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Feature-based visual attention refers to preferential selection and processing of visual stimuli based on their nonspatial attrib-
utes, such as color or shape. Recent studies have highlighted the inferior frontal junction (IFJ) as a control region for feature
but not spatial attention. However, the extent to which IFJ contributes to spatial versus feature attention control remains a
topic of debate. We investigated in humans of both sexes the role of IFJ in the control of feature versus spatial attention in a
cued visual spatial (attend-left or attend-right) and feature (attend-red or attend-green) attention task using fMRI. Analyzing
cue-related fMRI using both univariate activation and multivoxel pattern analysis, we found the following results in IFJ.
First, in line with some prior studies, the univariate activations were not different between feature and spatial attentional
control. Second, in contrast, the multivoxel pattern analysis decoding accuracy was above chance level for feature attention
(attend-red vs attend-green) but not for spatial attention (attend-left vs attend-right). Third, while the decoding accuracy for
feature attention was above chance level during attentional control in the cue-to-target interval, it was not during target proc-
essing. Fourth, the right IFJ and visual cortex (V4) were observed to be functionally connected during feature but not during
spatial attention control, and this functional connectivity was positively associated with subsequent attentional selection of
targets in V4, as well as with behavioral performance. These results support a model in which IFJ plays a crucial role in top-
down control of visual feature but not visual spatial attention.
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Significance Statement

Past work has shown that the inferior frontal junction (IFJ), a prefrontal structure, is activated by both attention-to-feature
(e.g., color) and attention-to-location, but the precise role of IFJ in the control of feature- versus spatial-attention is debated.
We investigated this issue in a cued visual spatial (attend-left or attend-right) and feature (attend-red or attend-green) atten-
tion task using fMRI, multivoxel pattern analysis, and functional connectivity methods. The results show that (1) attend-red
versus attend-green can be decoded in single-trial cue-evoked BOLD activity in IFJ but not attend-left versus attend-right and
(2) only right IFJ modulates V4 to enhance task performance. This study sheds light on the function and hemispheric speciali-
zation of IFJ in the control of visual attention.

Introduction
Voluntary attention to sensory events can be deployed based on
stimulus attributes, such as their spatial location(s), their features
(e.g., color, form, or texture), or conjunctions of these attributes as
objects (Treisman, 1969; Driver, 2001). Attention cuing paradigms
(Posner, 1980; Kingstone, 1992) have enabled the measurement of

brain activity related to the control of attention separately from
brain activity related to subsequent selective stimulus processing
during different forms of preparatory attention, including spatial
(Harter et al., 1989; Corbetta et al., 2000; Hopf and Mangun, 2000;
Hopfinger et al., 2000), feature (Giesbrecht et al., 2003; Slagter et
al., 2007; Snyder and Foxe, 2010), and object attention (Noah et
al., 2020).

Functional imaging studies in humans have shown that in the
period following an attention-directing cue but in advance of the
target stimulus (cue-to-target interval), the dorsal attention net-
work (DAN), principally comprising the intraparietal sulcus
(IPS) and frontal eye fields (FEFs), is activated irrespective of
whether attention is directed to a spatial location or a nonspatial
feature (Giesbrecht et al., 2003; Slagter et al., 2007; Egner et al.,
2008; Rajan et al., 2021). This has led to the notion that the DAN
is an important network supporting the top-down control of
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attention regardless of the to-be-attended
stimulus attribute. During the cue-to-
target interval, the DAN is thought to
maintain the attentional set and issue
top-down control signals to sensory-
specific cortex to bias sensory processing
so that the attended information is facili-
tated and irrelevant stimulus information
is suppressed (T. Liu et al., 2003; Corbetta
et al., 2008; C.Wang et al., 2016).

Regions outside the classically defined
DAN have, however, also been impli-
cated in attentional control, notably
the inferior frontal junction (IFJ). IFJ
is a prefrontal area situated at the con-
fluence of the precentral and inferior
frontal sulci. Early work shows that
IFJs play a role in cognitive control
using paradigms such as task switch-
ing (Brass and von Cramon, 2004;
Brass et al., 2005; Derrfuss et al.,
2005) and Stroop (Neumann et al.,
2005; Derrfuss et al., 2005). During
the control of spatial attention, IFJ is
activated along with the DAN (see
also Giesbrecht et al., 2003; Asplund
et al., 2010), leading to the notion that
IFJ is involved in the control of spatial
attention and that it may even be a
part of the DAN (Corbetta et al.,
2008). But other work has challenged
this notion by showing that, during spatial attention, the IFJ
activity following a cue is short-lived, suggesting that IFJ is
more involved in interpreting the cues and facilitating atten-
tional orienting than in controlling sustained attention to spa-
tial locations per se (Tamber-Rosenau et al., 2018). In
contrast, several lines of more recent research have focused on
the role of the IFJ in feature- and object-based attention, sug-
gesting that nonspatial attentional control characterizes the
role of IFJ (Zanto et al., 2010; Baldauf and Desimone, 2014;
Gong and Liu, 2020). The specificity of IFJ’s role in the control
of spatial versus feature attention remains a significant open
question in our understanding of attentional control.

