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Abstract
Aging has readily observable effects on the ability to resolve conflict between competing stimulus
attributes that are likely related to selective structural and functional brain changes. To identify
age-related differences in neural circuits subserving conflict processing, we combined structural
and functional MRI and a Stroop Match-to-Sample task involving perceptual cueing and repetition
to modulate resources in healthy young and older adults. In our Stroop Match-to-Sample task,
older adults handled conflict by activating a frontoparietal attention system more than young
adults and engaged a visuomotor network more than young adults when processing repetitive
conflict and when processing conflict following valid perceptual cueing. By contrast, young adults
activated frontal regions more than older adults when processing conflict with perceptual cueing.
These differential activation patterns were not correlated with regional gray matter volume despite
smaller volumes in older than young adults. Given comparable performance in speed and accuracy
of responding between both groups, these data suggest that successful aging is associated with
functional reorganization of neural systems to accommodate functionally increasing task demands
on perceptual and attentional operations.
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1. Introduction
A hallmark of aging is decline in selective brain functions that itself promotes neural
reorganization for functional compensation (Cabeza et al., 2002; Reuter-Lorenz and Cappell,
2008; Ward, 2006). With aging, changes in perceptual and attentional functions require
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commensurate changes in strategies for effective selection of relevant and inhibition of
irrelevant information (Schneider and Pichora-Fuller, 2000). Selection is particularly
challenging for tasks with conflicting information, i.e., when an “automatic” response to
overlearned task-irrelevant information needs to be inhibited for appropriate response
selection. In this case, shrinking resources in older adults can make selection of task-relevant
from irrelevant information especially challenging (Cohn et al., 1984; Gazzaley et al., 2005;
Gazzaley et al., 2008; Kramer et al., 1994; Madden et al., 2004; Rabbitt, 1965; Raz, 2000).
Processing of irrelevant and conflicting information may change in the course of aging and
may depend on accommodation processes subserving and defining resource availability
(Rajah and D'Esposito, 2005). In other words, age-related deficits in cognitive control that
seem to be accelerated with increasing perceptual load may actually reflect the application
of limited resources when processing distracting information (Madden and Langley, 2003).

Accordingly, it has been suggested that tasks involving high perceptual load that engage full
attentional capacity in the processing of task-relevant stimuli leave no resources for the
processing of any task-irrelevant stimuli, whereas tasks involving low perceptual load leave
resources available for processing of irrelevant stimuli (Lavie, 1995). This trade-off can
result in a paradox observed by Maylor and Lavie (1998): Older adults demonstrated greater
interference under low (e.g., small number of nontargets) than high perceptual load
conditions (e.g., a high number of nontargets). One interpretation was that under low load
conditions, older adults had adequate resources to process multiple tasks, whereas a high
perceptual load restricted resources for processing interfering information.

Moreover, repetitive conditions likely require less cognitive control and, in turn, may free up
resources in the elderly for conflict resolution. For example, in young adults, stimulus-
response repetitions reduced conflict measured behaviorally (Gratton et al., 1992; Mayr et
al., 2003) and reduced activity in frontoparietal cortices measured with functional imaging
(Egner and Hirsch, 2005; Kerns et al., 2004; Larson et al., 2009). This pattern of facilitation
from repetition is preserved in older adults (Müller-Oehring et al., 2007; Soldan et al.,
2008). The benefit from stimulus-response repetition appears independent of conscious
awareness and may rely on a non-declarative implicit type of memory subserved by cortico-
striatal brain circuits (Mishkin et al., 1984). However, the exact neural mechanisms,
responsible for this progressive accommodation have not been investigated.

Functional neuroimaging studies have shown that conflict resolution entails the activation of
both an anterior executive control system, involving anterior cingulate and prefrontal
cortical circuitry associated with conflict detection and resolution (Harrison et al., 2005;
MacDonald et al., 2000; Mayr et al., 2003), and a posterior attention system, involving the
right parietal cortex associated with top-down attentional control on perceptual selection and
stimulus attribute identification (Casey et al., 2000; Hazeltine et al., 2003; Milham et al.,
2002). Thus, to examine whether processing advance perceptual information to resolve an
impending conflict is unique to the anterior control system or extends to posterior attention
and sensory systems, we devised a Stroop Match-to-Sample task that required matching the
color of a cue stimulus to the color of a Stroop target stimulus (Schulte et al., 2009). The
Stroop effect measures conflict between irrelevant words and relevant colors and is defined
by a prolonged response by subjects asked to name the color type of a word printed in a
color incongruent with the word's meaning (e.g., the word BLUE printed in red type)
relative to when the word's meaning and color type are congruent (e.g., BLUE printed in
blue type) (McLeod, 1991; Stroop, 1935).

Aging is associated with increases in activation during conflict processing in frontal (left
inferior frontal gyrus, presupplementary motor areas) and parietal (intraparietal sulcus) brain
areas (Braver and Barch, 2002; Langley et al., 2005; Milham et al., 2002), suggesting that
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additional engagement of both anterior and posterior attention systems may have
compensated for age-related general decline (Grady 2008; Zysset at al., 2007). Such
compensatory brain activity has been described as recruitment of an alternative network by
older adults not normally used by young adults to enable comparable Stroop performance
(e.g., Cabeza 2001; Stern et al., 2005). For example, in older adults not only has increased
frontal activity been observed in conjunction with reduced occipitotemporal activity during a
face and location perception task (Grady et al., 1994), but also increased posterior activation
has been found in conjunction with reduced orbitofrontal activity during a delayed match-to-
sample task (Lamar et al., 2004; Resnick et al., 2007).

By contrast, relatively little is known about the neural substrates of age differences in
perceptual cueing that directs attention to task-relevant features in situations of cognitive
conflict. In a visual search task, Humphrey and Kramer (1997) demonstrated that older and
younger adults benefited to the same extent from the addition of a relevant feature when
searching for targets defined by conjunctions of three features. Thus, valid cues can provide
helpful information for processing of the upcoming conflict, and may activate the prefrontal
and parietal cortices to employ preparatory strategy to maximize performance for conflict
resolution (Schulte et al., 2005).

