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Abstract: Information processing can be biased toward behaviorally relevant and salient stimuli by
top-down (goal-directed) and bottom-up (stimulus-driven) attentional control processes respectively.
However, the neural basis underlying the integration of these processes is not well understood. We
employed functional magnetic resonance imaging (fMRI) and transcranial direct-current stimulation
(tDCS) in humans to examine the brain mechanisms underlying the interaction between these two
processes. We manipulated the cognitive load involved in top-down processing and stimulus surprise
involved in bottom-up processing in a factorial design by combining a majority function task and an
oddball paradigm. We found that high cognitive load and high surprise level were associated with
prolonged reaction time compared to low cognitive load and low surprise level, with a synergistic
interaction effect, which was accompanied by a greater deactivation of bilateral temporoparietal junc-
tion (TP]). In addition, the TP] displayed negative functional connectivity with right middle occipital
gyrus, which is involved in bottom-up processing (modulated by the interaction effect), and the right
frontal eye field (FEF), which is involved in top-down control. The enhanced negative functional con-
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nectivity between the TPJ and right FEF was accompanied by a larger behavioral interaction effect
across subjects. Application of cathodal tDCS over the right TPJ eliminated the interaction effect. These
results suggest that the TPJ plays a critical role in processing bottom-up information for top-down con-

trol of attention. Hum Brain Mapp 36:4317-4333, 2015.

© 2015 Wiley Periodicals, Inc.
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INTRODUCTION

To survive in a competitive environment, we have to
voluntarily select objects according to current goals
through mechanisms of selective attention while dealing
with sudden events that are not directly related to our
original intention. Our ability to do this illustrates a bal-
ance between two processes: a voluntary top-down atten-
tional control process, which guides behavior based on
internal goals, and an automatic bottom-up attentional
control process driven by salient or unexpected stimuli.
Prominent models of attentional control assert distinct
neural bases underlying these two processes [Corbetta and
Shulman, 2002; Hopfinger and West, 2006; Wen et al.,
2012], with a dorsal frontoparietal network for the goal-
directed top-down process [Chiu and Yantis, 2009; Cor-
betta et al., 2000; Pardo et al., 1991] and a right-lateralized
ventral frontoparietal network for the stimulus-driven bot-
tom-up process [Chica et al.,, 2011; Serences et al., 2005].
Although the neural mechanisms underlying each process
are well studied, the way in which they coordinate to opti-
mize attention allocation remains elusive.

Recent behavioral findings suggest that the influences of
bottom-up processing and top-down control, despite being
mostly separable, may also be closely integrated with one
another [Awh et al., 2012]. For example, it has been shown
that the capture of attention by salient distractors is more
prominent under high cognitive load than low cognitive
load [Lavie et al., 2004; Lu and Han, 2009], a synergistic
interaction effect indicating a conjoint influence from differ-
ent operations. In addition, evidence from pathological and
imaging studies has shown that patients with neglect mani-
fest comparable impairment in both goal-directed and
stimulus-driven orienting processes, which are associated
with common brain damage localized in ventral parietal
cortex [Bays et al., 2010; Cabeza et al., 2012; He et al., 2007].
These lines of evidence suggest that specialized functions
could be integrated into a more general function, corre-
sponding to the functional organization of the brain.

To demonstrate the involvement of any brain region in
the integration of multiple mental processes, two criteria
need to be met: (1) participation in each process [Asplund
et al., 2010; Shomstein, 2012]; and (2) an interaction effect
between operations [Gray et al., 2002; Gu et al., 2013]. The
ventral frontoparietal areas have been considered as poten-
tial candidates for such integrative processing [Asplund
et al., 2010; Serences et al., 2005] given their neuroanatomi-

*

cal features [Fox et al., 2006] and general involvement in a
variety of cognitive operations [Cabeza et al, 2012; Gu
et al., 2013]. The temporoparietal junction (TPJ), in particu-
lar, has been implicated in detection of salient distractors
and cognitive control more generally [Chang et al., 2013;
Fan et al., 2005; Geng and Mangun, 2011]. Specifically, the
right TPJ is robustly activated upon detecting behaviorally
relevant stimuli but deactivated during attention-
demanding cognitive tasks [Corbetta et al., 2008; Serences
et al., 2005; Shulman et al., 2003; Todd et al., 2005]. There-
fore, the TPJ is a possible neural site or source for the inte-
gration of top-down and bottom-up processes.

In this study, we used functional magnetic resonance
imaging (fMRI) and transcranial direct-current stimulation
(tDCS) to examine the neural mechanisms underlying the
integration of top-down and bottom-up attentional control
processes. We simultaneously manipulated cognitive load
to involve the top-down control process and the stimulus
surprise to trigger the bottom-up process. Given such a
design, integration of these two processes would be
implied by the existence of brain region(s) demonstrating
an interaction effect between cognitive load and stimulus
surprise manipulations. If a brain region is critical to the
integration, application of tDCS over this brain region
should impact the behavioral interaction effect. We pre-
dicted that the TPJ plays such an integrative role.

MATERIALS AND METHODS
Participants

Thirty-five adults (15 female and 20 male, mean
age = 22.03 £ 2.38 years, age range: 18-26 years) participated
in the fMRI study, and another 18 adults (9 female and 9
male, mean age = 23.41 + 2.55 years, age range: 20-28 years)
participated in the tDCS study. All participants were right-
handed, reported normal or corrected-to-normal vision, and
had no known neurological or visual disorders. Written
informed consent was obtained from participants before the
experiments. The Human Subjects Review Committee of
Peking University approved the fMRI study and the Institu-
tional Review Board of the Chang-Gung Memorial Hospital,
Taoyuan, Taiwan, approved the tDCS study.

Task Design

The task was a variation of the majority function task
(MFT) [Fan et al.,, 2008, 2011, 2014]. Three arrows were
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Figure I.