Hemispheric differences in the IFJ control of attention are sim-
ilarly debated. Zanto et al. (2010) showed that attending color
increased right IFJ (rIFJ)-V4 connectivity. Baldauf and Desimone
(2014) reported stronger connectivity between rIFJ-FFA during
attention to faces and rIFJ-PPA during attention to houses (see
also Lee and Geng, 2017). In contrast, other studies have found ei-
ther no hemispheric differences in IFJ contributions to attentional
control (Zhang et al., 2018; Gong and Liu, 2020) or left lateralized
activity in IFJ for object attention (Orlandi and Proverbio, 2020).

We investigated the role of IFJ in preparatory spatial versus
feature attention control using multivariate analysis of fMRI data
and explored the laterality of IFJ control of attention by comput-
ing functional connectivity between IFJ and V4 and relating it to
selective target processing and behavioral performance.

Materials and Methods
Overview
The experimental protocol was approved by the Institutional Review
Board at the University of Florida. Twenty (5 female/15 male) right-
handed graduate and undergraduate students took part in the study. The

participants reported no prior history of neuropsychological disorders
and provided written informed consent. The data from this experiment
have been used to investigate different questions in our previously pub-
lished work (Rajan et al., 2019, 2021). Because the analyses conducted
here followed this prior work, and effect sizes were taken to be similar to
those significant prior findings, no new power analysis was performed
before the experiment.

Experimental design
The timeline of a typical trial is illustrated in Figure 1. Participants were
required to fixate a central cross throughout each trial; this was verified
during training and testing using an SR Research EyeLink 1000 MR-
compatible eye tracker. Two sets of dots continuously marked the two
possible peripheral target locations, which were 3.6 degrees lateral to the
upper left and upper right of the fixation cross (closest edge). The start
of the trial was signaled by an auditory cue, which directed the partici-
pants to covertly direct their attention to either a spatial location (left or
right) or a color (red or green). Following a delay period, varied ran-
domly from 3000 to 6600ms, two colored rectangles (red or green) were
presented for a duration of 200ms, with one in each of the two periph-
eral locations. The subject’s task was to report the orientation of the rec-
tangle (target) appearing at the cued location or having the cued color,
and to ignore the other rectangle (distractor). For feature (color) trials,
the two rectangles displayed were always of the opposite color; for spatial
trials, the two rectangles were either of the same color or of the opposite
color. On 8% of the trials (invalid trials), only one rectangle was dis-
played, appearing in the uncued location or color; in this case, the partic-
ipants were required to report the orientation of that single rectangle.
These invalidly cued trials were included to provide a measure of the be-
havioral benefits of attentional cuing (Posner, 1980). An intertrial inter-
val, which was varied randomly from 8000 to 12,800ms following the
target, elapsed before the start of the next trial. Trials were organized
into blocks, with each block consisting of 25 trials and lasting ;7 min.
Each participant completed 10-14 blocks over 2 days.

In addition to spatial and color cues, there was a third type of “neu-
tral” cue (the word “none”), which comprised 20% of the total number

Figure 1. Experimental paradigm. Each trial starts with an auditory cue (500ms) instructing the subject to covertly attend to
a spatial location (left or right) or to a color (red or green). Following a variable cue-to-target delay (3000-6600 ms), two colored
rectangles were displayed (200 ms), one in each of the two peripheral locations. Participants were asked to report the orientation
of the rectangle (horizontal or vertical) appearing in the cued location or having the cued color. On some of the trials (8%), the
cues were not valid (i.e., only one target appeared), the rectangle was either not at cued location or not having the cued color,
and participants were required to report the orientation of the rectangle. When the none cue was presented (neutral trials), the
subject did not prepare to attend to spatial or feature information, and instead prepared to discriminate the orientation of the
rectangle that was presented over a gray patch. An intertrial interval (ITI), varied randomly from 8000 to 12,800ms following
the target onset, elapsed before the start of the next trial. On a portion of trials (20%), the cue was not followed by targets
(cue-only trials).
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of trials and provided no information as to what to attend, but instead
warned the subject to prepare to respond to a rectangle’s orientation
based on it being placed on a gray patch; these were included to provide
behavioral measures comparing focused (spatial or feature) versus neu-
tral attention but were not analyzed here for BOLD activity. Valid spatial
and features cues were followed (with a delay of 3000-6600ms) 80% of
the time by two-colored rectangles (red or green), while on the remain-
ing 20% of trials the cue was not followed by the targets (cue-only trials).

All the participants went through a training session before scanning.
Since the study required participants to maintain central fixation for
long durations and pay covert attention to the cued sensory attribute
while fixating, participants were screened based on their ability to main-
tain eye fixation at the center of the monitor during the training session.
At the end of the training session, behavioral accuracy .70% was con-
sidered satisfactory for enrollment in the fMRI study.

fMRI acquisition and preprocessing
A 3T Philips Achieva scanner with a 32-channel head coil (Philips Medical
Systems) was used to collect fMRI data. The EPI sequence parameters were
as follows: TR=1.98 s; TE=30 ms; flip angle=80°; FOV=224 mm; slice
number=36; voxel size=3.5� 3.5� 3.5 mm; matrix size=64� 64. The sli-
ces were oriented parallel to the plane connecting the anterior and posterior
commissures.

