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Highlights:


In an fMRI study, we examined the BOLD correlates of age-related changes in
a Simon task.



Behaviorally, sequential effects were diminished in old compared to young
adults.



BOLD responses in right anterior cerebellum showed sequential effects in
young, but not old adults.



Aging may interfere with the trial-by-trial updating of stimulus-response
mapping.

Abstract
Participants are slower to report a feature, such as color, when the target appears on
the side opposite the instructed response, than when the target appears on the same
side. This finding suggests that target location, even when task-irrelevant, interferes
with response selection. This effect is magnified in older adults. Lengthening the
inter-trial interval, however, suffices to normalize the congruency effect in older
adults, by re-establishing young-like sequential effects (Aisenberg, Sapir, d’Avossa,
Henik, 2014). We examined the neurological correlates of age related changes by
comparing BOLD signals in young and old participants performing a visual version of
the Simon task. Participants reported the color of a peripheral target, by a left or righthand keypress. Generally, BOLD responses were greater following incongruent than
congruent targets. Also, they were delayed and of smaller amplitude in old than young
participants. BOLD responses in visual and motor regions were also affected by the
congruency of the previous target, suggesting that sequential effects may reflect
remapping of stimulus location onto the hand used to make a response. Crucially,
young participants showed larger BOLD responses in right anterior cerebellum to
incongruent targets, when the previous target was congruent, but smaller BOLD
responses to incongruent targets when the previous target was incongruent. Old
participants, however, showed larger BOLD responses to congruent than incongruent
targets, irrespective of the previous target congruency. We conclude that aging may
interfere with the trial by trial updating of the mapping between the task irrelevant
target location and response, which takes place during the inter-trial interval in the
cerebellum and underlays sequential effects in a Simon task.
Keywords: Aging, Simon task, Stimulus-response remapping, cerebellum, sequential
effects

1. Introduction:
Aging is accompanied by widespread changes in psychomotor and cognitive
performance (Craik & Salthouse, 2011). These changes are characterized, for
example, by diminished ability to maintain information in working memory (e.g.,
Craik et al., 1990; Daigneault & Braun, 1993; Salthouse, 1990), greater interference
by task irrelevant distractors (e.g., Duchek et al., 1998) and diminished ability to
withhold automatic, but incorrect responses (e.g., Spieler et al., 1996; West & Bell,
1997; Zacks et al., 1996). These deficits are thought to interfere with older adults’
ability to carry out complex activities (Salthouse, 2016).

1.1 The Simon task
The Simon task is a simple experimental paradigm that has been used to examine
control processes under speeded conditions. In its visual version (Simon & Small,
1969), participants are shown a colored target, either on the left or the right of fixation
and report its color by pressing either a left or a right key, as soon as the target
appears (Craft & Simon, 1970; Proctor & Lu, 1994; Umilta & Nicoletti, 1985). This
paradigm yields two basic trial types: congruent trials, when the target is presented on
the same side as the key-press instructed by its color; and incongruent trials, when the
target is presented on the opposite side. This distinction is crucial since participants
are slower to respond to incongruent than congruent targets, suggesting that the
location of the target, although task-irrelevant, automatically biases response related
processes. The reaction time (RT) difference between incongruent and congruent
trials is termed the Simon or congruency effect.
Several explanations for the Simon effect have been offered. The initial interpretation
of this effect was that the irrelevant target location is processed automatically and
produces response interference (Simon & Small, 1969). Similarly, Hommel,
Müsseler, Aschersleben, and Prinz (2001), suggested that action and perception are
encoded by overlapping neural populations. The Simon effect emerges when an
irrelevant property of the stimulus (i.e., location) is processed and unavoidably
activates the overlapping response representations (i.e., action toward the irrelevant
location). Nicoletti and Umiltà (1989) suggested that attention is shifted toward the
stimulus and automatically generates a spatial code, which biases the motor response.
Van der Lubbe, Abrahams and De Kleine (2012) provided ERP data supportive of the
idea that facilitation of actions ipsilateral to the target occurs because spatial orienting
and response preparation overlap. While it is still under debate which reference frame

