HDR curve associated with an average task trial sequence. ROI,
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Fig. 5. Magnitude of event-related fMRI activation for frontal and deep gray matter ROIs. Activation is defined by area under the HDR curve associated with
i neutral,
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ndividual trials, as a function of age group (younger, older), task condition (
s means, averaged over left and right hemisphere; error bars represent 1S.E

tal regions, which was the result of an age-related increase
n activation in the frontal eye field, middle frontal gyrus,
ngular and supramarginal gyri, and superior parietal lobule.
econd, activation was associated specifically with the use of

op-down attention in the guided condition. The multivariate
ain effect of task condition was significant only for the pari-

tal regions, as the result of greater activation for the guided
ondition than for the neutral condition, in the angular gyrus
nd superior parietal lobule.

Activation related to the singleton and nonsingleton targets
lso varied across the task conditions. The multivariate main
ffect of target type was significant within the deep gray mat-
er and parietal regions, reflecting overall higher activation for
onsingleton targets than for singleton targets, in the thala-
us and superior parietal lobule. This effect was modulated,

owever, by the multivariate interaction of condition × target
ype, which was significant for all four sets of ROIs. The cor-
esponding univariate interaction was significant for all of
he frontal and parietal regions, for the thalamus within the

eep gray matter regions, and for the cuneus and fusiform
yrus within the occipital regions. Simple effect tests con-
ucted for each task condition demonstrated that, for each
egion associated with a significant univariate effect of target

f
n
t
a

guided), target type (singleton, nonsingleton), and ROI. Data are presented
ingleton target; NST, nonsingleton target. See Fig. 3 legend for ROI labels.

ype, activation was higher for singleton targets than for non-
ingleton targets in the neutral condition, whereas activation
as higher for nonsingleton targets than for singleton targets

n the guided condition.

.3. Spatial extent of activation

As a measure of the spatial extent of task-related activa-
ion, we calculated the percentage of suprathreshold voxels
ithin each ROI. Averaged across participants, the mean
ercentage of activated voxels within each combination of
OI, age group, and task condition ranged from 4 to 20%

M = 9%). A regression analysis yielded a positive correlation
etween the spatial extent and activation magnitude values,
= 0.31, p < 0.01, indicating that increases in activation mag-
itude were generally accompanied by increases in spatial
xtent. In addition, when a variable was added to the regres-
ion model representing the change in the activation-spatial
xtent correlation as a function of age group (i.e., variables

or activation and the age difference in activation as simulta-
eous predictors of spatial extent), the parameter estimate for
he age effect was not significant. These spatial extent data
re useful for ensuring that the age group and task condition
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Fig. 6. Magnitude of event-related fMRI activation f

ffects in the activation magnitude data are not due to the
ffects of isolated voxels.

.4. Correlation between activation and task
erformance

We examined the correlation between search performance
in terms of the target type effect; Eq. (2)) and the magnitude
f event-related activation for individual ROIs, within each
ge group. In the guided condition, three ROIs exhibited a
ignificant correlation between activation on the singleton-
arget trials and the RT measure (see Fig. 7): for the frontal
ye field, there was a significant activation–RT correlation
or older adults, r = 0.57, p < 0.02, but not for younger adults.
imilarly, for the superior parietal lobule, there was a signif-

cant correlation for older adults, r = 0.66, p < 0.01, but not
or younger adults. For the fusiform gyrus, in contrast, there
as a significant correlation between activation and RT for
ounger adults, r = 0.52, p < 0.05, but not for older adults.
ll three correlations were positive, indicating that increas-

ng activation was associated with a larger effect of target
ype in RT. Regression analyses conducted for all partici-
ants combined indicated that the age group difference in the
ctivation–RT correlations was significant for all three ROIs

t p < 0.05.

On the nonsingleton-target trials in the guided condition,
he activation–RT correlation for younger adults was sig-
ificant for one region, the caudal portion of the anterior

H
t
t
r

ital and parietal ROIs, as described in Fig. 5 legend.

ingulate, r = −0.52, p < 0.05. The corresponding correlation
as not significant for older adults, and a regression analysis
f the two age group combined indicated that the age dif-
erence in this correlation was not significant. In the neutral
ondition, activation on neither the singleton-target trials nor
he nonsingleton-target trials was correlated with the target
ype effect.