The fMRI BOLD signals were preprocessed using the statistical para-
metric mapping toolbox (SPM) and custom scripts written in MATLAB.
Preprocessing steps included slice timing correction, realignment, spatial
normalization, and smoothing. Slice timing correction was conducted
using sinc interpolation to correct for differences in slice acquisition time
within an EPI volume. The images were then spatially realigned to the first
image of each session by a 6-parameter rigid body spatial transformation
to account for head movement during data acquisition. Each participant’s
images were then normalized and registered to the MNI space. All images
were further resampled to a voxel size of 3� 3 � 3 mm, and spatially
smoothed using a Gaussian kernel with 7 mm FWHM. Slow temporal
drifts in baseline were removed by applying a high-pass filter with cutoff
frequency set at 1/128Hz.

Statistical analysis
GLM analysis of cue-evoked response. The GLM method, as imple-

mented in the SPM toolbox, was used to analyze the BOLD responses to
cues. Eight task-related events were included in the GLM analysis as
regressors. Five of them were used to model the cue-related BOLD activ-
ity; only trials with correct responses were included. We used two addi-
tional regressors to account for BOLD responses evoked by target
stimuli: one for validly and one for invalidly cued targets. Recall that the
trials could be either validly cued or invalidly cued, and the subject was
expected to respond to both. Finally, one regressor was used to model
the trials with incorrect responses. The HRF used in the GLM analysis
was the default HRF in the SPM toolbox where the delay was 6 s. At the
group level, cue-evoked fMRI activations were obtained by applying a
parametric one-sample t test and thresholding the results at p, 0.05 af-
ter correcting for multiple comparisons using the false discovery rate
(FDR) method.

ROI definition. Bilateral IFJ (bIFJ) ROIs were defined by applying
the above GLM analysis to cue-evoked BOLD activity. As described
above, activation evoked by spatial and feature cues was subjected to a
statistical threshold of p, 0.05 (FDR correction). Voxels meeting this
threshold requirement and lying in the proximity of previously pub-
lished coordinates of IFJ (Brass et al., 2005) were taken to be the IFJ, and
were used as the ROI in this study. Individually, the peak activation for
each subject was found to be within the IFJ ROI so defined for 19 of 20
subjects; and for the remaining subject, the peak activation was found to
be within two voxels of the IFJ ROI. The DAN ROI was defined in a sim-
ilar fashion (Rajan et al., 2021). The V4 ROI was defined by the overlap
between feature cue-evoked activations (p, 0.05 FDR) and the retino-
topically defined hv4 in the probabilistic maps of L. Wang et al. (2015).
There were 233 voxels in bIFJ (82 voxels in rIFJ with peak activation at
MNI: [45, 14, 28], 151 voxels in left IFJ (lIFJ) with peak activation at
MNI [�42, 14, 3.1]). The bilateral V4 ROI comprised 34 voxels, with left

and right V4 peak activations at MNI (�21, �79, �14) and (24, �73,
�8), respectively. The DAN ROI comprised 1390 voxels with peak acti-
vation coordinates: left FEF (�27, �1, 52), right FEF (36, 2, 49), left IPS
(�15,�70, 52), and right IPS (24,�64, 52).

Estimation of single-trial BOLD response. In addition to the conven-
tional GLM analysis, we also applied multivoxel pattern analysis
(MVPA) to neural activity following cues and targets, with cue-evoked
activity yielding information on attentional control and target-evoked
activity on attentional selection. Since MVPA is performed at the single-
trial level, a b series regression method (Rissman et al., 2004) was used
to estimate BOLD response on each trial in every voxel. In this method,
cues and targets in trials with correct responses were assigned individual
regressors and one regressor was assigned for all the cues and targets
with incorrect responses. The regressors were modeled in the conven-
tional GLM framework using customMATLAB scripts developed within
SPM toolbox. Single-trial BOLD responses estimated in this way were
used for both MVPA and for ROI-based univariate analysis. For the lat-
ter, single-trial BOLD activations were averaged over the voxels in a
given ROI and across trials of a given trial type, which were then com-
pared between different trial types. FDR corrections were applied where
appropriate.

MVPA. MVPA was performed by using linear support vector
machine implemented in the Statistics and Machine Learning toolbox of
MATLAB. Trials formed the instances, and the single-trial b estimates
of voxels within a given ROI as features. For feature attention, decoding
was between attend-red versus attend-green; for spatial attention, decod-
ing was between attend-left versus attend-right. A 10-fold cross-valida-
tion technique was applied to determine the classification or decoding
accuracy. The cross-validation analysis was repeated 25 times over differ-
ent fold partitions to avoid any intrinsic bias which may have resulted
when dividing the trials into 10 specific groups (10-fold). Twenty-five,
10-fold cross-validation accuracies (a total of 250 decoding accuracies)
were averaged to obtain the decoding accuracy for a subject. Group-level
accuracy was determined by averaging the classification accuracy across
all subjects.

To determine whether the decoding accuracy was above chance level,
we adopted two approaches. First, using the Wilcoxon signed rank test,
the decoding accuracies from a given MVPA were compared against a
priori chance level accuracy of 50%, resulting in a threshold correspond-
ing to p, 0.05 adjusted for multiple comparisons by the FDR technique
(Benjamini and Yekutieli, 2001). Second, the first approach was comple-
mented by a nonparametric permutation approach (Stelzer et al., 2013),
in which trial labels were randomized, and the null-hypothesis distribu-
tion of chance level decoding accuracy was constructed, from which the
threshold decoding accuracy corresponding to p, 0.001 was derived. A
decoding accuracy was considered above chance level if it passed the two
thresholds.