Stimuli and procedure. (a) Stimuli used in the experiment and con-
ditions in a 2 X 2 factorial design. Cognitive load (low load vs. high
load) was manipulated by varying the ratio of arrows pointing to
the same direction (3:0 vs. 2:1). Surprise level (standard vs. odd-
ball) was manipulated by varying probabilities of two types of
arrows (smaller and larger) that were irrelevant to the task (80%

presented simultaneously on each trial (Fig. 1a). The
arrows could appear at any of twelve possible locations,
each equidistant (eccentricity of 2.3°) from a central fixa-
tion cross. The locations of the three arrows on each trial
were constrained to be equidistant from each other to
avoid any uneven distribution of the arrows. Each arrow
could point to the left or right. In each trial, participants
were instructed to indicate whether the majority of the
arrows pointed to the left or right. For example, in cases
where all three arrows pointed to the left or where two
arrows pointed to the left while one pointed to the right,
the correct answer would be “left”. The cognitive load on
the top-down control process was manipulated by chang-
ing the congruency of the arrow directions. For half of the
trials, all three arrows pointed in the same direction (3:0
condition, low cognitive load). For the other half of the tri-
als, two arrows pointed in the same direction while one
arrow pointed in the opposite direction (2:1 condition,
high cognitive load).

The stimulus surprise level of the bottom-up process
was manipulated by changing the probability of two dif-
ferent sizes of arrows. The smaller arrow was 0.9° eccen-
tricity in length and 0.3° in width. The larger arrow was
the same length, but its width was twice the eccentricity of
the smaller arrow (0.6°). The probability that these two
types of arrows appear on the screen was manipulated.
One type of arrow was presented on 80% of the trials
(standard trials), and the other type of arrow was pre-
sented on the remaining 20% of the trials (oddball trials).
The size of the oddball arrows was counterbalanced across
runs and participants (i.e., the large arrows used in odd-
ball trials in one run would be used in standard trials in

standard trials vs. 20% oddball trials). The size of the oddball
arrows were counterbalanced across runs and participants. (b) A
schematic description of a standard and an oddball trial. Each trial
began with the presentation of three arrows for a fixed duration
of 250 ms, followed by 1750 ms blank screen, during which partici-
pants indicated the direction of the majority of the arrows.

the next run), so that the frequency of the oddball trials
relative to the standard trials, rather than the specific size
of the arrows, generated the bottom-up effect. It should be
noted that the stimulus surprise manipulation of the
bottom-up process was task-irrelevant, in that neither the
probability nor physical features of oddball arrows were
related to top-down control. Therefore, an interaction
effect between cognitive load and stimulus surprise would
indicate the coordination of top-down and bottom-up
processes.

The experiment consisted of four runs. Each run lasted
300 s and began and ended with a 30 s fixation period,
during which a fixation cross was displayed constantly.
The duration of each trial was 2 s, and there were two
types of trials: task trials and null trials. In a 2 s task trial
(Fig. 1b), three arrows were presented for a fixed duration
of 250 ms, followed by a 1750 ms blank screen, during
which participants indicated the majority direction of the
arrows with an appropriate key press (left hand button for
“left” responses, right hand button for “right” responses).
In a null trial, there were no arrows presented. In each
run, there were 80 standard trials, 20 oddball trials and 20
null trials. Equal numbers of the low cognitive load (3:0)
and high cognitive load (2:1) trials were presented for the
standard and oddball trials, and the correct response was
equally likely to be “left” or “right.” The order of the trials
was pseudorandomized, with no null trials presented
twice in a row. Participants practiced the task outside the
scanner until they reached accuracy above 75%. They were
instructed to respond as quickly as possible while main-
taining high accuracy. Participants’ reaction time (RT) and
accuracy were recorded.
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fMRI Data Acquisition

Functional MRI data was collected using a 3T Siemens
Trio scanner with a 12-channel phase-array coil. In the
scanner, the stimuli were back-projected via a video pro-
jector (refresh rate: 60 Hz; spatial resolution: 1024 X 768)
onto a translucent screen placed inside the scanner bore.
Participants viewed the stimuli through a mirror mounted
on the head coil. The viewing distance was 83 cm. Blood
oxygen level-dependent (BOLD) signals were acquired
with an echo-planar imaging sequence (echo time, 30 ms;
repetition time, 2000 ms; field of view, 240 X 240 mm?;
matrix, 64 X 64; in-plane resolution, 3.75 mm; flip angle,
90°; slice thickness, 5 mm; gap, 0 mm; number of slices,
32; slice orientation, axial). A high-resolution 3D structural
image (3D magnetization-prepared rapid acquisition gradi-
ent echo; 1 X 1 X 1.33 mm resolution) was also acquired.

tDCS Protocol

The involvement of the TPJ in the interaction between
top-down and bottom-up processes was identified by
fMRI (see Results). Based on the international 10-20 sys-
tem for EEG electrode placement, the stimulation site of
tDCS was located in the middle point between T4 and T6
for the right TPJ (Fig. 7a). The accuracy of this localization
method was confirmed in six participants by using an
MRI-guided frameless stereotaxy system (Brainsight;
Rogue Research). The reference electrode was placed over
the left cheek, to avoid any confounding effect from other
brain areas [Hsu et al., 2011; Liang et al., 2014; Tseng
et al.,, 2012]. In the anodal tDCS session, the anodal elec-
trode was placed on the stimulation site and the cathodal
electrode was placed on the reference site, and vice versa
in the cathodal session. The electrode pads were 5 X
5 cm? and delivered the current for 10 min with an inten-
sity of 1.5 mA, or 0.0937 mA/cm? In the sham session,
one half of participants used the montage of electrodes as
anodal session, while the other half used the same mon-
tage as cathodal session. The current was applied for 30 s
with identical electrode placements. After the stimulation,
participants started the task, which was an off-line stimu-
lation experimental design. The three stimulation sessions
(sham, anodal, and cathodal) were fully counterbalanced
across subjects. The interval between the administration of
the two conditions was least 48 h apart to reduce any pos-
sible carry-over interference from any previous stimulation
session. All stimulation conditions were within-subjects
with identical materials, stimuli, and procedures. The stim-
ulation protocol complied with the current safety guide-
lines for tDCS [Nitsche et al., 2003] and was approved by
the local ethics committee. In studies of the motor cortex,
the application of surface-anodal tDCS enhances cortical
activity, while surface-cathodal tDCS reduces -cortical
activity [for a review, see Nitsche et al., 2008]. The tDCS
effect derives mainly from the modulation of the GABAer-
gic activity, which changes neural spike levels beyond

baseline activity [Utz et al, 2010]. The similar polarity
effect was also observed in studies of cognitive function
[Hsu et al., 2011; Tseng et al., 2012]. However, it remains
unclear whether the surface tDCS effect in cognitive func-
tion is due to the same mechanism as in motor cortex. By
combining fMRI data, we assumed that if a brain region is
deactivated during a demanding task, the advanced sup-
pression of this region by surface-cathodal tDCS might
exhaust the range for further reduction in its activity (and
connectivity), and therefore impact the function of this
region.

