
Age differences in the frontoparietal cognitive control network: 
Implications for distractibility

Karen L. Campbell1,2, Cheryl L. Grady1,2,3, Charisa Ng1, and Lynn Hasher1,2

1The Rotman Research Institute, Baycrest, 3560 Bathurst St, Toronto, ON, M6A 2E1, Canada

2Department of Psychology, University of Toronto, Toronto, Ontario, Canada M5S 3G3

3Department of Psychiatry, University of Toronto, Toronto, Ontario, Canada M5S 3G3

Abstract

Current evidence suggests that older adults have reduced suppression of, and greater implicit 

memory for, distracting stimuli, due to age-related declines in frontal-based control mechanisms. 

In this study, we used fMRI to examine age differences in the neural underpinnings of attentional 

control and their relationship to differences in distractibility and subsequent memory for 

distraction. Older and younger adults were shown a rapid stream of words or nonwords 

superimposed on objects and performed a 1-back task on either the letters or the objects, while 

ignoring the other modality. Older adults were more distracted than younger adults by the 

overlapping words during the 1-back task, and they subsequently showed more priming for these 

words on an implicit memory task. A multivariate analysis of the imaging data revealed a set of 

regions, including the rostral PFC and inferior parietal cortex, that younger adults activated to a 

greater extent than older adults during the ignore-words condition, and activity in this set of 

regions was negatively correlated with priming for the distracting words. Functional connectivity 

analyses using right and left rostral PFC seeds revealed a network of putative control regions, 

including bilateral parietal cortex, connected to the frontal seeds at rest. Older adults showed 

reduced functional connectivity within this frontoparietal network, suggesting that their greater 

distractibility may be due to decreased activity and coherence within a cognitive control network 

that normally acts to reduce interference from distraction.
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A long line of behavioral work suggests that older adults are less able to ignore distracting 

information than younger adults (e.g., Rabbit, 1965; Hasher & Zacks, 1988). Mirroring this 

effect, several neuroimaging and electrophysiological studies have shown an age-related 

increase in activity associated with the processing of irrelevant distraction (Chao & Knight, 

1997; Alain & Woods, 1999; Gazzaley, Cooney, Rissman, & D’Esposito, 2005; Fabiani, 
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Low, Wee, Sable, & Gratton, 2006; Stevens et al., 2008). While older adults’ greater 

distractibility usually interferes with their ability to attend to and subsequently remember 

target information (e.g., Lustig, Hasher, & Tonev, 2006; Hamm & Hasher, 1992), recent 

work has begun testing memory for the distracting information itself and has shown that 

older adults actually encode and remember more task-irrelevant information than younger 

adults (Rowe, Valderrama, Hasher, & Lenartowicz, 2006; Kim, Hasher, & Zacks, 2007; 

Campbell, Hasher, & Thomas, 2010; Schmitz, Cheng, & De Rosa, 2010; for a review, see 

Healey, Campbell, & Hasher, 2008). For instance, Rowe et al. (2006) asked younger and 

older adults to perform a 1-back task on pictures that were superimposed with irrelevant 

words they were told to ignore. After a 10-minute filled interval, participants were given a 

word-fragment completion task that included some fragments that could be solved with 

previously distracting words. Older adults showed more priming for the distraction and, as a 

result, solved more fragments overall than younger adults, suggesting that one advantage of 

impaired attentional control is better memory for previously irrelevant information.

Greater processing of distraction on the part of older adults is thought to be due to age 

differences in attentional control (Hasher, Zacks, & May, 1999), which normally allows for 

the selection of goal-relevant information and the suppression of goal-irrelevant information 

(Desimone & Duncan, 1995; Vogel, McCollough, Machizawa, 2005; Lustig, Hasher, & 

Zacks, 2007; Gazzaley, 2011). In younger adults, attentional control is associated with a 

widespread network of frontal and parietal regions (e.g., Kastner & Ungerleider, 2000; 

Corbetta & Shulman, 2002; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008; Spreng, 

Stevens, Chamberlain, Gilmore, & Schacter, 2010). Older adults often show greater activity 

relative to younger adults within this frontoparietal network during task performance and, 

when accompanied by minimal age differences in behavior, this over-recruitment is thought 

to be compensatory (Grady et al., 1994; Cabeza et al., 1997). However, a growing number of 

studies suggest that as attentional demands increase, older adults are less able to rally 

additional resources to meet the increasing task load, and in these cases, they show less 

activity within frontoparietal regions and tend to underperform younger adults (Reuter-

Lorenz & Cappell, 2008). These studies have tended to manipulate task demands by 

increasing the number of items to be maintained in working memory (e.g., Mattay et al., 

2006; Nagel et al., 2009, 2011; Carp, Gmeindl, & Reuter-Lorenz, 2010) or by increasing the 

need for task-set shifting or maintenance (e.g., Madden et al., 2010; Hedden, Van Dijk, 

Shire, Sperling, Johnson, & Buckner, 2011). An intriguing question is whether increasing 

task demands by making distracting information more salient, and thus more difficult to 

ignore, will also lead to age differences in frontoparietal recruitment.

