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Abstract

Activation of frontal and parietal brain regions is associated with attentional control during visual 

search. We used fMRI to characterize age-related differences in frontoparietal activation in a 

highly efficient feature search task, detection of a shape singleton. On half of the trials, a salient 

distractor (a color singleton) was present in the display. The hypothesis was that frontoparietal 

activation mediated the relation between age and attentional capture by the salient distractor. 

Participants were healthy, community-dwelling individuals, 21 younger adults (19 – 29 years of 

age) and 21 older adults (60 – 87 years of age). Top-down attention, in the form of target 

predictability, was associated with an improvement in search performance that was comparable for 

younger and older adults. The increase in search reaction time (RT) associated with the salient 

distractor (attentional capture), standardized to correct for generalized age-related slowing, was 

greater for older adults than for younger adults. On trials with a color singleton distractor, search 

RT increased as a function of increasing activation in frontal regions, for both age groups 

combined, suggesting increased task difficulty. Mediational analyses disconfirmed the 

hypothesized model, in which frontal activation mediated the age-related increase in attentional 

capture, but supported an alternative model in which age was a mediator of the relation between 

frontal activation and capture.
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Introduction

Behavioral investigations of cognitive aging have established that age-related decline occurs 

in some aspects of attention, including those related to executive function (Craik and 

Bialystok, 2006; Kramer and Madden, 2008; Wecker et al., 2000). One aspect of this decline 

is decreased ability to inhibit irrelevant information, for older adults, relative to younger 

adults, which may in turn lead to an age-related increase in distraction (Hasher and Zacks, 

1988; Healey et al., 2008; Lustig et al., 2007; Rabbitt, 1979). In the context of visual search 

and discrimination tasks (Eckstein, 2011; Wolfe, 1998, 2007), age-related decline in 

attentional functioning is reflected in a disproportionate slowing of older adults’ conjunction 

search, in which the target and nontarget (distractor) items share visual features (e.g., a red 

vertical bar among red horizontal and green vertical bars), relative to feature search, in 

which the target has a feature not shared with the distractors (e.g., a red vertical bar among 

green vertical bars; Hommel et al., 2004; Madden, 2007; Madden and Whiting, 2004; Plude 

and Doussard-Roosevelt, 1989). Similarly, older adults appear to be more vulnerable than 

younger adults to attentional capture by salient distractors (Cashdollar et al., 2013; Pratt and 

Bellomo, 1999; Tsvetanov et al., 2013).

The age-related increase in attentional capture, however, varies across task context and is 

most pronounced when perceptual load is low (Maylor and Lavie, 1998), and the source of 

distraction is both visually salient (Porter et al., 2012) and known to be irrelevant to task 

goals (Kramer et al., 2000). Age-related differences in distraction and attentional capture 

thus do not appear to reflect a general failure of all inhibitory processes (Kramer et al., 1994; 

Madden and Plude, 1993), but rather result from an interaction of bottom-up (stimulus-

driven) and top-down (goal-driven) attentional selection within specific task demands 

(Ludwig and Gilchrist, 2002; Yantis, 1998). In addition, some aspects of attention are 

resistant to age-related decline. When top-down attentional guidance is available, in terms of 

the observer’s knowledge of the task goals or target predictability, older adults often exhibit 

improvements in search performance that are at least as pronounced as those of younger 

adults (Humphrey and Kramer, 1997; Madden, 1987; Madden et al., 2004; Whiting et al., 

2007; Whiting et al., 2005; Whiting et al., 2014). Age-related decline in the efficiency of 

visual sensory functioning and perceptual motor speed are well established (Madden et al., 

1999; Salthouse, 1985; Salthouse and Madden, 2007; Schneider and Pichora-Fuller, 2000; 

Scialfa, 2002), and thus older adults may place greater emphasis on top-down attention as a 

compensatory mechanism for decline in bottom-up processing (Madden et al., 2007a; 

McAvinue et al., 2012; Porter et al., 2012).

The neural bases of age-related differences and constancies in visual attention are not yet 

well defined. Extensive neuroimaging research suggests that, for healthy younger adults, 

performance in visual search tasks is mediated by a widely distributed frontoparietal 

network with dorsal and ventral components (Corbetta et al., 2008; Corbetta and Shulman, 

2002; Hopfinger et al., 2000; Shulman et al., 2004; Vossel et al., 2013). The dorsal 

component of this network comprises the middle frontal gyrus (MFG), frontal eye field 

(FEF), superior parietal lobule (SPL), and intraparietal sulcus (IPS), bilaterally. These 

regions support the voluntary, top-down allocation of attention (Anderson et al., 2007; 

Donner et al., 2002; Egner et al., 2008; Pollmann et al., 2003; Shulman et al., 2003) and 
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active generation of a salience map or template of features defining the search target (de 

Fockert et al., 2004; Hodsoll et al., 2009; Kusunoki et al., 2000; Mevorach et al., 2009). The 

ventral component of the frontoparietal network, comprising the temporoparietal junction 

(TPJ) and ventral frontal cortex, particularly in the right hemisphere, operates in a more 

sensory-driven, bottom-up manner and is active in the detection of infrequently occurring 

targets (Astafiev et al., 2006; Kincade et al., 2005; Shulman et al., 2003).

One theme across several functional magnetic resonance imaging (fMRI) studies is that 

older adults exhibit higher levels of activation than younger adults (Dennis and Cabeza, 

2008; Grady et al., 2010; Madden et al., 2005; Nielson et al., 2002), particularly within the 

dorsal frontoparietal regions. Madden et al. (2007b), for example, reported that older adults 

exhibited higher frontoparietal activation, specifically in the FEF and SPL than younger 

adults, during visual search with multi-letter displays. The behavioral effect of visual 

salience (from a color singleton in the display) was correlated with the frontoparietal 

activation for older adults, whereas for younger adults the corresponding relation between 

activation and salience occurred in more ventral (fusiform) cortical regions. In addition, 

these activation-performance correlations occurred only when the salient display item was 

predictive of target location, consistent with an age-related increase in top-down attention, 

perhaps as a compensatory response to decline in the efficiency of bottom-up processing 

(Davis et al., 2008). Schmitz et al. (2010) reported a related pattern, with a perceptually 

demanding task involving identification of superimposed face/place images. These authors 

found that older adults exhibited less suppression, relative to younger adults, of 

parahippocampal activation by the task-irrelevant place images but increased activation in 

left MFG.

Nearly all previous neuroimaging research on age-related differences in visual attention has 

relied on tasks with substantial demands on either perceptual discrimination (Madden et al., 

2007b; Schmitz et al., 2010), working memory (Campbell et al., 2012; Gazzaley and 

D’Esposito, 2007), or response selection (Nielson et al., 2002). The Madden et al. (2007b) 

study, for example, reported an age-related difference in activation associated with visual 

salience, but the salient display item (a color singleton) could be either a target or a 

distractor, and consequently the effects of salience, and the interaction with top-down 

attention, combined facilitatory and inhibitory influences. Thus, the neural basis of age-

related differences in attentional processes such as inhibition, particularly at the early 

perceptual level related to visual salience, have not been clearly isolated.