Behavioral Data Analysis

For behavioral data, RT and accuracy were entered into
to repeated-measures ANOVAs. For the fMRI experiment,
cognitive load level (low and high) and stimulus surprise
level (standard and oddball) were used as within-subject
factors. For the tDCS data, an additional factor of the tDCS
condition (sham, anodal, and cathodal) was added in a
three-way repeated-measures ANOVA. Incorrect responses
were excluded from the computation of the mean RTs.

fMRI Data Analysis

Image preprocessing and statistical
parametric mapping

Data analysis was performed using the Statistical Para-
metric Mapping package (SPM8; Welcome Department of
Imaging Neuroscience, London, UK). Functional volumes
were corrected for slice timing, spatially realigned,
resampled to 3 X 3 X 3 mm® voxel size, normalized to an
EPI template in Montreal Neurological Institute (MNI)
space, and spatially smoothed with an isotropic 8 mm full-
width at half-maximum Gaussian kernel.

For each participant, first-level statistical parametric
maps of BOLD signals were created using a general linear
model (GLM) with regressors defined for correct responses
to each of the four trial types: 2 (cognitive load: low vs.
high) X 2 (stimulus surprise: standard vs. oddball). Addi-
tional nuisance variables were included for incorrect
responses to the four stimuli types. These regressors were
convolved with a standard canonical hemodynamic
response function. Six parameters generated during
motion correction were also entered as covariates of no
interest. The time series for each voxel were high-pass fil-
tered (1/128 Hz cutoff) to remove low-frequency noise
and signal drift.

The specific effects of top-down cognitive load
(high —low), the oddball induced bottom-up processing
(oddball — standard), and the interaction between them
([oddball — standard]nign — [oddball — standard]iow) — were
tested by applying the appropriate contrasts to the GLM
parameter estimates, resulting in contrast maps for these
effects for each participant. The contrast maps were
entered into a second-level group analysis conducted with
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a random-effects model that accounts for inter-subject vari-
ability and permits population-based inferences. A Monte
Carlo simulation using the AlphaSim program (http://
afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf)
was conducted to determine an appropriate cluster thresh-
old. Assuming an individual voxel type I error of P < 0.005,
a cluster extent of 46 contiguous voxels was indicated as
necessary to correct for multiple voxel comparisons at
P <0.05.

Psychophysiological interaction (PPl) analysis

PPI analysis provides a measure of functional connectiv-
ity change between different brain regions depending on a
specific psychological context [Friston et al., 1997]. This
was achieved by using a moderator derived from the
product of the activity of a source region and the psycho-
logical context. The TP] was identified from the cognitive
load by stimulus surprise interaction contrast (see Results).
We were interested in whether the TPJ functionally inter-
acts with regions involved in top-down and bottom-up
processing under the modulation of interaction effect. A
PPI analysis was carried out to identify region(s) that had
differential connectivity with the TPJ] modulated by the
interaction between top-down and bottom-up processing.
The models were tested separately for the left and right
TPJ.

For each participant, we first extracted the deconvolved
BOLD signal time series from a 6 mm radius sphere cen-
tered on the participant’s local maximum voxel located
nearest to the peak of the TP], which was defined by the
whole group cluster (average MNI coordinate of TPJ, left:
x=—52, y=—54, z=23; right: x =51, y = —54, z=26). The
PPI term was calculated as element-by-element product of
this TPJ time series (physiological variable) and the vector
of the psychological variable, which was the cognitive
load by stimulus surprise interaction ([oddball —
standard]pig, — [oddball — standard]yqy,). This product was
reconvolved with the canonical hemodynamic response
function. This new model generated included the PPI
term, the physiological variable, and the psychological
variable as regressors [see King et al., 2012 for a similar
PPI variable definition]. Data from one participant was
excluded from PPI analysis because activation in the
region of interest (ROI) of the TPJ could not be identified.

The second-level group data analysis for the PPI was
conducted using a one-sample ¢ test with the same thresh-
old used as in the GLM analysis. Since the TPJ tends to be
deactivated during attention demanding tasks [Fox, 2005;
Todd et al., 2005], as in the current experiment, we sought
to assess potential target regions which showed negative
functional connectivity with the TPJ. Regions identified as
significant clusters indicate two possible interpretations:
(1) the connectivity between the TPJ and those regions is
altered by the psychological context, or (2) the response of
those regions to the psychological context is modulated by
TPJ activity.
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Figure 2.
Behavioral results. (a) The accuracy result: performance

decreased in the high cognitive load condition compared with
the low load condition. (b) The reaction time (RT) result: high
cognitive load as well as the oddball condition was associated
with prolonged RT, with a super additive surprise effect.
** P<0.01; Error bars: =SEM.

Through PPI analysis, we identified regions that func-
tionally interacted with the TPJ. We then tested whether
these regions were implicated in top-down or bottom-up
processing by conducting a conjunction analysis of the
bottom-up (oddball —standard) contrast image and the
PPI image, and a conjunction analysis of the top-down
(high load — low load) contrast image and the PPI image.

ROI and correlation analyses

Using contrast maps, ROIs were extracted from a 6 mm
radius sphere centered on the local maximum voxel nearest to
the peak. A correlation was computed across subjects between
individual behavioral interaction effect in RT (calculated as
[oddball — standard]pign — [oddball — standard];,w) and PPI
extracted for each participant.

Dynamic causal modeling (DCM)

Due to the inherent limited causal interpretability of the
PPI analysis for the direction of the interaction, we con-
ducted DCM to further examine the connectivity of the
TPJ with other brain regions. DCM models the interplay of
three mechanisms: direct inputs to the neural ROI, inter-
regional connections between brain regions, and modula-
tion of the connections by contextual variables [Friston
et al., 2003].

DCM serves to explain the potential mechanisms (in
terms of neural coupling) that underlie the regional
responses detected in conventional SPM analysis [Stephan
et al., 2007]. This puts a congruent constraint on the choice
of ROJ, in which the definition of a ROI is usually based

4321


http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf
http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf

*Wuetal. ¢

Figure 3.

