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a b s t r a c t

Alternating between completing two simple tasks, as opposed to completing only one task, has been
shown to produce costs to performance and changes to neural patterns of activity, effects which are
augmented in old age. Cognitive conflict may arise from factors other than switching tasks, however.
Sensorimotor congruency (whether stimulus-response mappings are the same or different for the two
tasks) has been shown to behaviorally moderate switch costs in older, but not younger adults. In the
current study, we used fMRI to investigate the neurobiological mechanisms of response-conflict con-
gruency effects within a task switching paradigm in older (N¼75) and younger (N¼62) adults. Beha-
viorally, incongruency moderated age-related differences in switch costs. Neurally, switch costs were
associated with greater activation in the dorsal attention network for older relative to younger adults. We
also found that older adults recruited an additional set of brain areas in the ventral attention network to a
greater extent than did younger adults to resolve congruency-related response-conflict. These results
suggest both a network and an age-based dissociation between congruency and switch costs in task
switching.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The ability to flexibly control cognitive systems is critical for
adaptive human behavior. Yet, the systems that underlie these
abilities are far from being perfectly efficient, even under optimal
circumstances. A case in point is the ubiquitous finding within the
task switching literature of poorer performance when participants
must alternate between completing two simple tasks versus
completing either task alone (Gopher et al., 2000; Jersild, 1927;
Kramer et al., 1999; Rogers and Monsell, 1995; and see Kiesel et al.
(2010), for a recent review). A distributed network of prefrontal,
fronto-parietal and striatal regions has been associated with the
increased demands of switching versus repeating tasks (Badre and
Wagner, 2006; Brass and von Cramon, 2002; Braver et al., 2003;
Reynolds and O’Reilly, 2009).

Changes to functional activation in aging, including reduced
hemispheric lateralization and engagement of supplementary
brain areas, are particularly salient in frontally-mediated tasks that
require executive control (Cabeza, 2002). Given this, it is not sur-
prising that task switching effects have been shown to increase in
09
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older as compared to younger adults (Botwinick et al., 1958;
Hartley et al., 1990; Kramer et al., 1999; Kray and Lindenberger,
2000; Verhaeghen, 2011; Wasylyshyn et al., 2011), and that these
age-related changes to behavioral performance are associated with
changes in neural patterns of activation, including under-recruit-
ment (deactivations and a decreased spatial extent of activation in
the fronto-parietal network), a shift from unilateral to bilateral
activations, and the recruitment of additional brain areas (DiGir-
olamo et al., 2001; Milham et al., 2002). Whereas under-recruit-
ment has been associated with older adults’ decreased behavioral
performance relative to younger adults, a compensatory me-
chanism is often put forth to explain the activation of bilateral and
additional brain areas in the older adults (Cabeza, 2002; Cabeza
et al., 2002).

Mediating between competing tasks with different decision
rules is not the only source of cognitive conflict within a typical
task switching paradigm, however. When bivalent stimuli are
used, response overlap across task sets can occur, and a single
stimulus can produce conflicting responses for the two task di-
mensions (Braver et al., 2003; Derrfuss et al., 2004). This type of
congruency-related conflict was interrogated by Rogers and
Monsell in their seminal task switching paradigm (1995). In their
task, the location within a 2�2 quadrant served as a cue for which
of two decision rules should be adopted about letter-number sti-
mulus pairs. When the pair appeared in one of the top 2 positions,
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participants made a vowel/consonant decision about the letter,
pressing left for vowel and right for consonant. When it appeared
in one of the bottom 2 positions, participants made a parity de-
cision about the number, pressing left for odd and right for even.
The responses to the stimulus “A3” is “congruent”, since partici-
pants should press the same button regardless of where in the grid
the stimulus appeared. However, for the stimuli pair 'A2', 'A' re-
quires a left button press, while '2' calls for a right hand button
press. In these types of trials, the participant must apply the ap-
propriate decision rule, based on the location of the stimulus in
the grid, to get the trial correct. This type of stimulus is referred to
as “incongruent” since the two decisions rules call for opposing
responses. In these cases, cognitive control is necessary to over-
come stimulus-response-conflict, which relates to the sensor-
imotor mapping of the decision rule for each stimulus to a limited
number of possible response options (Fitts and Deininger, 1954;
Fitts and Seeger, 1953). According to the dimensional overlap
model (Kornblum and Lee, 1995), resolving this type of response-
conflict demands a complex set of response-selection processes
that may include inhibiting irrelevant stimulus-response associa-
tions and employing working memory and response-selection
processes to establish the correct response from the active set of
stimulus response pairings.

Studies investigating the behavioral correlates of response-
conflict congruency effects on task switching performance in
younger adults have found that congruent trials produced quicker
and more accurate responses do than incongruent trials (Sudevan
and Taylor, 1987), an effect that Meiran (2005) termed the Task
Rule Congruency Effect. Fagot (1994) reported that congruency did
not alter local switch costs (when performance on switch and no-
switch trials within a dual-task block are compared (e.g. Kray and
Lindenberger, 2000; Mayr, 2001; Verhaeghen and Cerella, 2002)),
but did affect local mixing costs (the change in performance on
no-switch trials in dual-task blocks compared to no-switch trials
in single-task blocks). Meiran and colleagues (Meiran, 2000a,b;
Meiran and Kessler, 2008) similarly reported reaction time in-
creases for incongruent relative to congruent trials in younger
adults, and proposed that these increased latencies reflect the
additional time needed to resolve interference resulting from re-
sponse category codes activated in long term memory.