Beta-series functional connectivity analysis. Functional connectivity
analysis was performed using single-trial level b values (Rissman et al.,
2004). The purpose of this analysis was to test whether cue-related func-
tional connectivity between IFJ and V4 was modulated by different types
of anticipatory attention (feature vs space). Specifically, functional con-
nectivity analysis was performed at the subject level by averaging the b
values over the voxels within a given ROI and subjecting them to a
Pearson cross-correlation analysis across trials. For feature attention,
attend-red and attend-green trials were combined; similarly, for spatial
attention, attend-left and attend-right trials were combined. The group-
level functional connectivity measure was obtained by averaging the cor-
relation coefficients from individual subjects after subjecting them to a
Fisher’s (r to z) transformation, which made the correlation coefficient
approximately Gaussian distributed, and compared between cue types.

Results
Behavioral analysis
We assessed the effects of attention (cueing) using two-way
ANOVAs: cue validity (valid vs invalid) by attention type (spatial vs
feature). For reaction time (RT), we found a statistically significant
main effect of cue validity (valid vs invalid) [Fvalidity (1,19) =27.87,
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p=1� 10�6, h 2 (effect size)=0.26].
There were no statistically significant
main effects of attention types on RTs
(Fattention type (1,19)=0.01, p=0.93, h 2 =
6� 10�5), nor were there significant
interactions between cue validity and
attention type (Fvalidity � attention type (1,19)=
0.01, p=0.92, h 2 = 8� 10�5). Separate
t tests for RT confirmed that subjects
responded significantly faster for validly
cued trials than invalidly cued trials for
both spatial attention (t=4.35, p=3 �
10�4, d=0.97; Fig. 2A) and feature atten-
tion (t=6.67, p=2 � 10�6, d=1.49; Fig.
2B). For accuracy, however, although
validly cued targets had slightly higher
mean accuracy, ANOVA revealed no
main effects of attention for either cue
validity or attention types: cue validity,
Fvalidity (1,19) = 0.78, p=0.38, h

2 = 0.01;
attention type, Fattention type (1,19) = 0.02,
p=0.88, h 2 = 2� 10�4; nor was there a
significant interaction between attention
type and cue validity for accuracy
(Fvalidity � attention type (1,19) = 0.01, p=
0.90, h 2 = 1� 10�4). Separate t tests for
accuracy confirmed these statistically
nonsignificant results (Fig. 2C,D). Figure
2E, F shows that spatial attention and
feature attention led to better perform-
ance than not attending to specific infor-
mation (neutral trials where the word
“none” was the cue).

For each trial type, as shown in
Table 1, the patterns for behavioral
measures were consistent with the
above analyses, with the exception of
accuracy for the attend-red trial type.
Therefore, to investigate any possible
differences across the attention trial
types in how subjects allocated atten-
tion, we performed separate t tests on
each attention trial type (attend-left,
attend-right, attend-red, and attend-
green) for each measure (RT and accu-
racy). These separate analyses showed
that, in line with the ANOVA results,
there were highly significant cue valid-
ity effects for RT, but no significant cue
validity effects for accuracy.

In order to assess whether there were any differences in task
difficulty or arousal among the four different attention trial
types (attend-left, attend-right, attend-red, and attend-green),
we conducted a one-way ANOVA (four levels) for the
responses to the attended (cued) targets. Neither RT nor accu-
racy was found to be significantly different among the four
attention trial types: RT = [FRT (3,76) = 0.88, p = 0.45, h 2 =
0.03]; accuracy = [Faccuracy (3,76) = 0.72, p = 0.54, h 2 = 0.02].
These patterns for RT and accuracy suggest that the attention
conditions did not differ in overall task difficulty or arousal.

Together, these RT and accuracy results provide behavioral
evidence that subjects deployed covert attention to the cued sen-
sory attributes according to task instructions.

Univariate analysis of cue-evoked BOLD activity
Cue-evoked whole-brain responses were first analyzed using the
conventional GLM method. As shown in Figure 3, color cues, spa-
tial cues, and space1 color cues all activated the DAN (Fig. 3A–C),
as well as bIFJ (Fig. 3D–F), consistent with previous reports
(Giesbrecht et al., 2003; Slagter et al., 2007; Egner et al., 2008;
Greenberg et al., 2010; T. Liu and Hou, 2013; Y. Liu et al., 2016;
Rajan et al., 2021). Other regions activated included bilateral tempo-
ral cortex, bilateral dorsal ACC, bilateral anterior insula, bilateral
precuneus, bilateral inferior frontal gyrus, bilateral putamen, bilat-
eral lingual gyrus, bilateral thalamus, and left SMA (see Table 2).
Furthermore, comparing cue-related BOLD activations in the IFJ
ROI (Fig. 3G) between spatial cues and color cues revealed no statis-
tically significant difference between the two conditions (Fig. 3H).