To assess attentional control processes and to be in the position to change test parameters
affecting these processes, we employed a Stroop Match-to-Sample task in which a cue was
presented that was either a valid or invalid predictor of the upcoming Stroop stimulus color
and either guided or misguided attention (Schulte et al., 2005, 2006, 2008, 2009). Using this
paradigm in healthy young adults, a functional MRI study revealed a dissociation of anterior
and posterior attention systems for attentional control modulated by perceptual cueing
(Schulte et al., 2009).

In the present study, we asked whether age-related differences in neural activation patterns
during conflict processing depend on 1) repetition, i.e., when successive trials require the
same responses, or 2) perceptual cueing, i.e., when the cue color matched or did not match
the color of the Stroop target stimulus. We tested the following hypotheses: (1) Repetition of
task demands would reduce behavioral Stroop conflict in both older and young adults and
this would be associated with less activation in prefrontal and parietal cortices in both
groups. By contrast, during non-repetitive Stroop conditions older adults would show greater
engagement of a frontoparietal attention system than young adults. (2) When cue color
matched Stroop stimulus color (Stroop-match), we predict similar Stroop accuracy
performance in young and older adults. By contrast, when the cue color is invalid and does
not match the Stroop stimulus color (Stroop-nonmatch), high perceptual processing demands
would limit already reduced resources for processing the Stroop word's meaning in older
adults and paradoxically reduce behavioral Stroop interference (cf., Schulte et al., 2009).
Stroop-nonmatch processing will be associated with less activation in anterior `conflict
processing' areas in both groups. (3) Finally, relationships between brain activity and gray
matter volume in younger and older adults are explored to examine whether typical age-
related decline in the volume of gray matter (e.g., Good et al., 2001; Kennedy and Raz,
2009; Pfefferbaum et al., 1994) is the principal contributor to age-related differences in
activation patterns.

2. Methods
2.1 Subjects

The participants were 20 young and 19 older healthy adults. Of these, 6 subjects were
excluded; 1 older woman pressed only one response button, 1 older man had more than a
31% error rate, and 4 subjects (3 older, 1 young) were excluded for head movements > 2mm
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during Stroop Match-to-Sample task performance in the MRI scanner. Thus, we analyzed
functional brain and behavioral data of 19 young (mean age = 23.6 ± 3 years, range = 19–
30) and 14 older (mean age = 71 ± 8.7 years, range = 58–85) healthy and normal-sighted
adults. Groups did not differ in sex distribution (young: 10 women, 9 men; elderly: 6
women, 8 men; χ2 = 0.31, p = 0.58). All subjects were neurologically healthy, right handed
(Crovitz, 1962; young: 19.2 ± 3.5; older adults: 17.8 ± 2.6; p = 0.26), had English as their
first language and had no history of illicit substance or alcohol abuse or dependence
according to DSM-IV criteria. Both groups were highly educated (young: 15.8 ± 1.1 years;
older adults: 17.3 ± 2.7 years; p = 0.08). The young adults not having completed their
education can explain the trend toward significant group difference in education level, as
most of the young adults plan to go to graduate schools.

From the 14 older adults, a medical history indicated that one woman was taking a beta-
blocker (Atenolol) and two men and two women were taking cholesterol-regulating
medications (Lovastatin, HCT, Simvastatin) prophylactically. All medications were taken at
a stable dosage for at least the past year prior to the MRI scans. One older adult had received
localized chemotherapy for bladder cancer treatment two years prior to the study. Older
adults were recruited from two ongoing studies of normal aging and scored well on the
dementia screening tests used in each study: Dementia Rating Scale (Mattis, 1988), n = 9,
mean = 141.8, range = 139–144 out of 144, Mini-Mental State Examination (Folstein et al.,
1975), n = 4, mean = 28.2, range = 27–29 out of 30. Reduced visual function in older
individuals may influence the performance on the Stroop Color-Word Test and scores are
likely to be underestimated in individuals with low visual acuity (van Boxtel et al., 2001).
To address this, we assessed visual acuity and contrast sensitivity in our young and older
study participants using the Freiburg Visual Acuity and Contrast Test (FrACT), a computer
program that uses psychometric methods based on the signal detection theory to estimate the
acuity threshold (Bach 1996). Landolt-Cs were presented on a monitor in one of eight
orientations. The subject pressed one of eight buttons, which are spatially arranged on a
response box according to the eight possible positions of the Landolt-C's gap. As expected,
older adults had poorer visual acuity (F(1,30) = 20.95; p < 0.0001) and contrast sensitivity
(F(1,30) = 7.66; p < 0.01) than young adults. Subjects gave written informed consent to
participate in brain imaging studies that were approved by the Institutional Review Boards at
Stanford University School of Medicine and SRI International.

2.2 Data acquisition and analyses
Stroop Match-to-Sample Task—Stimuli were created and presented with PsyScope
software. Subjects matched the color of a cue stimulus displayed for 450 ms in the center of
the screen to the color of a Stroop target stimulus that appeared for 1100 ms after an
interstimulus interval of 300 ms. Cue and target colors were either red, green or blue. Total
trial duration was 3.3 sec. The color cue either matched or did not match the color of the
Stroop target, which was either congruent (word blue written in blue ink) or incongruent
(word blue written in red type). The Stroop effect is defined as the difference in reaction
time (RT) to incongruent and congruent stimuli. In incongruent-nonmatch conditions the
cue's color always matched the word's content (e.g., red cue, word RED written in green
type). To accommodate the poorer visual ability in older adults, we used large size letters for
all subjects regardless of age with high visual contrast for display of cue and Stroop stimuli
in the MRI scanner.