The effects of age on task switching response-conflict con-
gruency have only been investigated in two published studies that
we are aware of Meiran et al. (2001) found a significant three-way
interaction between task switching, congruency and age, such that
there was “a larger congruency effect in the switch condition re-
lative to the no-switch condition” (p. 93) for the older adults re-
lative to the younger adults in at least one of their experiments.
Our group has also previously reported interactions between
congruency and task switching, such that the response-selection
process underlying the congruency manipulation was found to
moderate the decrements to performance associated with going
from single to dual-task blocks in older adults, but not in younger
adults (Eich et al., 2015). Taken together, these findings suggest
that the typically seen age-related increases in switch costs may be
derivative upon a more basic response-conflict congruency effect.

The neural basis of response-conflict congruency effects in the
context of task switching, in either younger or older adults, re-
mains elusive. Congruency effects have, however, been studied
extensively in paradigms like the Stroop (Stroop, 1935; and see
MacLeod (1991) for a review), Simon (Simon and Rudell, 1967),
and Flanker (Eriksen and Eriksen, 1974) tasks. These tasks have
uncovered discrete neural networks, including the dorsal anterior
cingulate cortex (ACC) and the dorsolateral prefrontal cortex
(DLPFC) associated with processing incongruent information
(Botvinick et al., 2001; Durston et al., 2003; Fan et al., 2003; Mil-
ham and Banich, 2005; Milham et al., 2003; Ullsperger and von
Cramon, 2003; vanVeen and Carter, 2005). These brain areas
thought to represent the neural correlates of remedial cognitive
control processes serving to detect and resolve response-conflict –
by suppressing the responses that are automatically triggered by
attributes of the presented stimulus in favor of goal-relevant re-
sponses (Kane and Engle, 2003).

Derrfuss et al. (2004) showed that a specific region in the
posterior frontolateral cortex, the Inferior Frontal Junction (IFJ),
was bilaterally and commonly activated in a task switching para-
digm, the Stroop task, and a verbal N-back task. Although con-
gruency was not directly explored in their task switching para-
digm, the stimuli were bivalent, and thus sensorimotor response-
conflict congruency was operative: participants indicated whether
a number-stimulus was lower than 5 or even using their index
finger, or 5 or higher or odd with their middle finger. A subsequent
meta-analysis revealed significant IFJ activations across tasks that
involve task switching and Stroop paradigms (Derrfuss et al.,
2005). These results suggest that switch costs and response-con-
flict related congruency effects may share a common neurobiolo-
gical mechanism.

However, there is debate as to whether the congruency effects
seen in discrimination tasks like the Stroop, Simon and Flanker,
that emphasize fast responding, are equivalent in mechanism to
task switching congruency effects. Meiran (2005) found that spa-
tial congruency effects in the Simon task were additive with task
switching congruency effects. Meiran and Kessler (2008) argued
that task switching congruency effects are fundamentally different
and independent from Stroop effects, as the category-response
mappings in task switching experiments are arbitrary and novel,
existing only within the context of the experiment, whereas those
in the Stroop task are direct, implicit and pre-existing, having been
learned over the course of a lifetime. They provide evidence for a
dissociation between the congruency processes that are active in
task switching and Stroop paradigms, showing that task switching
congruency effects arise when a novel stimulus-response asso-
ciation is learned, but do not occur even after substantial training
of stimulus-response mappings if these mappings are direct and
do not involve a categorical intermediate.

In the current study, we set out to investigate whether the
neurobiological mechanisms involved in switch costs and re-
sponse-conflict congruency effects overlap, or if instead are dis-
sociable. It is possible that there might be an age-related dis-
sociation between these types of cognitive processes. This possi-
bility would echo the results of found in our behavioral data using
a similar task switching paradigm with a congruency manipula-
tion (Eich et al., 2015). In the imaging data, the younger adults may
recruit a common set of areas to resolve both switching and
congruency related conflicts, but the added cognitive load that
both switching between different tasks and resolving stimulus-
response incongruency levies on older adults may result in older
adults activating different brain areas; either a more extensive
network, or different areas altogether. This possibility is
strengthened by robust age-related changes to neural circuitry. To
investigate these possibilities, we used functional magnetic re-
sonance imaging (fMRI) to compare blood oxygen level–depen-
dent activity in a large, well characterized, education matched
sample of 20–30 year olds, and clinically healthy non-demented
60–70 year olds. Participants performed an fMRI-optimized ver-
sion of our behavioral task switching paradigm that allowed us to
separate task switching effects (dual-task versus single-task per-
formance) from congruency effects.
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2. Materials and methods

2.1. Participants

A total of 150 participants completed the study. Data from 13
participants (4 younger, 9 older) were excluded for having below
chance performance on incongruent trials (less than 50% accuracy,
N¼3), or for having not responded on more than one quarter of
trials (N¼10). Our final sample consisted of 137 participants. Six-
ty-two were younger adults (age range 20–30,M age¼25.82, 62.9%
female, M years education¼15.57) and seventy-five were older
adults (age range 60–70, M age¼64.84, 56% female, M years
education¼15.99). Education did not differ between older and
younger adults (t(135)¼�1.02, p4 .25). All participants were
screened for current neurological or psychiatric diagnoses, and
medication use. Older adults were further screened for dementia
via the Dementia Rating Scale (Mattis, 1988), and any participant
with a score above 135 was not eligible to participate. Informed
consent, as approved by the Internal Review Board of the College
of Physicians and Surgeons of Columbia University, was obtained
prior to study participation for all participants.

2.2. Stimuli

The stimuli consisted of 12 letter-stimuli, presented in red,
green or white, pseudo-randomly chosen from the set (A, E, I, O, a,
e, i, o, C, G, K, P, c, g, k, p). The task stimuli were back-projected
onto a black screen located at the foot of the MRI bed using an LCD
projector. Participants viewed the screen via a mirror system lo-
cated in the head coil and, if needed, had vision corrected to
normal using MR compatible glasses (manufactured by SafeVision,
LLC. Webster Groves, MO).

