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a b s t r a c t
A rapid event-related fMRI arrow ﬂanker task was used to study aging-associated decline in executive
functions related to interference resolution. Older adults had more difﬁculty responding to Incongruent cues
during the ﬂanker task compared to the young adults; the response time difference between the Incongruent
and Congruent conditions in the older group was over 50% longer compared to the young adults. In the
frontal regions, differential activation (“Incongruent–Congruent” conditions) was observed in the inferior
and middle frontal gyri in within-group analyses for both groups. However, the cluster was smaller in the
older group and the centroid location was shifted by 19.7 mm. The left superior and medial frontal gyri also
appeared to be speciﬁcally recruited by older adults during interference resolution, partially driven by errors.
The frontal right lateralization found in the young adults was maintained in the older adults during
successful trials. Interestingly, bilateral activation was observed when error trials were combined with
successful trials highlighting the inﬂuence of brain activation associated with errors during cognitive
processing. In conclusion, aging appears to result in modiﬁed functional regions that may contribute to
reduced interference resolution. In addition, error processing should be considered and accounted for when
studying age-related cognitive changes as errors may confound the interpretation of task speciﬁc age-related
activation differences.
© 2009 Elsevier Inc. All rights reserved.

Introduction
Human brain aging is a complex process, involving changes in
anatomy, physiology, and cognition. Normal aging is generally
associated with deterioration in frontal and parietal brain regions
including both gray and white matter (Resnick et al., 2003), which
may contribute to the declines in executive processing. As reﬂected by
slower responses and/or reduced accuracy, older adults often have
more difﬁculty with cognitive tasks that require selective attention
and executive function compared to young adults (Treitz et al., 2007).
Selective attention refers to the ability to direct processing at speciﬁc
objects and/or spatial locations, and executive function can be
generally deﬁned as a process that directs thoughts and actions
according to internal goals and readjusts goals when necessary
(Cabeza and Kingstone, 2006). The decline in selective attention and
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executive function might be caused by the change of the functionality
of the frontal–striatal neural circuit (Buckner et al., 2006; Cummings,
1993). In this study, we focused on investigating age-related
functional modiﬁcations of the frontal regions with an fMRI paradigm
that targets selective attention and executive function.
One category of executive function that older adults have difﬁculty
with is stimulus–response interference. In stimulus–response interference tasks, a distracter stimulus must be inhibited when attending
to a target stimulus. These tasks include the ﬂanker and Stroop color
naming tasks (Botvinick et al., 1999; Carter et al., 2000; Casey et al.,
2000; Colcombe et al., 2005, 2004; Erickson et al., 2004, 2005; Milham
et al., 2002; van Veen et al., 2001). Other types of inhibitory tasks
include the Go/No-Go and Stop tasks (Rubia et al., 2001; Nielson et al.,
2002; Langenecker and Nielson, 2003). The difﬁculty that older adults
have with such tasks is consistent with the inhibitory deﬁcit view of
Hasher, Zacks, and colleagues (Hasher et al., 2007; Hasher and Zacks,
1988; Hasher et al., 1999). This view posits that older adults have
particular deﬁciencies in the inhibitory attentional control mechanisms that serve to prevent or stop the processing of task-irrelevant
stimuli or stimulus dimensions (i.e., distraction). Consequences of
older adults' less efﬁcient suppression or inhibition mechanisms
include increased processing of distraction and consequently greater
interference from distraction. For example, in the modiﬁed Eriksen
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and Eriksen (1974) ﬂanker task used in the current study, participants
must respond to a central target (here reporting the pointing
direction of a central arrowhead) in the face of “ﬂankers” (other
surrounding arrowheads pointing in the same or opposite directions).
As expected from inhibitory deﬁcit theory, relative to young adults,
older adults show greater “ﬂanker effects” such as greater reaction
time increases and higher error rates when the ﬂankers are
inconsistent with the central target as compared to consistent or
neutral stimuli. The current study replicates this behavioral ﬁnding
and attempts to relate the increased distraction interference effect to
age differences in brain areas serving executive functioning, particularly in stimulus-response interference tasks.
Studies using functional MRI (fMRI) have reported activation in
several brain regions during inhibitory tasks including in the inferior,
middle, and superior frontal gyri (IFG, MFG and SFG, respectively),
inferior and superior parietal lobules (IPL and SPL, respectively), and
the anterior cingulate cortex (ACC) (Casey et al., 2000; Colcombe et
al., 2005, 2004; Erickson et al., 2004, 2005; van Veen et al., 2001).
Recently, Nee et al. (2007) performed a meta-analysis on 47 fMRI
studies involving tasks related to interference resolution in young
adults and found signiﬁcant clusters bilaterally in the dorsolateral
prefrontal cortex (DLPFC), IFG, ACC, and posterior parietal cortex. In
particular for the six ﬂanker fMRI studies, they found a signiﬁcant
cluster in the right DLPFC, and a smaller cluster in the right insula.
In our fMRI study, we used the arrow ﬂanker task to examine age
differences in brain activity, particularly in the frontal regions
including IFG, MFG and SFG. Colcombe et al. (2005) carried out an
fMRI study on age differences that used a similar Eriksen arrow
ﬂanker task but with a slow event-related design with ﬁxed 14-s
interstimulus intervals. In response to Incongruent ﬂanker trials, they
found that both young and older adults demonstrated signiﬁcant
activity in the right MFG, bilateral ACC, and supplementary motor area
(SMA); they also found that, whereas the young adults showed right
lateralized prefrontal gyrus activity, activity was more bilateral in the
older adults. However, these ﬁndings were based on the analyses of
Incongruent trials versus baseline. Differential brain activation
(Incongruent versus Congruent stimulus conditions) was not
reported but would more clearly illustrate the brain activity due to
interference resolution alone.
In this study, we tested the main hypothesis that the differential
activation in Incongruent versus Congruent conditions at IFG, MFG
and SFG would be modiﬁed with aging, corresponding with the
increased differential response time for these two conditions. We
employed a rapid event-related design in young and older adults to
determine age-related differences in interference resolution. We
presented the subjects with three conditions: Congruent (“NNNNNNN”
or “bbbbbbb”), Incongruent (“NNNbNNN” or “bbbNbbb”) and Neutral
(“□□□N□□□” or “□□□b□□□”). Each trial was presented for 2.5 s.
The subject's task was to identify the direction of the central
arrowhead by pressing the buttons under the index ﬁngers of two
keypads for each trial. Response accuracy and response time were
recorded. We compared differential brain activation between the
Incongruent and Congruent conditions within each group. Besides the
improved time efﬁciency, a rapid event-related design was chosen so
that the subject's general attentiveness level was kept relatively
constant, and thus the differential activation could more clearly unveil
the neural network that contributes speciﬁcally to conﬂict resolution
during the stimulus-response inhibition task. The results of the
current study may help to unravel age-related changes in activation