In this experiment we therefore investigated younger and older adults’ fMRI activation by a 

highly salient but irrelevant display item, in the context of a feature search task: detection of 

a shape singleton (e.g., a vertical bar among four triangles). Further, the salient distractor, a 

color singleton, could never be the target. The combination of low perceptual load and 

designation of the salient distractor as irrelevant should thus maximize older adults’ 

vulnerability to attentional capture (Kramer et al., 2000; Maylor and Lavie, 1998; Porter et 

al., 2012) and allow for the isolation of inhibitory effects. We also included separate task 

conditions of feature search that differed in the availability of top-down attention, in terms 

of the predictability of a particular shape occurring as a target. Although the visual salience 

of the display items is a critical determinant of feature search performance (Theeuwes, 2004, 
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2010; Theeuwes et al., 2006), top-down attention, in the form of target predictability, can 

also lead to improvement in feature search (Bravo and Nakayama, 1992; Wolfe et al., 2003). 

Under some conditions, target predictability may reduce or eliminate attentional capture by 

salient distractors (Bacon and Egeth, 1994; Leber and Egeth, 2006). Thus, a feature search 

task with color singleton distractors should provide an optimal context in which to assess 

age-related differences, not only in attentional capture by a salient distractor, but also in the 

ability of top-down attention to reduce the magnitude of distraction.

We predicted that, at the behavioral level, the magnitude of attentional capture by the color 

singleton would be greater for older adults than for younger adults (Hasher and Zacks, 1988; 

Lustig et al., 2007; Tsvetanov et al., 2013), but that both younger and older adults would 

exhibit an overall improvement in target detection with the availability of top-down 

attention (Madden, 2007; Whiting et al., 2014). If top-down attention can reduce the 

magnitude of attentional capture by a salient distractor (Bacon and Egeth, 1994; Leber and 

Egeth, 2006), then top-down reduction in attention capture should also be evident for both 

younger and older adults.

At the neural level, we expected an age-related increase in the magnitude of frontoparietal 

activation, particularly in response to attentional capture by salient distractors (Madden et 

al., 2007b; Schmitz et al., 2010). More critically, we sought to characterize the relation 

between age-related differences in activation and behavioral performance. If age-related 

increases in capture-related activation are compensatory (Davis et al., 2008), then we would 

expect that, particularly for older adults, increasing frontoparietal activation would be 

associated with decreasing reaction time (RT; i.e., better performance). Alternatively, 

increasing activation may reflect the increased number or complexity of information 

processing operations (i.e., task difficulty) and would thus be associated with increasing RT 

(Anderson et al., 2007; Donner et al., 2002).

Finally, we used mediation analyses to determine the causal relations among the variables 

representing age group, activation, and search performance (Baron and Kenny, 1986; 

Mackinnon and Fairchild, 2009; Preacher and Hayes, 2008; Salthouse, 1992a). Typically, 

neuroimaging studies assume that variables related to brain structure and function are 

mediators, in the sense that they directly influence the relation between other variables such 

as age and cognitive performance. As Salthouse (2011) has pointed out, however, the 

evaluation of mediation requires the assessment of different models of the relations among 

the relevant variables. We compared two models, one in which brain activation mediates the 

relation between age and search performance, and an alternative model in which age is the 

mediator of the relation between activation and performance.

Material and methods

Participants

The participants were 21 younger adults between 19 and 29 years of age (12 women) and 21 

older adults between 60 and 87 years of age (11 women). Participants gave written informed 

consent for a protocol approved by the Duke University Institutional Review Board. During 

a screening session conducted up to two weeks before the fMRI testing, participants 
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completed several psychometric tests and a practice version (120 trials) of the visual search 

task to be used during scanning (described in the following section, Visual Search Task). By 

self-report, all participants were right-handed, free from significant health problems 

(including atherosclerosis, neurological and psychiatric disorders), and none reported taking 

medications known to affect cognitive function or cerebral blood flow (including 

antihypertensive agents). Participants scored a minimum of 27 points on the Mini Mental 

State Exam (Folstein et al., 1975), a maximum of 9 on the Beck Depression Inventory 

(Beck, 1978), and had normal color vision with a score of at least 12 (out of 14) on the 

Dvorine color plates (Dvorine, 1963). Vocabulary and years of education were comparable 

for the two age groups (Table 1).

Visual Search Task

The behavioral task during fMRI scanning was a version of visual search in which, on each 

trial, participants made a yes/no decision regarding whether one target shape (hexagon, 

trapezoid, or vertical bar) was present among nontarget shapes (diamonds, horizontal bars, 

ovals, circles, or triangles). Thus, this was a feature search task in which the shape of the 

target was always different from that of the nontargets (i.e., the target was a shape 

singleton), and all of the nontargets had the same shape (Figure 1, Panel A). The target and 

nontargets were green outline shapes on a black background. There was an equal number of 

target-present and target-absent trials. On half of the trials (both target-present and target-

absent), one of the nontargets was red (i.e., a color singleton), thus making it a salient 

distractor. The color singleton distractor never corresponded to the target, and participants 

were instructed to try to ignore this distractor when it occurred. Display size was constant at 

five items, either one target within four distractors, or five distractors, and the five display 

locations were approximately equidistant from fixation.

Two search conditions, varied and constant, differed in the degree to which knowledge of 

the task structure could influence the ability to ignore the distractor. In both conditions, the 

shapes assigned to target and distractor status remained distinct (i.e., consistent mapping; 

Schneider and Shiffrin, 1977). Also, for both search conditions, the distractor shapes 

(diamonds, horizontal bars, ovals, circles, or triangles) were homogeneous within the display 

on each trial but varied across trials. Varied and constant conditions differed regarding the 

predictability of the target: In the varied condition, the target was not predictable and varied 

among the three possible target shapes (hexagon, trapezoid and vertical bar), whereas in the 

constant condition, the shape of the target was pre-defined at the beginning of the task and 

remained constant for each participant. Thus, in this latter condition, top-down attention was 

available, in the form of target predictability.

Within the scanner, participants completed two blocks of 32 practice trials, one for constant 

search and one for varied search. These practice trials were followed by five functional 

imaging runs, each comprising two on-task periods (one constant and one varied). Each on-

task period comprised 32 trials, yielding a total of 64 trials per run, for a total of 320 trials 

across the five runs (Figure 1, Panel B). Within each run, three off-task periods were 

interleaved with the on-task periods (i.e., an off-task period occurred at both the beginning 

and end of each scanner run, as well as between the two on-task periods). Within an on-task 
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period, the 32 trials represented eight instances for each combination of target status 

(present, absent) and distractor status (present, absent), distributed pseudorandomly, yielding 

a total of 40 trials for each task condition, per participant. Target location was balanced 

approximately equally across the display locations. The shape assigned as the target in the 

constant condition was balanced across participants. Two run orders, alternated across 

participants, started with either a constant or varied search condition. Participants held an 

fMRI-compatible response box and used the left and right index fingers to respond to the 

presence or absence of the target shape. Participants were instructed to respond as quickly as 

possible without sacrificing accuracy, and the assignment of target presence to the response 

buttons was balanced across participants within each age group.

An instruction screen at the beginning of the on-task period informed participants as to 

whether the target would be constant or varied. Following the instruction screen, each trial 

started with stimuli displayed for 250 ms, followed by a 2750 ms post-display response 

period, during which the display was black. We measured the RT from display onset, but the 

screen remained black during the 2750 ms response period regardless of when the 

participant responded. Following the response period, a white center fixation cross was 

displayed on the black screen, for a variable time period (jitter). Nine jitter durations 

between 1500 ms and 13500 ms were defined by multiples of the fMRI repetition time (TR) 

value (1500 ms). The jitters were distributed randomly within on-task periods, but the 

shorter durations more heavily sampled, so that the overall frequency distribution of 

individual jitter values was approximately exponential. No feedback regarding response 

accuracy was provided. During the off-task periods, three white center fixation crosses 

remained onscreen for 19.5 s. Participants were instructed to fixate the three crosses during 

the off-task period, in preparation for the upcoming task.