is used to code the stimulus location (Abrahamse & Van der Lubbe, 2008; Van der
Lubbe & Abrahamse, 2011; Van der Lubbe, et al., 2012; Hommel, 2011), it is agreed
that the Simon effect reflects the interference of task irrelevant Stimulus–Response
(S-R) association.
The existence of sequential effects has further informed the debate about the nature of
the Simon effect. Responses to congruent and incongruent trials depend on the
congruency of the target in the previous trial, so that responses to congruent targets
are slower when the previous trial contained an incongruent than a congruent target.
Likewise, responses in incongruent trials are faster when the previous trial contained
an incongruent than congruent target (Gratton, Coles, & Donchin, 1992). These
sequential effects result in a smaller Simon effect when the preceding trial contains an
incongruent target. Two main explanations have been suggested to account for this
finding (Egner, 2007; Duthoo, Abrahamse, Braem, Boehler, & Notebaert, 2014);
Sequential effects may reflect a conflict monitoring process. That is, the detection of
conflict in incongruent trials leads to recruitment of processes which inhibit the
processing of the task irrelevant spatial dimension. When the next target is presented,
these inhibitory processes diminish the interference of the target location and,
consequently, the size of the Simon effect (Botvinick, Braver, Barch, Carter & Cohen,
2001). Alternatively, sequential effects may reflect trial by trial binding of target
features and response. That is, for a response to be executed, target features and
response need to be jointly encoded. These bound representations are generated
rapidly if the target features are fully repeated, e.g., a trial containing a blue target on
the left is followed by a trial containing a blue target on the left, or completely
changed, e.g., when a blue target on the left is followed by a red target on the right.
However, if the target features are partially repeated, the representation of the
previous trial must first be unbound before the representation of the current trial is
coded, resulting in a slowed response. As full repetition and complete changes
correspond to sequences of either congruent-congruent or incongruent-incongruent
targets, while partial repetitions correspond to sequences of congruent-incongruent or
incongruent-congruent targets, this proposal provides a potential explanation for these
sequential effects (Hommel, Proctor & Vu, 2004; Mayr, Awh & Laurey, 2003).

1.2 The Simon task and Aging
Several studies tested Simon task in older participants and found a larger Simon effect
(Van Der Lubbe & Verleger, 2002; Bialystok, Craik, Klein & Viswanathan, 2004;

Aisenberg et al., 2015). This age effect is mostly driven by older adults showing a
disproportionate slowing when responding to incongruent targets (Aisenberg, Sapir,
d'Avossa & Henik, 2014; Aisenberg et al., 2015). One possible interpretation of this
finding is that inhibitory processes are impaired in aging, and therefore, the ability to
suppress the irrelevant target location is diminished (Aisenberg et al., 2015).
However, Aisenberg et al., (2014) found that older adults not only suffer a larger
Simon effect, but also diminished sequential effects, suggesting that the former is a
consequence of the latter. While the loss of sequential effects in older adults may still
be accounted in terms of an inhibitory deficit, other aspects of Aisenberg’s findings
are not fully consistent with this specific hypothesis. In particular, young adults
showed a pattern of reversed Simon effect on trials preceded by an incongruent target.
In other words, young adults were faster to respond to incongruent than congruent
targets when the preceding target was incongruent. While the reversed congruency
effect was not significant, it was consistently found across experiments, and replicated
reports from other labs (e.g., Hommel, 1993; Stürmer, Leuthold, Soetens, Schröter &
Sommer, 2002). This reversal cannot be explained if sequential effects only reflect
inhibition of the task irrelevant spatial dimension.
Remarkably, these age-related performance differences could be diminished simply
by increasing the duration of the inter-trial interval (ITI). While older adults showed
loss of sequential effects when the ITIs were short, sequential effects were
reestablished when ITIs were long. The ITIs duration did not affect sequential effects
in young participants. This indicates that aging effects on the Simon task reflect the
slowing of preparatory processes, which take place during the ITI. The observation
that these processes take place after the trial had ended suggests that they reflect a
proactive mode of control (Braver 2012). This finding cannot be easily explained by
the theoretical accounts of the sequential effects in the Simon task offered by Hommel
(2004; 2011) and reviewed in the previous section. According to this model, the costs
associated with partial feature repetition are incurred only after the current stimulus is
presented, since unbinding the memory representation of the previous trial can only
begin then. Therefore, there is no obvious reason why the duration of the ITI should
affect the cost of unbinding. One may speculate that aging leads to a faster decay of
the previous trial memory trace. However, this hypothesis predicts a loss of sequential
effects at long rather than short ITIs. In conclusion, inhibitory processes cannot
explain the reversal of the Simon effect following an incongruent trial, while the

feature binding proposal cannot explain why the duration of the ITI affects sequential
effects in older adults.