Main effects of top-down and bottom-up processes. (a) Regions
associated with the recruitment of top-down attentional process
(main effect of cognitive load, high load - low load). (b) Regions
associated with the recruitment of bottom-up attentional process
(main effect of stimulus surprise level, oddball - standard). Red
color indicates voxels with increase in activation. Blue color

on the functional specialization revealed by different statis-
tical contrasts in the conventional SPM analysis. TPJ coor-
dinates were identified based on the cognitive load by
stimulus surprise interaction contrast as in the PPI analy-
sis. Other regions included in the DCM were selected
based on the conjunction analysis of the bottom-up
(oddball — standard) contrast image and the PPI, and the
conjunction analysis of the top-down (high load —low
load) contrast image and the PPI.

indicates voxels with decrease in activation. SPL, superior parietal
lobule; IPS, intraparietal sulcus; AG, angular gyrus; TP), temporo-
parietal junction; IFEF, left frontal eye field; rFEF, right frontal eye
field; 1Al, left anterior insula; rAl, right anterior insula; vmPFC,
ventral medial prefrontal cortex; PCC, posterior cingulate cortex;
FG, fusiform gyrus; Tha, thalamus; MOG, middle occipital gyrus.

The goal of this DCM analysis was to explain the cogni-
tive load by stimulus surprise interaction in the TPJ by a
simple model in which the connections conveying the
stimulus-specific information were under the control of
modulatory influences of cognitive load. Specifically, the
TP] was reciprocally interconnected with other ROIs that
were included in the DCM. The surprise effect as the driv-
ing input elicits activity directly in regions that were iden-
tified in the conjunction analysis between bottom-up
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TABLE I. Activation and deactivation of brain regions involved in top-down attentional processes

MNI

Region L/R BA x y z T V4 k
Positive

Middle occipital gyrus (IPS) R 19 30 —63 36 9.76 6.69 1633

SPL R 7 18 —72 57 9.33 6.53

Postcentral gyrus R 2 45 -36 45 7.74 5.84

SPL R 40 39 —48 57 7.55 5.75

Inferior parietal lobule R 40 36 —45 45 7.49 5.72

SPL (IPS) L 7 —24 —63 57 9.6 6.63 3829

Inferior parietal lobule L 40 —36 =51 54 8.07 5.99

Inferior occipital gyrus L 37 —48 —66 -3 7.08 5.51

Cerebelum crus I L -33 —60 —30 6.56 5.24

Middle occipital gyrus L 19 =27 =72 30 6.47 5.19

Postcentral gyrus L 2 —51 —30 45 6.1 4.98

Cerebelum VI L —24 —63 -27 5.89 4.85

Cerebelum crus II L -3 —81 —27 5.85 4.83

Fusiform gyrus R 37 54 —54 -15 5.76 4.78

Cerebelum crus II R 6 —78 -39 5.36 4.53

Cerebelum VIIB L -6 =75 -39 5.32 4.51

Cerebelum crus I R 39 —57 —30 4.98 4.28

Cerebelum VIII L =30 —69 —-=51 4.54 3.98

Inferior temporal gyrus R 19 48 —69 -9 4.5 3.96

Cerebelum crus I R 48 —54 —27 4.46 3.93

Cerebelum VI R 27 —63 —27 4.33 3.83

Cerebelum VIII R 15 =72 —48 4.32 3.83

Cerebelum X R 27 —36 —45 3.54 3.24

Vermis 3 —48 -12 3.36 3.1

Cerebelum IX L —18 —45 —54 3.13 2.92

Middle frontal gyrus R 6 30 3 63 7.8 5.87 811

Precentral gyrus R 4 42 6 30 59 4.86

Inferior frontal gyrus R 44 51 12 27 5.51 4.62

Precentral gyrus R 6 54 6 45 4.52 3.97

Superior frontal gyrus L 6 —57 9 39 6.36 512 600

Precentral gyrus L 6 —36 -3 60 6.27 5.08

Supplementary motor area R 6 3 12 54 6.27 5.08 277

Anterior cingulate cortex R 32 9 24 39 3.68 3.35

Thalamus R 18 -9 18 5.36 4.53 212

Anterior insular cortex R 33 27 0 5.26 4.47 144

Thalamus L =15 -12 15 4.48 3.95 183

Anterior insular cortex L -33 24 6 4.07 3.65 64
Negative

Orbitofrontal gyrus R 11 3 45 -6 10.56 6.99 13565

Angular gyrus R 39 51 —66 33 9.52 6.6

Posterior cigulate cortex R 23 3 -39 36 9.08 6.43

Middle occipital gyrus L 19 -39 —78 42 8.96 6.38

Precuneus L 23 0 —57 27 8.89 6.35

Medial superior frontal gyrus R 10 6 57 30 8.57 6.21

Superior frontal gyrus R 9 24 33 48 8.52 6.19

Calcarine L 17 -12 —60 18 8.36 6.12

Middle cingulate cortex L 23 0 -21 45 7.88 5.9

Medial superior frontal gyrus L 10 0 60 15 7.63 5.78

Inferior temporal gyrus L 20 —63 —18 —24 7.44 5.69

Middle temporal gyrus L 21 —69 —42 -3 6.95 5.44

Lingual gyrus R 19 9 —51 6 6.71 5.32

Middle temporal gyrus R 21 60 -9 -21 6.67 5.3

Medial superior frontal gyrus R 8 9 36 63 6.61 5.27

Superior frontal gyrus L 9 —21 30 48 6.61 5.26
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TABLE I. (continued).