MRI Data Acquisition

Imaging was conducted on a 3 T GE Signa Excite MRI scanner (GE Healthcare, Waukesha, 

WI) with an eight-channel head coil. Head motion was minimized with foam pads and 

headband, and participants wore earplugs to reduce scanner noise. The imaging sequence 

included a three-plane localizer, followed by T1-weighted anatomical images and five runs 

of T2*-weighted (functional) imaging. Slice orientation was near-axial, parallel to the 

anterior-posterior commissure (AC-PC) plane.

The T1-weighted anatomical images were 60 contiguous slices acquired with a 3D fast 

inverse-recovery-prepared spoiled gradient recalled (SPGR) sequence, with TR = 7.3 ms, 

echo time (TE) = 2.97 ms, inversion recovery time (TI) = 450 ms, field of view (FOV) = 

256 mm, slice thickness = 2 mm, flip angle = 12°, voxel size = 2 × 2 × 2 mm, 128 × 128 

matrix, and a parallel imaging with a selection factor of 2.

The T2*-weighted echo-planar, functional images were sensitive to the blood oxygen level 

dependent (BOLD) signal. These were 30 contiguous slices acquired using an inverse spiral 

sequence, with TR = 1500 ms, TE = 30 ms, FOV = 256 mm, slice thickness = 4 mm, flip 

angle = 60°, voxel size = 4 × 4 × 4 mm, and 64 × 64 matrix.
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fMRI Analyses

To maintain the independence of activation magnitude and region selection (Kriegeskorte et 

al., 2009), we adopted a region of interest (ROI) approach, with eight ROIs selected from 

two previous studies of visual search that focused on issues related to top-down attention, 

salience, and distraction (de Fockert et al., 2004; Shulman et al., 2003). The ROIs are 

illustrated in Figure 2 and the coordinate locations are listed in Table 2. The first of the 

previous studies, de Fockert et al. (2004), reported activation related to the presence of a 

color singleton distractor during visual search, in the left MFG, and SPL bilaterally. We thus 

used the coordinates, in standardized space, for these local maxima reported by de Fockert et 

al. in their Table 1, adding a right MFG ROI homologous to their left hemisphere value. The 

second of the previous studies, Shulman et al. (2003), found that both the IPS and FEF 

maintained activity during visual search (digit detection and motion detection), consistent 

with top-down attentional control, whereas the IPS also exhibited sensitivity to the sensory 

properties of the display (i.e., salience). We defined ROIs from the IPS and FEF coordinates 

listed in Table 2 of the Shulman et al. article. The complete set of eight dorsal frontoparietal 

ROIs also represent regions that tend to exhibit higher activation for older adults than for 

younger adults (Dennis and Cabeza, 2008; Grady et al., 2010; Madden et al., 2005; Nielson 

et al., 2002).

For all of the ROIs, we used the coordinates of the reported local maxima, converting from 

Talairach space, as reported in the original articles, to Montreal Neurological Institute 

(MNI) space. We then used these coordinates as the centers of 8 mm diameter ROI spheres. 

Because the IPS and SPL ROIs are spatially proximate, the spheres for these two regions 

overlapped slightly in the left hemisphere, with 116 voxels shared by the two ROIs. These 

overlapping voxels were eliminated from the analyses, reducing the size of each of these 

ROIs by 5.8%. Thus, no voxel contributed to more than one ROI.

We used Statistical Parametric Mapping software (SPM5; Wellcome Department of 

Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm/) along with locally 

developed Matlab scripts (Mathworks, Natick, MA) and the MarsBar toolbox (http://

marsbar.sourceforge.net/) to estimate the magnitude of activation within the pre-selected 

ROIs. The initial six volumes of each run, which always occurred during an off-task period, 

were discarded. Images were corrected for slice-timing and head motion, spatially 

normalized to the MNI template, and then spatially smoothed with an 8 mm Gaussian 

kernel. No participant moved more than 3 mm in any direction, either within or across runs, 

and a high-pass filter was included in every model to correct for scanner drift.

At the first level, we conducted voxelwise analyses within the general linear model of SPM5 

(Friston et al., 1995). Because the constant- versus varied-search manipulation was a block-

level effect, with each search condition associated with an on-task period, we used a mixed 

blocked/event-related design, which incorporated both event-related (transient) and blocked 

(sustained) regressors for the hemodynamic response function (Donaldson et al., 2001; 

Visscher et al., 2003). The participant-specific SPM models contained both event-related 

and sustained regressors. Event-related regressors were coded as a stick function (delta) 

convolved with the hemodynamic response + time basis function (Miezin et al., 2000), with 

the onset corresponding to the onset of the display. We modeled activation for each event-
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related regressor (i.e., trial type), for each participant, versus the implicit baseline (the 

jittered inter-trial interval from the on-task periods). For each search condition (constant, 

varied), four trial types were modeled including the orthogonal representation of target 

present/absent, and distractor present/absent, resulting in a total of eight trial types. To 

estimate sustained activation across the on-task period, sustained regressors were modeled 

as a fixed response (boxcar) waveform, with onset corresponding to the onset of the first 

display and lasting the duration of the on-task period. The 19.5 s off-task periods were 

modeled explicitly as a baseline for analysis of sustained effects. Trials with either an 

incorrect response (accuracy rates presented in Table 3) or no response (< 2.1% of trials per 

age group) were modeled as a nuisance regressor. Head motion and scanner drift were 

treated as covariates of no interest.

From the first-level SPM models (for both the event-related and sustained data), we used the 

MarsBar toolbox to extract the average fMRI activation effect size (beta value), at the 

individual participant level, for each task condition, across all voxels within each of the 

eight ROIs. We conducted the hypothesis testing with the ROI beta values, using 

multivariate and univariate analysis of variance (ANOVA) and linear regression. Statistical 

methods are described further in Results.

Additional SPM analyses with a voxelwise approach confirmed that these eight ROIs 

captured areas of task-relevant activation. To estimate the overall pattern of task-related 

activation, we entered the first-level SPM contrast images for each of the eight task 

conditions, for each participant, in a second-level analysis with participants as a random 

effect. The contrast compared all task conditions to the implicit baseline (p < 0.0001, FWE 

corrected with an extent threshold of 1,000 voxels), using age group as a covariate of no 

interest. The results of this contrast (Figure 3) yielded widespread activation in the dorsal 

frontal and parietal regions used as the basis for the selected ROIs. When we superimposed 

the 8 mm-diameter ROI spheres (Figure 2) on the overall task-related activation (Figure 3), 

the FEF, SPL, and IPS ROIs all exhibited > 96% overlap with the SPM activation, and the 

MFG ROIs exhibited 73% overlap.

Voxelwise SPM analyses of task-related and age group effects, described in Supplementary 

Material, also confirmed that activation occurred within frontoparietal regions, consistent 

with our ROI analyses reported in the following section (fMRI Results). Specifically, these 

voxelwise analyses detected activation for distractor presence (relative to distractor 

absence), for target presence (relative to target absence), and for older adults (relative to 

younger adults). The voxelwise analyses did not detect any regions of decreased activation 

for older adults relative to younger adults.