Thus, in the present study, we used functional magnetic resonance imaging (fMRI) to 

examine age differences in the neural underpinnings of attentional control and their 

relationship to concomitant differences in distractibility and subsequent memory for 

distraction. To this end, we adapted a paradigm previously used to show that younger adults, 

with their superior attentional control abilities, are capable of ignoring centrally presented 

distracting words (Rees, Russell, Frith, & Driver, 1999). In our study, older and younger 

adults were shown a rapid stream of letter stimuli (words and nonwords) superimposed on 

line drawings of objects, and were asked to perform a 1-back task on either the letters or the 

objects, with the attended modality manipulated across runs (see Figure 1). Implicit memory 
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for the superimposed words (i.e., priming) was later tested using two word fragment 

completion tasks – one after each 1-back run. Older adults were expected to show more 

priming than younger adults for the distracting (unattended) words on the first fragment task 

(Rowe et al., 2006). The second fragment task was mainly included as a manipulation check, 

given after the attend-letters 1-back task, to ensure that participants showed priming for 

words that were directly attended. In line with previous work (e.g., La Voie & Light, 1994), 

we expected little or no age differences in priming for previously attended-to words.

In our analysis of the neuroimaging data, we first performed region of interest (ROI) 

analyses to examine age differences in activity associated with processing of the to-be-

ignored words. We expected younger adults to show greater activity in word-processing 

areas when performing the 1-back task on words relative to nonwords, and to show little 

difference between these conditions when performing the 1-back task on pictures (i.e., when 

ignoring the letter stimuli; as found in Rees et al., 1999). Older adults, on the other hand, 

were expected to show greater activity in word-processing areas for word blocks relative to 

nonword blocks, regardless of whether they were explicitly attending to the letter stimuli or 

not. This finding would be consistent with previous work showing an age-related increase in 

neural activity associated with the processing of irrelevant distraction (e.g., Gazzaley et al., 

2005; Fabiani et al., 2006; Stevens et al., 2008; Schmitz et al., 2010).

Further, in order to assess age differences in the recruitment of frontal and parietal 

attentional control regions, we used partial least squares (PLS), a data-driven multivariate 

analysis technique that identifies whole-brain patterns of activity associated with the 

individual task conditions. This method can be used to identify groups of regions (e.g., the 

frontoparietal control network, in this case) that are active during the task and shows the 

degree to which these areas are activated by each condition. Here, we expected younger 

adults to show greater activity within regions consistent with the frontoparietal control 

network when attempting to ignore the relatively salient letter stimuli (particularly when 

those letter stimuli formed words and thus, required a dampening down of a prepotent word-

reading response [Kahneman & Chajczyk, 1983]), relative to when attempting to ignore the 

background pictures. Older adults were expected to show poorer recruitment of 

frontoparietal control regions relative to younger adults, especially during the ignore-words 

condition which required the greatest degree of attentional control, consistent with evidence 

that older adults’ activation of cognitive control regions asymptotes much earlier with 

increasing task demands (Reuter-Lorenz & Cappell, 2008).

Finally, we also used PLS to examine age differences in functional connectivity within the 

frontoparietal network at rest. Functional connectivity, or the degree to which activity in 

different regions covaries together, can be used to identify large-scale brain networks and is 

thought to be an important marker of the structural integrity of connections between those 

areas (Greicius, Supekar, Menon, & Dougherty, 2009; Ghosh, Rho, McIntosh, Kotter, & 

Jirsa, 2008). Previous work examining age differences in functional connectivity has shown 

reduced and/or altered patterns of connectivity in older adults within the default mode 

network (e.g., Andrews-Hanna et al., 2007; Esposito et al., 2008; Grady et al., 2010), 

memory network (e.g., Grady et al., 2003; Daselaar, Fleck, Dobbins, Madden, & Cabeza, 

2006), and attentional control network (Madden et al., 2010; Nagel et al., 2011). Thus, we 
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looked at the functional connectivity of two frontal regions previously identified as nodes of 

the frontoparietal control network (one from each hemisphere), and identified by our initial 

task analysis, to determine which regions they covaried with at rest. We expected older 

adults to show reduced functional connectivity within this frontoparietal network, as well as 

reduced activity, consistent with the expected increase in misguided attention towards 

distracting words.

Methods

Participants

Participants were 12 younger (18 – 28; M = 21.67, SD = 3.14; 6 males) and 12 older adults 

(60 – 78; M = 67.83, SD = 5.80; 3 males). None of the participants had any history of 

psychiatric or neurological disorder, or of drug or alcohol abuse, which might compromise 

cognitive function. All participants were right handed, had normal or corrected to normal 

vision, and older adults scored in the normal range on the Mini Mental Status Exam (> 26) 

(Folstein, Folstein, & McHugh, 1975). Younger adults had an average of 14.00 (SD = 1.60) 

years of education and a mean score of 32.84 (SD = 3.84) on the Shipley Vocabulary Test 

(Shipley, 1946). Older adults had more years of education (M = 15.83, SD = 2.41) than 

younger adults, t (22) = 2.20, p < .05, and they performed similarly on the vocabulary test 

(M = 34.98, SD = 3.77), t (22) = 1.35, p = .19.

Experimental Design

Participants performed a series of tasks within the fMRI scanner. The precise order of tasks 

was as follows: (1) 1-back task on pictures with irrelevant words/nonwords (Run 1; see 

Figure 1), (2) 7-minute nonverbal filler task (arrow flanker task; unscanned), (3) implicit 

word-fragment completion task (to test memory for the unattended words from the first 1-

back task; unscanned), (4) 1-back task on letter stimuli with irrelevant pictures (Run 2), (5) 

7-minute resting state scan with eyes closed (Run 3), and finally, (6) a second word-

fragment completion task (to test memory for the attended words from the second 1-back 

task; unscanned).