2.3. Experimental protocol

The experimental procedure was modeled after Experiment
2 of Koechlin et al. (2003), an intrinsically cued task switching
paradigm with a no-go component. Participants were presented
with bivalent letter stimuli, where the color of the letter served as
an intrinsic cue for which type of decision should be made. If the
letter was red, participants made an upper-case/lower-case deci-
sion, using the left index finger to indicate a lower-cased letter and
the right index finger for upper-cased letters. If the letter was
green, participants decided if it was a vowel or a consonant,
pressing with the left index finger for vowels and the right index
finger for consonants. If the letter was white, participants withheld
a response (no-go trials). Switch costs were calculated as a func-
tion of the number of tasks that the participant had to complete
within a block of trials. In single-task blocks, participants made
only vowel/consonant or upper/lower case decisions. In dual-task
blocks, participants had to switch between performing vowel/
consonant and upper/lower case decisions, based on the color of
the letter. Stochastic switching, as opposed to patterned switching,
was employed so that from trial-to-trial the expectancy of a switch
between tasks was reduced (Monsell et al., 2003).

Congruency was manipulated on a trial-by-trial basis. Every
stimulus was either an upper or lower-cased vowel or consonant.
Thus, each stimulus potentially informed a response for both
tasks; only the color of the stimulus determined which response
should be made on each trial. A single stimulus could therefore
indicate either congruent (when the response for both tasks re-
quired the same key-press; i.e., lower-cased vowels or upper-case
consonants) or incongruent (when the response for one task is in
opposition to the required response for the other task; i.e., upper-
case vowels and lower-case consonants) responses for the two
stimulus dimensions. Because of this, the task design meets the
conditions for dimensional overlap (Kornblum and Lee, 1995) ne-
cessary to create stimulus-response incongruency (Fitts and Dei-
ninger, 1954; Fitts and Seeger, 1953) and the drive for response-
selection demands (Lien and Proctor, 2002; Pashler, 1994) to re-
solve the conflict. Response-conflict is operative in dual-task
blocks when both tasks are active. But, critically, it may also be
present in single-task blocks when only one task is active because
both dimensions are always defined for each stimulus.

In the scanner, participants received a total of 36 blocks, broken
into 6 fMRI runs. Twenty-four blocks, each 33.5 s, included twelve
2.4 s trials, with an instruction cue presented for 2.8 s, followed by
a blank screen for 1.9 s, followed by a letter-stimulus. Jitter was
introduced in two ways: first, each stimulus was terminated and
replaced by a blank screen when a response was made or after
2350 ms, whichever occurred first (see Fig. 1A). Second, four no-go
trials (in which the correct response was to withhold a response)
were interspersed within the 8 experimental trials in each block.
Participants completed four conditions, two no-switch conditions
(Fig. 1B) and two identical switch conditions (Fig. 1C), a total of six
times. In all blocks, stimuli were counterbalanced so that (1) no
more than two task or no-go trials occurred in a row; (2) no more
than two vowel/consonant or upper/lower case task trials oc-
curred in a row in dual-task blocks; and (3), congruent and in-
congruent trials were equally likely and repeated on no more than
two successive trials. The remaining 12 blocks consisted of resting
conditions (also 33.5 s in duration each), in which no stimuli were
presented and no response was required. Each resting block pre-
sented an instruction cue (“REST”) for 2.8 s, followed by a blank
screen for the remainder of the run. Rest blocks were not modeled,
and were included in the experimental paradigm for analyses
unrelated to the current study. Before beginning the experiment,
outside of the scanner, participants completed a three-part train-
ing session. Participants were first pre-trained on the task, then
they received between one and three blocks of each condition
with auditory feedback indicating incorrect responses, and finally
they were tested on the entire paradigm without feedback. In the
scanner, responses were made on a LUMItouch response system
(Photon Control Company) using the left and right index fingers.
Feedback was not given. Task administration and collection of
behavioral data were controlled using PsyScope 5X B53 (Mac-
whinney et al., 1997) running on a Macintosh G3/G4 iBook. Digital
input–output for the response system and synchronization with
the MRI acquisition computer, as well as millisecond accurate
timing of responses, was provided by a MellonIOLabs Systems USB
Button Box.

2.4. MRI data acquisition

Multislice images of the human brain were acquired in an
event-related design using a 3.0 T Philips Achieva Magnet equip-
ped with standard quadrature head coil.

2.5. Data analysis

2.5.1. Behavioral data
The data were analyzed using SPSS 22. For all participants,

trials on which a response was made (correct or incorrect) in less
than 300 ms were excluded. Following Eich et al. (2015), our pri-
mary behavioral variable of interest was accuracy (percent cor-
rect). Mixed-models repeated measures ANOVA and t-tests were
used to examine the cross sectional effects of Task (single versus
dual) and Congruency (congruent versus incongruent) on Age
(young versus old).

2.5.2. Anatomical MRI data
A T1-weighted scout image was acquired to determine



Fig. 1. (A) An example of the timings in a dual-task run. (B) and (C) show the instruction screens for single-task and dual-task conditions, respectively. The colors served as
task-cues: green for the vowel/consonant task, red for the upper-/lower-case task, and white for no-go trials. Arrows indicate the response-hand assignments: left for vowel/
right for consonant and left for lower-case/right for upper case. Below each instruction screen are examples of the 12 letter-stimuli, with the correct response for the cued-
task and the correct response for the non-cued task. Rectangles surrounding the responses indicate congruent trials, where both tasks call for the same response (e.g. lower-
case vowels or upper-case consonants), and ovals surrounding the responses indicate incongruent trials, where the tasks call for opposing responses (e.g., lower-case
consonants or upper-case vowels).
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participant position. One hundred and sixty five contiguous 1 mm
axial T1-weighted images of the whole brain were acquired for
each participant with an MPRAGE sequence using the following
parameters: TR 6.5 ms, TE 3 ms; flip angle 8, in-plane acquisition
matrix 256�256 and 25.6�25.6 cm field of view which results in
an isometric voxel size of 1�1�1 mm. All T1 scans were re-
viewed by a neuroradiologist for evidence of potentially clinically
significant findings such as abnormal neural structure. No clini-
cally significant findings were identified.