Statistical Power

With 21 participants in each of the two age groups, power was 0.89 to detect within-subjects 

(task condition) main effects and associated interactions, with an ANOVA effect size (f) of 

0.25, at an alpha level of p < .05 (Faul et al., 2007). Power was 0.84 to detect age group 

main effects with an effect size of 0.35, at an alpha level of p < .05. Using Cohen’s (1988) 

effect size guidelines of f = 0.10 as small, f = 0.25 as medium, and f = 0.40 as large, our 

sample size was sufficient to detect medium effect sizes.
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Results

Visual search performance

Individual trials on which one of the assigned response keys was not pressed within 3000 ms 

were eliminated from the RT analyses. These failures to respond, as a percentage of all 

trials, did not differ significantly for younger adults (2.10%) relative to older adults (0.95%). 

Three additional trials (one for an older adult, two for younger adults), with responses < 200 

ms were also eliminated. For each participant, we obtained the median RT for correct 

responses in each task condition, and the means of these values, across participants, are 

presented in Table 3. Mean accuracy was high overall, but was higher for younger adults 

(94.81%) than for older adults (91.34%), F(1, 40) = 7.20, p < .01. In addition, across the 

eight task conditions listed in Table 3, RT was unrelated to accuracy for younger adults (r = 

−0.064), but RT and accuracy were highly related for older adults (r = −0.922). Thus, 

whereas younger adults maintained a relatively constant level of accuracy across the task 

conditions, older adults exhibited slower responses as accuracy decreased. That is, older 

adults did not exhibit a speed-accuracy tradeoff, but rather responded more slowly in those 

conditions in which they made more errors.

In addition to the age-related differences in accuracy, mean RT was 105 ms higher for older 

adults than for younger adults, which complicates age group comparisons because statistical 

interactions between age group and task condition may reflect a proportional age-related 

increase in RT rather than a specific effect of the task conditions (i.e., generalized slowing; 

Salthouse, 1985; Salthouse and Madden, 2007). To take into account generalized slowing as 

well as the age-related differences in accuracy, for analyzing visual search performance, we 

used a scaled RT measure that both standardized RT across participants and adjusted for 

accuracy. First, for each participant, across the complete distribution of correct responses 

within the 320 total trials, we recoded each RT value as a standardized z value, using the 

mean and standard deviation of the participant’s distribution (Faust et al., 1999). We then 

obtained the mean z value across trials within each task condition, for each participant, and 

adjusted this standardized RT measure (mean z) for accuracy by either dividing by accuracy 

(for positive values) or multiplying by accuracy (for negative values). Tsvetanov (2013) 

used a similar approach, based on methods developed by Townsend and Ashby (1983) and 

Horowitz and Wolfe (2003). The RT standardization provides a common metric for the two 

age groups, as the accuracy adjustment moves the z value higher (i.e., towards slower 

responding) when accuracy decreases. For example, for two identical RT values, the one 

associated with lower accuracy will be adjusted upward. The mean scaled RT values are 

presented in Table 3.

A univariate ANOVA of the scaled RT values included age group (younger, older) as a 

between-subjects variable; search condition (constant, varied), target status (present, absent), 

and distractor status (present, absent) were within-subjects variables. The ANOVA yielded 

significant main effects for age group, F(1, 40) = 5.51, p < .05, search condition, F(1, 40) = 

9.04, p < .01, and distractor presence, F(1, 40) = 97.14, p < .001. These main effects 

represented higher scaled RT values for older adults relative to younger adults,1 for the 
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varied condition relative to the constant condition, and for the presence of the color 

singleton distractor relative to its absence.

The only interaction that was significant in the scaled RT data was the Age Group x 

Distractor effect, F(1, 40) = 20.69, p < .0001 (Figure 4). This interaction represents an age-

related increase in attentional capture by the color singleton: The increase in scaled RT for 

distractor-present trials, as compared to distractor-absent trials, was greater for older adults 

than for younger adults. The effect of distractor presence was significant for both age 

groups, F(1, 40) = 36.0, p < .001, in each case, and the age-related difference in the 

distractor effect remained significant when covaried for best-corrected visual acuity (Table 

1), F(1, 39) = 17.29, p < .001.

fmRI Results

Event-related activation—We analyzed the event-related activation in a multivariate 

analysis of variance (MANOVA), with age group as a between-subjects independent 

variable, and search condition, target presence, and distractor presence as within-subjects 

independent variables. The eight ROIs were multiple dependent variables. Univariate tests 

were conducted when the corresponding multivariate effect was significant. The univariate 

tests were Bonferroni-corrected by the number of ROIs (eight).

The MANOVA main effect of age group was significant, F(8, 33) = 3.83, p < .01, with 

corresponding univariate tests significant for the left MFG, right MFG, and left FEF, with 

F(1, 40) > 11.0, p < .05 (corrected) in each case. For all three ROIs with significant 

univariate age group effects, mean activation was higher for older adults than for younger 

adults (Figure 5). The MANOVA main effect of target presence was significant, F(8, 33) = 

4.69, p < .01, with corresponding univariate effects significant for the left SPL, right SPL, 

left IPS, and right IPS, with F(1, 40) > 9.0, p < .05 (corrected) in each case (Figure 6). The 

MANOVA main effect of distractor presence was significant, F(8, 33) = 3.47, p < .01, 

(Figure 6), with the corresponding univariate test significant for the right SPL, F(1, 40) = 

11.53, p < .05 (corrected). For both the target presence and distractor presence effects, the 

univariate effects reflected relatively higher activation for the presence of either a target or a 

distractor. No interaction terms were significant in the MANOVA analysis.2

1Note that although the mean of each participant’s standardized RT distribution is zero, there is no mathematical requirement that the 
mean of the final, scaled RT values would be exactly zero for either age group, or that the mean scaled RT, across the task conditions, 
would be equal for the two age groups. The shape of the RT distribution will differ across participants, as will the mapping between 
the individual trials for each of the eight task conditions and their respective locations on the distribution. The final, scaled RT values 
are also affected by the accuracy adjustment. Additional analyses of these data demonstrated that the overall pattern of results is very 
similar if just the standardized RTs are analyzed, without the accuracy adjustment, or if other methods for correcting for generalized 
slowing are used, such as the logarithmic transformation or proportional change scores (Faust et al., 1999). We find the scaled RT 
measure to be useful in this context because it corrects for generalized slowing while combining the influences of RT and accuracy 
into a single measure, facilitating the comparison between participant groups.
2The activation effects were not entirely attributable to time on task (Grinband et al., 2011). Note that the main effect of target 
presence was not significant in the analysis of scaled RT (previous section, Visual search performance), although activation was 
reliably higher for target-present trials than for target-absent trials in both IPS and SPL bilaterally. The age group main effect in 
activation did correspond to the age group main effect in scaled RT, with older adults exhibiting both higher mean activation and 
higher scaled RT. In additional analyses, however, we found that within each age group, no correlation between mean scaled RT and 
mean activation was significant for any ROI, even at a more liberal threshold of p < .05, uncorrected for multiple comparisons.
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Sustained activation—The first-level SPM models (see the previous section, fMRI 

Analyses), included a regressor representing activation sustained for the duration of the on-

task period, relative to the off-task baseline, as well as the event-related regressors, in a 

mixed blocked/event-related design (Donaldson et al., 2001; Visscher et al., 2003). The 

estimated activation associated specifically with the sustained component was small in 

magnitude. Within each combination of age group, and constant/varied search condition, 

none of the ROI mean beta values for the sustained activation (Table 4) differed 

significantly from zero at p < .05 (corrected), with the event-related regressors included. A 

MANOVA of the sustained effects, with age group as a within-subjects variable, search 

condition as a within-subjects variable, and the eight ROIs as dependent variables, did not 

yield any significant effects.