Aisenberg et al, (2014) proposed, instead, that age related changes in sequential
effects may reflect slowed updating of the mapping between stimulus location and
response. This mapping provides a general rule to transform target position into a
response, for example mapping eccentric targets onto the hand either on the same or
the opposite side. This proposal differs from the binding hypothesis, first because it
assumes that the brain holds on to rules rather than a representation of the last trial
event. Moreover, and unlike the binding hypothesis, which assumes that binding
processes must be completed by the time the response is made, the remapping
proposal could account for the age related ITI effects if one assumes that remapping
takes place after the response and is delayed in older adults.
Imaging studies have been instrumental in identifying the functional anatomy of the
processes underpinning performance in the Simon and related tasks. These studies
have reported that dorso-lateral prefrontal cortex (DLPFC) and anterior cingulate
cortex (ACC) show larger activations to incongruent than congruent targets (Fan,
Flombaum, McCandliss, Thomas, & Posner, 2003; Jonides, Badre, Curtis, ThompsonSchill, & Smith, 2002; Peterson et al., 2002; Van Der Lubbe & Verleger, 2002).
These findings were interpreted according to the view that these regions belong to a
frontal circuit that monitors performance and maintains goal directed behavior. This
same circuit appears to be involved in sequential effects (Botvinick, Cohen, Carter.
2004). Specifically, BOLD responses to incongruent targets in ACC are modulated by
the previous trial congruency, being larger when the previous trial is congruent than
incongruent (Botvinick, Nystrom, Fissell, Carter, Cohen, 1999), suggesting that ACC
is specifically tuned to the ‘de novo’ appearance of incongruent targets. Additionally,
trial to trial fluctuations in the amplitude of ACC activation, following an incongruent
target, was found to predict the strength of sequential effects in both a Stroop (Kerns,
Cohen, Carter, 2004) and a Simon task (Kerns, 2006), suggesting that variations in
conflict detection affect the strength of behavioral adjustments made in subsequent
trials. Finally, patients undergoing cingulotomies have been found to lose sequential
effects, following the surgical procedure, without any detectable change in the size of
the congruency effects (Sheth et al., 2012). This suggested role of the ACC provides a
speculative explanation for the loss of sequential effects observed in older adults.

Namely, aging diminishes the ability of ACC to detect conflict following incongruent
targets and initiate adjustments in attentional control on subsequent trials. Support for
this hypothesis stems largely from the observation that older adults suffer a
disproportionate performance decrement, when presented with distractors. According
to an anatomically based hypothesis, the increased interference of distractors in aging
arises because the ACC, which monitors the internal and external environment and
detects sources of conflict that could lead to erroneous responses (Banich et al., 2000;
Botvinick et al., 1999; Carter et al., 2000; MacDonald et al., 2000), may be
prominently vulnerable to aging. If so, the BOLD response in ACC during a conflict
task involving distractors, such as the Simon task, should be diminished in old
compared to young participants.
Despite the prevailing view that frontal networks involved in cognitive control are
responsible for sequential effects, some studies have implicated sensori-motor
networks, in keeping with our suggestion that sequential effects may reflect
adjustments in mapping of the target location onto a response. For example, Wittfoth,
Buck, Fahle and Herrmann (2006), who used two variations of the Simon task, found
greater BOLD responses to incongruent than congruent targets in attentional, motor
and visual regions, including the pre-supplementary motor area (pre-SMA), superior
parietal lobule (SPL), cuneus, left fusiform gyrus, and cerebellum. Interestingly, the
authors did not find consistently BOLD signal changes in either the ACC or the
DLPFC and therefore concluded that conflict can be detected and processed in visual
and motor networks, tied to the analysis of the stimulus and the generation of the
appropriate response. If this is correct, age related changes in the BOLD response
should be detected in motor, attentional and visual regions, and in regions involved in
stimulus-response remapping.
1.3 The Current Study
The present study aims to identify the functional anatomical correlates of the agerelated changes in sequential effects, which should help establish the nature of the
processes underling these effects. We reasoned that if age-related changes reflect a
deficit in either conflict detection or inhibition, one should expect age related
differences in regions such as the PFC, the ACC and anterior Insula (Fan et al., 2003;
Jonides et al., 2002; Peterson et al., 2002; Van Der Lubbe & Verleger, 2002). On the
other hand, if age-related changes in sequential effects reflect a failure in promptly
updating stimulus response mapping, then age related changes should be found in
sensori-motor brain regions, such as the cerebellum, intra-parietal sulcus (IPS) and