Figure 2. Behavioral analysis. RTs to the targets (collapsed over visual field and color) were significantly faster when validly
cued (attended) were compared with invalidly cued (unattended) targets for both spatial attention (A) and feature attention (B).
Accuracy (% correct) between validly cued and invalidly cued target discrimination (orientation of the target rectangle) was not
different for either spatial (C) or feature (D) attention. E, RTs to targets in neutral trials (when the word “none” was the cue)
were significantly slower compared with RTs to either attended space or feature targets, which were not different from each
other. F, Similarly, accuracy for target discrimination in neutral trials was significantly lower than for either attended space or fea-
ture targets, which were not different from each other. **p, 2� 10–3. ***p, 1�10–5.
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Here, the ROI-based univariate analysis in Figure 3H was done
using the same single-trial BOLD activation data used in MVPA
and functional connectivity analyses, to achieve consistency across
analyses (see Materials andMethods).

Multivariate analysis of cue-evoked BOLD activity in IFJ and
DAN
Single-trial cue-evoked BOLD activity from bIFJ, lIFJ, and rIFJ
was subjected to MVPA (see Fig. 4). The decoding accuracies for

attend-red versus attend-green (feature
attention) were as follows: 57.26 6 1.79%
(bIFJ), 57.41 6 1.59% (lIFJ), 56.92 6
1.45% (rIFJ), all significantly above chance
(see Materials and Methods; Fig. 4A). The
decoding accuracy for attend-left versus
attend-right (spatial attention), however,
was not significantly above chance (bIFJ:
51.086 1.63%; lIFJ: 52.006 1.86%; rIFJ:
52.966 1.70%; Fig. 4A). Moreover, the
decoding accuracy for attend-red versus
attend-green was significantly higher than
that for attend-left versus attend-right in
bIFJ (p=0.02; d=0.60) and in lIFJ
(p=0.05; d=0.46), and marginally higher
in rIFJ (p=0.09; d=0.40). These results
support the idea that IFJ is more involved
in the control of feature attention than
spatial attention.

Applying MVPA to the DAN, we
found significantly above chance level
decoding for both feature (attend-red vs
attend-green) and spatial (attend-left vs
attend-right) attention (Fig. 4B). The mean
accuracy for feature attention was slightly
higher than that for spatial attention, but
the difference was not statistically signifi-
cant (p=0.53; d=0.14) (see also Rajan et
al., 2021). Further, the decoding accuracy
between attend-red and attend-green in
DAN was significantly correlated with that
in bIFJ (r=0.79, d=2.61; Fig. 4C), lIFJ
(r=0.88, d=3.62; Fig. 4D), and rIFJ (r=
0.60, d=1.49; Fig. 4E), indicating that these
regions may work in tandem to effect top-
down control of feature-based attention.

Analysis of target-evoked activity in
IFJ
In addition to the role of the IFJ during
preparatory attentional control, we also
investigated the involvement of IFJ in
attentional selection during target proc-
essing, by analyzing the target-related
BOLD activity using both univariate and

MVPA decoding analyses. As shown in Figure 5A, univariate
analysis revealed that both left and rIFJs were similarly signifi-
cantly activated in the post-target period during spatial (bIFJ:
p= 9 � 10–8, d= 2.06; lIFJ: p=1 � 10–7, d= 1.91; rIFJ: p= 9 �
10–7, d= 1.65) and feature attention (bIFJ: p= 1 � 10–7, d= 1.90;
lIFJ: p= 1 � 10–7, d=1.96; rIFJ: p=6 � 10–6, d= 1.44). For the
MVPA analyses (Fig. 5B), however, decoding accuracies in the

Figure 3. Univariate analysis of cue-evoked activity. A–C, Both spatial cues and color cues activate DAN (FEF and IPS/SPL).
D–F, Both spatial cues and color cues activate bIFJ. G, Coronal slice showing the IFJ ROIs. H, Univariate BOLD activations in IFJ
were not significantly different between attend space and attend feature. *p, 0.05.

Table 1. RT and accuracy for different attention conditions and cue validitiesa

Behavioral measure Cue validity

Feature attention Spatial attention

Attend red Attend green Mean Attend left Attend right Mean

RT (ms) Invalid 1219 (60) 1303 (63) 1261 (52) 1235 (33) 1286 (92) 1260 (52)
Valid 1054 (54) 960 (35) 1007 (44) 1000 (41) 1031 (42) 1015 (41)

Accuracy (% correct) Invalid 94.42 (2.89) 88.88 (4.16) 91.65 (3.10) 91.86 (3.74) 91.57 (3.53) 91.71 (3.19)
Valid 92.19 (1.64) 94.69 (0.97) 93.44 (1.02) 94.02 (1.15) 94.05 (1.14) 94.03 (0.86)

aValues are mean (SEM).
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IFJ during target processing were not significantly above chance
for either spatial attention (attend-left vs attend-right) (bIFJ:
51.08 6 1.63%; lIFJ: 52.206 1.72%; rIFJ: 51.60 6 1.98%) or fea-
ture attention (attend-red vs attend-green) (bIFJ: 54.406 1.80%;
lIFJ: 53.406 1.89%; rIFJ: 54.606 2.04%). These findings suggest
that IFJ is not a prime structure for attentional selection of task-
relevant stimuli during target processing.