2.5.3. Functional MRI data
Functional data were acquired on the same Philips scanner.

Each run included collection of 111 functional volumes. Forty-one
axial slices per volume, with a 3.0 mm thickness and no gap in
between, were acquired using a field echo echo-planar imaging
(FE–EPI) sequence with the following parameters: TR 2000 ms, TE
20 ms, flip angle 72; in-plane acquisition matrix 112�112 matrix;
this results in a voxel size of 2.0�2.0�3.0 mm. Before the in-
itiation of the task, four volumes were acquired and discarded to
allow transverse magnetization immediately after radio-frequency
excitation to approach its steady-state value.

2.5.4. fMRI pre-processing
FMRIB Software Library v5.0 (FSL) and custom-written Python

code were used to perform the following pre-processing steps for
each participant’s data set: all functional images were realigned to
the first volume, corrected for the order of slice acquisition,
smoothed with a 5 mm3 non-linear kernel followed by intensity
normalization, and high-pass filtered using a Gaussian kernel and
cut-off frequency of .008 Hz. For spatial normalization, the ac-
companying T1-weighted high-resolution anatomic image was co-
registered to the first functional volume using the mutual in-
formation co-registration algorithm implemented in FLIRT. This
co-registered high-resolution image was then registered to MNI
standardized space. These obtained transformation parameters
were used to transfer the statistical parametric maps of the subject
level analysis to standard space.

2.5.5. fMRI subject level analysis
The fMRI time-series data was pre-whitened to explicitly cor-

rect for intrinsic autocorrelations in the data. The FEAT module in
FSL was used for first-level analysis. An event-related design was
used to model the fMRI data, allowing us to separate timeouts
(where no response was made), correct and incorrect trials, as well
as congruent and incongruent trials. Errors and time outs were
modeled together. Rest blocks were not included in the model. For
all participants, a first level analysis was run on each of their
6 task-based runs with four regressors. The regressors represented
one of the following task conditions: single-task congruent trials,
single-task incongruent trials, dual-task congruent trials, dual-task
incongruent trials. The regressors were generated by convolving
FSL's double gamma canonical HRF with the duration of pre-
sentation of the stimulus to the participants. A second level ana-
lysis was run on each participant by combining all six first level
results for each run. At this level, four new contrasts were created
from the combined first level task regressors for each participant:
(1) dual-task trials greater than all single-task trial activations;
(2) dual-task incongruent trials greater than single-task incon-
gruent trials; (3) incongruent trial activations greater than con-
gruent trial activations; and (4) single-task incongruent trials
greater than single-task congruent trials.

2.5.6. fMRI group level analyses
After transforming each participant's statistical parametric

maps (obtained from the second level analysis) into standard
space, group level analyses were performed using General Linear
Model (GLM) with FLAME in FSL. The four participant level con-
trasts described above were passed into the group level analysis,
where the participants were divided into “young” and “old” groups
based upon their age (20–30; 60–70). The group level parametric
map was then computed for each of the four contrasts, with the
following group comparisons: young only, old only, young greater
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than old, and old greater than young. In total, 16 group level
contrasts were generated. Voxel-wise statistical height thresholds,
combined with cluster level thresholds, were employed to ensure
appropriate control over false-positives. Cluster analysis, identified
as voxels with a z value greater than 2.3, and that are connected to
another voxel by at least a point, were performed on the group
level FSL FLAME results. We used a smoothness estimate of the
data to implement Gaussian Random Field theory to infer the
significance of each cluster (Worsley et al., 1992). Only clusters
with an inferred significance of po .01 were included in the ana-
lysis, except where noted.
Fig. 2. Behavioral performance (percent correct) as a function of Task (no-switch,
single-task trials vs. switch, dual-task trials), Congruency (congruent, where the
letter stimulus requires the same stimulus-response regardless of its color vs. in-
congruent, where the letter stimulus calls for opposing responses depending on its
color) and Age (younger and older adults). Error bars indicate SEM. Significant main
effects and 2-ways interactions are moderated by a significant 3-way interaction.
Posthoc analyses reveal that this interaction stems from a difference in perfor-
mance between younger and older adults in the dual-task incongruent condition.
3. Results

3.1. Behavioral data

A repeated measures ANOVA on accuracy (percent correct)
with Task (single versus dual-task) and Congruency (congruent
versus incongruent trials) as within subjects factors, and Age
(younger versus older adults) as a between subject factor revealed
significant main effects of Task (F(1, 135)¼90.42, po .001, ηp

2¼ .4)

and Congruency (F(1, 135)¼109.64, po .001, ηp
2¼ .45). The main

effect of Age approached significance (F(1, 135)¼3.54, p¼ .06,
ηp

2¼ .03). There were significant two-way interactions between

Task�Age (F¼12.01, p¼ .001, ηp
2¼ .08), Congruency�Age (F(1,

135)¼5.85, p¼ .02, ηp
2¼ .04) and Task�Congruency (F (1, 135)¼

49.52, po .001, ηp
2¼ .27). However, the significant two-way inter-

actions were moderated by a significant three-way interaction
between Task, Congruency and Age (F(1, 135)¼3.89, p¼ .05,
ηp