that lead to reduced performance, particularly in interference
resolution.
With this study, we also investigated whether older adults had
increased left frontal hemispheric activation compared to young
adults. This phenomenon (hemispheric asymmetry reduction in older
adults (HAROLD)) was initially described by Cabeza (2002). The
HAROLD pattern has been reported for working memory tasks as well
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as inhibitory tasks (Go/No-Go) (Cabeza et al., 2002; Dolcos et al.,
2002; Reuter-Lorenz et al., 2000; Nielson et al., 2002). While this
pattern has been observed in older adults, the cognitive impact of the
additional recruitment is currently being debated. Increased recruitment may result in improved performance supporting a compensation theory (Reuter-Lorenz et al., 2000). In opposition, the increased
recruitment may serve as a marker of cognitive decline when it does
not result in improved performance supporting a dedifferentiation
theory (Logan et al., 2002; Li and Lindenberger, 1999). We
hypothesized that older adults would have greater frontal left
hemispheric activation compared to younger adults during the
resolution of stimulus-response interference.
Error treatment in aging studies has recently gained attention
based on ﬁndings by Murphy and Garavan (2004). They found that, at
least on certain tasks, activation patterns may differ considerably on
correct (successful) versus incorrect (error) response trials in older
adults. As such, even though performance accuracy was quite high in
the current ﬂanker task (mean ≥90% in all conditions), the main
analyses of the fMRI data are based on successful trials modeled
separately from error trials. To understand the effect and importance
of error treatment, we also present post-hoc analyses without
separating the errors from the successful trials and on error trial
activation within a sub-group of older adults.
Materials and methods
Subjects
Twenty-three young adults and 26 older adults participated in this
study. All subjects self-reported that they were free of neurological
disorders. Data from one young subject and three older adults were
discarded due to vision problems and/or highly irregular anatomical
structure or a diagnosis of past stroke. Data from an additional older
adult were discarded due to very low correct response rates during
the ﬂanker task (48.7% accuracy). Twenty-two young adults (11
males, age 20 ± 3 years) and 22 older adults (9 males, age 74 ±
6 years) were included in the data analyses. All subjects signed
consent forms approved by the Michigan State University Institutional
Review Board. All 22 younger subjects were students from Michigan
State University. All 22 older subjects were recruited from Michigan
State University and surrounding communities. These older subjects
were well-educated with a mean of 16.4 (±3.6) years of education for
the 18 subjects who provided this information.
Imaging acquisition
The experiment was conducted on a GE 3T Signa® HDx MR
scanner (GE Healthcare, Waukesha, WI) with an eight-channel head
coil. During each session, images were ﬁrst acquired for the purpose of
localization, and then the ﬁrst and higher-order shimming procedures
were carried out to improve magnetic ﬁeld homogeneity (Kim et al.,
2002). To study brain function, echo planar images (EPI), starting
from the most inferior regions of the brain, were then acquired with
the following parameters: 34 contiguous 3-mm axial slices in an
interleaved order, TE = 27.7 ms, TR = 2500 ms, ﬂip angle = 80°,
FOV = 22 cm, matrix size = 64 × 64, ramp sampling, and with the
ﬁrst four data points discarded. Each volume of slices was acquired
164 times during each of the four functional runs while a subject
viewed the stimuli and pressed a button to indicate the pointing
direction of the central arrow, resulting in a total of 656 volumes of
images over the course of the entire experiment. After the functional
data acquisition, high-resolution volumetric T1-weighted spoiled
gradient recalled (SPGR) images with cerebrospinal ﬂuid suppressed
were obtained to cover the whole brain with 120 1.5-mm sagittal
slices, 500 ms time of inversion, 8° ﬂip angle and 24 cm FOV. These
images were used to identify anatomical locations.
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Paradigm for fMRI
This study employed a ﬂanker task with a rapid event-related
design, including a total of 128 trials for each of the three conditions
described earlier: Incongruent, Congruent and Neutral. Each of the
four 7-min runs started with a 10-s baseline condition (a ﬁxation
cross) followed by the stimulus trials (32 for each condition)
presented in random order and with randomized interstimulus
intervals (ISI) at multiples of 2.5 s (mean of ISI = 4.27 s). A ﬁxation
cross was presented as the baseline condition between the stimuli.
The stimuli for all trials and the ﬁxation cross were in white and were
presented on a black background. Each stimulus array was presented
for 2.5 s, during which time the participant pressed a button to
identify the direction of the central arrow head. Subjects were naïve to
the ﬂanker task but performed a 2-min practice ﬂanker task
immediately before the imaging. Although the task included the
Neutral condition described above, we used Incongruent–Congruent
(IC-C) condition differences, rather than Incongruent–Neutral (IC-N)
condition differences, as our main measure of interference resolution.
The IC-C comparison is arguably the more typical and stronger
comparison and, in the present case, it has the advantage of holding
constant the stimulus features in the two conditions.
The stimulus trials were randomized with the “RSFgen” program
in AFNI software (Cox, 1996) for optimizing the calculation of the
hemodynamic response function for each stimulus condition and for
the contrasts between them. For each stimulus condition, targets and
ﬂankers were presented in the two possible directions an equal
number of times. Stimuli were displayed on a 640 × 480 LCD monitor
mounted on top of the RF head coil. The LCD subtended 12° × 16° of
visual angle. The paradigm was controlled by an IFIS-SA system
(Invivo Corp., Gainesville, FL). A pair of ﬁve-button MR-compatible
keypads with this system was used to record participant responses.
Behavioral analysis
Flanker task performance was compared between groups and
across conditions using mixed-model ANOVA in which ﬂanker condition (Incongruent versus Congruent) was the repeated-measures
factor and age group was the between-group factor. Accuracy
(number of correct responses) and response speed (for the correct
responses) were analyzed. A Greenhouse-Geisser factor was used to
correct for sphericity. Statistical signiﬁcance was set at p b 0.05.
fMRI data pre-processing and analysis
All fMRI data pre-processing and analyses were conducted with
AFNI software (Cox, 1996). For each subject, the acquisition timing
difference was ﬁrst corrected for different slice locations. With the
ﬁrst functional image as the reference, rigid-body motion correction
was done in three translational and three rotational directions. The
amount of motion in these directions was estimated and then the
estimations were used in data analysis. For each subject, spatial
blurring with a full width half maximum of 4 mm was used to reduce
random noise (Parrish et al., 2000) and also to reduce effects of
intersubject anatomical variation and Talairach transformation
variation during group analysis. For the group analysis, all images
were converted to Talairach coordinate space (Talairach and
Tournoux, 1988) with an interpolation to 1 mm3 voxels. Throughout
the paper, the coordinates of brain activity are presented in Talairach
space in the format of (RL, AP, IS) in mm, where R = Right, L = Left,
A = Anterior, P = Posterior, I = Inferior, and S = Superior.
Individual subject fMRI analysis: ﬂanker activation from successful trials
For the data analysis of each individual subject, six trial types,
including both successful (correct) and error (incorrect) trials, were