All subjects performed a practice trial before entering the scanner. Prior to task performance
in the scanner, instructions were reviewed via the scanner intercom system. Subjects used
index and middle fingers of their dominant hand to press a YES-key for cue-target color
matches and a NO-key for nonmatches, yielding accuracy and RT measures (Figure 1). To
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mix YES- and NO responses four blocks were presented, two containing incongruent match
and non-match trials (incongruent, INC) and the other two containing congruent match and
nonmatch trials (congruent, CON) in addition to four same-response blocks (congruent-
match, congruent-nonmatch, incongruent-match, incongruent-nonmatch) (Figure 1). Trials
presented in same- and mixed-response blocks were the same, only the order of trials
differed. Total number of trials was 96 per run. Two runs were presented with 18 blocks
each (1 block = 9 TRs or 6 trials; TR = 2.2 sec) including two rest condition blocks at the
end of each run (12 trials per run). In the rest condition, subjects passively viewed the word
`REST' in different colors (red, green, blue) presented for the same trial duration than Stroop
match-to-sample trials. The start of the scan was triggered automatically by PsyScope
software. Test instructions were reviewed with the subject by the examiner in a practice
session of 32 trials before entering the scanner and again through the scanner's intercom
system before the onset of each run. Subjects had a short break of ~ 6 minutes, between run
1 and run 2, but remained in the scanner.

For behavioral data analysis, repeated measures analysis of variance (ANOVA) was used to
test for group effects (young, old) as between subjects' factor and to test for Stroop effects
(incongruent, congruent), perceptual cueing (color nonmatch, color match) and repetition
effects (mixed response block, same response block) as within subject's factors. The
interaction term from a 4-way ANOVA tested whether perceptual cueing effects on Stroop
processing differently affected repetitive and non-repetitive trials and whether these effects
were modulated by age. Derivative 2-way interactions identified the significantly influential
variables and the extent of their effect. Significant interactions were followed up with t-tests.
Significant levels were set at p = 0.05, two-tailed (SPSS 16.0).

fMRI Acquisition—Imaging was performed with a 3.0-T whole body MRI scanner
(General Electric Medical Systems, Signa, Waukesha, WI, USA) using the Array Spatial
Sensitivity Encoding Technique (ASSET) 3T head coil. Structural MRI protocols consisted
of a spin-echo localizer scan and a T2-weighted fast spin-echo anatomical scan (axial
acquisition; TE = 17 ms; TR = 5000 ms; FOV = 24 cm; 256 × 192 matrix; NEX = 1.0; 5 mm
slice thickness; 0 mm skip; 36 slices) used for spatially registering the fMRI data. In
addition, a standard 3D T1-weighted inversion recovery fast-spoiled gradient-recalled
(SPGR) sequence (axial acquisition; TE = minimum; Prep time = 300 ms; flip angle = 15,
bandwidth = 31.25 kHz; FOV = 24 cm; 256 × 256 matrix, NEX = 2.0; slice thickness = 1.25
mm; voxel dimension = 0.9375 × 0.3975 × 1.25 mm; 124 slices) was acquired in 15 younger
and 12 older healthy study participants. Whole-brain fMRI data were acquired with a T2*-
weighted gradient echo planar pulse sequence (axial, mode = 2D; scan timing: TE = 30 ms;
TR = 2200 ms; flip angle = 90°; matrix = 64 × 64; voxel dimension = 3.75 × 3.75 × 5 mm;
36 slices). Image preprocessing and statistical analyses were performed using the SPM2
software package (Wellcome Department of Cognitive Neurology, University College
London, UK).

fMRI Analysis—The functional images were subjected to motion correction, and the T2-
weighted FSE structural images were coregistered to the motion-corrected functional mean
images for each subject. All data were inspected for movement artifacts and did not exceed
2 mm (group mean±SD for the elderly was 1.18 mm±0.34 mm, and for the young 0.76 mm
±0.27 mm, t(31) = 3.91, p < 0.0001). The images were then normalized to MNI (Montreal
Neurological Institute, Quebec, Canada) space, and the volumes were smoothed with a
Gaussian kernel of 8 mm (FWHM). Individual statistics were then computed using a general
linear model approach (Friston et al., 1995) as implemented in SPM2. Statistical
preprocessing consisted of high pass filtering at 39.6s, low pass filtering through
convolution with the SPM2 canonical hemodynamic response function and global scaling.
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Global intensity values for EPI sequences after normalization and global scaling did not
significantly differ between groups (t(31) = 0.68; p = 0.49).

A random effect analysis was conducted for group averaging and population interference,
where one image per contrast was computed for each subject, and these images were
subjected to t-tests, which produced a statistical image for the following contrasts for each
subject: Stroop (INC > CON) for mixed response blocks, for same response blocks, for cue-
target match and cue-target nonmatch conditions; incongruency (INC) for nonmatch versus
match (NM > M), and congruency (CON) for nonmatch versus match (NM > M) conditions.
For second level (group) analyses, these contrasts for each individual were entered in one-
and two-sample t-tests. Analyses were carried out with an uncorrected P value threshold of
0.001, and k = 10 voxels as extent threshold.

We additionally tested whether our findings were robust when using a threshold that corrects
for multiple comparisons. Accordingly, we used a statistical threshold with a joint-expected
probability of p = .01 for height and p = .05 for extent corrected for the whole brain (Poline
et al. 1997). We further tested whether our findings were robust when using head movement
as a covariate and found no evidence that head motion significantly influenced BOLD signal
intensity differences between young and older adults for each contrast of interest (Tables 2–
4). For display purposes, group activations were superimposed onto a single subject T2-
weighted SPM2-template image. Brain areas were determined by using the MNI coordinate
function in MRICro, Version 1.40, from Chris Rorden (http://www.mricro.com). For
validation, SPM-MNI coordinates in tables were transformed into the coordinate system of
the Talairach and Tournoux (1988) stereotaxic atlas using the transformation from Matthew
Brett (http://www.mrc.cbu.cam.ac.uk/Imaging/mnispace.html). Activations in the
cerebellum were characterized using the atlas of Schmahmann et al. (2000).