2¼ .03). The Task�Congruency�Age interaction reveals that
accuracy is especially impaired in older adults for incongruent
trials in dual-task blocks. This was confirmed with posthoc t-test
which showed equivalent performance for older and younger
adults on single-task congruent trials (t(135)¼� .47, p4 .6), sin-
gle-task incongruent trials (t(135)¼1.13, p4 .25), and dual-task
congruent trials (t(135)¼ .98, p4 .3). However, as can be seen in
Fig. 2, on the dual-task incongruent trials, older adults performed
significantly more poorly than the younger adults (89% vs. 82%; t
(135)¼2.82, p¼ .006, 95% CI [.02–.019]). Thus, the age-related
performance difference in task switching stems from an inter-
active effect of both Task and Congruency.

In addition to this model, we also performed 2 sets of planned
ANOVAs in order to isolate the effects of task switching and re-
sponse-conflict congruency. For the first contrast, we compared
performance on single-task incongruent trials versus dual-task
incongruent trials (Pure Task) as a measure of pure task switching
load. This was based on the fact that an accurate response on ei-
ther of these types of incongruent trials requires a participant to
must adopt the correct decision-rule, which is not the case for
congruent trials, where a participant might adopt the wrong rule,
but still get the trial correct because both responses are accurate.
Thus, this contrast provides an index of task switching when the
response is made based upon the correct use of the stimulus-re-
sponse rule, rather than due to other possible factors. The main
effect of Pure Task was significant (F(1, 135)¼74.46, po .001,
ηp

2¼ .36), as was the main effect of Age (F(1, 135)¼5.16, p¼ .03,

ηp
2¼ .04). There was also a significant interaction between Pure

Task and Age (F(1, 135)¼8.097, p¼ .005, ηp
2¼ .06). Younger adults

performed worse on dual-task incongruent relative to single-task
incongruent trials (t(61)¼4.63, po .001, 95% CI [.03–.07]), as did
older adults (t(74)¼7.67, po .001, 95% CI [.07–.12]). However, as
was reported above, whereas older and younger adults did not
differ in performance on single-task incongruent trials (t(135)¼
1.13, p4 .25), older adults performed significantly worse relative
to younger adults on dual-task incongruent trials (t(135)¼2.82,
p¼ .006, 95% CI [.02–.019]).

For the second contrast, we compared performance on single-
task congruent versus single-task incongruent trials, which pro-
vides a measure of Pure Congruency (as there is no additional task
load/switching present on these trials). The main effect of Pure
Congruency was significant (F(1, 135)¼54.05, po .001, ηp

2¼ .29),
but the main effect of Age was not (F(1, 135)o1). However, there
we found a trend towards a significant interaction between Pure
Congruency and Age (F(1, 135)¼2.28, p¼ .13, ηp

2¼ .02). Both
younger and older adults had lower accuracy on single-task in-
congruent compared to single-task congruent trials (young: t
(61)¼5.21, po .001, 95% CI [.03–.06]; old: t(74)¼5.67, po .001, 95%
CI [.04–.09]).

Finally, we investigate Reaction Time (RT) differences. A
Task�Congruency�Age ANOVA revealed significant main effects
of Task (F(1,135)¼930.5, po .001, ηp

2¼ .87), Congruency (F(1,135)¼
169.49, po .001, ηp

2¼ .56) and Age (F(1,135)¼46.52, po .001,

ηp
2¼ .26) in the anticipated directions, with RTs being longer for
dual compared to single-task, for incongruent relative to con-
gruent trials, and for older relative to younger adults. The inter-
action between Task�Age was significant (F(1,135)¼31.15,
po .001, ηp

2¼ .19). However, the interactions between Con-
gruency�Age, Task�Congruency, and Task�Congruency�Age
were not significant (Fso1).

3.2. fMRI data

As is described in the methods section, for all contrasts, we first
computed whole brain activation effects for younger and older
adults compared to baseline, and then directly contrasted whole
brain activation differences between the younger and older adults.
Two sets of contrasts were performed. The first set investigated
the brain-bases of switch costs. Contrast 1 was all dual-task trials
greater than all single-task trial activations, and contrast 2 was
dual-task incongruent trials greater than single-task incongruent
trials. The second set of contrasts focused on the neural responses
associated with congruency effects. Contrast 3 was all incongruent
trial activations greater than all congruent trial activations, and
contrast 4 was single-task incongruent trials greater than single-
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task congruent trials.

3.2.1. Neural networks associated with task switching
We began by comparing dual-task4single-task trials, collap-

sing across congruency type. In the young adult group, we found
two large clusters of activation. The first peaked in the left Dorsal
Posterior Parietal Cortex/Precuneus (BA 7) and the second in the
left Cingulate Gyrus (BA 32; Fig. 3A; File1.nii here). For the same
dual-task4single-task contrast, the older adults revealed a similar
pattern of activation, with clusters peaking in the left lateralized
Superior Parietal Lobe (BA 7 and 19) as well as in the Cingulate
Gyrus (Fig. 3B; File2.nii here). Activation was increased for the
young relative to the old1 in several frontal and Occipital areas
(Fig. 3C; File3.nii here). In a direct comparison between age-
groups, we found numerous regions including the Middle Frontal
Gyrus (MFG) and Inferior Frontal Gyrus (IFG), the ACC, and the
Inferior Parietal Lobule (IPL) that were more strongly activated for
the older relative to the younger adults1 (Fig. 3D; File4.nii here).
Table 1 displays MNI coordinates of closest grey matter to peak
cluster activations and associated anatomical label.