modeled (correct trials in Incongruent, Congruent and Neutral
conditions, and incorrect trials in Incongruent, Congruent and Neutral
conditions). Incorrect trials were modeled separately from correct
trials to improve the accuracy of the estimation of the activation
pattern associated with correct trials (Murphy and Garavan, 2004).
Therefore, up to six conditions were modeled, and the impulse
response function (IRF) at each voxel with respect to each stimulus
condition was resolved with multiple linear regressions using the
“3dDeconvolve” software in AFNI (Ward, 2000a). However, because
of collinearity problems, the “3dDeconvolve” software has difﬁculty
with cases in which a participant produces only a single error in a
presentation type. This occurred in one condition for ﬁve young and
one older subject and in two conditions for a second older subject.
Although these errors could not be modeled separately, their small
number (8) relative to the large number of trials overall (128 per
condition for each of 44 subjects) suggests a negligible effect on the
analyses. In the “3dDeconvolve” procedure, MRI signal modeling also
included the subject motion estimations in the three translational and
the three rotational directions, and the constant, linear and quadratic
trends for each of the four functional runs. The IRFs were resolved to
seven points from zero to 15 s at the resolution of 2.5 s (TR). The BOLD
signal change was calculated based on the area under the IRF curve.
The equivalent BOLD percentage signal change relative to the baseline
state was then calculated.
Whole-brain analysis for fMRI: ﬂanker activation from successful trials
After the percentage signal change was estimated with respect to
each stimulus condition for each subject, an ANOVA was performed
over the 22-subject dataset for each group for group analysis with a
mixed-effect two-factor model. The stimulus condition at correct
trials (three levels) was the ﬁrst factor and was modeled as a ﬁxed
effect. Subject was the second factor and was modeled as a random
effect. Then the difference of the BOLD percentage signal changes (IC–
C) obtained based on correct trials at each voxel was estimated for
each subject. The between-group ANOVA was performed on these
differences with a mixed-effect two-factor model. The age group
category was modeled to provide ﬁxed effects and subject was
modeled as a random effect.
Correction for multiple comparisons
Monte Carlo simulation of the effect of matrix and voxel sizes of
the imaging volume, spatial blurring, voxel intensity thresholding,
masking, and cluster identiﬁcation was used to estimate the overall
statistical signiﬁcance with respect to the whole brain (Ward, 2000b).
Based on these estimations, the ANOVA results above were further
corrected for multiple comparisons based on the following criteria:
The active voxel selection criteria required that the voxels had voxelbased p ≤5 × 10− 3 and were nearest-neighbor and within a cluster
size of 248 mm3. Based on application of these criteria to the whole
brain, the voxel-based p ≤ 5 × 10− 3 was corrected to be an equivalent
whole-brain corrected p ≤ 0.021.
Post-hoc analyses
Whole-brain analysis for fMRI: ﬂanker activation from successful and
error trials together
In order to explore the impact of error trials we also analyzed the
data without separating out the error trials. In this analysis, three
ﬂanker stimulus conditions (Incongruent, Congruent, Neutral) were
modeled for both the young and older groups. The activation in each
condition would then include the effect of both successful (correct)
and error (incorrect) trials modeled together. Activation was analyzed
with whole-brain analysis (described above, and with voxel based
p ≤ 5 × 10− 3 and whole-brain corrected p ≤ 0.021).
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accordance with the main analysis; main analysis contrast = correct
Incongruent versus correct Congruent.