For graphical illustration and display purposes (Figures 2–4), we used the MarsBaR regions-
of-interest (ROI) analysis toolbox (marsbar.source-forge.net/) (Brett et al., 2002) to extract
BOLD signals from significant clusters in the SPM functional MRI results. For each cluster,
mean signal intensity values were extracted for each subject. Group means and standard
errors of extracted BOLD signal intensities were calculated for each cluster for graphical
illustration. For example, for the Stroop contrast `incongruent minus congruent,' positive
group mean signal intensity values stand for more BOLD signal in incongruent than
congruent conditions and negative values for less BOLD signal in incongruent than
congruent conditions. The graphs illustrate the signal intensity values for each group
underlying the General Linear Model (GLM) statistics in the SPM result tables.

MRI Analysis—For gray matter segmentation and volume extraction, we used high-
resolution SPGR scans that were acquired in 13 of 14 older and 17 of 19 young adults. Some
scans were discarded because of acquisition errors and poor image quality (2 young, 1
older). Structural SPGR sequence data were processed using SPM8 software (Wellcome
Department of Cognitive Neurology, London) running on MATLAB version 7.7 (The
MathWorks, Natick, MA). MRI data were analyzed using the optimized approach of voxel-
based morphometry (VBM) (Good et al., 2001). VBM analysis includes the following steps:
First, study-specific templates of gray and white matter were created for automated
segmentation and spatial normalization of the initial images. These templates were created
from the images of younger and older healthy subjects to ensure the data from both groups
were treated equally during spatial normalization. All images were registered to the `T1'
template of MNI (Montreal Neurological Institute) using an affine transformation
(Ashburner and Friston, 2000) and then segmented into gray matter, white matter, and
cerebrospinal fluid (CSF). Only the gray matter images were retained for subsequent

Schulte et al. Page 6

Neurobiol Aging. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.mricro.com
http://www.mrc.cbu.cam.ac.uk/Imaging/mnispace.html


processing. Gray matter images were then averaged and smoothed using an isotropic 8 mm-
FWHM (full width at half maximum) Gaussian smoothing function.

Subsequent image processing included the following steps: First, the native MRI scans were
segmented and gray matter images nonlinearly transformed with the study-specific gray
matter template to derive the normalization parameters subsequently applied to the initial
images. This step allowed optimal spatial normalization of gray matter to the customized
gray matter template and reduced the contribution of any non-brain voxels. Second, these
native images were then resampled with third-order B-spline interpolation to a final voxel
size of 1.5×1.5×1.5mm3. Third, the normalized native images were segmented into gray
matter, white matter, and CSF. Fourth, a Jacobian modulation was applied by multiplying
the voxel intensities by the Jacobian determinants derived from the nonlinear component of
the spatial normalization step. This step compensated for the voxel volume modification
induced by nonlinear spatial normalization (Good et al, 2001). Finally, the modulated
images from younger and older subjects were smoothed with an 8 mm-FWHM isotropic
Gaussian smoothing function. After smoothing, each voxel represents the local average
amount of gray matter in the surrounding region, the size of which is determined by the
smoothing kernel. For whole-brain statistical analyses of regional gray matter volume
differences between young and older adults significance levels were set at P < 0.025, FWE
corrected, for one-tailed t statistics (Good et al., 2001). For correlation analyses with
functional activation data, we used the MarsBaR regions-of-interest (ROI) analysis toolbox
(Brett et al., 2002) to extract mean gray matter signal intensity values for each subject for
those clusters showing significant group differences in activation (Tables 2–4). Furthermore,
to test whether functional activation differences between young and older adults could be
attributed to anatomical differences, we used covariance analyses (ANCOVA) with gray
matter volumes as covariates for group-related BOLD-signal differences for each contrast of
interest.

3. Results
3.1 Behavioral results

Error Analysis—Incidence of errors was less than 2.5% (mean ± SD for all values; young:
3.3 ± 3.6; older adults: 4.3 ± 4.6) and misses less than 1% (young: 0.5 ± 1.6; older adults:
2.4 ± 6.6), indicating high accuracy levels by both groups while performing the Stroop
Match-to-Sample task in the scanner. The groups did not significantly differ in errors
(F(1,31) = 0.45, p = 0.51), misses (F(1,31) = 1.47, p = 0.24), or overall reaction time (RT)
(F(1,31) = 0.85, p = 0.36; MANOVA). Moreover, Stroop performance measures were not
related to individual's visual acuity and contrast sensitivity (all r < 0.36; p > 0.1).

Reaction Time Analysis—A repeated measures ANOVA with group (young, older
adults) as between-subjects factor and Stroop effect (incongruent, congruent), match
(nonmatch, match), and response block (mix, same) as within-subject factors revealed a
significant interaction among all four factors: group-by-Stroop-by-match-by-response block
interaction (F(1,31) = 7.85, p < 0.009). Stroop effects were less robust in older than young
adults (group-by-Stroop interaction; F(1,31) = 32.2, p < 0.025) (see also Table 1). As
expected, Stroop effects were larger in match than nonmatch trials (Stroop-by-match
interaction, F(1,31) = 5.29, p = 0.028) but did not differ between same and mixed response
blocks (Stroop-by-response block interaction, F(1,31) = 1.21, p = 0.28). We further found
significant main effects for Stroop with longer RTs to incongruent than congruent trials
(F(1,31) = 32.2, p < 0.0001), for match (i.e., perceptual cueing) with longer RTs to
nonmatch than match trials (F(1,31) = 7.72, p < 0.009), and for response block (i.e.,
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repetition) with longer RT to trials in mixed than same response blocks (F(1,31) = 12.7, p <
0.001).