SMA. A number of imaging studies, which provided support for the conflict
monitoring hypothesis, specifically examined the effects of the previous target
congruency on BOLD responses evoked by incongruent targets (Fan et al., 2003;
Jonides et al., 2002; Peterson et al., 2002). The presumptive reason for this analytical
strategy is that the conflict monitoring hypothesis predicts that BOLD responses to
congruent targets should not be affected by the congruency of the previous target,
since no information conflict is present on these trials. On the other hand, the
remapping hypothesis suggests that BOLD responses to both congruent and
incongruent targets should be modulated by the congruency of the target in the
previous trial. Therefore, in our analysis of age related changes in sequential effects,
we examined all possible pairings of present and the previous target congruency. Our
main aim was to identify brain regions where the BOLD response showed sequential
effects in young but not old participants.
Because the shape of the BOLD response differs in young and old participants, we did
not use an assumed hemodynamic response function to estimate the BOLD response.
Instead, we estimated the BOLD response on a frame by frame basis by jittering the
ITI duration. This design assumed that the same processes are recruited during short
and long ITIs, in keeping with the finding that when mixing short and long ITIs in the
same block, sequential effects are driven by the short ITI (see experiment 2 in
Aisenberg et al., 2014). Since the ITI duration in mixed blocks is not expected to
modulate sequential effects, the effects of ITI on the BOLD response are not
investigated in this study.

2.

Materials and Method

2.1 Participants.
Thirteen healthy older adults (mean age = 70.7 years, SD = 4 years, range = 65-77
years) and seven healthy young adults (mean age = 25.5 years, standard deviation
(SD) = 2.5 years, range = 23-3 years) were recruited from the School of Psychology
community panel at Bangor University in Bangor, UK. All participants gave written
informed consent prior to engaging in any experimental procedure. The experimental
protocol was approved by the Bangor University School of Psychology Ethics Board.
All participants were right handed and were screened for a history of neurological and
psychiatric disorders. Older adults were also screened with the Mini-Mental Status
Exam (Folstein, Folstein, & McHugh, 1975), and those who scored less than 27 were

excluded from further testing. Color vision was assessed in all participants with the
Ishihara Color Test. Participants were paid £20 for their participation.
2.2 Behavioral tasks
The task required participants to report the color of a visual target, by pressing a key,
with either the left or the right hand. The targets were either a red or a blue circle, 5º
in diameter, which could be displayed 13º left, right, above or below the central
fixation point. Target color and position varied in a fully factorial design. This yielded
two incongruent targets, when the target appeared on the opposite side of the keypress instructed by its color; two congruent targets, when the target and the instructed
key-press were on the same side; and two neutral targets, when the target appeared
either above or below fixation. Each block contained ninety-one trials, with at least
thirty trials of each type (congruent, incongruent and neutral). Moreover, each of the
nine possible sequential pairings between target types occurred ten times in a block.
The order of the presentation was randomized. Participants completed a practice block
of sixteen trials in the scanner, prior to commencing the actual imaging procedure.
Each participant completed at least 5 scans. Some participants performed up to
additional 3 more scans. Specifically, 6 participants completed 8 blocks (5 young and
1 old), 8 participants completed 7 blocks (1 young and 7 old), 5 old participants
completed 6 blocks, and 1 young participant completed 5 blocks.
The duration of the inter-trial interval (ITI) was jittered over three levels: 2.5s,
5.0s and 7.5s (Buckner, 1998; Dale & Buckner, 1997). The short, intermediate and
long ITIs represented 60%, 30% and 10% respectively of the total.
Each trial started with a 1.0s long central black fixation cross. This was
followed by the target, which remained visible for 400ms. A grey asterisk followed,
which remained visible at the center of the screen during the ITI. In the practice
block, whenever the participant made an erroneous response, the word “error”
appeared for 1.0s, before the inception of the following trial. No feedback was
provided during the imaging procedure.

2.3 Functional imaging
The data were acquired on a 3T Philips MRI scanner with a sensitivity-encoded
(SENSE) phased-array head coil. For functional imaging, a single shot echo planar
imaging sequence was used (T2*-weighted, gradient echo sequence; repetition time
(TR) = 2,500 ms; time to echo (TE) = 35 ms; flip angle (FA) = 90°) to achieve nearly
whole cerebrum coverage. The scanning parameters were as follows: TR = 2,500 ms;