The picture 1-back task was always given first, as we wanted to test participants’ implicit 

memory for previously “irrelevant” words and testing memory for the attended words first 

could have alerted them to a connection between successive tasks. As an additional 

precaution, we also asked participants after the first fragment task if they noticed a 

connection between the tasks thus far and if so, what they thought it was. Only one younger 

adult was aware of the connection, as will be discussed in the results section.

For the 1-back tasks, participants viewed a series of superimposed picture and letter stimuli 

(words and nonwords), with the pictures shown in red and the letters shown in black (see 

Figure 1). The approximate visual angles subtended by these stimuli were 5.5° for the 

pictures and 3° for the letters. Each stimulus pair was shown for 1000 ms, followed by a 

blank screen for 500 ms. Across two separate runs, participants were asked to attend to 

either the pictures or the letters and to press a response key whenever the same stimulus 

(from the attended modality) appeared twice in a row. They were told to ignore stimuli from 
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the unattended modality, as attention towards these stimuli would only worsen target task 

performance. One-back targets occurred every 6 trials on average and never coincided with 

targets for the word-fragment task. A block design was used, with the letter stimuli divided 

into word and nonword blocks. Thus, there were five different block types in total: fixation, 

ignore-words (attend pictures), ignore-nonwords (attend pictures), attend-words (ignore 

pictures), and attend-nonwords (ignore pictures). Each run began with 10 seconds of 

fixation, followed by 8 task blocks of 24 seconds each, interleaved with 8 fixation blocks of 

14 seconds each. Each task block contained 16 trials of the same condition and thus, there 

were 64 trials per condition. Pictures were taken from Snodgrass and Vanderwart (1980) and 

superimposed with either random consonant strings or words (including 10 words in each 

task that would later serve as targets on a word-fragment completion task). All picture and 

word lists were counterbalanced, such that the pictures and words used on the attend-

pictures 1-back (and corresponding fragment task) for one person would be used on the 

attend-letters 1-back for another person, and vice versa.

Immediately after the first 1-back task, participants performed an arrow flanker task (Eriksen 

& Eriksen, 1974) for approximately 7 minutes, which was not scanned. Participants 

responded with a button press to the direction of a centrally presented arrow that either 

appeared alone or was flanked on either side by other arrows. The flanking arrows could 

either point in the same (congruent trials) or opposite (incongruent trials) direction as the 

central arrow. This task was included to distract participants during the interval and obscure 

the connection between the 1-back and word fragment tasks, as has been done previously 

(e.g., Rowe et al., 2006; Campbell et al., 2010).

Memory for the superimposed words was tested with two word-fragment completion tasks. 

Each task included 30 word fragments: 10 were target fragments that could be solved with 

words seen on the preceding 1-back task, 10 were control fragments which participants from 

another counterbalance condition would have seen, and 10 were easily solved fragments that 

served to maintain morale and to obscure the connection between the test and input task. 

Each fragment was shown in the centre of the screen for 3000 ms and participants were told 

to respond aloud with the first solution that came to mind.

All fragments had multiple solutions in the language, but only one in the experiment. 

Separate baseline word-fragment completion rates (the proportion of solved fragments from 

the unseen list) were determined for each age group and fragment task. These did not differ 

either by age (Ms = 11% & 9% for young and older adults, respectively) or by fragment task 

(Ms = 10% & 10% for the first and second tasks, respectively), F’s < 1. For each participant 

on each task, priming scores were calculated, as is typical in the priming literature, as the 

difference between the proportion of target-word fragments correctly solved and their age 

group’s baseline for that task. Because we expected older adults to show more priming than 

younger adults on the first fragment task (i.e., that tested priming for previously distracting 

words; Rowe et al., 2006), we used a 1-tailed test for this comparison.

fMRI Data Acquisition and Analysis

Participants were scanned using a Siemens Trio 3T scanner. Anatomical scans were acquired 

with a 3D MP-RAGE sequence (TR = 2 sec, TE = 2.63 ms, FOV = 25.6 cm2, 256×256 
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matrix, 160 slices of 1 mm thickness). Functional runs were acquired with an EPI sequence, 

with 157 volumes for each 1-back run and 210 volumes for the resting state run (TR = 2 sec, 

TE = 30 ms, flip angle = 70°, FOV = 20 cm2, 64×64 matrix, 30 axial slices of 5 mm 

thickness, no gap). Measures of pulse and respiration were obtained during the scan.

Preprocessing of the image data was performed with Analysis of Functional Neuroimages 

(AFNI; Cox, 1996). This included physiological motion correction, rigid motion correction, 

spatial normalization to Montreal Neurological Institute (MNI) space, and smoothing with 

an 8 mm Gaussian filter (the final voxel size was 4 × 4 × 4 mm). We also regressed out the 

white matter time series from each voxel time series (Grady et al., 2010). This involved 

using a probablistic white matter mask to define a region consisting only of white matter in 

each subject, determining the signal in this region, and then regressing out this signal from 

each individual’s data for each run. Finally, we discarded the first 2 TRs from each block in 

order to have crisper transitions between conditions.

ROI analyses—ROI analyses were used to examine age differences in activity associated 

with processing of the to-be-ignored words. A left inferior frontal region (MNI coordinates x 
= −40, y = 4, z = 32) was taken from the study by Rees et al. (1999). This was a region that, 

in their study, showed greater activity for words than nonwords during the letter 1-back task, 

but no difference between words and nonwords during the picture 1-back task.1 A 10-voxel 

ROI was centred on the voxel with these coordinates and the mean voxel intensity response 

for each condition in each participant was extracted. The voxel values used for the ROI 

analysis (and for the PLS analysis described below) used data that were normalized to the 

first time point in each block on a voxel-wise basis, and then averaged across the block. 