MNI
Region L/R BA x y z T V4 k

Superior occipital gyrus R 19 15 —96 30 6.24 5.06
Medial superior frontal gyrus L 9 -3 45 51 6.09 4.98
Temporal pole R 38 42 12 -39 5.95 4.89
Inferior temporal gyrus R 20 54 -3 -33 5.8 4.8
Temporal pole L 38 =30 18 =30 5.74 477
Superior occipital gyrus L 19 —63 —57 27 5.7 4.74
Medial superior frontal gyrus L 8 -6 27 63 5.7 4.74
Inferior frontal gyrus L 47 —36 36 —18 5.57 4.66
Parahippocampal gyrus R 36 18 0 —24 5.51 4.62
Middle frontal gyrus L 9 —18 51 30 5.36 4.53
Middle cingulate cortex R 23 6 -6 39 511 4.37
Parahippocampal gyrus L 36 —33 0 —24 5.03 4.32
Middle temporal gyrus R 37 66 —45 -6 5.03 4.32
Parahippocampal gyrus L 34 —15 0 —18 4.33 3.84
Thalamus R 15 -30 0 4.32 3.83
Inferior occipital gyrus R 18 27 —102 0 4.29 3.81
Inferior occipital gyrus L 18 —24 —105 3 4.28 3.8
Ventral striatum L —18 6 —-12 4.27 3.79
Superior temporal gyrus R 42 42 =30 15 424 3.77
Orbitofrontal gyrus L 11 —18 27 -15 4.08 3.65
Putamen R 33 -9 -3 3.94 3.55
Inferior frontal gyrus L 45 —51 33 6 3.91 3.53
Parahippocampal gyrus L 27 —-15 —36 -3 3.82 3.46
Paracentral lobule L 4 -6 —21 72 3.81 3.45
Inferior frontal gyrus R 45 57 36 6 3.7 3.37
Parahippocampal gyrus R 30 24 —27 -21 3.65 3.33
Fusiform gyrus R 37 30 —36 -15 3.43 3.15
Fusiform gyrus L 30 —18 -39 —15 3.43 3.15
Supramaginal gyrus L 40 —66 —33 21 3.38 3.12
Hippocampus R 18 —24 -9 3.28 3.03
Cerebelum crus II R 24 -84 —36 6.34 5.11 263
Cerebelum crus II L =30 -78 -36 5.86 4.84 168

(oddball — standard) contrast image and the PPI, while the
cognitive load modulates the reciprocal interconnections.
The model parameters were fitted to each participant’s
data separately. The statistical significance of each parame-
ter value was determined using classical random-effects
analyses.

RESULTS
Behavioral Results of the fMRI Experiment

Overall performance on the MFT was 490 +83 ms
(Mean =SD) in RT and 92.3 £3.5% in accuracy. Partici-
pants were less accurate and slower in the high cognitive
load condition (2:1) than in the low cognitive load condi-
tion (3:0; Fig. 2). Repeated-measures ANOVAs on RT and
accuracy showed that the main effect of cognitive load
was significant for both accuracy and RT (F( 34 = 1004.15,
P <0.001 and F 34 =155.63, P<0.001, respectively). We
also found a significant main effect of surprise level on
RTs (F(1,34)=8.25, P<0.01), with slower responses in

oddball trials compared to standard trials. Importantly, we
found a significant interaction between cognitive load and
surprise level on RTs (F 34 =10.49, P <0.01), but not on
accuracy (F(134) =127, P>0.20). Planned simple compari-
sons on RT revealed that oddball slowed the response
under high cognitive load (F,34) = 11.40, P <0.01), but not
under low cognitive load (F <1). The concurrent process-
ing of the high cognitive load and oddball stimuli had a
deleterious effect on performance beyond the effects of
either manipulation in isolation. These results suggest an
integration of top-down and bottom-up processing by
showing the main effects and the interaction between the
independent manipulations of each process.

Statistic Parametric Mapping Results

Main effects of top-down and bottom-up
control processes

For the top-down control processing (high —low cogni-
tive load), a statistical parametric map revealed that areas
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TABLE Il. Activation and deactivation of brain regions involved in bottom-up attentional processes

MNI

Region L/R BA x Y z T V4 k
Positive

Fusiform gyrus L 37 —45 —54 -15 5.6 4.68 703

Inferior temporal gyrus L 37 —48 —66 -12 527 4.47

Cerebelum VI L -39 =51 —24 5.12 4.38

Inferior occipital gyrus L 18 —36 —90 6 3.5 3.21

Middle occipital gyrus L 19 -33 -90 -3 3.39 3.12

Postcentralgyrus L 2 —48 —36 57 532 4.51 183

Middle occipital gyrus R 19 39 —81 6 5.19 4.43 1092

Inferior temporal gyrus R 37 48 —57 -12 4.98 4.28

Inferior occipital gyrus R 19 42 —78 -6 4.76 4.14

Middle temporal gyrus R 37 42 —69 12 411 3.68

Fusiform gyrus R 19 36 —66 -15 4.1 3.67

Middle occipital gyrus R 39 39 -72 21 3.82 3.46

Superior occipital gyrus R 7 27 —66 39 3.81 3.45

Cerebelum VI R 21 —60 —18 3.75 3.41

Middle occipital gyrus L 19 -30 —66 33 3.9 3.52 63
Negative

Caudate nucleus L -12 18 -3 4.76 414 390

Caudate nucleus R 6 -3 3 422 3.76

Ventral striatum L —18 9 —18 3.8 3.45

Caudate nucleus L —-18 3 18 3.36 3.1

Thalamus L -9 -3 0 3.07 2.86

Orbitalfrontal gyrus R 11 9 36 —-18 4.58 4.02 51

Medial superior frontal gyrus R 6 9 -9 75 3.47 3.19 70

Medial superior frontal gyrus L 6 -3 —-15 72 3.27 3.03

associated with executive control, including frontal eye field
(FEF), anterior insular cortex, superior parietal lobule (SPL),
and areas along the intraparietal sulcus (IPS) extending to
visual areas (regions in red in Fig. 3a, Table I), were more
active under high load condition compared to the low load
condition. In addition, this contrast also revealed signifi-
cantly less activation or deactivation of the core regions of
the default mode network [Raichle et al., 2001] including
medial prefrontal cortex, posterior cingulate cortex/precu-
neus, inferior temporal lobe, and angular gyrus extending
inferiorly to TP] (regions in blue in Fig. 3a, Table I).

For the bottom-up stimulus-driven processing, the con-
trast of oddball —standard trials showed greater activity
during the oddball trials mainly in the occipital gyrus and
fusiform gyrus, extending to SPL (Fig. 3b, Table II). Addi-
tionally, this contrast was associated with significant deac-
tivation in bilateral thalamus.