Table 1 summarizes the results of follow-up F- and t-tests on Stroop effects (incongruent,
congruent) for mixed and same response blocks, for cue-target color match and nonmatch
trials, and for Match effects (nonmatch, match) for incongruent and congruent trials.
Specifically, ANOVAs tested the study's hypotheses of repetition and perceptual cueing
effects on Stroop processing in aging revealed the following results:

Stroop and condition repetition in aging—Older adults were less affected by Stroop
interference than younger adults in mixed-response blocks (p = 0.038) but did not differ
from young adults in same-response blocks (p = 0.14).

Stroop and perceptual cueing in aging—Stroop effects for match trials did not differ
between groups (p = 0.63), but for nonmatch trials showed a trend for smaller Stroop effects
in older than younger adults (p = 0.072). We further tested for perceptual cueing effects
separately in incongruent and congruent trials, i.e., color matching (nonmatch – match) for
incongruent and congruent information: Group differences were not forthcoming for either,
incongruent (p = 0.61) or congruent trials (p = 0.58). Older and younger adults both profited
from valid color cueing in congruent trials (young: 54.7 ms; older: 71.8 ms) but not in
incongruent trials (young: 19.8 ms; older: 4.3 ms).

3.2 Neural correlates of Stroop Match-to-Sample effects
To localize brain areas that were more active during incongruent than congruent Stroop
target processing, we generated Stroop contrast images (INC > CON) for each subjects.
Stroop contrast images were computed for mixed and same response blocks and for match
and nonmatch trials. For second-level group analyses, these Stroop contrast images were
entered into two-sample t-tests for group comparison.

3.2.1 Stroop and condition repetition in aging
1. Stroop-mix contrast: During Stroop processing (INC > CON) in mixed response blocks,
the elderly showed greater activation than the young in frontoparietal brain regions,
including the precuneus (right BA 23), medial superior frontal gyrus (right BA 9), anterior
and middle cingulate cortices (bilateral BA 23, 24), and the insula (right BA 48) (Table 2).
Younger adults did not show greater activation than older adults when processing Stroop in
mixed response blocks.

2. Stroop-same contrast: During Stroop processing (INC > CON) in same response blocks,
older compared to younger adults activated occipitoparietal visuomotor brain regions
including the striate cortex (left BA 17, 18), superior parietal lobe, precuneus (left BA 5)
and paracentral brain regions (left BA 4). Relative to older adults, younger adults activated
more frontal areas, including the insula (bilateral BA 48) and the middle frontal gyrus (right
BA 46) (Table 2).

3.2.2 Stroop and perceptual cueing in aging
1. Stroop-match contrast: During Stroop processing (INC > CON) with valid pretrial color
cueing (match), older adults showed greater BOLD response than young subjects in the
posterior visual and motor brain areas including para- and postcentral gyri, precuneus,
supplementary motor area (left BA 1, 5, bilateral BA 4), cerebellar vermis, lingual gyrus
(left BA 18), and cuneus (right BA 18). By contrast, younger adults showed greater
activation than the elderly in frontal brain regions, including bilateral inferior frontal cortex
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(BA 46), pars triangularis (BA 45) and pars opercularis (left BA 44), middle and superior
frontal gyris (right BA 9), and insula (right BA 48) (Table 3).

2. Stroop-nonmatch contrast: No group differences were observed for Stroop processing
(INC > CON) with invalid pretrial color cueing (nonmatch).

3. Incongruent Stroop information, nonmatch-match (invalid-valid cue) contrast:
When processing incongruent information older adults showed greater BOLD signal than
the young group for nonmatch relative to match trials in frontoparietal brain areas, including
middle and superior frontal gyri (bilateral BA 9, 46), inferior frontal gyrus (right BA 45, 48),
insula (BA 48), supramarginal gyrus (right BA 40) and superior frontal gyrus (left BA 6).
By contrast, younger subjects showed more activation than elderly subjects in some
posterior cortices, including the junction between fusiform, lingual and parahippocampal
gyri (left BA 30, 37), and the left cerebellum (Table 4A).

4. Congruent Stroop information, nonmatch-match (invalid-valid cue) contrast: When
processing congruent Stroop information, however, older adults did not show greater BOLD
signal than younger subjects for nonmatch (invalid cues) than match (valid cues) congruent
trials. By contrast, younger adults exhibited greater BOLD signal than older subjects in
frontoparietal brain areas, including inferior parietal lobe (bilateral BA 40, left BA 7, 39),
middle frontal gyri (bilateral BA 46, left BA 45), and superior frontal and precentral gyri
(left BA 6, 8) (Table 4B).

3.3 Gray matter volumes in young and older adults
Whole-brain voxel-based morphometry (VBM, Good et al., 2001) revealed gray matter
volume differences between young and older adults in several cortical regions (Figure 5):
frontal cortices, anterior cingulate cortex and rectus (left: BA 11, 24, T=11.96), and inferior,
middle and superior frontal gyri (left: BA 47, 48, T=9.21, BA 8, 9, T=8.84; right: BA 45,
T=9.91); temporal cortices, inferior and middle temporal gyri (left: BA 21, 22, T=12.79, BA
27, 30, T=12.44, BA 36, T=9.36; right: BA 20, 21 T=9.96), and temporo-parietal junction
(right: BA 40, 22, T=11.73); and parietal cortices, angular gyrus, superior parietal and
inferior temporo-parietal regions (left: BA 39, 7, T=10.44), and middle cingulate cortex
(right: BA 23, T=9.38). By contrast, in the occipital lobe only the left fusiform gyrus (BA
37, T=8.96) showed significant gray matter volume differences in young and older adults.