These mean responses were then submitted to a repeated measures ANOVA with age 

(young, old) as a between-subject factor and attended modality (pictures, letters) and letter 

stimuli (words, nonwords) as within-subject factors.

Whole-brain task analyses—Whole-brain analyses were conducted using PLS 

(McIntosh et al., 1996; McIntosh et al., 2004), a multivariate analysis technique that 

identifies whole-brain patterns of activity related to the experimental design (task-PLS) or to 

activity in a predefined region (seed-PLS). This method is similar to principal component 

analysis, in that it identifies a set of principal components or ‘latent variables’ (LVs) that 

optimally capture the covariance between two sets of measurements. In task-PLS, each LV 

indentifies a pattern of brain regions that, as a whole, maximally relate to a certain profile of 

task conditions also identified by that LV. Each brain voxel has a weight, known as a 

salience, which indicates how strongly that voxel contributes to the LV overall. The 

significance of each LV as a whole was determined using a permutation test (McIntosh et al., 

1996), using 500 permutations. In addition, the reliability of each voxel’s contribution to a 

particular LV was tested by submitting all saliences to a bootstrap estimation of the standard 

errors (SEs; Efron, 1981), using 100 bootstraps. Peak voxels with a salience/SE ratio ≥ 3.0 

(p <.001) were considered to be reliable. Clusters containing at least 10 reliable contiguous 

1Two other word-processing regions (located in the left inferior temporal lobe, MNI coordinates x = − 52, y = − 52, z = − 24, and x = 
− 42, y = − 39, z = − 31) that showed this pattern in the Rees et al. (1999) study were outside the scanned area for some of our 
participants and thus, could not be examined within this dataset.
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voxels were extracted, with a local maximum defined as the voxel with a salience/SE ratio 

higher than any other voxel in a 2 cm cube centered on that voxel (the minimum distance 

between peaks was 10 mm). We routinely use a 10-voxel cluster-size threshold because it is 

a relatively conservative size, yet not so large that we lose activity in small brain regions 

(e.g., Garrett, Kovacevic, McIntosh, & Grady, 2011; Grady et al., 2010; Protzner & 

McIntosh, 2007). Coordinates of these locations are reported in MNI space. Finally, to 

obtain summary measures of each participant’s expression of each LV pattern, we calculated 

‘brain scores’ by multiplying each voxel’s salience by the BOLD signal in the voxel, and 

summing over all brain voxels for each participant in each condition. These brain scores 

were then mean-centered (using the grand mean across all participants) and confidence 

intervals (95%) for the mean brain scores in each condition were calculated from the 

bootstrap. Differences in activity between conditions (within a group) and between groups 

(within a given condition) were determined via the lack of overlap of these confidence 

intervals.

To examine the effects of varying forms of distraction on brain activity during the 1-back 

task, PLS was performed on the four task conditions (ignore-words, ignore-nonwords, 

attend-words, attend-nonwords) and fixation baseline for both age groups simultaneously. 

This analysis identified a pattern of brain regions (LV2, see results), similar to the 

frontoparietal control network outlined by Vincent and colleagues (2008), that younger 

adults activated more than older adults during the ignore-words condition. We also examined 

the degree to which activity in this frontoparietal network during the ignore-words condition 

related to priming for the distracting words. To do so, we correlated priming with individual 

brain scores from the ignore-words condition for LV2 from the task-PLS analysis. Brain 

scores provide a measure of the degree to which an individual expresses a given pattern of 

brain activity (specified by that LV) during a particular condition. Thus, we expected higher 

brain scores during the ignore words condition to be related to less priming for the 

distracting words.

Functional connectivity analyses—In order to examine age differences in the intrinsic 

functional connectivity of this network at rest, we subsequently submitted the data from our 

resting state run to two separate seed-PLS analyses using two frontal regions identified by 

the task-PLS analysis: one in the right (X: 24, Y: 48, Z: 24) and one in the left (X: −28, Y: 

44, Z: 16) rostral PFC. In seed-PLS, each LV represents the pattern of correlation, or 

functional connectivity, between activity in a predefined region and all other voxels in the 

brain. For this analysis, we first averaged each consecutive 5 volumes from the resting run, 

to produce 40 volumes of 10 seconds each (after dropping the first 10 seconds). This 

averaging process effectively produced a low-pass filter of 0.1 Hz and reduced temporal 

noise. Then for each time point, we extracted the mean signal from the seed voxel and 

correlated it to the signal in all other brain voxels, across participants. To provide an 

assessment of functional connectivity in seed-PLS, brain scores were correlated with the 

seed activity in each “block” and the bootstrapping technique was used to calculate 95% 

confidence intervals around these correlations. Further, for each analysis we ran two 

contrasts: one assessing those areas which showed similar correlations to the seed in both 

young and older adults, and the other assessing age differences in connectivity with the seed. 

Campbell et al. Page 7

Neuropsychologia. Author manuscript; available in PMC 2016 June 08.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



That is, contrasts were specified for each group, testing for similar connectivity (a series of 

1’s were entered for both groups) and different connectivity (a series of 1’s and −1’s were 

entered for young and old, respectively). Each contrast produced a single brain pattern (and 

corresponding LV) that showed the specified pattern of correlation, or functional 

connectivity, between activity in the seed region and all other voxels in the brain. These 

procedures for using PLS to analyze functional connectivity during resting state fMRI runs 

have been shown to produce robust patterns of connectivity (Grigg & Grady, 2010a,b) 

similar to those obtained with methods of within-subject voxelwise correlations (e.g., 

Buckner et al., 2009).