Table 1
Flanker task response time and accuracy results.
Young group

Old group

Results

Response time (ms)+
Neutral (N)⁎
Congruent (C)
Incongruent (IC)
Flanker effect (IC-C)

671 ± 120
675 ± 119
805 ± 188
130 ± 92

Accuracy (% correct)+
Neutral (N)⁎

775 ± 98
789 ± 99
995 ± 206
206 ± 146

97.5 ± 5.2
97.8 ± 6.1
96.8 ± 6.7
− 1.0 ± 1.8

Congruent (C)
Incongruent (IC)
Flanker effect (IC-C)

Behavioral analysis
As can be seen in Table 1, the response times of the older
participants were slower than those of the young adults across all
conditions, but especially in the Incongruent condition. (The results
for the Neutral condition are included only for informational
purposes.) A 2 (Young versus Old) × 2 (Incongruent versus Congruent
conditions) ANOVA conﬁrmed these observations by showing
signiﬁcant Age and Condition main effects, F(1, 42) = 11.73,
p = 0.001, and F(1, 42) = 83.105, p b 0.001, respectively, and, importantly, a signiﬁcant Age × Condition interaction, F(1, 42) = 4.267,
p = 0.045, due to the older adults' differentially slow response times
in the Incongruent compared to the Congruent condition. A similar
analysis of the accuracy data showed a signiﬁcant Condition main
effect F(1, 42) = 9.105, p = 0.004, and a trend for an age main effect,
F(1, 42) = 3.67, p = 0.061, but a non-signiﬁcant Age × Condition
interaction, F(1, 42) = 2.984, p = 0.091. These ﬁndings, notably in
the response times, indicate increased difﬁculty in the older group
with the Incongruent condition, presumably reﬂecting difﬁculty with
interference resolution.