The mixed blocked/event-related design assumes that the raw time series fMRI data have a 

boxcar shape in which the off-task periods have a low-amplitude signal that is relatively 

constant across time (Figure 1, Panel B). To test this assumption, we conducted further 

analyses of the fMRI blood oxygen-level dependent (BOLD) signal across the time course 

of the imaging volumes (TRs) within each imaging run (Supplementary Material). These 

analyses suggested that the data did not conform well to the assumptions of the mixed 

design model. Specifically, the off-task period signal varied significantly over the TRs and 

was not substantially lower than the on-task period signal, even when the initial five TRs of 

the off-task periods were removed to reduce transient signal fluctuations.

Correlation between event-related activation and search performance—The 

analyses of the behavioral data (see the previous section, Visual search performance) 

demonstrated that the presence of the color distractor led to a greater slowing of search 

performance for older adults than for younger adults. This age-related difference in 

attentional capture, in the RT data, did not interact with either search condition or target 

presence. We thus calculated Pearson r correlations for the relation between mean activation 

in each ROI, and scaled RT, for each combination of age group and distractor presence, as 

well as for both age groups combined. The alpha level p = 0.05 was Bonferroni-corrected 

within each level of distractor presence by the number of ROIs (eight).

Preliminary analyses indicated the presence of one outlier, with a studentized residual of 

4.98, in the correlation data, which was removed. For both age groups combined, the 

correlation between activation and scaled RT was significant at p < 0.05 (corrected), on 

distractor-present trials, for the MFG bilaterally, and for the left FEF (Table 5). For both age 

groups combined, comparison of the correlations for the distractor-present and distractor-

absent trials, with Steiger’s Z (1980), demonstrated that the activation-RT correlation was 

significantly higher for distractor presence, relative to distractor absence, for the left MFG, 

Z = 2.82, p < .005, right MFG, Z = 2.76, p < .006, and left FEF, Z = 4.65, p < .001. All 

correlations were positive, indicating that, in the presence of a distractor, increasing scaled 

RT was associated with increasing activation. Within each of these three ROIs, we 

compared the two age groups’ activation-RT correlations, for the distractor-present trials, 

with the Fisher r to z transformation. None of these age group comparisons, however, was 

significant, and as is evident in Figure 7 the two age groups’ data comprise a single linear 
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function. Exploratory analyses did not yield any reliable modulation of these correlations by 

target presence or search condition.

Mediation of search performance—For the three regions exhibiting a significant 

correlation between event-related activation and attentional capture (Figure 7), we examined 

the degree to which individual differences in activation accounted for age-related variance 

of scaled RT on distractor-present trials. Because years of age was not distributed 

continuously, we used contrast coding (-1, 1) to represent the difference between the two 

age groups. Considered separately, the age group variable accounted for 39.20% of the 

variance in scaled RT on distractor-present trials (Table 6, Model 1). Activation in the three 

prefrontal ROIs from Figure 7 shared a moderate amount of the age-related variance in this 

scaled RT measure. When left MFG activation was entered before age group, the variance 

associated specifically with age decreased (i.e., attenuated) by 50.0%, indicating shared 

variance between left MFG activation and age, though age group remained a significant 

predictor (Table 6, Model 2). Similar regression models, conducted separately for the 

activation in the right MFG and left FEF (Table 6, Models 3 and 4), demonstrated that 

entering either of these variables before age group in the regression model attenuated the 

age-related variance in scaled RT by 52% and 38%, respectively, though age group 

remained a significant predictor in each case.

We used mediation analyses to determine whether the shared variance between age and 

prefrontal activation, in scaled RT on distractor-present trials, represents a specifically 

mediating effect, in the sense that the relation between two variables is not entirely direct 

but instead influenced (i.e., mediated) by the effect of a third variable (Baron and Kenny, 

1986; Mackinnon and Fairchild, 2009; Preacher and Hayes, 2008; Salthouse, 1992a). We 

investigated two models of the relations among the variables (Salthouse, 2011), one in 

which activation is a mediator of the relation between age and search performance (Figure 8, 

Panel A), and an alternative model in which age is a mediator of the relation between 

activation and performance (Figure 8, Panel B). We used bootstrap analyses (Mackinnon 

and Fairchild, 2009; Preacher and Hayes, 2008) based on a resampling procedure to obtain a 

point estimate of the beta value for the mediating effect. The original data were resampled 

20,000 times, with replacement, providing a sampling distribution (and 95% confidence 

interval) of the estimated beta for the mediating effect. Thus, mediation was considered to 

be significant when the confidence intervals for the parameter estimate of the mediator 

variable did not include zero.

The bootstrap results did not support the model in which activation is a mediator of the age-

RT relation (Figure 8, Panel A). The confidence intervals associated with the parameter 

estimates for both MFG ROIs, and the left FEF, all included zero (Table 7, Models 1–3). 

The tests of the alternative model, however, were significant for all three of the ROIs (Table 

7, Models 4–6) and support a model in which age is the mediator between activation and RT 

on the distractor-present trials (Figure 8, Panel B).
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Discussion

Visual search performance

At the behavioral level, we extend previous findings by demonstrating a contribution of top-

down attention to feature search (shape singleton detection) for both older and younger 

adults, although top-down attention was not successful in preventing attentional capture 

from a salient distractor for either age group. The Age Group x Distractor interaction for 

scaled RT (Figure 4) confirmed our prediction that attentional capture by a salient distractor 

was greater for older adults than for younger adults, consistent with previous reports of age-

related decline in inhibitory functioning (Hasher and Zacks, 1988; Healey et al., 2008; 

Lustig et al., 2007; Rabbitt, 1979). Previous studies of age-related differences in attentional 

capture, however, have used tasks with more complex attentional demands, in which the 

distractor is a response-incompatible target in an irrelevant display location (Maylor and 

Lavie, 1998; Porter et al., 2012), or the response is a two-choice visual discrimination 

combined with target detection (Pratt and Bellomo, 1999; Whiting et al., 2007). In the 

present experiment, we used a highly efficient, feature search task requiring a target present/

absent response regarding a shape singleton (i.e., target detection). Our results thus provide 

novel evidence that visual salience per se is a critical component of the age-related increase 

in attentional capture, even when perceptual load is low and the distractor is defined as an 

irrelevant item to be ignored. The age-related difference in search performance remained 

significant when covaried for acuity, suggesting that this age-related effect does not reflect a 

deficit in the ability to discriminate target and distractor items visually but instead reflects 

the allocation of attention to the salient distractor.

The behavioral data also support our hypothesis of age-related preservation of top-down 

attention. The predictability of the target, in the constant search condition, led to a decrease 

in scaled RT, relative to the varied search condition, which did not vary significantly across 

the age groups. This pattern is consistent with several previous findings in visual search 

tasks, indicating that older adults use some forms of top-down attention as efficiently as 

younger adults (Humphrey and Kramer, 1997; Madden, 1987, 2007; Madden et al., 2004; 

McAvinue et al., 2012; Whiting et al., 2005). Target detection in this feature search task 

required the relatively simple recognition that one different shape was present among four 

other homogeneous shapes. The improved search performance in the constant condition 

confirms that, even within a feature search task with minimal attentional demands, top-down 

attention can facilitate target detection (Bravo and Nakayama, 1992; Wolfe et al., 2003). The 

constant search condition includes more repetition priming of target features, relative to the 

varied condition, which would also allow a greater contribution from bottom-up attentional 

guidance in the constant condition (Geyer et al., 2010; Kristjansson et al., 2002; Maljkovic 

and Nakayama, 1994). Target feature priming, however, would contribute more to target-

present trials than to target-absent trials, and the improvement in search performance in the 

constant condition did not vary significantly in relation to target presence, as predicted by a 

priming explanation. Assuming that target detection occurs when the activation of target-

relevant features, within the internal representation of the display (i.e., target template), 

exceeds a threshold value (Eckstein, 2011; Wolfe, 1998, 2007), the age-constancy of the 
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search condition effect indicates that top-down attentional guidance within the target 

template is available to older as well as younger adults.