Results

Behavioral Results

1-back tasks—False alarms on the 1-back tasks were very rare and did not differ either by 

age (Ms = 0 & 0.06 for young and old, respectively) or by condition (largest F (1, 21) = 

1.77, p = .20, for the interaction between age and attended modality). Percent correct (hits) 

on the 1-back tasks was submitted to a mixed analysis of variance (ANOVA), with age 

(young, old) as a between-subject factor and attended modality (pictures, letters) and letter 

stimuli (words, nonwords) as within-subject factors. One younger adult was excluded from 

this analysis (and the corresponding task-PLS analysis) because he scored more than 3 

standard deviations below the younger group mean (this person was included in the resting 

state analysis, however, for which there was no behavioral measure2). As can be seen in 

Table 1, younger adults detected more targets than older adults overall, F (1, 21) = 8.05, p < .

01, and this effect was qualified by a significant interaction between age and letter stimuli, F 
(1, 21) = 10.99, p < .01, as well as a significant interaction between attended modality and 

letter stimuli, F (1, 21) = 9.84, p < .01. Considering the two age groups separately, younger 

adults were close to perfect across all conditions and they were no more distracted by words 

than by nonwords on the attend-pictures 1-back task, t (10) = 1.00, p = .34. Older adults, on 

the other hand, were significantly more distracted by words than by nonwords on the attend-

pictures 1-back task, t (11) = 3.41, p < .01. These results suggest that older adults are 

particularly poor at suppressing obligatory responses, such as reading, and that this greater 

distractibility can have a negative effect on concurrent task performance.

Word-fragment tasks—One younger adult was aware of the connection between the first 

1-back task and the first fragment task and thus, her priming score for this task was not 

included in the analysis. Means and standard errors for the remaining participants are shown 

in Figure 2.

On the first fragment task, only older adults showed above baseline priming for the ignored 

words, t (11) = 2.83, p < .05, and their priming scores were higher than those of younger 

adults, t (20) = 1.86, p = .039 (one-tailed), which replicates previous work showing age 

differences in memory for distraction (e.g., Rowe et al., 2006). Younger adults, on the other 

hand, did not show significant priming for the ignored words, t (9) = 0.25, p = .81, 

2Removing this individual does not change either the significance or pattern of any of the functional connectivity results.

Campbell et al. Page 8

Neuropsychologia. Author manuscript; available in PMC 2016 June 08.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



suggesting that they successfully ignored the letter stimuli while performing the 1-back task 

on pictures. In contrast, priming performance on the second task, which tested memory for 

the attended words, did not differ between older and younger adults, t (21) = 0.70, p = .49.

fMRI Results

ROI analyses—In order to assess age differences in neural activity associated with the 

processing of distracting words, we examined activation within a left inferior frontal ROI 

previously shown to be selectively activated by attended word stimuli in younger adults 

(Rees et al., 1999). Although the omnibus ANOVA assessing the effects of age, modality, 

and letter stimuli did not reveal any significant effects (largest F (1, 21) = 2.25, p = .15, for 

the interaction between age and modality), the pattern of means shown in Figure 3 is similar 

to the predicted pattern, at least for younger adults. That is, replicating the findings of Rees 

et al. (1999), younger adults showed greater activation within this left inferior frontal region 

when attending to words versus nonwords, t (10) = 2.59, p < .05, but no difference between 

these conditions when the letter stimuli were being ignored, t (10) = 0.36, p = .73. Older 

adults, on the other hand, did not show greater activity for words than nonwords in this ROI, 

regardless of whether they were attending to the letter stimuli or not, p’s > .50.

Whole-brain task analyses—The first LV from the task-PLS analysis (p < .001) 

accounted for 77.89% of the covariance in the data and differentiated the four task 

conditions from fixation in both young and older adults (see Figure 4). This LV showed the 

classic pattern of increased activity in the default mode network during baseline fixation 

(Raichle et al., 2001; Buckner, Andrews-Hanna, & Schacter, 2008) and increased activity in 

the task-positive network (Fox et al., 2005; Toro, Fox, & Paus, 2008) during the four task 

conditions, and did not differ between older and younger adults (see supplemental Table S1).

The second LV from this analysis was also significant (p < .05) and accounted for 5.97% of 

the covariance in the data. This LV showed a group difference in activation across the 

different task conditions (Figure 5b). As can be seen in Figure 5, younger adults activated a 

group of regions (shown in warm colours) during the ignore words/nonwords conditions 

(indicated by positive mean brain scores) relative to the other conditions, and they activated 

this network to the greatest extent during the ignore-words condition. Older adults, on the 

other hand, did not show reliably increased activity in this network during the ignore words/

nonwords conditions, but did show decreased activity in these regions during the attend 

words/nonwords conditions (indicated by the negative brain scores). This pattern of regions 

included the rostral PFC bilaterally and the left inferior parietal cortex (Figure 5a, Table 2). 

This constellation of areas is similar to the frontoparietal control network outlined by 

Vincent and colleagues (2008) and may reflect younger adults’ greater recruitment of 

cognitive control regions during the attention-demanding ignore-words condition.