.5. Sustained activation

In this experiment, each fMRI imaging run contained six
n-task/off-task sequences, and it is thus possible to estimate
he average sustained activation during the task period, rel-
tive to the off-task (fixation) period. This estimate, though
ot entirely independent of the event-related effects, provides
ne measure of more general attentional processes that are
ommon to the different trial types, such as maintaining task
nformation in working memory and preparing to visually
can the display. Previous studies suggest that the initiation
f a task period is accompanied by an abrupt increase in acti-
ation typically lasting several TRs, which then decreases to a
ore steady-state level throughout task performance [26,72].
e conducted preliminary analyses of the steady-state por-

ion of these sustained effects, by modeling the area under the

DR curve for the final 18 TRs of each on-task period, using

he final 6 TRs of the associated off-task (fixation) period as
he baseline. Multivariate analyses revealed a significant age-
elated increase in this sustained activation for frontal regions,
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group and region, in Fig. 8. The MANOVA of the ante-
rior ROIs yielded a significant multivariate effect of age
group, F(4, 27) = 8.96, p < 0.0001. Univariate effects of age
group were significant for two regions, the pericallosal frontal
ig. 7. Correlation between fMRI activation (area under the HDR curve) in
n response time to singleton and nonsingleton targets). (A) For younger adu
he correlation was significant only for the frontal eye field and superior par

(4, 27) = 5.73, p < 0.01, and parietal regions, F(3, 28) = 4.22,
< 0.01, but not for the deep gray matter or occipital regions.
his age-related increase in sustained frontoparietal activa-

ion did not vary significantly as a function of neutral versus
uided task condition.

Is the correlation between search performance and event-
elated activation in the guided condition, depicted in Fig. 7,
consequence of the age-related increase in sustained fron-

oparietal activation? To address this issue we conducted
ierarchical regression analyses, for each of the three sig-
ificant correlations illustrated in Fig. 7, entering the mean
alue of sustained activation in the relevant region of interest
s the first predictor in the regression model, thus covary-
ng the effect of sustained activation. When the older adults’
ustained activation of the frontal eye field was entered first
n the regression model, the event-related activation in the
rontal eye field was no longer a significant predictor of the
arget type RT effect. When, however, the older adults’ event-
elated activation in the superior parietal lobule was covaried
or sustained activation in the superior parietal region, the
vent-related parietal activation remained a significant pre-
ictor of the target type effect, F(1, 13) = 9.31, p < 0.01. (The
ame pattern occurred if the covariate was the mean of the sus-

ained activation in the frontal eye field and superior parietal
egions.) Similarly, when the younger adults’ event-related
ctivation in the fusiform gyrus was covaried for the sustained
usiform activation, the event-related activation remained a

F
m
S

condition and search performance (target type effect: percentage difference
correlation was significant only for the fusiform gyrus. (B) For older adults,
ule.

ignificant predictor of the target type effect, F(1, 13) = 9.91,
< 0.01.

.6. DTI fractional anisotropy

The mean FA values are presented, as a function of age
ig. 8. Mean FA as a function of age group and ROI. Data are presented as
eans, averaged over left and right hemisphere; error bars represent 1S.E.
ee Fig. 4 legend for ROI labels.
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ig. 9. Correlation between fMRI activation (area under the HDR curve) in
OI and pericallosal frontal FA. Increasing activation was associated with l

egion, F(1, 30) = 18.65, p < 0.001, and superior frontal gyrus,
(1, 30) = 9.92, p < 0.01, reflecting age-related decline in FA

n each case. The multivariate effect of age group was not
ignificant for the posterior regions.

In a series of regression analyses we investigated whether
ge differences in white matter integrity, as reflected in the
A values, were related to the age differences in fMRI activa-
ion. To reduce the likelihood of Type I error, we limited the
egression analyses to those ROIs that had exhibited a signifi-
ant age difference in either activation or FA. Two age-related
ffects were prominent in the fMRI activation data: the overall
igher magnitude of activation in the frontoparietal ROIs for
lder adults, relative to younger adults (Figs. 5 and 6), and the
ge-related change in the activation–RT correlations (Fig. 7).
o examine the relation between FA and the first age-related
ffect, we conducted bivariate correlations between FA and
ctivation (averaged over task condition and target type) for
ach of the frontoparietal regions exhibiting a significant age
ifference in mean activation (frontal eye field, middle frontal
yrus, angular gyrus, supramarginal gyrus, and superior pari-
tal lobule) and each of the white matter regions exhibiting
significant age difference in mean FA (pericallosal frontal,

uperior frontal gyrus). That is, within each age group, for
hose regions exhibiting an age difference, is there a signif-
cant relation between cortical activation and white matter
ntegrity? This analysis, however, indicated that none of the
orrelations between activation and FA was significant for
ither age group.