Interaction between top-down and
bottom-up processes

We isolated the brain regions that were associated with
the interaction effect, that is, the difference in the surprise
effect between high and low cognitive load ([oddball —
standard]nigh — [oddball — standard]i,,). This interaction
effect was associated with significant deactivation in bilat-

eral TPJ (Fig. 4a), as shown by BOLD signal change (%)
extracted from bilateral TPJ clusters in each condition (Fig.
4b). The peak coordinates of TPJ [right TP] (rTPJ): 51, —52,
24; left TPJ] (ITPJ): —48, —54, 24] were consistent with pre-
vious findings attributed to TP] from different domains
[Geng and Vossel, 2013]. The BOLD response pattern
revealed that the bottom-up information of the oddball eli-
cited greater deactivation of TP] under high cognitive load
(rTPJ: tzay= —3.24, P<0.01; ITPJ: t34 = —4.33, P<0.001),
while less or non-significant deactivation under the low
cognitive load (rTPJ: t34 =2.57, P <0.05; ITPJ: tz4 =1.0,
P>0.1). We did not find any other region showing activa-
tion or deactivation with the interaction contrast. These
results suggest that bilateral TPJ] underlie the integration
of top-down and bottom-up process.

PPl Results

We found a significant negative PPI between bilateral
TPJ and right middle occipital gyrus (rMOG), as well as
between left TPJ and right frontal eye field (rFEF), which
were modulated by the interaction between the two exper-
imental manipulations (Fig. 5a, Table III). This negative
relationship suggests that a decrease in activity in TPJ is
associated with an increase in activity in rMOG and rFEF,
while this association was greater for the surprise effect
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Interaction between top-down and bottom-up processes. (a)
Regions identified by interaction contrast ([oddball — standard]-
high — [oddball — standard],,). Deactivation was seen bilaterally
in the region of the TPJ. (b) BOLD signal change (% in beta
value) extracted from bilateral TP) clusters in each condition.
Error bars: +=SEM.

under the high cognitive load compared to the low cogni-
tive load.

The conjunction analysis of the top-down contrast
images of the GLM (high >low cognitive load) and PPI
revealed a common area in rFEF (Fig. 5a). In addition, the
conjunction analysis of the bottom-up contrast image of
the GLM (oddball > standard) and the PPI revealed a com-
mon area in rMOG. These results suggest that TPJ func-
tionally interacted with regions involved in top-down
processing as well as with regions implicated in bottom-
up processing.

The correlation between the magnitude of the PPI and
behavioral interaction effect was calculated (Fig. 5b). The
PPI between 1TP] and rFEF was negatively correlated with
the behavioral interaction effect (r= —0.51, P <0.01). The
PPI between TP] and rMOG was marginally correlated
with the behavioral interaction (between rTP] and rMOG:
r=—0.34, P=0.05, between ITP] and rMOG: r= —0.32,
P=0.07).

DCM Results

In the model of rTP] and rMOG (average MNI coordi-
nate, x =40, y= —76, z= —5), the parameter for the driv-
ing input (oddball — standard) to rMOG was significant
(Fig. 6a, t3=2.53, P<0.05), which was consistent with

the main effect of the bottom-up manipulation in tMOG
revealed by the GLM. There was significant negative mod-
ulation of cognitive load on the forward connections from
rMOG to 1TPJ (ta3) = —3.00, P <0.01). Critically, the nega-
tive sign of the modulatory parameter indicated that the
strength of the connection from rMOG to rTP] was more
reduced under high cognitive load compared to low load,
resulting in the greater deactivation of TPJ.

In the model of 1TP], rMOG (average MNI coordinate,
x=43, y=-72, z=10), and rFEF (average MNI coordi-
nate, x =30, y = —2, z=67), similar results were obtained
as in the previous model. Note that data from two partici-
pants were excluded because at least one of the ROIs
could not be identified. As shown in Fig. 6b, the parameter
for the driving input (oddball - standard) to rMOG was
significant (1) =7.15, P <0.001). We also found a signifi-
cant negative modulatory effect of cognitive load on the
forward connection from rMOG to ITP] (t31)= —4.51,
P <0.001). In addition, there was a significant negative
intrinsic connectivity from 1TP] to rFEF (ts1)= —3.57,
P <0.01), indicating that TPJ] activity was in opposite
phase of FEF activity.

These results indicate that rtMOG, TPJ], and rFEF form a
network that underlies the interaction between top-down
and bottom-up processes. The differentiation between odd-
ball and standard trials elicited activation in rMOG then
conveyed onto TPJ through the connection from rMOG to
TPJ. This connection was negatively modulated by cogni-
tive load, which demonstrates that the irrelevant informa-
tion was filtered or the differentiation between irrelevant
and relevant information (that is, oddball versus standard
trials) was more reduced under high load than under low
load, resulting in the interaction effect in TP] deactivation.
The less differential effect in TP] undermines the rejection
of irrelevant distractors and leads to an increase in proc-
essing the oddball, consistent with previous findings that
loading on the cognitive control process increases distrac-
tor processing [Fockert et al., 2001; Lavie et al., 2004]. The
detection of distractors was configured by the negative
connection from TPJ to rFEF, in which TPJ signals rFEF,
that presumably has a privileged role in linking stimuli
with action [Suzuki and Gottlieb, 2013], and resulted in a
prolonged RT in processing irrelevant oddball stimuli.

tDCS Results

Repeated-measures  ANOVAs on accuracy and RT
showed that main effects of stimulus surprise and cogni-
tive load were significant on both accuracy and RT (Accu-
racy: F(1/17) =956, P<0.01 and F(1/17) =60.58, P<0.01,
respectively; RT: F(117=5.23, P<0.05 and F,17 =497.75,
P <0.001, respectively). Participants were less accurate and
slower in oddball trials than in standard trials, and also
less accurate and slower in the high load condition than in
the low load condition. We found a significant three-way
interaction on RTs (Fp34 =7.74, P<0.01), but not on
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Figure 5.

PPl and ROI results. (a) PPl results. Top row: seed regions of left
and right TP) for PPl analysis. Bottom row: regions showed nega-
tive associations with left or right TP) modulated by the interac-
tion between experimental manipulations. Decreased activity in
the left TP] was associated with increased activity in the rFEF and
rMOG, while decreased activity in the right TP] was associated
with increased activity only in the rMOG. Green color indicates
the seed regions of the bilateral TP). Blue color indicates regions

showing negative PPls with the TPJ. Red color indicates conjunc-
tion regions of bottom-up contrast image of the GLM (oddball > -
standard) and the PPl image, and the conjunction of top-down
(high cognitive load — low cognitive load) contrast image and the
PPI. (b) ROI and correlation results. The PPl between the ITP]
and rFEF was negatively correlated with behavioral interaction
effect. The PPl between the bilateral TP) and rMOG was margin-
ally correlated with behavioral interaction effect.