Relationship between frontoparietal activity and priming—In order to determine 

whether increased frontoparietal activity during the ignore-words condition increased 

participants’ ability to ignore the distracting words, and to subsequently show less priming 

for them, we correlated priming with individual brain scores from the ignore-words 

condition from the second LV indentified by the above task-PLS analysis. These brain scores 
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indicate the degree to which each person expressed the specified pattern of brain activity 

(seen in Figure 5a) during the ignore-words condition. One younger adult was identified as 

an overly influential case (brain score > 2.5 SDs above the mean, Cook’s distance > 1, 

leverage value > 3 times the average leverage) and removed from the model. Across the 

remaining participants, both young and old, there was a significant correlation between 

priming and the degree to which participants activated frontoparietal regions during the 

ignore-words condition (Figure 6), showing the expected relation of less priming as activity 

increased, r = −.53, p < .05, 95% bootstrap CI = (−.78, −.21)3. Thus, greater activation of 

these areas when attempting to ignore distracting words was associated with less implicit 

memory for those words on a subsequent fragment completion test.

Functional connectivity analyses—The task-PLS analysis identified a set of regions 

that younger adults activated to a greater extent than older adults in the ignore-words 

condition, including some rostral PFC and parietal areas that have previously been shown to 

be functionally correlated at rest (Vincent et al., 2008). In order to assess whether these task-

related regions are indeed part of the previously defined frontoparietal control network, and 

to assess age differences in the intrinsic coherence of this network, we submitted our resting-

state data to two whole-brain functional connectivity analyses using left and right rostral 

PFC regions identified by our task analysis as seeds. Furthermore, we used two contrasts for 

each analysis: one assessing those areas which showed similar correlations to the seed in 

both older and younger adults, and the other assessing age differences in connectivity with 

the seed.

The first analysis using the left PFC seed revealed a significant pattern of regions that were 

similarly connected to the seed in both groups (p < .001), including other putative control 

regions, such as the inferior frontal gyri and widespread regions of posterior cortex, 

extending into the inferior parietal lobes (Figure 7, regions shown in orange and green). In 

addition, the left PFC seed correlated with several other areas not previously identified as 

part of the frontoparietal control network, including the cerebellum, temporal pole, fusiform 

gyrus, and occipital lobes (supplemental Table S2).

The contrast assessing age differences in connectivity to the left rostral PFC seed was also 

significant (p < .001). This analysis revealed several regions that were correlated to the left 

rostral PFC seed more strongly in younger adults than in older adults, including superior and 

middle frontal areas, the left insula, and the occipital lobes bilaterally (Figure 8a; Table 3). 

Older adults showed slightly stronger connectivity between the seed and the middle frontal 

gyrus and caudate (see Table 3). Thus, younger adults not only recruit these control regions 

to a greater extent than older adults during an attention-demanding task, but they also show 

greater functional connectivity within some parts of this network while at rest.

The second analysis using the right PFC seed also revealed a significant pattern of regions 

that were similarly connected to the seed in both groups (p < .001). This pattern included 

several regions that overlapped with those connected to the left PFC seed, including the left 

3We note that there is a fair degree of overlap between the groups in Figure 6, suggesting that this correlation was not simply reflective 
of the group differences reported earlier. However, when looking at the correlation separately within each group, there is only a trend 
in the younger group (r = −.51, p = .17) and no effect in the older group (r = −.27, p = .39).
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rostral PFC itself, as well as other frontal and parietal regions (Figure 7, overlap regions 

shown in green; supplemental Table S3). The right rostral PFC seed also correlated with 

several areas not connected to the right PFC seed, including more posterior portions of the 

inferior parietal lobes, and more extensive regions of the posterior cingulate and medial 

frontal cortex (Figure 7, regions shown in blue).

The contrast assessing age differences in resting connectivity to the right PFC seed was also 

significant (p < .05). This analysis revealed several regions that correlated more strongly 

with the right rostral PFC seed in younger adults than in older adults, including inferior 

frontal/anterior insula areas, middle cingulate cortex, and within the right rostral PFC itself 

(Figure 8b; Table 4). There were no areas where older adults had stronger connectivity 

relative to younger adults. Thus, once again, younger adults showed stronger functional 

connectivity between the rostral PFC and other parts of the frontoparietal network.

Discussion

In this study, we used a multivariate approach to investigate the neural underpinnings of 

older adults’ greater implicit memory for previously viewed distraction. Older adults were 

more distracted than younger adults by overlapping word stimuli during a picture 1-back 

task, as indicated by their lower hit rate in the ignore-words condition, as well as by their 

greater implicit memory for the distracting words on a subsequent word fragment 

completion task. Task-PLS revealed a set of regions, including the rostral PFC and inferior 

parietal cortex, that younger adults activated to the greatest extent during the ignore-words 

condition, and which older adults did not activate at all relative to fixation. Further, the 

degree to which participants activated this set of regions when attempting to ignore the 

distracting words predicted the amount of priming they subsequently showed for those 

words, suggesting that engagement of this frontoparietal network allows for the down-

regulation of distraction. Subsequent functional connectivity analyses using right and left 

rostral PFC seeds revealed a set of regions that were functionally connected to the rostral 

PFC in both groups at rest. These included other putative control regions, such as the inferior 

frontal and inferior parietal cortex. Direct comparisons between older and younger adults 

revealed several regions that correlated more strongly with the rostral PFC seeds in younger 

adults, suggesting that functional connectivity among some nodes within the frontoparietal 

control network is reduced with age.