Furthermore, voxel-based morphometry (VBM, Good et al., 2001) revealed significantly
smaller gray matter volumes in older than younger subjects in most regions of interest
(ROIs) derived from functional analyses (Tables 2–4). Group differences in functional
BOLD-responses for contrasts of interest remained significant for most clusters after gray
matter volume correction (significant at p < 0.05 corrected for regional gray matter volumes,
SPSS) (Tables 2–4). BOLD responses in only one cluster in the `Stroop-same' contrast, i.e.,
the visual cortex (calcarine gyrus) (Table 2), and two clusters in the `Stroop-Match'
contrast', i.e., bilateral motor association cortex (para-, postcentral gyri, supplementary
motor area) (Table 3) were no longer significantly different between groups after gray
matter volume correction. Within-groups correlation analyses between gray matter volumes
and functional activation for each cluster demonstrated only one significant relationship in
young adults and involved the left superior frontal gyrus. Here, larger gray matter volumes
were related to more activity during nonmatch than match processing for incongruent trials
(r = .52, p = 0.046, uncorrected for multiple comparisons). The volume-functional
correlations in older adults were not significant.
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4. Discussion
Structural and functional MRI identified age-related differences in neural circuits for
conflict processing while healthy young and older adults performed a Stroop Match-to-
Sample task involving perceptual cueing and repetition to manipulate task demands. Older
adults showed comparable Stroop performance to younger adults but engaged a
frontoparietal network more than young adults when processing non-repetitive conflict
(Stroop mixed response block). Further, when processing conflict following a valid
perceptual cueing (Stroop match), older adults engaged a visuomotor network more than
young adults, whereas young adults activated frontal regions more than older adults. A
separate analyses of perceptual cueing (nonmatch-match) for incongruent and congruent
information revealed that with invalid perceptual cueing, i.e., when the cue's color did not
match the Stroop target's type color but instead matched the incongruent word's content,
older adults engaged a frontoparietal cognitive control network more and occipital brain
regions less than younger adults. These differential activation patterns were not correlated
with regional gray matter volume despite smaller volumes in older than young adults. These
activation patterns differentiating young and older adults, in the context of overall high
performance levels, suggest that older adults can efficiently adapt to task demands by the
use of different strategies from young adults when resolving conflict.

4.1 Conflict adaptation to condition repetition in aging
Stroop processing in same and mixed response blocks—Neural correlates of
Stroop processing differed between older and young adults as a function of condition
repetition. When the same response was required repeatedly during Stroop conflict
processing, older adults activated prefrontal areas and insula less and visual and motor
association areas more than young adults. Low frontal activation is consistent with small
behavioral Stroop effects (incongruent minus congruent reaction times) in older adults, and
greater visuomotor activation may reflect improved response selection while matching cue
to target colors (Kray et al., 2005). Thus, as the task becomes more repetitive, older adults
use less executive attentional control systems and more visuomotor areas than young adults.

During Stroop processing in mixed response blocks, older adults showed greater activation
than younger ones in midline frontoparietal brain regions, including the medial superior
frontal gyrus, anterior and middle cingulate cortex, precuneus and insula, consistent with
behavioral Stroop effects in older adults even though they were smaller than in young adults.
Such a medial prefrontal-mid-parietal neural network has been previously suggested to be
involved in internally guided attention (Cavanna and Trimble, 2006). The observed insula
activation may reflect greater need in older than young adults to integrate sensory and
control systems during perceptual color matching in Stroop conflict processing (Downar et
al., 2001; Meehan and Staines, 2009). This difference is compatible with the idea that older
adults recruit additional brain areas to those recruited by young adults for effective initiation
of strategies to attenuate the Stroop effect (Langenecker et al., 2004; Zysset et al., 2007).
The increased activity in midline frontoparietal brain areas in older adults during mixed
response blocks suggests the use of higher-order cognitive control processes such as
working memory (Byrne et al., 2007; Trinkler et al., 2009; Wallentin et al., 2006; Wagner et
al., 2005) and conflict monitoring (Botvinick, 2007) to maintain color cue information for
delayed matching and selecting the effective response. Similar to other studies on cognitive
aging (Cabeza et al., 2002; Rosen et al., 2002), our high-functioning older adults may have
engaged compensatory frontoparietal brain reserve specifically during Stroop processing in
mixed response blocks to counteract age-related cognitive decline.
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4.2 Conflict adaptation to perceptual cueing in aging
Stroop-match and Stroop-nonmatch—Stroop effects were greater when the color cue
correctly predicted the color of the Stroop target (Stroop-match) than when it did not
(Stroop-nonmatch) (cf., Schulte et al., 2008). Both groups profited from valid color cueing
(match) especially in congruent trials. Behaviorally, the groups did not differ in either
Stroop-match or Stroop-nonmatch performance but did differ in activation patterns of
regional BOLD responses during Stroop-match. In the latter case, older adults activated a
visuomotor network more and a prefrontal executive attention network less than young
adults. Others also have found recruitment of visual processing regions in occipital and
temporal cortices and inferior prefrontal regions in older than young adults during Stroop
processing (Milham et al., 2002; Zysset et al., 2007), in contrast to several neuroimaging
studies that have found decreases in the extent of activation in the occipital cortex in older
relative to young adults (Grady et al., 1994; Langenecker et al., 2004; Madden et al., 1997,
2007; Paxton et al., 2008). It is possible that the different findings of occipital cortex
activation between studies are due to the stimuli used (Kelley et al., 1998; Milham et al.,
2002).

Alternatively, age-related differences in findings in occipital cortex activation may be
explained by differences in the cognitive demands employed. To cope with these task
demands and to compensate for deficits, older adults may utilize different neural circuits
from young adults subserving and defining resource availability (compensation-related
utilization of neural circuits hypothesis; CRUNCH, Reuter-Lorenz and Cappell, 2008;
Reuter-Lorenz and Lustig, 2005), which implicates both overrecruitment (Li et al., 2001)
and underrecruitment of brain areas in older adults (Schneider-Garces et al., 2009).
However, group differences in activation were not present in the Stroop-nonmatch contrast.
This is consistent with recent functional MRI findings that young healthy adults engaged
only few regions of a predominantly posterior network during Stroop-nonmatch processing
(Schulte et al., 2009). Older adults in the current study, however, activated a posterior
network during Stroop-match processing more than the young. Thus, the lack of group
difference in brain activation during perceptual cueing of the interfering feature in Stroop-
nonmatch may reflect the fact that both young and older adults experienced high perceptual
processing demands, which may limit resources to process incongruent information.