* 4327 »



¢ Wuetal. ¢

TABLE Ill. Negative PPI

MNI
Region L/R BA x y z T V4 k
L TPJ as seed
Middle occipital gyrus R 39 33 —69 18 3.92 3.53 114
Superior frontal gyus R 6 21 -9 75 3.61 3.29 57
R TPJ as seed
Middle occipital gyrus R 19 36 =72 -3 4.55 3.98 69

accuracy (F <1). The two-way repeated ANOVAs on RTs
revealed significant cognitive load by stimulus surprise
interaction effect for sham and anodal tDCS condition
(Fa,17)=32.16, P<0.001 and F,17 =6.13, P <0.05, respec-
tively; Fig. 7b,c). However, the interaction effect in catho-
dal tDCS condition was not significant (F < 1; Fig. 7d). The
value of Bayes factor was smaller than 1/3 (B = 0.22), indi-
cating substantial evidence for null. These results indicate
that cathodal tDCS over rTPJ eliminated the interaction
effect.

DISCUSSION

We observed an interaction between top-down and
bottom-up processes in behavior, which was mirrored by
the neural response of TP]: oddball trials induced bottom-
up processing with increased RT and elicited more TPJ
deactivation under high cognitive load than under low
cognitive load. In addition, TP] showed a negative PPI
with rMOG involving bottom-up distractor-related proc-
essing as well as with rFEF involving top-down control.
The deactivation of TP] was further explained by the
DCM results that the afferent connection to TP] from
rMOG was negatively modulated by cognitive load.
Importantly, cathodal tDCS over rTP] eliminated the inter-
action effect. Together, these findings suggest that TPJ is
essential for integrating top-down attentional control with
bottom-up processing. By considering the current results
and brain physiology, we can explain the functions of TPJ
through two potential models.

A Filter Model of the TP)

A filtering model may explain TP] deactivation [Shul-
man et al., 2003, 2007]. In this model, TPJ acts as a filter to
determine the range of information that should or should
not act as its input. For example, behaviorally relevant
stimuli that match the features of current task would pass
through the filter and activate TPJ, reorienting attention
through connection with dorsal frontoparietal regions
[Corbetta et al., 2008; DiQuattro and Geng, 2011]. Under a
focused task state, however, behavioral relevance is
restricted to a small range of events. The efficient filtering
of distractors relating to the deactivation of TPJ ensures
that the task-irrelevant information would not interrupt

ongoing processes, especially during the execution of
attention-demanding tasks [Todd et al., 2005]. This filter
model predicts that TP] activity should be increasingly
inhibited as the demand of an attentional task increases. In
our study, TPJ] showed greater deactivation under high
cognitive load relative to low cognitive load, which is con-
sistent with this prediction as well as previous fMRI find-
ings that TPJ] was deactivated during effortful cognitive
engagement, such as in a working memory or a rapid vis-
ual search paradigm [Anticevic et al., 2010; Shulman et al.,
2003, 2007]. We extended previous findings by showing

oddball - standard

Figure 6.
DCM models and results. (@) DCM model of the rTP} and
rMOG. (b) DCM model of the ITP}, rMOG, and rFEF. Bold
arrows indicate the driving input (oddball — standard). Arrows
with circle in the end indicate the modulatory effect (high

load —low load), with significant modulation in black
and nonsignificant modulation in gray. Significant parameters are
indicated by the asterisk (* P < 0.05; ** P<0.01; ¥ P < 0.001).
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tDCS results. (a) schematic representation of the locations of the tDCS. (b—d) results of Sham,

anodal, and cathodal tDCS. Significance is indicated by the asterisk (* P < 0.05; *** P < 0.001).

that this filter function related to TPJ deactivation was
achieved by regulating distractor-related process origi-
nated from visual cortex. Specifically, our DCM results
showed that the forward connection from rMOG to TPJ
was negatively modulated by cognitive load, while rMOG
was in response to oddball-induced distraction.

Our results showed that TP] was deactivated across all
conditions relative to the no-task baseline, although all
arrows in the display are possibly task-relevant and a
response was required for each trial. These results are not
consistent with evidence showing that TPJ is usually acti-
vated upon detecting task-relevant stimuli that require
immediate motor responses [Doricchi et al., 2009; Kincade,
2005; Vossel et al., 2009]. For example, in a study using an
endogenous cueing task, the discrimination of target was
associated with an increased TP] activity compared to a

no-task baseline, regardless of validity of the cue [Vossel
et al., 2009]. This discrepancy may be attributed to task
and stimulus differences. For example, tasks that involve
spatial shifts of attention are known to activate the ventral
attentional system [Corbetta and Shulman, 2002; Corbetta
et al.,, 2008], while the stimuli in our study were always
presented in the fovea. The most important difference
between these studies and our study is the extent of atten-
tional demand elicited by different level of uncertainty
processing. For example, in the study by Vossel et al.
[2009], the uncertainty associated with an infrequent target
was reduced by a preceding cue that predicts target loca-
tion, and thus further degraded cognitive load of the task.
In our study, however, the cognitive load was greater
because MFT involves a more complex and corresponding
higher-level uncertainty processing. Specifically, the
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uncertainty of information to be processed in our task is
encoded by a group search algorithm involving sampling
and resampling of the inputs to find a coherent majority
sample, which is accompanied by TP] deactivation varied
as a function of cognitive load [Fan, 2014; Fan et al., 2008,
2014].

We found synergistic increased RT for surprised com-
pared with nonsurprised trials under high cognitive load
relative to low cognitive load, accompanied by a greater
deactivation of TPJ. This form of BOLD-behavior relation-
ship suggests that filtering of irrelevant information was
compromised when the top-down control on processing of
relevant information was executed simultaneously. It has
been shown that TPJ is deactivated during search through
displays containing only distractor objects while is acti-
vated upon detecting subsequent target [Shulman et al,,
2003, 2007; Wen et al., 2012]. Because the deactivation pre-
ceded the target, filtering of irrelevant distractors is associ-
ated with improved performance as well as increased TPJ
activation on subsequent target detection. However, when
the distractor is presented simultaneously with the target,
these two types of information are integrated and thus
interfere with each other due to competition for overlap-
ping executive resources [Fockert et al., 2001; Gu et al,,
2012]. In this study, task-relevant information and irrele-
vant distraction were embedded in a single target object
set, and thus were concurrently processed. Specifically,
arrow direction that induces goal-directed behavior is
task-relevant, while arrow size that triggers stimulus-
driven attention by introducing probability difference is
task-irrelevant. Because these two types of information
were simultaneously presented, a regular amount of TPJ
deactivation might not be sufficient to completely block
irrelevant information from interfering with goal-directed
behavior. If TPJ deactivation were elicited before targets
presentation, it would be predicted that the interference
from task-irrelevant sources during execution of atten-
tional demanding task should be reduced or prevented.
Our tDCS results supported this prediction by showing
that the difference in RT between oddball and standard
stimuli was eliminated by the application of surface-
cathodal tDCS that assumed to likely inhibit neural activ-
ity, while this oddball effect was not affected by anodal
tDCS that assumed to enhance neural activity.