Relation between IFJ and V4: behavioral consequences of
cue-related functional connectivity
During covert attention, biasing signals issued by attention con-
trol regions, such as IFJ, propagate to the sensory regions to
influence the processing of the upcoming stimulus (Desimone
and Duncan, 1995; Giesbrecht et al., 2003, 2006; Slagter et al.,
2007). V4 is a visual sensory area that has been extensively inves-
tigated for its role in processing color information (Lueck et al.,
1989; Zeki et al., 1991; Murphey et al., 2008; Zanto et al., 2010).
V4’s role in visual spatial attention has also been well demon-
strated (Moran and Desimone, 1985; Spitzer et al., 1988; Motter,
1993; Heinze et al., 1994; Luck et al., 1997; Mangun et al., 1997;
Tootell et al., 1998; Kastner et al., 1999; Hopfinger et al., 2000;
Klein et al., 2014). Indeed, in our data, cue-evoked decoding ac-
curacy for attend-left versus attend-right was significantly above
chance level at 58.8% in V4. How does IFJ interact with V4 dur-
ing the cue-to-target interval during anticipatory feature and spa-
tial attention? What are the behavioral consequences of such
interaction? We investigated these questions by computing the
functional connectivity between V4 and rIFJ and separately
between V4 and lIFJ (Fig. 6A). lIFJ did not show significant func-
tional connectivity for either color cues (p=0.17, d = �0.32) or
spatial cues (p= 0.81, d = �0.06) (Fig. 6B). In contrast, rIFJ func-
tional connectivity with V4 following color cues was found to be
significantly .0 (p= 5 � 10–4, d=0.93), whereas the functional
connectivity between rIFJ and V4 for spatial cues was not signifi-
cantly different from zero (p= 0.23, d=0.28). In addition, the
functional connectivity between rIFJ and V4 following color cues

was greater than that following spatial cues (p=0.05, d= 0.46)
(Fig. 6C).

The behavioral implications of the cue-evoked functional
connectivity between rIFJ and V4 were examined by comparing
the behavioral accuracy with the strength of the rIFJ-V4 func-
tional connectivity during feature attention control. Specifically,
subjects were divided into two equal groups (median split)
according to the magnitude of the cue-evoked rIFJ-V4 functional
connectivity: subjects exhibiting high rIFJ-V4 functional connec-
tivity (high connectivity group) and subjects exhibiting low rIFJ-
V4 functional connectivity (low connectivity group). As shown
in Figure 6D, the high connectivity group exhibited better behav-
ioral performance than the low functional connectivity group
(p=0.04, d= 0.55).

Relation between IFJ and V4: IFJ attention control and V4
target selection
Preparatory attention signals in IFJ are thought to influence tar-
get processing of visual sensory areas, such as V4. To test this, we
correlated cue-evoked decoding accuracy between attend-red
and attend-green in IFJ with target-evoked decoding accuracy
between attend-red and attend-green in V4. Although the decod-
ing accuracy within V4 was not above chance level (48%), it var-
ied greatly from subject to subject. Leveraging this variability,
target-evoked decoding accuracy in V4 was found to be signifi-
cantly correlated with the cue-evoked decoding accuracy in rIFJ
(r=0.50, p=0.02, d= 1.15; Fig. 6E), but not that in lIFJ (r= 0.31,
p= 0.18, d= 0.65; not shown), suggesting that the strength of the
attention control signals in rIFJ, rather than lIFJ, played role in
enhancing attentional selection of the stimulus in V4. In con-
trast, cue-evoked decoding accuracy in V4, which is also not sig-
nificantly above chance at 51%, and target-evoked decoding
accuracy in V4 were not significantly correlated (r= 0.11,
p= 0.63, d=0.22). Further, cue-evoked decoding accuracy in IFJ
and that in V4 was not significantly correlated (r= 0.03, p= 0.90,
d=0.06).

Patterns of eye movements
To examine whether there were systematic eye movement pat-
terns that distinguished different attention conditions, we ana-
lyzed the eye-tracking data using support vector machines. The
decoding accuracy was at chance level in the interval 0-3000ms
after cue onset for all pairs of attention conditions: attend-left
versus attend-right, attend-red versus attend-green, and attend-
space versus attend-feature. These eye-tracking analyses have
been reported in a recent paper on the same data and are
included here for completeness (Rajan et al., 2021).

Discussion
The role of IFJ in top-down preparatory attentional control for
spatial versus feature attention was examined in this study using
fMRI, machine learning decoding, and functional connectivity.
In particular, we investigated whether IFJ control was specific to
feature attention, different between the two cerebral hemi-
spheres, and may also be engaged during target selection in vis-
ual cortex.