30 off-axial slices; slice pixel dimensions, 2 × 2 mm2; slice thickness, 3 mm; no slice
gap; field of view (FOV) 224 × 224 mm2; matrix 112 × 112; phase-encoding
direction, A-P (anteroposterior); SENSE factor = 2. Seven dummy volumes were
acquired before each functional run to minimize T1 saturation effects. Parameters for
T1-weighted anatomical scans were: 288 × 232 matrix; 1 mm3 isotropic voxels; TR =
8.4 ms; TE = 3.8 ms; FA = 8°.
2.4 Data analysis.
Sync-interpolation was used to correct for between-slice differences in acquisition
time. BOLD signal in each volume was normalized to a modal voxel value of 1,000 to
facilitate comparison between datasets (Ojemann et al., 1997). Imaging data were
corrected for head motion within and across runs using a rigid-body six degree of
freedom affine transformation (Snyder, 1996). Data were resampled into 3 mm
isotropic voxels and transformed to the Talairach and Tournoux (1988) reference
space using twelve degrees of freedom.
2.4.1 Event-related design. Data were analysed using a general linear model (GLM)
(Friston et al., 1994; Miezin et al., 2000). The model included the following
parameters: a constant, a linear term and a set of cosine and sine functions, modelling
fluctuations of the BOLD signal with a period less than 0.009Hz. The model also
included a set of parameters of interest, namely seven consecutive delta functions,
comprising the interval between 0 and 15s after the stimulus onset. The GLMs
assessing sequential effects, for example, included 9 sets of regressors, one for each
possible combination of previous and present target congruency. Three additional sets
of regressors were used to model the BOLD response to the first target in the block
and in trials where the behavioral response to the previous or present target was
erroneous. The percentage of BOLD signal modulation was calculated as a ratio,
whose numerator was the BOLD signal amplitude, and the denominator the value of
the constant term, averaged over scans (Ollinger, Corbetta, & Shulman, 2001). GLM
estimates for each participant were smoothed with a 6.0 mm FWHM Gaussian filter.
Group level statistics were based on mixed ANOVAs. The between factor was age
and the within factors included present target congruency, previous target congruency
and time. The time factor was defined over seven levels, spanning the first 15.0s after
the target onset. Regions of interest (ROIs) were derived from voxel-wise, group level
z-transformed statistical maps, corrected for multiple comparisons using joint zscore/cluster size thresholds (Forman, Cohen, Fitzgerald, Eddy, Mintun & Noll,
1995). A voxel survived correction if its z score was greater than 3.0 and belonged to

a cluster of at least 13 voxels with contiguous edges. The z-score/cluster size
thresholds were determined using volume-based Monte Carlo simulations (McAvoy,
Ollinger & Buckner, 2001). Each ROI was centred on a peak activation identified
using an automated search algorithm (Mintun, Fox & Raichle, 1989) and was drawn
by hand to ensure that voxels belonging to separate but adjoining structures were
assigned to the correct ROI.

3. Results
3.1 Behavioral results
Overall, the error rate was low (3% for young adults and 5.5% for old adults) and did
not differ between age groups, F(1, 18) < 1. Mean RTs were calculated for correct
response only and for each participant and condition. Post error trials were removed
from the analysis. Outlier responses (i.e., responses that were shorter than 150 ms or
were three standard deviations above/below the mean of each participant within each
condition) were excluded from the analysis. This procedure removed an additional
2.6% of the trials. All main effects were significant (see Table 1, which lists all the
significant main effects and interactions) The interaction of the previous by present
trial congruency was significant, indicating that the magnitude of the Simon effect in
the present trial was affected by the congruency of the target in the previous trial. The
age by present trial congruency interaction was significant, due to a larger congruency
effect in old than young adults. The three-way interaction between age, previous trial
congruency and present trial congruency was also significant, (see Figure 1).
Specifically, pattern of sequential dependencies differed in the two groups: young
participants showed a significant sequential effect, as indicated by the present x
previous congruency interaction (F(1,18)=6.42, MSE=858.5, p<.0023). This
interaction was not significant for old adults (F<1). Additionally, the Simon effect
was only significant in young adults when the previous trial was congruent
(F(1,18)=39.46, p<.000005, MSE=570), but not when it was incongruent (F(1,18)
<1). In older adults the Simon effect was significant when the previous trial was either
congruent (F (1,18) = 27.86 p<.000061, MSE= 570) or incongruent (F(1,18)= 6.722,
p<.018, MSE= 252). The results indicate that older adults are less likely to adjust
performance based on the previous target congruency.
In order to confirm that mixing short with long ITIs produced the same sequential
effects, we compared RTs following short (2.5s) and long (5.0 and 7.5s) ITIs. We
found that old adults do not gain sequential effects following long ITIs (ITI x previous

x present congruency in old participants F<1), suggesting that sequential effects in the
scanner were determined by the shortest ITI in the block, in agreement with our
previous behavioural findings (Aisenberg et al. 2014).