TP)J as a Sensor of Bottom-Up Information

Alternatively, the BOLD-behavior relationship shown in
our study might suggest that TPJ acts as a sensor associ-
ated with an increase in distractor processing under the
top-down control. This account is consistent with a previ-
ously outlined framework of load theory in cognitive con-
trol [Lavie et al., 2004]. It has been proposed that the
appropriate allocation of attention requires active mainte-
nance of stimulus priority, specifying which stimuli are
currently relevant [Fockert et al., 2001]. High load on

cognitive control would reduce the differentiation of stim-
ulus priority between targets and distractors and thus lead
to an opposite effect to the filtering model: irrelevant dis-
tractors should be detected rather than ignored. In the cur-
rent study, when executive resources were occupied under
high cognitive load due to increased uncertainty process-
ing, the boundary that differentiates between low-priority
and high-priority stimuli (that is between task-irrelevant
and task-relevant information) might be more ambiguous.
Although the arrow size and probability of the oddball
were completely irrelevant to the task based on our
manipulation, they might become relevant and thus influ-
ence behavioral outcome under high cognitive load. For
instance, participants might have prepared for the fre-
quently appearing arrow size when cognitive load was
high, resulting in an interference effect from oddball due
to a violation of expectation. Accordingly, TPJ deactivation
related to the oddball (versus standard) stimuli under
high cognitive load might reflect that reduced differentia-
tion of irrelevant distractions from relevant target was
associated with decreased neural activity in TPJ. In con-
trast, TP] showed an increased activity to oddball com-
pared to standard stimuli under low cognitive load, and
thus minimized the intrusion of irrelevant distractors.
Note that we did not find bottom-up effects in TPJ, neither
in any other core regions of the ventral system (i.e., ante-
rior insular cortex). This result is consistent with the previ-
ous finding that the ventral network activation is restricted
to task-relevant stimuli [Fockert et al., 2004; Indovina and
Macaluso, 2006; Kincade, 2005; Serences et al., 2005]. In
our study, however, oddball manipulation was irrelevant
to the task in that neither the probability nor physical fea-
tures of oddball arrows were directly related to top-down
control.

We found that TPJ displayed an increased negative
functional connectivity with rtMOG and rFEF under high
cognitive load compared to low cognitive load, while
rMOG and rFEF were involved in bottom-up processing
and in top-down control respectively. These results sug-
gest that the increased processing of irrelevant information
under high cognitive load might be achieved through dis-
inhibition of other regions by TPJ’s deactivation, although
TPJ activation is not directly related to distractor process-
ing. Previous studies have noted that deactivation of
posterior parietal cortex disinhibits target neurons of con-
tralateral structures and the resultant excitation leads to
the restoration of visual orienting performance [Lomber
et al,, 2002; Payne and Rushmore, 2004]. Such a view is
supported by previous findings in animals as well as in
humans, which indicate that deactivation of intact brain
areas would result in enhanced performance, and the prin-
ciple mechanism is attributed to disinhibition [Schweid
et al., 2008; Sparing et al., 2009]. We can associate the sen-
sor model with behavioral outcome by employing the
same rationale. In this study, we found that the time
course of TP] was negatively correlated with that of rFEF
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mediating the effect of cognitive load [e.g., Silvanto et al.,
2009]. The less differentiation of priority between distrac-
tors and targets (that is, oddball vs. standard stimuli)
reflecting in TPJ deactivation can lead to the detection of
oddball under high cognitive load, which would be
achieved by disinhibition of rFEF through the forward
negative connection from TPJ to rFEF. Presumably, rFEF
interacts with sensory signals from non-targets and has a
privileged role in linking stimuli with actions [Gottlieb,
2012; Schall and Hanes, 1993; Schall et al., 2004; Taylor
et al, 2007]. Accordingly, greater disinhibition by TPJ’s
deactivation should be accompanied by an increase in the
processing of distractors, which was evident in our results
demonstrating that a larger negative PPI between TP] and
rFEF was associated with an increased behavioral interac-
tion effect across subjects.

Our current tDCS results are also consistent with the
previous TMS finding which demonstrated that TMS over
rTP] would modulate the contingent reorienting, another
evidence of the interaction between top-down and stimu-
lus driven controls. In contrast, this effect was absent
while TMS was applied over the dorsal frontoparietal
regions [Chang et al., 2013]. Both tDCS and TMS evidence
support that TP] plays a critical role in integrating top-
down attentional control with bottom-up processing.
Although we observed polarity-specific tDCS effect in
rTPJ, the focality and distribution of tDCS needs to be con-
sidered. Large electrodes and characteristic of current
stimulation tend to allow the current to distribute within
the brain. As such, any tDCS effects may be a result of
current diffusion that involves a larger area under the cor-
tex. However, studies combining tDCS and fMRI seems to
suggest that the current intensity of tDCS is the strongest
in the cortical areas immediately underneath the electro-
des; this is true so far for frontal lobe [DLPFC in human:
Pereira et al., 2013; in rat: Takano et al., 2011], visual cor-
tex [Halko et al., 2011], sensorimotor cortex [Antal et al.,
2011; Jang et al., 2009], and medial-temporal areas [Antal
et al., 2012]. Therefore, it is less plausible that weaker cur-
rent outside the stimulation area can account for current
results.

In summary, our results suggest that TPJ is implicated
in the interaction between top-down and bottom-up atten-
tional control processes. Our results challenge the tradi-
tional juxtaposition of top-down and bottom-up processes
and support that TPJ plays a critical role in the functional
integration of the attentional processes.
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