Univariate fMRI analysis showed that both spatial cues and
color cues similarly evoked preparatory attention-related BOLD
activity in bIFJ, as has been observed previously (e.g., Giesbrecht
et al., 2003). MVPA, however, revealed that, while decoding ac-
curacy for attentional control in left and right IFJ was signifi-
cantly above chance for feature attention, it was not for spatial

Table 2. MNI coordinates and corresponding Z scores for brain areas activated
by both spatial and feature cues

Anatomical region Hemisphere MNI coordinates (x, y, z) Z score

FEF Left �27, �1, 52 4.8
Right 36, 2, 49 3.4

IPS/SPL Left �15, �70, 52 4.9
Right 24, �64, 52 4.0

IFJ Left �42, 14, 31 4.4
Right 45, 14, 28 4.2

Temporal cortex Left �60, �19, �2 6.9
Right 63, �28, �2 6.5

Dorsal ACC Left �6, 5, 35 5.1
Right 6, 20, 37 3.5

Anterior insula Left �30, 26, 1 5.3
Right 33, 29, �4 4.7

Putamen Left �18, 8, �5 4.5
Right 21, 14, �8 3.7

Thalamus Left �9, �16, �2 4.8
Right 9, 16, 1 4.7

Lingual gyrus Left �18, �79, 14 3.7
Right 12, �76, �5 3.0

Inferior frontal gyrus Left �42, 11, 28 4.3
Right 45, 14, 25 4.2

Precuneus Left �6, �64, 49 4.7
Right 3, �55, 46 4.0

SMA Left �6, 5, 55 5.1
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attention; in the DAN, in contrast, decoding was significant for
both feature and spatial attention. Decoding of subsequent tar-
get-evoked activity in the IFJ was not significant for either spatial
or feature attention, demonstrating that IFJ is involved primarily
in preparatory attentional control and not selective processing of

targets. Nonetheless, the decoding accuracy for feature atten-
tional control in rIFJ did predict the decoding accuracy of atten-
tional selection of the subsequent targets in V4. In line with this,
cue-related functional connectivity was higher between rIFJ and
visual area V4, and this enhanced connectivity was positively

Figure 4. Multivariate analysis of cue-evoked BOLD activation in IFJ and in DAN. A, In IFJ, decoding accuracy for attend-red versus attend-green was significantly above chance level, whereas
decoding accuracy for attend-left versus attend-right was not significantly above chance level. In addition, attend-feature decoding accuracy was significantly higher in bIFJ and lIFJ, and mar-
ginally higher in rIFJ than attend-space decoding accuracy. B, In DAN, decoding accuracies for both attend-red versus attend-green (feature) and attend-left versus attend-right (spatial) were
above chance level, but the two decoding accuracies were not significantly different from each other. C–E, Cue evoked decoding accuracies for attend-red versus attend-green in bIFJ, lIFJ, and
rIFJ were significantly correlated with that in DAN. #p� 0.09. pp� 0.05. ppp, 0.02.

Figure 5. Target-evoked activity in the IFJ. A, Univariate analyses showed that the IFJ was similarly activated during spatial and feature attention in the post-target period. B, MVPA decod-
ing accuracies for attend-left versus attend-right (spatial) and for attend-red versus attend-green (feature) were not significantly above chance level. pp, 0.05.
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associated with behavior; the higher the
rIFJ-V4 functional connectivity, the better
the behavioral performance across
subjects.

IFJ as a region for attention control
Activation of the IFJ during attentional
control has been consistently reported.
Some researchers have hypothesized that
IFJ may act as a relay station, sending top-
down signals from the DAN to visual
cortex during endogenous attention and
bottom-up reorienting signals triggered by
salient stimuli from the ventral attention
network to the DAN during exogenous
attention (He et al., 2007; Corbetta et al.,
2008). Others have reported that IFJ may
have a role in both spatial and feature atten-
tion, together with the DAN (Giesbrecht et
al., 2003; Slagter et al., 2007). Still others
have concluded that IFJ activity evoked by
a cue is transient during the preparatory
attention period, and is primarily involved
in interpreting the cue and orienting atten-
tion toward the attended hemifield rather
than in controlling and sustaining covert
attention per se, with the latter being con-
ducted mainly by the DAN (Asplund et al.,
2010; Tamber-Rosenau et al., 2018). In our
data, spatial cues elicited significant activity
within the IFJ, but attend-left versus attend-
right cues are not distinguished in either
the univariate (results not shown) or the
multivariate analysis. A similar analysis in
DAN revealed significantly above-chance
decoding between attend-left versus attend-
right cues, suggesting that spatial attention
control is effected by the DAN, rather than
the IFJ (Rajan et al., 2021). These results,
enabled by our experimental design and
MVPA, provide critical evidence that IFJ is
engaged transiently following the spatial
cues but is not involved in maintaining cov-
ert spatial attention in the cue-to-target
interval (e.g., Tamber-Rosenau et al., 2018);
the latter was being conducted instead by
the DAN.

Role of IFJ in controlling top-down
attention to feature
Zanto et al. (2010) suggested that IFJ is involved in the control of
feature attention (see also Giesbrecht et al., 2003). In a visual
working memory paradigm, they asked the participants to view
and remember four different sets of dots during encoding (two
each for different colors and motion), and to report during re-
trieval whether the target was present in one of the two stimuli
encoded in the attended feature domains (color or motion).
Using functional connectivity with visual cortex ROIs as seed
regions (V4 for color and MT for motion), they showed that,
during encoding, IFJ voxels exhibit stronger IFJ-V4 connectivity
when attending color, and stronger IFJ-MT connectivity when
attending motion. Baldauf and Desimone (2014) presented face-
house compound stimuli to subjects in a one-back working

memory paradigm and asked the subjects to either attend faces
or attend houses. Using g frequency synchrony measured with
MEG, they found increased functional interaction between IFJ
and FFA when attending faces, and increased functional interac-
tion between IFJ and PPA when attending houses, thus extend-
ing the work of Zanto et al. (2010) to the domain of object
attention.