Recent behavioral work (Rowe et al., 2006; Kim et al., 2007; Campbell et al., 2010) has 

suggested that older adults’ lessened inhibitory control leads to excessive encoding of 

distraction, which can subsequently interfere with or facilitate their future performance, at 

least at an implicit level. The present results are in accordance with this work, in that only 

older adults showed above baseline priming for the unattended words. Younger adults 

seemed able to ignore the distracting words, as their performance on the picture 1-back task 

was unaffected by whether words or nonwords served as distraction, and they ultimately 

showed no priming for the unattended words. The ignore-words condition was arguably the 

most challenging condition on the 1-back task, as it required participants to overcome a 

relatively automatic word-reading response (Kahneman & Chajczyk, 1983) in favour of 

attending to the pictures. It was in this condition that younger adults showed greater 
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activation than older adults in regions previously associated with cognitive control (Nelson 

et al., 2003; Badre, 2008; Koechlin, Basso, Pietrini, Panzer, & Grafman, 1999; Christoff & 

Gabrieli, 2000; Burgess, Dumontheil, & Gilbert, 2007; Cabeza, Ciaramelli, Olson, 

Moscovitch, 2008), including bilateral activation in the rostral PFC and inferior parietal 

cortex. Furthermore, greater activity in these regions during the ignore-words condition was 

associated with less priming for those words later on, suggesting that greater recruitment of 

cognitive control regions helped to prevent distracting words from being encoded.

In addition to expecting to see age differences in the recruitment of cognitive control 

regions, we also expected age differences in activity associated with processing of the to-be-

ignored words, as is predicted by other work showing an age-related deficit in the down 

regulation of activity in regions that are involved selectively in processing these distractors 

(e.g., Gazzaley et al., 2005; Fabiani et al., 2006; Stevens et al., 2008; Schmitz et al., 2010). 

In line with previous work (Rees et al., 1999), younger adults showed greater activation 

within a left inferior frontal region (Brodmann area 44 or Broca’s area), typically associated 

with phonological processing or rehearsal (e.g., Fiez & Petersen, 1998; Smith, Jonides, 

Marshuetz, & Koeppe, 1998), when attending to words versus nonwords, but no difference 

between these conditions when attending to pictures. Thus, when asked to ignore the letter 

stimuli, younger adults’ brain activity did not distinguish between words and nonwords, 

suggesting that they were able to prevent or quickly down-regulate a prepotent word-reading 

response. In contrast, older adults showed little modulation within the left inferior frontal 

ROI across conditions, raising the possibility that this region did not distinguish between 

word and nonword stimuli in older adults. Thus, we did not find evidence of an age-related 

increase in distractor-related activity, an outcome that may be due to the materials used here. 

Word reading and picture naming tend to activate similar language processing regions (for a 

review, see Martin, 2003) and thus, these stimuli may not have been optimally suited for 

distinguishing between target- and distractor-related activity. In line with this view, younger 

adults showed similar activation in this region when attending to pictures as they did when 

attending to words (a similar effect to that shown by Rees et al., 1999, see their Figure 3). 

Nonetheless, older adults showed more priming for the distracting words than younger 

adults, suggesting that, at least at behavioral level, older adults were processing irrelevant 

distraction to a greater extent than younger adults.

Younger adults activated frontal and parietal control regions to a greater extent than older 

adults during the ignore-words condition, and activation within these regions related to 

priming for the distracting words. In order to determine if this group of regions is indeed 

similar to the frontoparietal control network detailed by Vincent and colleagues (2008), and 

to assess age differences in the coherence of this network at rest, we also assessed the 

functional connectivity of two peak rostral PFC seeds taken from the initial task analysis. 

Two of these analyses revealed a network of areas that were similarly correlated to the 

rostral PFC in both groups during rest. Although there are some differences between the 

frontoparietal network outlined here and that of Vincent et al. (2008; see our Figures 7a, 

their Figure 7), there is also a large degree of overlap, suggesting that the frontoparietal 

network is both robust to changes in precise methodology, as well as relatively stable across 

the lifespan. Recent work also suggests that this network is flexibly coactivated with either 

the default or dorsal attention network depending on the type of goal-directed cognition 
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necessitated by a task (Spreng et al., 2010), and that individual differences in resting-state 

frontoparietal connectivity correlate with measures of executive control (Seeley et al., 2007). 

Taken together with the current results, these findings suggest that the frontoparietal network 

plays an important role in cognitive control, particularly when, as here, the down-regulation 

of distraction is required.

Although older and younger adults showed a similar pattern of functional connectivity with 

the two rostral PFC seeds, a direct contrast between the groups revealed a set of areas that 

were more strongly correlated to the seed in younger adults. Across the two analyses, age 

differences in functional connectivity were most consistently seen within the frontal lobes 

bilaterally (Figure 8). Thus, in addition to being less able to recruit the frontoparietal control 

network when it is most needed to overcome distraction, older adults also appear to show 

weaker functional connectivity within this network at rest. Similar age-related reductions in 

functional connectivity have also been found in the default mode network during rest 

(Andrews-Hanna et al., 2007; Esposito et al., 2008; Grady et al., 2010). Thus, functional 

connectivity appears to decline with age within different neural systems, suggesting the 

possibility that the effect may be driven by a generalized age-related change across the brain, 

rather than degradation in any one particular region. Reduced functional connectivity may be 

a byproduct of decreased neural specificity (Park et al., 2004) and/or white matter integrity 

with age (Andrews-Hanna et al., 2007; Chen, Chou, Song, & Madden, 2009). These age-

related changes may lead to less efficient communication between brain regions and 

ultimately, to older adults’ lessened ability to flexibly recruit or down-regulate large-scale 

neural networks in service of a particular goal, such as inhibiting irrelevant distraction.