Because the significant age-related changes in the
ctivation–RT correlation (Fig. 7) were associated specifi-
ally with the singleton-target activation in the guided condi-
ion, in further analyses we limited the FA correlations to
hose trials. The relevant ROIs from the activation analy-
es were the frontal eye field, superior parietal lobule, and

usiform gyrus, and we again included the FA values for the
ericallosal frontal and superior frontal ROIs. For the younger
dults, there were no significant correlations between activa-
ion and FA. For the older adults, those individuals exhibiting

O
e
b
d

ondition (singleton target trials) for the superior parietal lobule gray matter
for older adults but not for younger adults.

igher activation in the superior parietal lobule also exhibited
ower pericallosal frontal FA, r = −0.49, p < 0.05 (Fig. 9).
o determine whether pericallosal frontal FA was a media-

or of the relation between superior parietal lobule activation
nd RT, we repeated the regression model characterizing the
ctivation–RT relation for older adults (Fig. 7), but included
ericallosal frontal FA as a predictor of RT in a first step,
rior to including superior parietal activation as a predic-
or. In this model, the FA variable was not significant as a
redictor of the older adults’ target type RT effect, but supe-
ior parietal activation remained significant as a predictor,
hen entered after pericallosal frontal FA, F(1, 13) = 9.64,
< 0.01.

. Discussion

In this research we combined behavioral data from visual
earch performance, cortical activation from event-related
MRI, and white matter integrity from DTI, to investigate
ge-related changes in the functional neuroanatomy of visual
ttention. On the basis of previous findings, we predicted that
ctivation in a frontoparietal network would be greater for
lder adults than for younger adults, especially when the task
equired top-down attentional control. We also expected that
he regional pattern of correlation between cortical activa-
ion and search performance would differ between the age
roups, involving the frontoparietal network in the case of
lder adults and visual (occipitotemporal) regions in the case
f younger adults. Finally, as a test of a disconnection theory,
e hypothesized that an age-related decline in white matter

ntegrity (FA), especially in anterior brain regions, would be
vident, and that we could characterize the FA changes as
mediator of the age-related changes in cortical activation.

verall, our results lend support to some of these hypotheses,

specially with regard to the age-related change in the relation
etween activation and performance, and to the age-related
ecline in FA. There was more limited support, however,
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or the role of FA as a mediator of the age differences in
ctivation.

.1. Visual search performance

The behavioral data (Table 3) support our previous obser-
ation that, in this type of search task, the use of top-down
ttentional control is preserved during healthy aging [39,43].
lthough an age-related decline exists in some forms of atten-

ional control [71,75,76], this decline is not absolute. In the
resent task, older adults’ search performance was slower
han that of younger adults, but both age groups exhibited evi-
ence of top-down attentional control, and the older adults
ctually exhibited a greater reliance on top-down attention
han younger adults. The critical finding in this regard is that
he target type effect (i.e., percentage increase in RT for non-
ingleton targets, relative to singleton targets) was similar
or the two age groups (5–6%) when there was a relatively
ow proportion of singleton-target trials (neutral condition),
ut was significantly greater for older adults (24%) than for
ounger adults (17%) when there was a higher proportion of
ingleton targets (guided condition). The small but reliable
arget type effect in the neutral condition suggests either that
he color singleton captured attention automatically (i.e., a
ottom-up effect) or that participants were using top-down
ttention to some extent during the neutral condition.

.2. Event-related fMRI activation

In the event-related analyses of the magnitude of activation
n response to individual trials, the dependent variable was the
verage area under the HDR of active voxels [48]. This mea-
ure was correlated positively, across task conditions, with
he spatial extent of activation, and this correlation did not
iffer significantly between the age groups. The area under
he HDR thus does not represent just the activity of isolated
oxels. Analyses of the mean level of activation as a function
f age group and task condition yielded two main findings
Figs. 5 and 6): an age-related increase in the activation of the
rontoparietal network (independently of the task conditions)
nd an increase in the activation of parietal regions associated
ith the guided condition (independently of age group).
The age-related increase in frontoparietal activation is

onsistent with our initial hypothesis, but we had the addi-
ional prediction that this type of age effect would be more
ronounced in the guided condition than in the neutral condi-
ion, which did not occur. Thus, the higher level of frontopari-
tal activation for older adults, relative to younger adults, is
ot due entirely to top-down attentional control and includes
ore general attentional processes common to the neutral

nd guided conditions. Because the duration of individual
etter displays was 500 ms longer for older adults than for

ounger adults, and the central fixation cross was presented
nly during the off-task period, the frontoparietal activation
ay represent an increased degree of eye movement planning

r number of saccades on the part of older adults [30,60].