Recent work by Gong and Liu (2020) asked participants to
pay attention to one of two subcategories of stimuli within a fea-
ture domain: for example, clockwise versus counterclockwise
motion in the motion domain, or red versus green in the color
domain. The participants’ task was to detect brief changes in
luminance in colored moving dots in the attended feature do-
main. Multivoxel patterns evoked by attention to different stim-
uli within a given feature domain were found to be decodable in
IFJ. While our current results showing decoding of attended

Figure 6. Relation between IFJ and V4. A, Schematic representation of cue-evoked functional connectivity between IFJ
and V4. Solid line indicates significant functional connectivity between rIFJ and V4. Dashed line indicates nonsignificant func-
tional connectivity between rIFJ and V4. The thickness of the solid line represents the connectivity strength. B, C, Cue-related
functional connectivity between IFJ and V4 for attend feature and attend space trials. rIFJ-V4 functional connectivity during
feature attention was significantly higher than that during spatial attention, whereas lIFJ showed no significant functional
connectivity for either types of trials. D, Subjects with stronger rIFJ-V4 functional connectivity during feature attention had
higher behavioral accuracy. E, Cue-evoked decoding accuracy in rIFJ was positively associated with target-evoked decoding
accuracy in V4. pp� 0.05. ppp, 0.0005.

8072 • J. Neurosci., September 22, 2021 • 41(38):8065–8074 Meyyappan et al. · IFJ in Control of Feature versus Spatial Attention



color information in the cue-to-target interval in IFJ are consist-
ent with Gong and Liu (2020), there are two crucial differences
between our study and theirs. First, in their study, a stimulus
(colored moving dots) was present throughout the trial, and the
subjects were to detect a change in the stimulus. As a result, there
was no distinction made between preparatory attentional control
and activity during target processing. By having a cue-to-target
interval in our paradigm, it was possible to isolate attentional
control from stimulus selection (Hopfinger et al., 2000; Woldorff
et al., 2004; Grent-’t-Jong and Woldorff, 2007), and therefore
conclude that the IFJ is involved in controlling attention to stim-
ulus features (in the absence of sensory input) but not in atten-
tional selection of target stimuli. Second, a major design feature
of our paradigm is to include both attention to space and atten-
tion to feature in the same experiment, which enables us to con-
clude that IFJ controls sustained preparatory attention to feature
but not to space.

Hemispherical differences in IFJ control of attention
Using repetitive transcranial magnetic stimulation, it was shown
that stimulation of the rIFJ impaired attention to color (but not
motion) (Zanto et al., 2011). Other studies have found no differ-
ences in functionality between the left versus rIFJ during either
color or motion attention (Gong and Liu, 2020), although effects
of contralaterality of control have been reported (Zhang et al.,
2018). In our data, decoding success in left versus rIFJ did not
differ, but hemispheric differences were revealed in functional
connectivity analyses, where we found that rIFJ-V4 connectivity
was significant for feature attention and stronger than for spatial
attention; this enhanced rIFJ-V4 functional connectivity was
associated with better behavioral performance. lIFJ-V4 connec-
tivity, on the other hand, was not significant for either feature or
space trials. Our results thus provide evidence to support the
notion that attention to feature is more right lateralized in IFJ
when interactions with sensory cortex are considered. Further
supporting this notion, our cue-related decoding accuracy in
rIFJ, but not in lIFJ, was associated with the efficacy of target
selection in V4. Together, these findings suggest that the rIFJ
plays a more prominent role in influencing sensory brain regions
during preparatory control of feature attention.

The role of IFJ in attentional selection
The findings reported here and the current literature support the
notion that IFJ is involved in the preparatory control of feature
attention. Whether IFJ plays a role in attentional selection of the
target stimuli remains less clear. Baldauf and Desimone (2014)
observed an increase in BOLD activity in rIFJ when participants
attended to the color (red or green) of moving dots compared
with passive viewing of the dots. Bichot et al. (2015) observed an
increase in firing rates in neurons in ventral prearcuate regions
(a putative nonhuman primate analog of IFJ) when the attended
stimulus was the primary target in a visual search task, and that
inactivation of ventral prearcuate region led to reductions or
elimination of feature but not spatial attention effects in V4 neu-
rons during target processing (Bichot et al., 2019). On the other
hand, IFJ, sometimes considered to be at the confluence of dorsal
and ventral attention networks, has been suggested to play a role
in dynamically switching its association between DAN and ven-
tral attention network during preparatory attention rather than
in target stimulus selection, as shown by He et al. (2007) and
others (Asplund et al., 2010; Tamber-Rosenau et al., 2018). Thus,
although IFJ activation during target stimulus selection might be
expected, it has not been clear whether IFJ plays a critical role

during target processing in addition to setting up that selection
during the prior control (cue) period. We provide evidence that
IFJ activity is not critical for successful attention-related target
selection during target processing because it was neither differen-
tially activated (univariate) nor decoded (MVPA) during spatial
or feature attention.

Together, the findings presented here support an explicit role
of IFJ during preparatory attentional control during feature-
based but not location-based attention. Further, sensory biasing
in IFJ was right lateralized in our color attention task, and the
strength of the connectivity of the rIFJ to V4 predicted both the
success of target selection in V4 and the subjects’ task
performance.
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