94.3 ± 9.3
93.7 ± 10.0
90.0 ± 13.9
− 3.7 ± 7.0

⁎ Neutral condition results are included only for informational purposes.
Data are presented as means ± standard deviation; response time results include
only correct responses.
+

Whole-brain analysis for fMRI: ﬂanker activation from error trials in
older adults
The best approach to examine error processing is to analyze the
activation from the error trials directly. Ideally this analysis would be
done on a full data set and each subject would have some (minimum)
number of errors. However, the ﬂanker task used in the current study
was not designed to induce a high number of errors and in fact more
than half of the subjects in the older group had near perfect accuracy
(mean accuracy in all conditions = 99%, n = 13). Nonetheless, we
were able to extract data from a subset of older adults (n = 9) who
made at least ﬁve errors in both Incongruent and Congruent
conditions (mean accuracy in all conditions = 84%) to further
investigate the effect and impact of error treatment. The BOLD
percentage signal changes were from individual subject analysis
already discussed with error trials modeled separately (Analysis of
Successful Trials). We used the whole brain analysis procedure with
four stimulus conditions (correct Incongruent and Congruent conditions, and incorrect Incongruent and Congruent conditions). We
analyzed the contrast (voxel-based p ≤ 5 × 10− 3, uncorrected) between incorrect Incongruent versus correct Congruent conditions. The
correct Congruent condition was selected in this contrast in

Whole-brain analysis for fMRI: ﬂanker activation from successful trials
The whole-brain within-group ANOVA (Table 2 and Figs. 1(a, b))
shows that the young and older groups share some common
differentially (IC-C) active frontal regions (based on differences of
less than 10 mm in Talairach space), including the right and left
MFG. Both groups activated the right IFG and precentral gyrus
(PCG), but the older group had smaller clusters and the speciﬁc
location of the frontal activation was different for the older group.
The largest differentially active cluster at the frontal region for
the young adults was at the right IFG/MFG (1,271 mm3, centroid
coordinate (R49, A18, S24), including 556 mm3 at IFG). The largest

Table 2
Differential activation from the whole-brain within-group analyses (Incongruent N Congruent).
Younger group
R/L

Cluster

Frontal/anterior regions
R
IFG, MFG

Older group
Size
(mm3)

Centroid
coordinate
(RL, AP, IS)

Max
t value

IC % signal
change

C % signal
change

R/L

1271

(R49, A18, S24)

5.094

0.255

0.021

R

MFG, PCG
MFG, PCG

318
398

(R30, P2, S45)
(L25, P7, S50)

4.128
4.544

0.249
0.268

0.132
0.154

L

Posterior regions
R
IOG, MOG

4795

(R36, P74, I0)

5.918

0.793

0.494

R

496

(R32, P83, S33)

4.464

0.503

0.196

4281
9710

(R28, P56, S45)
(L32, P80, I0)

5.378
5.727

0.454
0.836

0.213
0.562

292

(L26, P72, S25)

4.085

0.293

0.149

L

L

Cuneus, SOG,
Precuneus
Precuneus, IPL, SPL
Lingual Gyrus, IOG,
MOG, FG, BA 18,
ITG, BA 19
MOG

L

Cluster

IFG, MFG, PCG
MFG, BA 6
MFG

Size
(mm3)

849
437
263

Centroid
coordinate
(RL, AP, IS)

Max
t value

IC % signal
change

C % signal
change

(R39, A3, S32)
(R29, P1, S54)
(L25, P2, S51)

4.525
4.611
3.991

0.501
0.380
0.324

0.234
0.193
0.178

IOG, MOG, BA 18,
ITG, MTG, SOG,
Precuneus, SPL

10229

(R32, P71, S19)

6.276

0.750

0.371

IPL, SPL
MOG, IOG, Cuneus

669
3215

(R40, P49, S52)
(L32, P81, S10)

4.530
7.280

0.495
0.680

0.153
0.412

361
258
791

(L45, P71, I10)
(L38, P63, I6)
(L21, P64, S46)