Figure 1. Group averaged RTs. The graph shows RTs in young and old participants sorted by the
target’s congruency in previous and present trials. The error bars are standard errors of the mean.
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F
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1, 18

6.87

60,746

.27

.017

present trial congruency

2, 36

49.46

371

.73

.000

previous trial congruency

2, 36

14.07

459

.43

.000

previous X present congruency

4, 72

9.42

428

.34

.000

age X previous trial congruency

2, 36

1.1

428

.03

n.s

age X present trial congruency

2, 36

3.56

371

.16

.038

Effect
Age

Comments
young are faster than seniors

interference: young vs. seniors

young - 13 ms, seniors - 23 ms

1, 18

5.23

381

.03

proportional interference: young vs.

young - 47%, seniors - 69%

1, 18

4.57

.165

.2

.046

4, 72

3.12

428

.14

.01

1, 18

5.53

858.5

seniors
age X previous congruency X present
congruency
sequential Gratton: young vs. seniors

young - yes, seniors - no

0.03

Table 1. Main Effects, Interactions and Relevant Contrasts of the Behavioral Results

3.2 Imaging results.
Age X Time interaction: target evoked BOLD responses showed a time by age
interaction in several regions, listed in Table S1 in the supplementary materials. This
interaction reflected a difference in both the amplitude and the latency of target
evoked BOLD responses between old and young adults. Figure 2 shows five
representative regions chosen from the age by time interaction map. These regions
show target evoked BOLD response whose time-courses differed significantly
between young and old participants. In the left and right Para Hippocampal Gyrus
(PHG) BOLD responses evoked by targets presented on the left vs. right side had
similar amplitudes (both F<1), in keeping with these regions weak retinotopic
organization (Arcaro, McMains, Singer & Kastner, 2009). The left PHG showed a
significant effect of target congruency (F(6,108)=2.26, p<0.01), but not so the right
PHG (F(6,108)=1.42, p=0.15). The other three regions shown in figure 2 are right
Supplementary Motor Area (SMA), left ACC and right anterior Insula. In right SMA
and ACC, neither the current target congruency by time, nor the current target
congruency by age by time interaction was significant at the regional level, even
though both these regions showed greater BOLD response to incongruent than
congruent targets (all F < 1). Right anterior Insula, on the other hand did show a
significant interaction of target congruency by age by time at the regional level
(F(6.102) = 2.24, p<0.012). More generally, figure 2 clearly demonstrates that BOLD
responses peaked approximately 5.0s after the target onset in young participants,
while in older participants the BOLD response peaked later and appeared more
sustained. Also, BOLD responses were of smaller amplitude in old than young
participants. These findings are in keeping with previous observations in old adults
(Buckner, Snyder, Sanders, Raichle, & Morris, 2000; D’Esposito et al., 1999; Huettel,
Singerman, & McCarthy, 2001).
Age X present target congruency X time interaction: The congruency by age
by time interaction highlighted regions listed in Table 2. In these regions, target
congruency modulated the time-course of the BOLD response differently in old and
young participants. Figure 3 shows four representative regions. We did not include the
left Fusiform Gyrus and Inferior Temporal Gyrus regions, which were not covered in
some participants because of their very ventral position. In task positive regions, such
as left Superior Parietal Lobule (SPL), right Fusiform Gyrus (FG) and left medial

Motor Cortex, greater BOLD responses followed incongruent than congruent targets
in both young and old adults early after target onset (see figure 3). In right
RetroSplenial Cortex (RSC), greater deactivations were however found in young than
old participants. Moreover, left medial Motor Cortex, right RSC and left FG all
showed age and target congruency effects on deactivations taking place at later
timepoints in the response. We computed regional level ANOVAs where the time
factor varied over 4 levels only, which included time frames from 7.5s to 15.0s after
target onset. This interaction was significant (respectively, F(6.102)=4.31, p<0.003;
F(6.102)=2.63, p<0.021; F(6.102)=4.63, p<0.001) suggesting that while more
negative BOLD responses followed incongruent than congruent targets in young
participants, late BOLD response were less modulated by target congruency in old
adults (see Figure3).
Brain region/ Coordinates

X

Y

Z

Z score

Cluster size (mm3)

L Fusiform Gyrus

-29

0

-45

4.82

324

R RetroSplenial Cortex

3

-53

23

4.46

270

L Superior Parietal Lobule

-8

-80

32

4.30

432

R Fusiform Gyrus

47

-52

-21

3.87

270

R Precuneus

5

-55

37

3.81

216

L inferior Temporal Gyrus

-43

0

-45

3.79

270

L Motor Cortex

-3

-19

55

3.73

216

Posterior Cingulate Cortex

0

-46

29

3.67

432

Table 2 – Talairach Coordinates of the Peaks in the present target congruency by age
by time multiple comparison corrected z-transformed map

Figure 2. Group averaged time courses of BOLD responses to present congruent, neutral and
incongruent trials.