Consistent with CRUNCH, our data indicate that the activation of neural networks in high-
functioning older adults is demand-specific, as evidenced by greater engagement of a
frontoparietal network when the task involved top-down control (Stroop processing in mixed
response blocks) and of a visuomotor network when the task involved perceptual cueing
(Stroop-match processing). The different activation patterns seen in older adults and young
adults during Stroop-match processing may reflect compensatory strategies and increased
sensitivity to the presence of competing color information in the elderly. Alternatively, it is
possible that older adults in our study processed incongruent and congruent trials similarly
and focused on visual matching for motor response preparation (Melcher and Gruber, 2006;
Milham and Banich, 2005), which raises the question of how older adults processed color-
word incongruency.

4.2.1 Perceptual cueing of incongruent and congruent color-word conditions
—When processing incongruent-nonmatch trials in contrast with incongruent-match trials,
older adults elicited greater lateral frontoparietal attentional control regions and fewer
occipital regions (fusiform) than the young. Similarly, Madden and colleagues (2007) found
frontoparietal activation in older adults but occipital activation (fusiform) in young adults
while performing a task requiring top-town attentional control. Activation of frontoparietal
regions is typically associated with conflict resolution (Davelaar, 2008; MacDonald et al.,
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2000) and may have further facilitated selection of an appropriate response in the older
adults by maintaining sensory material (cue's color) (Mars et al, 2008). By contrast,
activation differences for nonmatch versus match for congruent Stroop stimuli in older
adults showed less frontoparietal network activation than in young adults. Thus, it appears
that older adults recruited networks typically involved in conflict resolution but only for
response-related cognitive conflict (Madden et al., 1997; Nielson et al., 2002; Lamar et al.,
2004), such as when the cue's color did not match the Stroop target's font color but instead
matched the incongruent word's content. Only then did older adults engage a frontoparietal
cognitive control network more than younger adults, as has been reported elsewhere
(Buckner 2005; Cabeza et al., 2002; Grady et al., 2000; Mattay et al., 2006; Reuter-Lorenz,
2002; Rosen et al., 2002). These results provide evidence that older adults are not impaired
in the implementation of attentional control strategies, but rather that responsiveness of
dorsolateral prefrontal and parietal cortices depends on the type of conflict encountered.

4.4 Gray matter volumes and regional activation patterns in aging
Age-related structural decline may have far-reaching effects in the brain (Kennedy and Raz,
2009) and influence recruitment patterns and cognitive resource availability (Teipel et al.,
2007). For example, Voss and colleagues (2008) reported that older adults with more global
gray matter volume showed less dedifferentiation, i.e., age-related difficulties in recruiting
specialized neural systems. Consistent with other structural imaging studies on aging
(Grieve et al., 2005; Raz et al., 1998; Resnick et al., 2003; Schiltz et al., 2006; Sowell et al.,
2003) we found smaller gray matter volumes in older than young adults in almost every
region of interest obtained by our fMRI analyses. In neither group, however, were regional
gray matter volumes significantly related to brain activity in the same region. This
demonstrates that older adults were able to modulate gray matter activation according to task
demands despite considerable gray matter volume loss. Similarly, it has been reported in
MR spectroscopy studies that brain N-acetylasparate (NAA) levels, associated with health
and metabolism of local neurons, do not differ in healthy older and young adults when
corrected for gray matter volume (Pfefferbaum et al., 1999; Saunders et al., 1999; Zahr et
al., 2008). Thus, regional gray matter loss in older adults may not affect functional integrity
of the remaining gray matter. It can be speculated that the engagement of different brain
networks in older and younger adults is indicative of functional reorganization of neural
systems, adaptive to age-related structural decline, to accommodate task demands on
perceptual and attentional operations.

One limitation of this study was the relatively small sample size, which may be why we
failed to find a relationship between the modulation of regional BOLD responses to task
conditions (e.g., incongruency – congruency Stroop contrast) and specific regional gray
matter volumes in older and young adults. Additionally, this study did not test for age-
related decline in white matter integrity that may also disrupt the connectivity of cortical
networks mediating cognitive functions (Schulte et al., 2005; Sullivan et al., 2008; Zahr et
al., 2009). However, a recent combined fMRI and DTI study found that age-related
compromise of white matter integrity connecting cerebral cortices did not specifically
mediate age-related increases in frontoparietal attention network activation (Madden et al.,
2007). Future studies that combine fMRI, MRI, and DTI are needed to help understand the
role of structural connectivity and cortical integrity in functional network activation for
successful conflict resolution in aging.