i
i
g
t
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The increased level of activation in the parietal regions,
pecifically the angular gyrus and superior parietal lobule,
ssociated with the guided condition, is evidence for a top-
own form of attentional guidance. To the degree that par-
icipants relied on the increased probability of the singleton-
arget correspondence in the guided condition, responses to
ndividual displays would involve additional top-down con-
rol: the shift of attention to the singleton would be more
eliberate, and the shift away from this display location (on
onsingleton-target trials) would be more difficult, requir-
ng heightened spatial attention, facilitated by increased
arietal activation. This result suggests a specifically top-
own form of spatial attention mediated by the parietal lobe
13,14,56,79]. In terms of the mean level of activation, how-
ver, this top-down attentional effect was comparable for
ounger and older adults.

Two additional aspects of the activation magnitude anal-
ses are relevant. First, the age-related increase in fron-
oparietal activation was not accompanied by the age-
elated decline in occipitotemporal activation that is typically
bserved when display duration is constant for the two age
roups [7,36,37]. Although this is a null effect that may have
ccurred for a variety of reasons, the goal of providing a
onger display duration for older adults was to equate visual
ortical activation for younger and older adults, thus pro-
iding additional specificity in interpreting the age-related
hanges in activation outside of the visual cortical regions.
econdly, contrary to our initial expectation, there was no
ge-related change in the activation of deep gray matter
egions. The response selection demands in this search task
i.e., pressing a key corresponding to the E/R target) were con-
tant on each trial, and thus eliciting an age-related increase
n deep gray matter activation may require a shift between

otor responses as well as an attentional shift between dis-
lay locations [42].

.3. Correlation between activation and performance

A significant age difference in top-down attentional con-
rol was evident in the regression analyses of the correlation
etween activation and behavioral performance. In previ-
us neuroimaging investigations of age differences in visual
earch, the bottom-up and top-down attentional effects were
ot separable [36,37]. Here we report new evidence for a
pecific age difference in the top-down component. The cor-
elations between activation magnitude and the RT measure
f search performance (target type effect) were associated
pecifically with the top-down component of attentional guid-
nce (i.e., the guided condition). The activation-performance
orrelations involved the frontal eye field and superior pari-
tal lobule for older adults and the fusiform gyrus for younger
dults (Fig. 7). For both age groups, the correlations were pos-

tive, indicating that those individuals with greater activation
n these regions exhibited a greater influence of attentional
uidance on search performance. Within the guided condi-
ion, the correlations were more reliable for the singleton-
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arget trials than for the nonsingleton-target trials, which
ikely reflects the greater number of singleton targets (162)
han nonsingleton targets (54) in this condition [25]. Thus,
n the guided condition, when the color singleton was more
redictive of the search target, younger adults’ performance
as coupled with activation of a visual feature recognition

egion, whereas older adults’ performance was more depen-
ent on the frontal and parietal regions associated with the
op-down maintenance of task goals, oculomotor control, and
he spatial allocation of attention [1,18,28,31,77].

Analyses of the sustained activation throughout the on-
ask period, relative to the off-task period, demonstrated some
ifferentiation of function within the frontoparietal network.
or the older adults, the top-down attentional demands of

he guided condition are not limited to event-related effects,
ut also (in the case of the frontal eye field) share variance
ith the sustained effects that were common to the neu-

ral and guided conditions. Covarying sustained activation in
he frontal eye field eliminated the older adults’ correlation
etween event-related activation in this region and perfor-
ance. In contrast, the older adults’ event-related parietal

ctivation in the guided condition, when covaried for sus-
ained parietal activation, remained correlated significantly
ith search performance. This pattern may represent the

nhanced preparation for visual scanning and target identifi-
ation mediated by the frontal eye field throughout the task
eriod. The top-down shift of attention either to or away from
he singleton, on individual trials, however, is related more
pecifically to the superior parietal region [14,28,79].