This study was not without limitations. First, the order of the 1-back tasks was fixed rather 

than counterbalanced. This was done to minimize the chance that participants would notice a 

connection between the distracting words on the attend-pictures 1-back task and the 

following word-fragment task. However, we therefore cannot rule out the influence of order 

effects in our fMRI results. Second, our sample size was relatively small, but this is unlikely 

to be a problem for the multivariate analyses used here, which are known to be more robust 

than univariate analyses (e.g., Fletcher et al., 1996; Lukic, Wernick, & Strother, 2002; 

Nichols & Holmes, 2002). Nevertheless, the ROI analysis may have been underpowered, as 

well as the within-group correlations between priming and brain scores (reported in footnote 

#3 above). Finally, although we cannot rule out the possibility that age differences in 

functional connectivity during the resting state run is not due to carry-over effects from the 

preceding attend-letters 1-back task (e.g., reflecting differential rehearsal of the words), we 

think this unlikely. The resting state run was relatively long (7 minutes) and participants 

were unaware that their memory for the words would be tested and thus, it seems unlikely 

that they would have spent a significant portion of that time rehearsing the words. Moreover, 

the regions that differentiated young and old adults in our study were not those that have 

elsewhere been associated with verbal rehearsal (e.g., left inferior PFC and superior parietal 

lobes; Davachi, Maril, Wagner, 2001; Shivde & Thompson-Schill, 2004).

In summary, we found age differences in both the recruitment and functional connectivity of 

a frontoparietal network previously implicated in cognitive control (Vincent et al., 2008; 

Spreng et al., 2010). Relative to younger adults, older adults showed less activation of this 
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network when it was most needed and poorer functional connectivity within this network 

during rest. Despite these age-related reductions in neural functioning, older adults actually 

demonstrated greater implicit memory for the distraction on a later task, suggesting that one 

benefit of older adults’ lessened cognitive control is greater knowledge of previously 

extraneous information. Although this excessive encoding on the part of older adults may 

often lead to interference on traditional tests of explicit memory, and hence, contribute to the 

memory declines normally associated with aging, it may also put older adults at an 

advantage whenever past information is relevant to the present, and the current situation 

permits tacit use of that information (e.g., Campbell et al., 2010; Thomas & Hasher, 2011).
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Figure 1. 
Example of 1-back procedure. Participants attended to either the pictures (Run 1) or the 

letter stimuli (Run 2) and made a speeded response to immediate repetitions in the attended 

modality. Letter stimuli were divided into word and nonword blocks, interleaved with blocks 

of fixation. ISI = interstimulus interval.
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Figure 2. 
Mean percent priming as a function of age and attention. Error bars represent standard errors 

of the means.
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Figure 3. 
Mean activation in the left inferior frontal ROI by younger and older adults across 

conditions. Error bars represent standard errors of the mean voxel intensity responses in each 

condition.
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Figure 4. 
LV1 from the task-PLS analysis contrasting modulations of activity across all conditions in 

younger and older adults, shown on axial slices from the MNI152 average brain. The pattern 

identified by LV1 in (a) shows areas with greater activity during all 4 tasks (shown in red 

and associated with positive brain scores) contrasting with those showing more activity 

during fixation (blue areas and associated with negative brain scores in both age groups. The 

graph in (b) shows the mean-centered mean brain scores for both groups on this LV (error 

bars represent the 95% confidence intervals). A bootstrap ratio threshold of 5.0 was used to 

form the brain image in (a).
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Figure 5. 
LV2 from the task-PLS analysis contrasting modulations of activity across all conditions in 

younger and older adults, shown on axial slices from the MNI152 average brain. The pattern 

identified by LV2 in (a) shows areas where younger adults had more activity during the 

ignore words/nonwords conditions relative to older adults. The graph in (b) shows the mean-

centered mean brain scores for both groups on this LV (error bars represent the 95% 

confidence intervals). A bootstrap ratio threshold of 3.0 was used to form the brain image in 

(a).
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Figure 6. 
Negative correlation between the degree to which each participant activated the 

frontoparietal control network during the ignore-words condition (brain score) and the 

amount of priming shown for the distracting words (r = −.53, p < .05).

Campbell et al. Page 24

Neuropsychologia. Author manuscript; available in PMC 2016 June 08.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Figure 7. 
Brain regions correlated with the right and left rostral PFC seeds in older and younger 

adults. Orange represents the left PFC connectivity pattern; blue represents the right PFC 

connectivity pattern; and green represents the overlap. The graph in (b) shows the average 

correlation between each seed and the pattern of regions shown in (a) across the resting state 

scan. A bootstrap ratio threshold of 6.0 was used to form the brain image in (a). The error 

bars in (b) represent standard errors of the mean correlations.
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Figure 8. 
Brain regions showing an age difference in connectivity. Brain regions in (a) correlated with 

the left rostral PFC seed more strongly in younger adults than in older adults. Brain regions 

in (b) correlated with the right rostral PFC seed more strongly in younger adults than in 

older adults. The graph in (c) shows the average correlation between each seed and the 

pattern of regions shown in (a) and (b) across the resting state scan. A bootstrap ratio 

threshold of 3.0 was used to form the brain image. The error bars in (c) represent standard 

errors of the mean correlations.
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Table 1

Mean (SD) proportion of hits on the 1-back tasks by condition

Attend Pictures Attend Letters

Words Nonwords Words Nonwords

Younger adults 0.99 (.04) 1.00 (.00) 1.00 (.00) 0.97 (.06)

Older adults 0.83 (.14) 0.98 (.04) 0.87 (.21) 0.89 (.17)
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