4.650
4.012
4.107

1.187
0.691
0.554

0.746
0.424
0.271

MOG, FG
IOG, MOG
SPL, Precuneus

Differential activation was for “IC–C”. IC = Incongruent and C = Congruent. Coordinates are in Talairach space in the format of (RL, AP, IS). R = Right, L = Left, A = Anterior,
P = Posterior, I = Inferior and S = Superior. Voxel based p ≤ 0.005 and whole brain corrected p ≤ 0.021.
IFG = inferior frontal gyrus, MFG = middle frontal gyrus, PCG = precentral gyrus, BA = Brodmann area, IOG = inferior occipital gyrus, MOG = middle occipital gyrus, SOG = superior
occipital gyrus, ITG = inferior temporal gyrus, MTG = middle temporal gyrus, IPL = inferior parietal lobule, SPL = superior parietal lobule, FG = fusiform gyrus.
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Fig. 1. The spatial extents of differential activation (“Incongruent–Congruent”) in the whole-brain within-group analyses shown through color maps (voxel base p value ≤ 0.005 and
whole-brain corrected p value ≤ 0.021, red or orange = IC is more active than C, and blue = C is more active than IC.) for (a) young adults' successful trials, (b) older adults' successful
trials, and (c) older adults' successful and error trials together. The cross hair indicates the existence of the L SFG cluster in (c) but not in (b). The contrast of error IC versus successful
C trials at voxel base p value ≤ 0.005 (not whole-brain corrected, but with cluster size ≥ 150 mm3) is shown for the sub-group of nine older adults who made reasonable number of IC
and C errors (d). Some key active regions are indicated. IC = Incongruent, C = Congruent, R = right, L = left, IFG = inferior frontal gyrus, MFG = middle frontal gyrus,
PCG = precentral gyrus, and BA = Brodmann area.

differentially active cluster at the frontal region for the older
adults was at the right IFG/MFG/PCG (849 mm3, centroid coordinate (R39, A3, S32), including 321 mm3 at IFG and 362 mm3 at
PCG). The distance between these two centroids was 19.7 mm. The
difference between these two IFG/MFG/PCG clusters is further
demonstrated by the mean IRFs in Incongruent and Congruent
conditions (Fig. 2). For each age group, the amplitude difference
(IC-C) was comparatively larger at the location of that age group's
largest cluster in the right IFG/MFG/PCG. Also, a 153 mm3 cluster
at the left SFG/MeFG (medial frontal gyrus) (centroid coordinate
(L6, A9, S51)) was found before whole-brain correction for the older
group, but was not found for the younger group, even at a p ≤ 0.05
before whole-brain correction (Fig. 3). At this cluster location,

the IRF amplitude difference (IC-C) was larger for the older adults
(Fig. 3(b)).
In the posterior regions of the brain (Figs. 1(a, b), Table 2),
differential activation was found in the right IPL, right SPL, right
precuneus, right and left inferior and middle occipital gyri, and right
superior occipital gyrus in both groups. The clusters at the posterior
part of the brain were large and tended to cover multiple anatomical
regions.
Overall, the active volume (IC N C) for the whole brain was
21,561 mm3 (11,161 mm3 in the right and 10,400 mm3 in the left
hemispheres) for the young adults and was 17,072 mm3 (12,184 mm3
in the right and 4,888 mm3 in the left hemispheres) for the older
adults. In the frontal regions, both groups appeared to have activation
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4,080 mm3 (3,580 mm3 at the right and 500 mm3 at the left) for the
young adults and was 3,621 mm3 (1,946 mm3 at the right and 1,675
mm3 at the left) for the older adults. Besides the overall pattern
difference, there were also some speciﬁc regional differences. A
cluster at the right IFG/insula (742 mm3, centroid coordinate (R40,
A18, S1)) was found differentially active only in young adults.
Notably, a signiﬁcant cluster at the left SFG/MeFG (575 mm3, with
486 mm3 in SFG, centroid coordinate (L5, A9, S52)) was found to be
differentially active only in the older group. A smaller cluster at the
right SFG/MeFG (211 mm3, centroid coordinate (R6, A9, S53)) was
also found to be differentially active only in the older group.
Whole-brain analysis for fMRI: ﬂanker activation from error trials
in older adults
The contrast between the incorrect (errors) Incongruent versus
the correct (successful) Congruent trials from the older adult subset
(those who made a high number of errors) showed two large
differentially active clusters (Fig. 1(d)): a 620 mm3 cluster at the left
IFG with centroid (L43, A10, S23), and a 264 mm3 cluster at the right
IFG/MFG with centroid (R44, A11, S29). These two clusters survived
the whole-brain correction for multiple comparisons. A differentially
active cluster (161 mm3) was found at the left SFG with centroid
(L6, A9, S53) (Fig. 1(d)), at the location where a left SFG/MeFG
cluster was found in older adults for the IC–C contrast in the analysis
of successful trials (not corrected for whole brain) and in the

Fig. 2. The within-group whole-brain differential activation during successful ﬂanker
trials (“Incongruent–Congruent”) (voxel-based p value ≤ 0.005 and whole-brain
corrected p value ≤ 0.021) revealed a location shift of the IFG/MFG cluster with
aging. The mean impulse response functions for older and younger group in conditions
IC (Incongruent) and C (Congruent) are plotted at (a) the right IFG/MFG cluster found
from the younger group, and (b) the right IFG/MFG/PCG cluster found from the older
group.