Older adults’ increased reliance on frontoparietal mecha-
isms to support search performance may be a compensation
or decline in the efficiency of bottom-up processes medi-
ted by visual cortical regions [8,20]. Additional top-down
ttention, for example, may assist older adults by limiting the
umber of potential object representations, within an inher-
ntly noisier neural signal [1,66]. Younger adults’ perfor-
ance in this search task may be mediated by visual cortical

egions, with a minimum of attentional demands, whereas
lder adults’ performance relies on a more widely distributed
rontoparietal network supporting the maintenance of the rel-
vant task set and behavioral goals. In the present experiment,
owever, both the accuracy of search performance and the
agnitude of activation in visual cortical regions were com-

arable for the two age groups. The age difference in the
attern of correlations is thus not due entirely to a deficit
n bottom-up processing, at least as reflected in the level of
ortical activation.

.4. White matter integrity from DTI

Two main findings emerged from the analyses of the
A values. First, as hypothesized, we replicated the previ-

usly reported pattern of the age-related decline in FA being
ore pronounced for anterior brain regions than for posterior

egions [24,55,62]. Although mean FA was lower numeri-
ally for older adults than for younger adults in all regions,

p
t
t
a

f Aging 28 (2007) 459–476

xcept the anterior limb of the internal capsule (Fig. 8), the
ultivariate effect of age group was significant only for the

nterior regions. This age effect, in turn, was driven primarily
y the age-related decline in FA for the white matter within
he superior frontal gyrus and pericallosal frontal region.
hus, although aging likely leads to some degree of decline

n white matter integrity throughout the brain, this decline
ppears to be more clearly evident within the frontal lobe.

Our second finding bears on the proposed role of age-
elated decline in white matter integrity as a mechanism
f age-related change in cortical activation (and ultimately
n cognitive performance). According to a disconnection
ypothesis, age-related decline in white matter integrity,
specially in prefrontal regions, disrupts the connectivity of
he cortical networks mediating cognitive function [2,51,52].

hen the fMRI activation on the singleton-target trials in
he guided condition was examined separately, the correla-
ion between activation in the superior parietal lobule and FA
or the pericallosal frontal region was significant for older
dults (Fig. 9): those older adults with relatively lower FA
alues exhibited relatively higher levels of activation, which
s suggestive of a role for white matter integrity in the age-
elated increase in frontoparietal activation in the guided
ondition (Fig. 7). This apparent interaction between widely
istributed components of the frontoparietal network is con-
istent with the existence of several white matter pathways,
ithin the superior longitudinal fasciculus, linking prefrontal

nd parietal cortical regions [53]. When we examined the dis-
onnection hypothesis more directly, however, by including
A as a predictor in the regression model relating the older
dults’ superior parietal activation to search performance, no
ffect of FA was evident. Thus, although we observed some
elation between white matter integrity and activation for
lder adults (Fig. 9), white matter integrity was not a specific
ediator as proposed by a disconnection model. Additional

ests of a disconnection model are worth pursuing, however,
specially with higher resolution DTI, permitting a more sen-
itive interrogation of white matter pathways and definition
f their relation to gray matter regions.

. Conclusion

The functional neuroanatomy of visual attention com-
rises both age-independent and age-related effects. Inde-
endently of adult age, posterior regions of the attentional
etwork (angular gyrus and superior parietal lobule) are acti-
ated by top-down attention, when there is a high proportion
f trials on which a salient visual feature (a color singleton)
an be used to guide attention to a search target. Within this
uided condition, on singleton-target trials, there is an age-
elated difference in the correlation between activation and

erformance (differentiation of singleton and nonsingleton
argets), which appears to reflect top-down attentional con-
rol. Even under conditions that do not lead to a pronounced
ge-related decline in occipital activation, older adults place
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ore emphasis than younger adults on the top-down atten-
ional mechanisms supported by the frontoparietal network.
ge-related change also occurs in the integrity of the white
atter regions related to this attentional network. Prefrontal

egions exhibit relatively greater age-related decline in white
atter integrity, and this decline is associated with greater

MRI activation for older adults, though not to the extent
redicted by a disconnection model. Additional research
ombining fMRI, DTI, and behavioral performance will be
aluable in determining the neural mechanisms of age-related
ognitive change.
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