Figure 3. Group averaged time courses of BOLD responses to present congruent, neutral and
incongruent trials.

In contrast to previous studies (Fan et al., 2003; Peterson et al., 2002), we did not find
significant present target congruency effects in either the ACC or the DLPFC, in
young and old adults. Namely, the present congruency by time and the present
congruency by age by time effects were not significant at the regional level [all
Fs<1]. Nevertheless, while the effects of target congruency on BOLD signals in ACC
were small and not significant, we did find congruency effects in the anterior Insula,
which commonly co-activates with the ACC (Dosenbach et al., 2006), and belongs to

the same resting state network (Dosenbach et al., 2007; Seeley et al., 2007). This
finding suggests that general control processes may have been affected by present
target congruency.
Present X previous trial congruency X time interaction: Next, we identified
regions where the sequential effects affected the BOLD response. These regions were
obtained from the present trial by previous trial congruency by time interaction image.
Sequential effects were observed in the visuo-motor network (see table 3).
Present X previous trial congruency X age X time interaction: The only region
showing a significant interaction with age was the right anterior cerebellum: young
adults showed greater activation on congruent than incongruent trials when the
previous trial was incongruent. Vice-versa, the same region showed greater activation
on incongruent than congruent when the previous trial was congruent. Old adults,
however, did not show this sequential effect. In old adults, incongruent trials evoked
greater activation regardless of the congruency of the previous trial (see Figure 4).
Brain region/ Coordinates

X

Y

Z

Z score

Cluster size (mm3)

L PostCentral Gyrus

-41

-26

58

5.46

270

L PostCentral Gyrus

-42

-28

46

4.65

324

R Cerebellum

22

-56

-21

4.27

729

R Cerebellum

15

-61

-18

4.07

432

L Central Sulcus

36

-24

50

3.67

324

L Striate Cortex

-14

-75

-1

3.35

432

L PreCentral Gyrus

-39

-15

59

3.10

432

Table 3 – Talairach Coordinates of the Peaks in the previous target congruency by
present target congruency by time multiple comparison corrected z-transformed map

A

time (s)

B

Figure 4. sequential dependencies in the right cerebellum, related to mapping stimulus to response. A)
Time courses in young adults showed greater activation for switch trials (e.g., incongruent after
congruent, congruent after incongruent), while old adults did not. B) Right cerebellar activation from
the Previous congruency* Present congruency*Age*Time image is shown in sagittal, coronal and axial
slices. Slices are identified by their Talairach coordinates.

4. Discussion
We investigated the neural underpinnings of aging effects in the Simon task by
comparing BOLD response evoked by congruent, incongruent and neutral targets in a

group of young and old participants. We found that a broad range of regions,
belonging to attentional, control and visual-motor networks showed BOLD responses,
which differed in old and young participants. In order to reveal which of these
networks may be responsible for the performance difference between young and old,
we focused on the neural correlates of sequential effects.
Behaviorally, old adults show greater congruency effects than young adults, mainly
because reaction times are disproportionally slowed in incongruent trials. This
increased interference of target location on response latencies reflects the fact that
sequential effects are diminished in older adults: whereas young adults show
diminished interference following an incongruent trial, older adults do not adjust their
performance on the basis of the congruency of the previous trial, and have congruency
effects that are as large following congruent and incongruent trials (Aisenberg et al.,
2014). The finding that age related differences in sequential effects can be diminished
with increasing the ITI (Aisenberg et al., 2014), suggests that preparatory processes
that take place during the ITI are affected by aging. Because these preparatory
processes take place following the previous trial, they are unlikely to be reactive, but
rather reflect a proactive mode of control (Braver 2012).
In general, BOLD responses were delayed in older compared to young adults.
Moreover, the amplitude of the BOLD response in old adults was diminished,
replicating previous findings (e.g. Aizenstein et al., 2004). Because hemodynamic
factors are probably also at play, age related differences in the effect of target
congruency, observed in a number of regions, are of limited interpretability. As
shown in Figure 3, the congruency of the target affected the depth of late components
of the BOLD response in both task positive and task negative regions of young
participants. In the same regions, older adults show smaller effects of target
congruency. This result is not unprecedented, as the depth of BOLD deactivations in
task negative regions has been previously found to be sensitive to task difficulty in
young, but not old participants (Persson, Lustig, Nelson, & Reuter-Lorenz, 2007). The
timing of these age-related differences in the BOLD response may suggest that they
reflect the suppression of task irrelevant processes during the ITI in young, but not old
participants.
4.1 Lack of congruency effects in control related regions.
The right anterior Insular cortex was the only region of the cognitive control/saliency
networks (Dosenbach et al., 2007; Menon & Uddin, 2010), where congruency related
BOLD signals were affected by the participants’ age, suggesting that at least elements