Finally, the behavioral results demonstrate that the beneficial effects of target predictability 

do not include protection from attentional capture by a salient distractor. Contrary to our 

initial hypothesis, top-down attention was not associated with a reduction in attentional 

capture for either age group. Bacon and Egeth (1994) and Leber and Egeth (2006) have 

reported that, in some forms of feature search, target predictability may enable a singleton 

detection mode, based on top-down attention, that can override attentional capture. 

Theeuwes and colleagues, however, have proposed that attentional capture is determined 

entirely by the bottom-up variables associated with visual salience (Theeuwes, 2004, 2010; 

Theeuwes et al., 2006). In the present form of feature search for a shape singleton, with 

homogeneous distractors and separation of target and distractor sets, target predictability 

leads to enhanced guidance within the target template, but consistent with the findings of 

Theeuwes and colleagues, this contribution of top-down attention does not override the 

disruption of performance associated with a salient color singleton.

fMRI activation

The fMRI activation varied significantly as a function of both age group and visual search 

performance. From two previous studies of visual search (de Fockert et al., 2004; Shulman 

et al., 2003), we selected eight frontoparietal ROIs (comprising MFG, FEF, SPL, and IPS, 

bilaterally). These ROIs were relevant for target detection, attentional capture by a salient 

distractor, and top-down attentional control, as well as for age-related differences in visual 

attention (Dennis and Cabeza, 2008; Grady et al., 2010; Madden et al., 2005; Nielson et al., 

2002). Consistent with previous findings, these data yielded a significant age-related 

increase in frontoparietal activation, specifically MFG and FEF, and a corresponding trend 

was also evident in the parietal regions (Figures 5 and 6). We had expected, however, that 

both attentional capture from a salient distractor and top-down attention from target 

predictability would modulate this age-related difference in activation, which did not occur. 

Although both the presence of a salient distractor and the availability of a predictable target 

influenced the efficiency of feature search performance, the age-related increase in 

activation was independent of these variables. Thus, we isolated an age-related effect of 

attentional capture at the behavioral level but not at the neural level.

Two considerations are relevant to the interpretation of the age-related increase in activation. 

First, previous experiments linking older adults’ increased activation to attentional capture 

and top-down guidance (Madden et al., 2007b; Schmitz et al., 2010) used behavioral tasks 

with more complex perceptual discrimination than the feature search task in the present 

study. Although decreasing perceptual load appears to enhance the magnitude of older 

adults’ attentional capture at the behavioral level (Maylor and Lavie, 1998), increased 

complexity of the perceptual discrimination may be needed to detect the interaction of age 

with top-down attention and visual salience in activation data. Second, the age-related 

interaction in activation may depend on a task context in which sensory level or bottom-up 

processing is demonstrably lower for older adults, triggering a compensatory increase in 

activation (Davis et al., 2008; Schneider and Pichora-Fuller, 2000). Older adults in this study 
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exhibited typical age-related decline in visual acuity and perceptual-motor speed (Table 1), 

but the visual displays were high contrast shapes presented well above threshold (250 ms), 

and whole-brain, voxelwise analyses (Supplementary Material) did not detect significant 

age-related decline in activation in visual sensory regions.

The increases in activation associated with both target presence (IPS and SPL, bilaterally) 

and distractor presence (right SPL) were independent of age group and target predictability 

(Figure 6). These parietal regions are frequently activated during visual search, particularly 

in response to abrupt sensory changes in the display, which in turn lead to attentional shifts 

within or across feature dimensions (Liu et al., 2003; Wei et al., 2011; Yantis et al., 2002). 

The IPS and SPL are also associated with various aspects of top-down attentional control 

(Egner et al., 2008; Pollmann et al., 2003; Shulman et al., 2003; Vossel et al., 2013), but the 

absence of a target predictability effect in these data indicate a greater contribution from the 

sensory-level aspects of parietal activation.

The location of the distractor-related SPL activation obtained here is consistent with that 

obtained by de Fockert et al. (2004), who found that color singletons were associated with 

bilateral SPL activation. The de Fockert et al. report also highlighted a correlation between 

left prefrontal cortex activation (at the location corresponding to our MFG ROI) and a RT 

measure of attentional capture by a color singleton distractor. The de Fockert et al. 

correlation was negative, with increasing MFG activation associated with decreased 

attentional capture, which these authors interpreted as representing top-down attentional 

control of task-irrelevant information. The present analyses also revealed an association 

between attentional capture and activation, in this case a correlation between scaled RT and 

three frontal ROIs, for both age groups combined, which was specific to the distractor-

present trials (Table 5 and Figure 7). Our correlations, however, were positive, reflecting 

increased prefrontal activation as scaled RT increased on distractor-present trials, which 

likely represents the different type of search decision in this task relative to that of de 

Fockert et al.3 Our findings suggest that the distractor-related activation represents an 

increase in the number or complexity of information processing operations (task difficulty; 

Anderson et al., 2007; Donner et al., 2002), rather than the successful implementation of 

top-down attentional control (de Fockert et al., 2004). More generally, the independence of 

the age-related and distractor-related activation suggests that, at least in the context of low 

perceptual load, age-related increases in frontoparietal activation do not necessarily signal a 

specific compensatory attentional strategy.

3Specifically, in the de Fockert et al. (2004) task, each display contained a shape singleton target (a circle among four diamonds), and 
participants made a two-choice response regarding the orientation of a line (horizontal/vertical) contained within the target shape. 
Thus, the de Fockert et al. task required an initial (covert) identification of the target shape and then the (overt) two-choice 
discrimination of the line located within the shape. This is an example of what Duncan (1985) referred to as compound search. The 
defining attribute of the target (shape) differs from the reported attribute (line orientation) defining the response. The present form of 
feature search, in contrast, is what Duncan referred to as simple search, in which the defining and reported attributes of the target are 
the same (presence vs. absence of a unique shape). Further, in the de Fockert et al. task, those trials with a color singleton (half of the 
trials overall) were divided equally between those on which one of the distractors was the color singleton and those on which the circle 
target was a color singleton. Thus, in the de Fockert et al. task, while color information was not needed for the line orientation 
response, color could facilitate the response when combined with the target. In the present task, the color singleton was always a 
distractor, never the target, and participants were instructed to ignore it. This design feature allows for the isolation of distractor and 
target related attentional effects.
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The absence of any significant effects in the sustained activation (Table 4) was surprising. 

Madden et al. (2007b) reported an age-related increase in sustained, frontoparietal 

activation, during letter search with color singleton distractors, although the effect did not 

vary significantly across task conditions and was not entirely independent of the event-

related activation. The perceptual load was lower in the present form of feature search than 

in the letter-search task used by Madden et al. (2007b), and this feature search task may not 

have required substantial allocation of sustained attention. In addition, the fMRI BOLD time 

series data did not exhibit the boxcar shape necessary to accurately model separate estimates 

of sustained and transient activity (Supplementary Material). It is possible that our off-task 

periods of 19.5 s were not of sufficient duration to yield stable, low-level BOLD activity 

throughout the off-task period. Thus, the event-related regressors may have captured the 

majority of the task-related variance.