lateralized to the right. The total active volume in the frontal region of
the brain was 1,987 mm3 (1,589 mm3 at the right and 398 mm3 at the
left hemispheres) for the young adults and was 1,549 mm3
(1,286 mm3 at the right and 263 mm3 at the left hemispheres) for
the older adults. This asymmetry with older adults was also observed
before the correction for multiple comparisons at voxel based
p ≤ 0.005 and at even more liberal p ≤ 0.01. The between-group
analysis did not yield signiﬁcant differences between young and
older adults.
Whole-brain analysis for fMRI: ﬂanker activation from successful and
error trials together
We turn now to analyses based on all the trials (errors as well as
successful trials). The whole-brain within-group ANOVA showed that
the right IFG and the right and left MFG in the frontal region were
differentially active (IC-C) in both age groups, as in the analysis of only
the successful trials. In the posterior regions of the brain, differential
activation was found in the left SPL, right and left precuneus, right and
left middle occipital gyri in both groups, also resembling the
activation from successful trials. However, there were some notable
differences in activation. There was an overall increase in activated
volume estimated for the whole brain; 29,283 mm3 (15,719 mm3 in
the right and 13,564 mm3 in the left hemispheres) for the young
adults and 23,321 mm3 (15,557 mm3 in the right and 7,764 mm3 in
the left hemispheres) for the older adults. In the frontal regions, the
activation in younger adults was lateralized to the right as was the
case with successful trials, but activation in the older adults was more
bilateral. The total active volume in the frontal region of the brain was

Fig. 3. The within-group whole-brain differential activation during successful ﬂanker
trials (“Incongruent–Congruent”) (voxel-based p value ≤ 0.005 but whole-brain
uncorrected) revealed a cluster that is more active for the Incongruent condition at
the left SFG/MeFG region with older adults but this cluster was not found at the
younger adults (a). The mean impulse response functions for older and younger group
in conditions IC (Incongruent) and C (Congruent) are plotted at this cluster (b).
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analysis of successful and error trials together (corrected for whole
brain). In the frontal region, the differentially active volumes
(uncorrected for whole brain) for the contrast of incorrect Incongruent
versus correct Congruent trials were 801 mm3 at the right and
1,320 mm3 at the left.
Discussion
Common areas of brain activation during interference resolution in
young and older adults
The results of our ﬂanker fMRI study show an overall agreement on
the brain regions involved in selective attention and executive
function with the ﬁndings from the meta-analysis on ﬂanker studies
by Nee et al. (2007) and other fMRI studies on interference resolution
on a similar population (Botvinick et al., 1999; Colcombe et al., 2005,
2004; Erickson et al., 2005; Hazeltine et al., 2000; Nielson et al., 2002).
The common differentially active (IC-C) regions (Table 2 and Figs. 1(a,
b)) of the two age groups include the right IFG, bilateral MFG, right IPL
and right SPL. The IPL and SPL were likely activated for their role in
visual attention and processing as they are anatomically connected to
areas associated with visual processing (precuneus and occipital gyri).
Differential activation in IPL and SPL is consistent with the result of
Erickson et al.'s (2005) structural equation modeling analysis of
attentional control in a ﬂanker task. The network relationship
between various regions, such as IPL, SPL, IFG and MFG, supports
attention control. Our results showed smaller regions of activation in
the IFG and MFG in the older adults suggesting an age-related decline
in this supporting network.
Age-related differences in brain activation during interference resolution
The main goal of our study was to identify speciﬁc age-related
modiﬁcation at the frontal region for interference resolution. Older
adults showed relatively smaller total volume of differential activation
for the whole brain. This might be explained by the change of the
neuro-vasculature with aging (Takahashi et al., 2005). An important
ﬁnding with aging is the change of the location of the differential
activation in the right IFG and MFG, the regions that have been shown
to be involved in this type of executive processing (Colcombe et al.,
2005, 2004; Erickson et al., 2005; Nee et al., 2007). For both groups,
the right IFG/MFG cluster was the largest in the frontal area. This
suggests recruitment of functionally similar regions in older adults to
accomplish inhibition processing. The shift in location may occur to
offset the reduced activation in the speciﬁc locations observed within
the younger group. However, as the older adults showed slower
inhibitory processing, this recruitment at a shifted region did not
result in equivalent performance when compared to the younger
adults. Others have shown that older adults recruit additional areas
during successful cognitive performance to compensate for otherwise
ineffective processing in traditional brain regions. These studies show
an advantage of recruiting additional areas by showing improved
performance when compared to older adults who do not recruit
additional brain regions (Cabeza et al., 2002; Grady, 2000). Our results
also do not provide direct support for other theories of cognitive aging
such as dedifferentiation as the shifted activation in the current study
is located within brain regions that are generally associated with
inhibitory processing. Nonetheless, these results do show that older
adults use a different pattern of brain activation compared to young
adults during inhibitory processing and an activation pattern that is
conﬁned to smaller regions. Although the additional analyses
including error trials were post-hoc, we were quite surprised to ﬁnd
such a large effect of modeling error trials given the small number of
errors committed by both young and older adults. Error-related
processing was associated with added activation in the left frontal
hemisphere, notably at IFG, SFG and MeFG. This also explains why the