3.2.2. Modulation of task switching networks by congruency
We next reran the dual-task4single-task contrast (see Section

3.2.1), but limited to incongruent trials (dual-task
incongruent4single-task incongruent). This contrast provides a
pure and response-conflict unbiased measure of global switch
costs because it is limited to incongruent trials, and thus reflects
activation differences when the participant actively, and correctly,
switched between the two tasks. In other words, any effect of
response-conflict congruency is factored out in this contrast. The
young participants (Fig. 4A; File5.nii here) showed a similar pat-
tern of results to the contrast of dual-task4single-task, with in-
creased activations peaking in the Precuneus (BA 7). In addition,
clusters of activity peaking in a left frontal region of the MFG (BA
6), as well as in the Thalamus were revealed. For the older adults,
activation centered around BA 8, in the Superior Frontal Gyrus
(Fig. 4B; File6.nii here). Table 2 displays MNI coordinates of closest
grey matter to peak cluster activations. There were no areas that
younger adults activated to a greater extent than older adults, or
the inverse.

3.2.3. Neural basis of response-conflict congruency effects
We then performed two additional contrasts exploring re-

sponse-conflict level congruency effects. We first conducted whole
brain group level analyses on incongruent4congruent trials
(collapsing across single and dual-task blocks). We found no sig-
nificant activations for either the young or old adults separately
when compared to baseline, or when we compared activity in the
young4old. However, we did find that the older adults activated
an area in the Claustrum more so than did the younger adults
(Fig. 5; Table 3; File7.nii here).

3.2.4. Age-related effects of response-conflict, dissociated from task
switching

Finally, to isolate the effects of congruency alone, without the
confounding of the task load (single- versus dual-task) we con-
trasted activations for single-task incongruent versus single-task
congruent trials. In this contrast, only one task set is active (as we
are investigating activity only when a decision about one task set
is required). However, behaviorally, we found a significant de-
crease in performance accuracy (see Section 3.1) for this compar-
ison for both older and younger adults (with a stronger effect for
older adults), suggesting that the decision-rule for the non-
1 Activations with a z42.3 and cluster extent of Z20 contiguous voxels.
presented task set is active in memory even under these condi-
tions, and may be causing stimulus level response-conflict. We
found no activations for either the younger or older adults sepa-
rately that were significantly different than baseline, or for the
young4old. However, as can be seen in Fig. 6 and Table 4 (and see
File8.nii here), the older adults activated specific Parietal areas
including the IPL and the Superior Parietal Lobule (SPL) bordering
on Primary Sensory Cortex, as well as Temporal (Superior Tem-
poral Gyrus; STG) and Occipital (Fusiform Gyrus) areas to a greater
extent than younger adults when we contrasted single-task in-
congruent to single-task congruent trials.
4. Discussion

In the current study, we used fMRI to examine and tease apart
age-related differences in the brain-bases of response-conflict
congruency and switching effects within a task switching para-
digm. Behaviorally, we found that incongruency moderated age-
related differences in switch costs. Neurally, we found that the
brain areas associated with switch costs and congruency-related
response-conflict were both overlapping and distinct, and di-
verged as a function of age.

Numerous behavioral and neuroimaging studies have used task
switching paradigms to investigate the nature of task-related re-
presentations and cognitive control in humans. Results from these
studies have revealed a robust pattern of results. Behaviorally,
switching between two simple tasks results in performance de-
crements relative to repeating the same task (Allport et al., 1994;
Rogers and Monsell, 1995). Neurally, task switching has been
shown to involve activation in parietal regions as well as the
anterior PFC and DLPFC (DiGirolamo et al., 2001; Dreher and
Grafman, 2003), areas that are associated with maintaining goal-
related information and switching attentional focus according to
both animal and human neuropsychological studies (Miller and
Cohen, 2001; Petersen and Posner, 2012) and are key nodes in the
dorsal attention network (Cabeza, 2008; Corbetta and Shulman,
2002; Fox et al., 2006).

Age-related changes to task switching abilities, and the neural
mechanisms underlying these changes, have also been well
documented. Older adults consistently show increased behavioral
difficulties relative to younger adults, and these performance dif-
ferences have been associated with patterns of activations that
differ from those of younger adults. DiGirolamo et al. (2001), for
example, reported that the difference in prefrontal activation be-
tween dual- and single-task conditions was smaller for the older
adults relative to younger adults. Further, older adults were shown
to activate these same areas in the single-task condition, whereas
the younger adults did not, suggesting that older adults have an
inefficiency or reduction in some general cognitive resource that
the younger adults rely on only in the face of significantly more
challenging task-loads.

In the current study, we replicated previous reports showing
both behavioral and neural differences between older and younger
adults in task switching. We found, consistent with our own pre-
vious findings (Eich et al., 2015), that dual-task performance was
less accurate than single-task performance for both younger and
older adults, but younger adults performed better than older
adults, particularly on the dual-task blocks. Further, we found that
stimulus-response incongruency interacted with age-related dif-
ferences in switch costs behaviorally.

Neurally, we found the commonly-reported pattern of global
switch cost activations in the dorsal attention network for both
older and younger adults, including activation in the Cingulate
Gyrus and left lateralized Parietal regions (Brass and von Cramon,
2002; Braver et al., 2003; Dove et al., 2000; Dreher and Grafman,



Fig. 3. Regions correlated with event related parametric analysis of dual-task trials4single-task trials for (A) younger adults and (B) older adults (GRF estimated significance
po .01 on contiguous clusters of z42.3) as well as for direct comparisons of (C) young4old and (D) old4young (voxel-wise statistical height thresholds (z42.3), un-
corrected, cluster extent threshold of 20 contiguous voxels).