The default assumption of neuroimaging studies is that brain-related variables are mediators 

of the relation between age and cognitive performance, but this assumption should be tested 

empirically (Salthouse, 2011). The mediation analyses enabled us to distinguish alternative 

models of the relations among age, search performance, and regional activation. The initial 

regression analyses of scaled RT on the distractor-present trials indicated that individual 

differences in activation, for each of three ROIs (left MFG, right MFG and left FEF), 

accounted for 38–52% of the age-related variance in scaled RT (Table 6), suggesting that 

frontal activation may have a causal or mediating influence on the age-related increase in 

attentional capture by the color singleton. When, however, we estimated the beta values for 

mediating effects with a resampling procedure (Mackinnon and Fairchild, 2009; Preacher 

and Hayes, 2008), and compared different arrangements of the mediating variables, a 

different conclusion emerged. For all three frontal ROIs, these analyses support a model in 

which age is a significant mediator of the relation between activation and performance on 

distractor-present trials (Table 7). The alternative model, with activation as a mediator of the 

age-RT relation, was not significant for any of the ROIs. This pattern is illustrated in Figure 

7: Although the relation between activation and RT holds for both age groups combined, the 

relation is not significant within either age group, and the pattern relies on the age-related 

increase in both mean RT and mean activation. Thus, although activation shares age-related 

variance in RT, which is specific to the distractor-present trials, the relation between 

activation and RT is indirect and occurs because both frontal activation and RT increase 

with age. Years of age, in this context, represents not only the passage of time but also the 

combined influence of many unmeasured variables in the sensory/motor and central nervous 

systems, for which age is a proxy (Bishop et al., 2010; Heringa et al., 2014).

Limitations

The present form of top-down attentional guidance, target predictability, was associated with 

improved performance in visual feature search, but we did not detect any effects of target 

predictability in the activation data. Although increased activation was evident for target 

presence and distractor presence, and statistical power was sufficient to detect medium-sized 

effects, the analyses did not reveal significant effects in either event-related or sustained 

activation for top-down attention (constant vs. varied search). Larger sample sizes may be 

needed to detect the pattern of neural activity representing top-down attentional control in 
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this form of feature search. Similarly, age-related differences in attentional capture were 

clearly evident in the behavioral data but no age-related interactions were significant in the 

activation data, and larger sample sizes with a more continuous distribution of age would 

provide additional power to detect smaller effects.

Conclusion

In a highly efficient version of feature search (detection of a shape singleton target), both 

younger and older adults were able to use top-down attention (target predictability) to 

improve performance. A salient but task-irrelevant distractor, a color singleton, disrupted 

performance for both age groups, but particularly older adults, and top-down attention did 

not protect either age group from this form of attentional capture. The occurrence of either a 

target shape or a color singleton distractor was associated with increased activation in 

parietal ROIs (IPS and SPL), for both age groups, whereas frontal ROIs (MFG and FEF) 

exhibited higher activation for older adults than for younger adults. On trials with a color 

singleton distractor, search performance declined as a function of increasing activation in 

three frontal ROIs (left MFG, right MFG and left FEF). This pattern suggests that the age-

related increase in activation represents increased task difficulty, in the presence of a salient 

distractor, rather than a compensatory response. Mediational analyses, however, did not 

support a model in which the frontal activation was a mediator of the relation between age 

and distraction. Rather, age was a mediating variable: Both frontal activation and the time 

required to detect a target, when a salient distractor occurs, increase with adult age.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Supplementary data to this article can be found online at http:// [to be added].
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Figure 1. 
Panel A = Sequence of events on each trial. The task required a present/absent response 

regarding the presence of a target shape singleton. In the example, the target is a vertical bar. 

In the constant search condition, the target was known in advance and remained constant 

during all trials, and was never a distractor. In the varied search condition, the target was 

also a shape singleton but varied unpredictably among hexagon, trapezoid, and vertical bar 

shapes. In the experiment, the target and nontarget items were green outline shapes against a 

black background. On half of the trials (both target-present and target-absent) within each 

search condition, there was a red color singleton distractor, illustrated in the figure as the 

darker outlined shapes. The color singleton was never the target. Panel B = fMRI task 

design. Each of five runs contained two on-task periods, one constant and one varied search 

condition, each containing 32 trials.
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Figure 2. 
Regions of interest (ROIs) were selected from local maxima of event-related activation in 

previous neuroimaging studies of visual search. The left middle frontal gyrus (MFG) and 

superior parietal lobule (SPL) ROIs were selected from de Fockert (2004). The frontal eye 

field (FEF) and intraparietal sulcus (IPS) ROIs were selected from Shulman et al. (2003). 

Further information is provided in Table 2.
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Figure 3. 
Voxelwise SPM analysis of the overall pattern of task-related activation, for both age groups 

combined. The contrast compared all eight task conditions to the implicit baseline (p < 

0.0001, FWE corrected with an extent threshold of 1,000 voxels), using age group as a 

covariate of no interest.
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Figure 4. 
The Age Group x Distractor Presence interaction in visual search performance. Panel A = 

Scaled reaction time (RT). For each participant, RT was scaled by first standardizing to the 

mean of all correct responses (for that participant) and then adjusting for accuracy. 

Illustrated values are mean scaled RT values across participants (+1 SE). Panel B = 

untransformed, mean RT. For comparison, the Age Group x Distractor Presence interaction 

is also presented in mean RT (+1 SE), untransformed. For both the scaled and untransformed 

RT data, the increased slowing of responses associated with the presence of the singleton 

distractor, relative to its absence, was greater in magnitude for older adults than for younger 

adults.
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Figure 5. 
Event-related activation (beta values) for frontal regions of interest, as a function of age 

group, search condition, target presence, and distractor presence. Panel A = Left frontal eye 

field; Panel B = Right frontal eye field; Panel C = Left middle frontal gyrus; Panel D = 

Right middle frontal gyrus. Dist = Distractor; Targ = Target; Abs = Absent; Pres = Present. 

Values are means (+1 SE).
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Figure 6. 
Event-related activation (beta values) for parietal regions of interest, as a function of age 

group, search condition, target presence, and distractor presence. Panel A = Left superior 

parietal lobule (SPL); Panel B = Right SPL; Panel C = Left intraparietal sulcus (IPS); Panel 

D = Right IPS. Dist = Distractor; Targ = Target; Abs = Absent; Pres = Present. Values are 

means (+1 SE).
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Figure 7. 
Correlation between event-related activation (beta values) and visual search performance, on 

distractor-present trials. Panel A = left middle frontal gyrus (MFG); Panel B = right MFG; 

Panel C = left frontal eye field (FEF). Scaled reaction time (RT) is standardized at the 

individual participant level and adjusted for accuracy (see Methods).
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Figure 8. 
Alternative models of the relation among age, activation in either left or right middle frontal 

gyrus (MFG) or left frontal eye field (FEF) ROIs, and visual search reaction time (RT) on 

distractor-present trials. Panel A = Activation as a mediator of the relation between age and 

visual search performance. Panel B = Age as a mediator of the relation between activation 

and visual search performance. The solid arrows represent an indirect effect between 

variables through a mediator, and the dotted arrows represents a direct effect, controlling for 

the mediator variable.
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Table 1