4.5 Conclusion
Rather than supporting a model of general inhibitory deficits or generally slowed processing
by older adults, this study revealed that older adults can effectively use different strategies
from the young for perceptual and higher-order cognitive processing by recruiting different
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brain areas from young adults for inhibitory control. This ability of older adults is consistent
with the model CRUNCH, which proposes that processing inefficiencies require the aging
brain to recruit more resources to achieve computational output equivalent to that of a
younger brain (Reuter-Lorenz and Cappell, 2008). In our Stroop Match-to-Sample task,
older adults handled conflict processing by activating a frontoparietal attention system more
than young adults and adapted conflict processing to perceptual demands and response
repetition by activating a posterior visuomotor network more than young adults. These
results support the hypothesis that successful aging is associated with functional
reorganization of neural systems to accommodate functionally increasing task demands on
perceptual and attentional operations otherwise restricted in normal aging.
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Figure 1.
Top: Stroop Match-to-Sample design, illustrating 4 conditions: incongruent-match,
congruent-match, incongruent-nonmatch, and congruent-nonmatch. A color cue (XXXX)
presented for 450ms was followed by an incongruent or congruent Stroop target stimulus
that appeared for 1100ms after an inter-stimulus interval (ISI) of 300ms. The inter-trial
interval (ITI) was 1450 ms. Subjects matched the color (red, green or blue) of the cue to the
ink color of the Stroop stimulus. Bottom: fMRI block design illustrated for 8 blocks. Each
block consisted of 6 trials (9 TRs). Each block lasted for of 19.8 sec. Stroop stimuli in each
block were either congruent (word BLUE written in blue font) or incongruent (word BLUE
written in red font). In half of the blocks cue-target color either matched or did not match, in
the other half of the block match and nonmatch trials were mixed. In total 36 blocks were
presented in pseudo-random order ensuring that each condition was equally often
represented.
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Figure 2. Stroop interference and condition repetition
Brain regions demonstrating age differences in Stroop-related activation in mixed response
blocks (upper panel) and same response blocks (lower panel). Regions in red reflect greater
blood oxygen level-dependent (BOLD) response in older than young adults, and regions in
green reflect greater BOLD response in young than older adults. The threshold has been
lowered to P < 0.005 uncorrected for display purpose. Bar graphs on the right are showing
mean BOLD signal intensity differences extracted using MarsBaR
(http://marsbar.sourceforge.net/) during Stroop (incongruent (INC) minus congruent (CON))
performance for older and young adults for regions showing group differences significant at
P < 0.001 uncorrected (Table 2).
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Figure 3. Stroop interference and perceptual cueing
Brain regions demonstrating age differences in Stroop-related activation with matching
color cues. The threshold has been lowered to P < 0.005 uncorrected for display purpose.
Regions in red reflect greater BOLD response in older than young adults, and regions in
green reflect greater BOLD response in young than older adults (left image). Bar graphs are
showing mean BOLD signal intensity differences extracted using MarsBaR
(http://marsbar.sourceforge.net/) during Stroop-match (INC-CON) performance for older
and young adults for regions showing group differences significant at P < 0.001 uncorrected
(Table 3).
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Figure 4. Response conflict, incongruent and congruent information
Brain regions demonstrating age differences in response conflict-related activation
(incongruent nonmatch – match) (upper panel) and non-conflict matching-related activation
(congruent nonmatch – match) (lower panel). Regions in red reflect greater BOLD response
in older than young adults, and regions in green reflect greater BOLD response in young
than older adults. The threshold has been lowered to P < 0.005 uncorrected for display
purpose. Bar graphs on the right are showing mean BOLD signal intensity differences
extracted using MarsBaR (http://marsbar.sourceforge.net/) during cue-target color matching
(nonmatch – match) for incongruent (upper panel) and congruent Stroop target stimuli
(lower panel) in older and young adults for regions showing group differences significant at
P < 0.001 uncorrected (Table 4).
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Figure 5.
VBM-detected gray matter volume differences (older < young adults) superimposed on the
study-specific normalized mean group image from all subjects and presented in the sagittal,
axial and coronal plane (T = 6.68, PFWE corrected = 0.025) (Good et al., 2001). The color bar
represents the t scores.
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Table 1

Condition reaction time means for young and older adults

Over All Conditions Young Older ANOVA

Congruent 800.7 (56.7) 747.3 (43.7)

Incongruent 863.3 (59.6) 773.1 (46.8)

Stroop (incongruent – congruent) 62.7 (9.5) 25.9 (12.9) F = 5.56, p = 0.025

t Test t = 6.63, p = 0.0001 t = 2.01, p = 0.066

Mixed Response Blocks Only

Congruent 800.3 (54.7) 765.8 (45.1)

Incongruent 872.4 (59) 796.1 (47)

Stroop (incongruent – congruent) 72.1 (14.6) 30.3 (10.6) F = 4.68, p = 0.038

t Test t = 4.93, p = 0.0001 t = 2.87, p = 0.013

Same Response Blocks Only

Congruent 801.1 (59) 728.7 (43.1)

Incongruent 854.3 (60.9) 750.2 (47.9)

Stroop (incongruent – congruent) 53.2 (10.7) 21.5 (19.4) F = 2.33, p = 0.14

t Test t = 4.96, p = 0.0001 t = 1.11, p = 0.29

Match Trials Only

Congruent 773.8 (61.3) 692.8 (42.2)

Incongruent 844.4 (66.8) 748 (50.3)

Stroop (incongruent – congruent) 70.7 (18.4) 55.3 (27.4) F = 0.24, p = 0.63

t Test t = 3.85, p = 0.001 t = 2.01, p = 0.065

Nonmatch Trials Only

Congruent 828.5 (58.6) 764.6 (46.6)

Incongruent 864.2 (56.1) 752.3 (48.2)

Stroop (incongruent – congruent) 35.7 (14.7) − 12.3 (22.5) F = 3.47, p = 0.072

t Test t = 2.43, p = 0.026 t = 0.55, p = 0.59

Incongruent Trials Only

Match 844.44 (66.8) 748 (50.3)

Nonmatch 864.2 (56.1) 752.3 (48.2)

Match effect (nonmatch – match) 19.8 (19.3) 4.3 (22.8) F = 0.27, p = 0.61

t Test t = 1.03, p = 0.32 t = 0.19, p = 0.86

Congruent Trials Only

Match 773.8 (61.3) 692.8 (42.2)

Nonmatch 828.5 (58.6) 764.6 (46.6)

Match effect (nonmatch – match) 54.7 (21.2) 71.8 (21.3) F = 0.31, p = 0.58

t Test t = 2.58, p = 0.019 t = 3.37, p = 0.005

Values in parentheses are SE.
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