Table 1
MNI coordinates of closest grey matter to peak cluster activation for dual-task4single-task trials, and associated anatomical label to that peak. For the contrasts of
young4old and old4young, all clusters with activations with a z-value42.3 and a cluster extent of Z20 contiguous voxels are shown. For all other contrasts, GRF
estimated significance po .01 on contiguous clusters of z42.3. L¼Left; R¼Right; BA¼Brodmann Area.

Group MNI coordinate (x, y, z) Hemi-sphere Lobe Area BA # Voxel

Young 0, �70, 50 L Parietal Precuneus 7 1581
�20, 12, 48 L Limbic Cingulate Gyrus 32 2304

Old �32, �78, 40 L Parietal Precuneus 19 879
�20, 12, 48 L Limbic Cingulate Gyrus 32 1754
0, �72, 46 L Parietal Precuneus 7 5408

Young4Old �38, 52, 8 L Frontal Middle Frontal Gyrus 10 20
8, �92, �12 R Occipital Lingual Gyrus 18 28
36, �90, �8 Inferior Occipital Gyrus 34
16, 8, 12 R Sub-Lobular Caudate – 38
40, 0, 34 R Frontal Precentral Gyrus 6 44
-38, 2, 50 L Frontal Middle Frontal Gyrus 6 103
-10, �96, �4 L Occipital Lingual Gyrus 17 152

Old4Young 8, �74, 32 R Parietal Precuneus 31 20
36, 36, 28 R Frontal Middle Frontal Gyrus 9 20
46, �78, 32 R Occipital Superior Occipital Gyrus 19 22
-16, �46, 2 L Limbic Parahippocampal Gyrus 30 25
44, �36, 10 R Temporal Superior Temporal Gyrus 41 26
46, 22, �18 R Frontal Inferior Frontal Gyrus 47 27
-10, �82, 22 L Occipital Cuneus 18 27
-4, �58, 32 L Limbic Cingulate Gyrus 31 28
-18, �80, �2 L Occipital Lingual Gyrus 18 35
-62, �40, 28 L Parietal Inferior Parietal Lobule 40 37
22, �12, 68 R Frontal Precentral Gyrus 6 40
54, 0, 20 58
-42, �70, 10 L Occipital Middle Occipital Gyrus 19 59
26, �40, 66 R Limbic Anterior Cingulate 32 70
-66, �20, 26 L Parietal Postcentral Gyrus 2 75
-8, �56, 26 L Limbic Posterior Cingulate 31 96
22, 28, 42 R Frontal Superior Frontal Gyrus 8 99
46, �32, 66 R Parietal Postcentral Gyrus 2 103
42, �22, 44 130
8, 54, 28 R Frontal Superior Frontal Gyrus 9 183
-44, �70, 40 L Parietal Precuneus 39 211
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Fig. 4. Results from event related design contrasting neural systems involved in dual-task versus single-task performance after controlling for response-conflict congruency.
Regions correlated with dual-task incongruent4single-task incongruent in (A) younger adults and (B) older adults (GRF estimated significance po .01 on contiguous
clusters of z42.3).

Table 2
MNI coordinates of closest grey matter to peak cluster activation for dual-task
incongruent4single-task incongruent trials that reached statistical significance,
and associated anatomical label to that peak. GRF estimated significance po .01 on
contiguous clusters of z42.3. No clusters survived thresholding for young4old or
old4young. L¼Left; R¼Right; BA¼Brodmann Area.

Group MNI coordinate
(x, y, z)

Hemi-
sphere

Lobe Area BA # Voxel

Young -12, 16, 62 L Frontal Middle Frontal
Gyrus

6 2739

-8, �14, 10 L – Thalamus – 1234
0, �72, 54 L Parietal Precuneus 7 940

Old -18, 28, 46 L Frontal Superior Fron-
tal Gyrus

8 918

Table 3
MNI coordinates of closest grey matter to peak cluster activation for
incongruent4congruent that reached statistical significance, and associated ana-
tomical label to that peak. GRF estimated significance po .01 on contiguous clus-
ters of z42.3. No clusters survived thresholding for young, old, or young4old.
L¼Left; R¼Right; BA¼Brodmann Area.

Group MNI Coordinate
(x, y, z)

Hemi-
sphere

Lobe Area BA # Voxel

Old4Young �28, 8, 8 L – Claustrum – 1101
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2003; MacDonald et al., 2000; Sohn et al., 2000). Specifically, we
saw greater activations in BA 32, bordering on Area 6, when we
compared dual-task trials to single-task trials (see Section 3.2.1).
Consistent with previous literature, we also found on direct
comparison between the old and younger adults, that older adults
activated numerous additional areas, including right lateralized
Frontal regions as well as bilateral areas in the dorsal attention
network to a greater extent than did the younger adults. In addi-
tion, the older adults showed increased activations in the IPL,
which is associated with the ventral attention network (Cabeza,
2008; Corbetta and Shulman, 2002; Fox et al., 2006) relative to
Fig. 5. Event related parametric analysis of incongruent trials4congruent trials showi
contiguous clusters of z42.3.
younger adults. These different activations however, both in our
own paradigm and in the majority of task switching paradigms
that use bivalent stimuli to study the nature of task-related re-
presentations and cognitive control (Monsell, 2003), may con-
found multiple cognitive control processes occurring during task
switching. These include processes responsible for keeping more
than one task set active in working memory, processes that are
needed to determine which task set to perform next (see Kray and
Lindenberger (2000)), as well as processes involved in determin-
ing and acting upon the appropriate stimulus-response decision
rule for that trial, or those that might be influenced by the con-
gruency of the stimulus. Thus, we attempted to factor out the ef-
fect of differential congruency to obtain a measure of pure task
switching by comparing dual-task incongruent trials to single-task
incongruent trials (Section 3.2.2). When we did this, we no longer
ng significant activation for the old4young. GRF estimated significance po .01 on