Participant Characteristics by Age Group

Younger Older

Age (years) 21.67a (2.89) 69.241b (5.62)

Education (years) 14.95a (1.39) 16.19a (2.64)

Vocabulary 63.09a (3.69) 64.38a (3.15)

Digit Symbol Acc 97.48a (2.22) 95.77a (2.86)

Digit Symbol RT (ms) 1241.33a (243.06) 1841.38b (275.73)

Visual Acuity (log MAR) −0.11a (0.13) 0.04 b (0.15)

Note. n = 21 per age group. Values are means, with standard deviations in parentheses. Vocabulary = raw score (maximum of 70) on the Wechsler 
Adult Intelligence Scale-Revised (Wechsler, 1981); Digit Symbol Acc and Digit Symbol RT = percentage correct and reaction time (ms), 
respectively, on a computer test of digit-symbol coding (Salthouse, 1992b). Visual acuity = logarithm of the minimum angle of resolution (MAR), 
for the Freiburg Visual Acuity Test (FRACT; Bach, 1996). Log MAR of 0 corresponds to Snellen 20/20, with negative values corresponding to 
better resolution. Means in the same row that do not share subscripts differ by t-test at p < .05.
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Table 5

Correlation between Event-Related Activation and Scaled Reaction Time, as a Function of Distractor Presence 

and Region of Interest

Distractor

Absent Present

Left MFG −0.158 0.465*

Right MFG −0.125 0.481*

Left FEF −0.169 0.421*

Right FEF −0.182 0.316

Left SPL −0.159 0.393

Right SPL −0.037 0.160

Left IPS −0.183 0.336

Right IPS −0.169 0.369

Note. n = 21 younger adults and 20 older adults, following removal of one outlier (see Results). Values are Pearson r correlations. MFG = middle 
frontal gyrus; FEF = frontal eye field; SPL = superior parietal lobule; IPS = intraparietal sulcus.

*
p < .05, corrected

Neuroimage. Author manuscript; available in PMC 2015 November 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Madden et al. Page 36

T
ab

le
 6

H
ie

ra
rc

hi
ca

l R
eg

re
ss

io
n 

A
na

ly
se

s 
of

 S
ca

le
d 

R
T

 o
n 

D
is

tr
ac

to
r-

Pr
es

en
t T

ri
al

s

B
SE

 B
F

Δ
r2

r2
A

tt
en

ua
ti

on

M
od

el
 1

 
A

ge
 G

ro
up

−
0.

06
0.

01
2

25
.1

0*
**

0.
39

2
0.

39
2

M
od

el
 2

 
L

ef
t M

FG
0.

01
8

0.
01

6
1.

33
0.

21
6

0.
21

6

 
A

ge
 G

ro
up

−
0.

05
1

0.
01

4
12

.6
8*

*
0.

19
6

0.
41

2
50

.0
0

M
od

el
 3

 
R

ig
ht

 M
FG

0.
02

0
0.

01
5

1.
86

0.
23

2
0.

23
2

 
A

ge
 G

ro
up

−
0.

04
9

0.
01

4
12

.3
5*

*
0.

18
8

0.
42

0
52

.0
4

M
od

el
 4

 
L

ef
t F

E
F

0.
03

1
0.

02
3

1.
75

0.
17

7
0.

17
7

 
A

ge
 G

ro
up

−
0.

05
2

0.
01

3
15

.7
7*

**
0.

24
1

0.
41

8
38

.5
2

N
ot

e.
 n

 =
 2

1 
yo

un
ge

r 
ad

ul
ts

 a
nd

 2
0 

ol
de

r 
ad

ul
ts

, f
ol

lo
w

in
g 

re
m

ov
al

 o
f 

on
e 

ou
tli

er
 (

se
e 

R
es

ul
ts

).
 F

or
 e

ac
h 

m
od

el
, t

he
 d

ep
en

de
nt

 v
ar

ia
bl

e 
is

 s
ca

le
d 

R
T

 (
st

an
da

rd
iz

ed
 R

T
 a

dj
us

te
d 

fo
r 

ac
cu

ra
cy

) 
on

 th
e 

di
st

ra
ct

or
-p

re
se

nt
 tr

ia
ls

. B
 =

 r
eg

re
ss

io
n 

m
od

el
 p

ar
am

et
er

 e
st

im
at

e 
fo

r 
pr

ed
ic

to
r 

va
ri

ab
le

; S
E

 B
 =

 s
ta

nd
ar

d 
er

ro
r 

of
 p

ar
am

et
er

 e
st

im
at

e;
 F

 =
 F

 v
al

ue
 f

or
 p

ar
am

et
er

 e
st

im
at

e;
 Δ

r2
 =

 u
ni

qu
e 

ef
fe

ct
 o

f 
pr

ed
ic

to
r;

 r
2 

=
 c

um
ul

at
iv

e 
r2

 f
or

 c
ur

re
nt

 a
nd

 p
re

ce
di

ng
 s

te
ps

; A
tte

nu
at

io
n 

=
 p

er
ce

nt
ag

e 
at

te
nu

at
io

n 
of

 a
ge

-r
el

at
ed

 v
ar

ia
nc

e 
(r

2  
fo

r 
ag

e 
gr

ou
p 

al
on

e 
m

in
us

 r
2  

fo
r 

ag
e 

gr
ou

p 
fo

llo
w

in
g 

pr
ed

ic
to

r)
 / 

(r
2  

fo
r 

ag
e 

gr
ou

p 
al

on
e)

. 
Pr

ed
ic

to
r 

va
ri

ab
le

s 
ar

e 
be

ta
 v

al
ue

s 
fo

r 
ac

tiv
at

io
n 

w
ith

in
 r

eg
io

ns
. M

FG
 =

 m
id

dl
e 

fr
on

ta
l g

yr
us

; F
E

F 
=

 f
ro

nt
al

 e
ye

 f
ie

ld
.

* p 
<

 0
.0

5;

**
p 

<
 0

.0
1;

**
* p 

<
 .0

00
1.

Neuroimage. Author manuscript; available in PMC 2015 November 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Madden et al. Page 37

Table 7

Mediation Analyses of Scaled RT on Distractor-Present Trials

PE SE Lower CI Upper CI

Event-related Activation as mediator

Model 1: Age → Left MFG → Scaled RT −0.009 0.009 −0.031 0.005

Model 2: Age → Right MFG → Scaled RT −0.010 0.008 −0.033 0.001

Model 3: Age → Left FEF → Scaled RT −0.008 0.008 −0.032 0.002

Age as mediator

Model 4: Left MFG → Age → Scaled RT 0.031 0.011 0.014 0.054*

Model 5: Right MFG → Age → Scaled RT 0.028 0.008 0.016 0.047*

Model 6: Left FEF → Age → Scaled RT 0.041 0.015 0.015 0.073*

Note. n = 21 younger adults and 20 older adults, following removal of one outlier (see Results). For each regression model, the outcome variable 
was scaled reaction time for distractor-present trials. Potential mediator variable listed in bold font. PE = point estimate of regression coefficient for 
the mediator variable, defined as the mean of the estimated regression coefficients for the indirect (mediating) effect, across 20,000 bootstrap 
samples; SE = bootstrap derived estimate of the standard error of the indirect effect point estimate. Lower CI / Upper CI = lower / upper bounds of 
95% bias-corrected and accelerated bootstrap confidence interval for indirect effect. MFG = middle frontal gyrus; FEF = frontal eye field.

*
p < .05 for regression coefficient of mediator variable, as defined by 95% confidence interval that does not include 0.
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