left SFG/MeFG cluster survived the correction for multiple comparisons if the error trials were included in the data, but not if only
successful trials were analyzed. In fact, the additional activation
observed with errors has been shown in another inhibitory processing
task (Murphy and Garavan, 2004). If the successful trials were not
separated from the error trials, higher overall active volumes were
obtained, also consistent with ﬁndings by Murphy and Garavan
(2004).
A secondary aim of the study was to investigate age-related
changes in frontal hemispheric asymmetry (e.g., reduction in
asymmetry) that has been reported by others (Colcombe et al.,
2005; Nielson et al., 2002; Langenecker and Nielson, 2003; Cabeza et
al., 2002). During successful inhibition, there was no loss of
asymmetry with either voxel based p ≤ 5 × 10− 3 (and whole-brain
corrected p ≤ 0.021) or at the much more liberal voxel-based p ≤ 0.01
(whole-brain uncorrected). Our data do provide support for reduced
asymmetry when error trials were included and suggest that this
asymmetry reduction was speciﬁcally associated with error processing. However, it should be emphasized that this ﬁnding is from a
limited number of subjects and contains bias in selecting the subgroup; the current study was not designed or powered to adequately
address error processing during aging. This will be an interesting topic
to explore in the further investigations of cognitive aging. Future
studies should consider additional task difﬁculty to explore error
related activation changes with aging.
Rationale for the ﬂanker paradigm and rapid event-related design in
this study
The ﬂanker paradigm used in the current study was intentionally
chosen to emphasize stimulus–response inhibitory processing, while
it is recognized that the task may also include selective attention. The
use of a rapid event-related presentation of stimuli is expected to
elicit constant general attention as the subject is consistently, but
randomly, presented with task displays and control ﬁxation cues. This
study showed greater differential behavior responses for older adults
providing support that this type of stimulus-response inhibitory task
is affected by age, beyond that of general age-related slowing.
An event-related design was chosen over a block design for several
reasons. Despite a high detectability for differential activation due to
an overall high BOLD signal-to-noise ratio, a block design needs to
present multiple trials with the same stimulus type in each block of
time. After the ﬁrst trial in each block, a subject can easily predict the
stimulus type for the rest of the trials in the block which can reduce
the effect of interference resolution. In a more traditional (slow)
event-related design (Colcombe et al., 2005; Garavan et al., 1999), the
hemodynamic response to a stimulus is allowed to return to the
baseline before another stimulus is presented, commonly with an ISI
longer than 12 s. This design suffers from time inefﬁciency and needs
more data points (or a longer scan time) to achieve a good level of
statistical power. In addition, one must assume that the subject is able
to maintain a similar attention level over an extended period of time.
Any variation in attention level over an extended period of time can be
a confounding factor in the results. One advantage of a slow-event
related design is that the hemodynamic response to an error trial can
be easily identiﬁed and removed from the analysis.
A rapid event-related design allows the subject's general attentiveness level to be kept relatively constant, and thus differential
activation patterns can more clearly unveil the neural network that
contributes speciﬁcally to conﬂict resolution during the stimulus–
response inhibition task. In a rapid event-related design, stimuli are
presented at a much higher frequency than in a more traditional
event-related design. However, the hemodynamic responses convolve to each other and this makes it difﬁcult to identify the raw
image signal data points corresponding to error trials and to remove
them from analysis. The estimation of the average hemodynamic
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response for each trial type relies on the deconvolution analysis
(Glover, 1999; Ward, 2000a). The error trials need to be modeled in
the analysis and can introduce some variation in IRF estimation.
We must also address the limited data that we have on our
participants' demographic, general cognitive, and health characteristics. Subject information was limited to self reports on health, task
performance and anatomical images. It is possible that physical health
issues, such as cardiovascular conditions, and poor mental status may
have contributed to the group difference seen in the BOLD signal, but
it should be noted that the older sample comes from a population that
we know from other studies (e.g., in RTZ's lab) has generally good
physical and psychological health.
In summary, our study found an age-associated shift in location in
executive-function related regions, notably at the right IFG and MFG.
The left SFG/MeFG also appeared to be speciﬁcally recruited by older
adults for interference resolution, albeit this activation was partially
driven by incorrect trials presumably arising from brain activation
during error processing. These modiﬁcations with aging might play a
direct role in impaired interference resolution, corresponding to the
longer response time. Lastly, while our study did not ﬁnd concrete
evidence to support frontal hemispheric asymmetry associated with
aging in successful ﬂanker interference resolution, we show bilateral
activation during error processing in older adults.
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