Fig. 6. Event related parametric analysis of pure congruency, operationalized as single-task incongruent 4 single-task congruent trials, showing the significant activations
for the old4young. Results showed significantly greater activity in the Superior Parietal Lobule, Inferior Parietal Lobule, Fusiform Gyrus and Superior Temporal Gyrus in the
older adults compared to the younger adults. GRF estimated significance po .01 on contiguous clusters of z42.3.
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found IPL activations for older relative to younger adults, sug-
gesting that the IPL activations present in the dual-task4single-
task comparison may have been driven by the incongruent trials
nested within this contrast. We did, however, find that for the
older adults, switching-related activation shifted from being
caudally located along the lateral axis of the PFC to being more
rostrally located, in BA 8. Koechlin et al. (2003) and Koechlin and
Summerfield (2007) reported a caudal-rostral lateral PFC shift as
tasks requiring cognitive control increased in temporal proximity
and complexity: rostral areas of the PFC were involved in more
temporally distant operations, while more caudally located PFC
activations were involved in more temporally proximate opera-
tions. For the contrast of dual-task incongruent trials4single-task
incongruent trials, what has been factored out is the stimulus-
response action, which presumably is the last and most proximate
operation when making a decision about a stimulus in a task
switching paradigm using bivalent stimuli.

However, our primary aim was to investigate the role of re-
sponse-conflict congruency within the context of task switching.
Congruency is common to many task switching paradigms, yet its
impact upon switch costs goes frequently unreported, and has not
yet been explored neurally in this context. To investigate the role
of congruency, we first compared incongruent to congruent trials,
collapsing across single- and dual-tasks (see Section 3.2.3). We
found only one significant cluster of activation, for older adults
relative to younger adults, which revealed greater activity peaking
in the Claustrum. Although relatively little is known about the
function of the Claustrum, one prominent theory posits that it is
involved in “cross modal” processing, or the integration of diverse
attributes of a modal perceptions (Crick and Koch, 2005).
Table 4
MNI coordinates of closest grey matter to peak cluster activation for single-task incongru
significance po .01 on contiguous clusters of z42.3. No clusters survived thresholding

Group MNI coordinate (x, y, z) Hemi-sphere

Old4Young 38, �46, 66 R
-58, �42, 48 L
-22, �68, �6 L
-54, �52, 12 L
-16, �74, 14 L
To investigate the role of sensorimotor congruency without the
confound of task switching, we then compared activation for
single incongruent4single congruent trials (Section 3.2.4). As was
described earlier, because bivalent stimuli were used and partici-
pants both underwent a lengthy experimental training regimen
and completed many experimental blocks, potent associations
between stimuli and responses were likely to be present, even in
single-task blocks. Indeed, behaviorally, both the older and
younger adults performed worse on the single-task incongruent
relative to single-task congruent trials. However, the interaction
between Congruency and Age, which bordered on significance,
suggests that resolving incongruency between response options
might be more difficult for the older adults. In the imaging data,
we found that the older adults activated areas in the dorsal at-
tention network that were also activated when we examined
switch costs associated with being in the dual-task versus the
single-task condition of the paradigm, including the SPL (BA 7) and
Fusiform gyrus (BA 19). In addition, we found activations in the left
IPL (BA 40). The IPL is not a homogeneous region, and has been
associated with numerous cognitive functions including executive
control (Uddin et al., 2011), salience detection (Seeley et al., 2007)
and sensory-motor operations (Iacoboni, 2005; Keysers and Gaz-
zola, 2009). According to Ptak (2012), the IPL is “preferentially
activated when a stimulus of high behavioral relevance (e.g., a
stimulus that possesses some target-defining properties) appears
at an unexpected position” (Corbetta et al., 2000; Indovina and
Macaluso, 2007; Serences et al., 2005) suggesting that this region
is important for the interruption of current cognitive activity and
the reorienting of attention (Corbetta et al., 2008). Indeed, the
younger adults deactivated these areas, whereas the older adults
ent4single-task congruent trials, and associated anatomical labels. GRF estimated
for young, old, or young4old. L¼Left; R¼Right; BA¼Brodmann Area.

Lobe Area BA # Voxel

Parietal Superior Parietal Lobule 7 1095
Parietal Inferior Parietal Lobule 40 1081
Occipital Fusiform 19 799
Temporal Superior Temporal Gyrus 22 772
Occipital – 17 678
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recruited them to complete the task under these conditions.
In conclusion, we found that alternating between completing

two simple tasks versus completing either task alone produced
reliable behavioral and neural differences in both younger and
older adults. We also found specific age-related differences in
these processes, primarily when the cognitive component of re-
sponse-conflict congruency was taken into account. Behaviorally,
older adults’ performance was particularly affected on dual-task
incongruent trials, which suggest that the typically seen age-re-
lated increases in switch costs may be derivative upon a more
basic response-conflict congruency effect. Neurally, we found that
older adults recruit areas in both the dorsal and ventral attention
networks, including the STG and distinct Parietal areas, to over-
come response-conflict – even in single-task blocks – to a greater
extent than did younger adults. The activation of these additional
brain areas, coupled with the behavioral data results, suggests that
older adults may need to up-regulate the dorsal attention network
and additionally recruit the ventral network in a compensatory
manner to cope with the increased executive sensorimotor de-
mand that incongruency fosters. Together, our finding indicate
that congruency plays a major behavioral role in older adults’
ability to switch between tasks, and also points to the fact that the
brain correlates of task switching and resolving response-conflict
inherent within task switching paradigms may rely on separable
neural mechanisms.
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