of this network may contribute to processes engaged by target congruency. In the
voxel wise analysis, we did not find significant target congruency by time effects
(data not shown) or target congruency by age by time effects in the ACC. Moreover,
regional analysis did not reveal the presence of a significant congruency effect in an
ACC region defined from the age by time interaction image. While previous studies
using the Stroop, Flanker, and Simon tasks, reported congruency effect in the ACC
(e.g., Fan et al., 2003; Jonides et al., 2002; Peterson et al., 2002), the exact location
within the ACC varied with task. Moreover, not all studies found significant
congruency effect in ACC (Egner and Hirsch 2005; Wittfoth et al., 2006). On the
other hand, congruency effects have been found outside the control network, mainly
in visual and motor regions (Nachev, Wydell, O’Neill, Husain, & Kennard, 2007;
Wittfoth et al., 2006). It has been suggested previously (e.g., Fan et al., 2003;
Kornblum et al., 1990) that different tasks give rise to distinct types of conflict, and
therefore engage separate neural networks.
4.2 Stimulus-response remapping impairment
Age differences in sequential dependencies were found in the right anterior
cerebellum, a region presumably related to learning and storage of new sensori-motor
transformations (Imamizu, Kuroda, Yoshioka & Kawato, 2004). While young adults
showed greater activation in this region in switch trials, that is, when the present and
previous target congruency differed, old adults showed greater activation following
congruent targets, regardless of the preceding target congruency. One interpretation of
this finding is that in young adults, processes are recruited following each target,
which change stimulus-response contingencies, while in older adults this trial to trial
updating is impaired. In older adults, this leads to congruency effects that do not
change with trial history, both behaviorally and neurologically. If this idea is correct,
then the updating of the relation between target location and response in the Simon
task may be akin to stimulus response remapping instructed during task switching.
Bischoff-Grethe, Ivry, and Grafton (2002) assessed the effect of attentional switching
and stimulus-response remapping on the BOLD signal. Right anterior cerebellum
activations were associated with response reassignment. The authors concluded that
cerebellar activations reflect the updating of stimulus–response associations.
Engagement of the cerebellum during stimulus-response reassignment has been
confirmed by later studies (Berger et al., 2005). Children who had undergone
resections for cerebellar tumours, showed diminished detection accuracy following a
cue instructing a change in the task relevant dimension, supporting the involvement of

the cerebellum in updating the stimulus response mapping. Interestingly, this
impairment was only evident when the cue-target interval was less than 2.5s,
suggesting that the cerebellar lesion specifically impaired the ability to rapidly
complete the updating (Courchesne et al., 1994). Our proposal that age related
changes in cerebellar activation leads to slowed updating of stimulus response
mapping, and thus, loss of sequential effects in the Simon task, is also in keeping with
the conclusion that impaired motor and cognitive performance may reflect diminished
cerebellar function in older adults (Bernard & Seidler, 2014), and the observation that
the anterior lobe of the cerebellum is particularly vulnerable to aging (Andersen,
Gundersen & Pakkenberg, 2003). Additional evidence supports cerebellum
involvement in executive functions tasks (Schweizer, Alexander, Cusimano & Stuss,
2007; Schweizer, Oriet, Meiran, Alexander, Cusimano & Stuss, 2007), and its
correlation with the pre-frontal cortex (Rammani, 2006).
One methodological issue, which somewhat limits the interpretation of our finding is
that they may reflect time on task effects. That is, older adults showed loss of
sequential effects, both in behavioral response times, and neural response amplitudes.
Given the correlational nature of functional imaging, we cannot conclusively attribute
changes in reaction times to changes in neural responses, rather than the other way
around. Yet, old adults showed larger BOLD response to congruent than incongruent
targets (see figure 4) suggesting that time on task effects were not paramount in
shaping the BOLD response in the right cerebellum, at least in older participants.
Lesion studies may provide additional evidence to test our hypothesis that slowed
stimulus response updating in the cerebellum may account for age related loss of
sequential effects in the Simon task (Sheth et al, 2012).
In conclusion, we suggest that aging may interfere with the trial by trial updating of
stimulus-response mapping. This process involves the cerebellum, takes place during
the inter-trial interval, suggesting that it involves proactive preparatory processes
(Braver, 2012) and underlays sequential effects in a Simon task.
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Table S1 – Talairach Coordinates of the Peaks in the age by time Multiple
Comparison Corrected z-transformed Map.

