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Unconsciousness is a kind of brain activity that occurs below the level of consciousness,
and the masked priming paradigm is a classic paradigm to study unconscious
perceptual processing. With the deepening of unconscious perception research,
different researchers mostly use different experimental materials and different masked
priming paradigms in a single experiment but not for the comprehensive analysis of
the unconscious information processing mechanism itself. Thus, the purpose of this
study is to conduct a comprehensive analysis through a cross-experimental paradigm,
cross-experimental materials, and cross-experimental purposes. We used activation
likelihood estimation to test functional magnetic resonance imaging studies, involving
361 subjects, 124 foci in eight studies representing direct comparison of unconscious
processing with baseline, and 115 foci in 10 studies representing direct comparison
of unconscious priming effects. In the comparison of unconscious processing and
baseline, clusters formed in the left superior parietal gyrus, the right insular gyrus,
and the right inferior frontal gyrus (IFG) triangular part after correcting for familywise
error (FWE). In the comparison of priming effects, clusters formed in only the right IFG
triangular part after correcting for FWE. Here, we found that ventral and dorsal pathways
jointly regulate unconscious perceptual processes, but only the ventral pathway is
involved in the regulation of unconscious priming effects. The IFG triangular part is
involved in the regulation of unconscious perceptual processing and unconscious
priming effects and may be an important brain area in unconscious information
processing. These preliminary data provide conditions for further study of the neural
correlation of unconscious information processing.

Keywords: unconsciousness, masked priming, activation likelihood estimation, right inferior frontal gyrus,
priming effect
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INTRODUCTION

In general, consciousness includes all mental activities, such
as human thoughts, feelings, cognition, and memory, while
unconsciousness contains deeper mental processes that are not
perceived by consciousness. Therefore, unconsciousness is the
brain activity that occurs below the level of consciousness. In
human behavior, a visual or facial message that flashes for tens
of milliseconds can still have an impact on human consciousness.
However, when a word, a figure, or a face is close to other
visual stimuli in space and time, it becomes indistinguishable,
even beyond human perception of the information. This is
a visual phenomenon called masking (Dehaene et al., 2001).
Evett and Humphreys (1981) first used the masked priming
paradigm to measure unconscious perception. Their masked
priming paradigm has four levels of structure: forward mask –
priming stimulus – target stimulus – backward mask. However,
this method controls the presentation time of the target stimulus
and prime stimulus of 50 ms, which is prone to produce a
fusion effect: the target stimulus and prime stimulus cannot be
distinguished at all (Kouider and Dehaene, 2007).

With increased unconscious perception research, researchers
have improved the four-level structure of the masked priming
paradigm to improve its credibility (Greenwald et al., 1996). To
date, the masked priming paradigm may be divided into three
types: the forward masking paradigm, the backward masking
paradigm, and the sandwich masking paradigm, including the
forward and backward masking paradigms. The forward masked
priming paradigm was proposed by Forster and Davis (1984) as
a three-level structure because there is no backward masking.
The target stimulus itself is seen as a very powerful masking,
and this structure consists of forward masking, a short prime
word (60 ms or below), and a target word. The principle of the
backward masking paradigm is to reduce the visibility of the
prime stimulus through the backward pattern mask so that the
subjects can neither recognize the prime (McCauley et al., 1980)
nor make the existence-absence judgment significantly more than
the opportunity (Fowler et al., 1981; Balota, 1983; Marcel, 1983;
Cheesman and Merikle, 1984). Since sandwich masking includes
a forward mask and backward mask, it was considered to have
a more effective masking effect (Greenwald et al., 1996; Gao
and Zhang, 2014). However, regardless of the masking paradigm,
the spatial and temporal presentation of the stimulus could be
restricted to prevent the participants from consciously processing
the stimulus cue.

In unconscious perception studies, another important
concept is unconscious priming. Namely, “invisible” stimuli
can nonetheless affect behavioral responses to subsequent probe
stimuli presented shortly after the mask (Henson et al., 2008). For
example, Greenwald et al. (1995) conducted a typical experiment
in which the subjects were instructed to complete a classification
task, where the targets were divided into positive (e.g., “happy”)
or negative (e.g., “vomit”) words, and the front of these words had
a congruent prime (i.e., a word from the same category, such as
the “love” preceding the target “happy” or an incongruent prime
“vomit” preceding “happy”). Subjects were faster in congruent
trials than in incongruent trials (Greenwald et al., 1995).
Therefore, the priming effect depends on whether the prime and

the target categories are congruent or incongruent, which means
that unconscious priming originates from competition between
the prime stimulus category and the target stimulus category,
thus reflecting categorical congruity (Kouider and Dehaene,
2007). Numerous functional magnetic resonance imaging (fMRI)
studies have shown that the incongruent trial produced a larger
increase in BOLD signals in brain regions than the congruent
trial, although this was unconscious, possibly because the
incongruent trial involved more cognitive resources (Dehaene
et al., 2001; Nakamura et al., 2007; Kouider et al., 2010).

Numerous studies have used the masked priming paradigm
to prove that people can process emotions, words, graphics, and
other information presented at the unconscious level (Dehaene
et al., 2001; D’Ostilio and Garraux, 2012a; Prochnow et al.,
2013; Sato et al., 2016; Tacikowski et al., 2017). However,
due to the differences in experimental purposes, different
researchers mostly adopted different experimental materials
and different masked priming paradigms for the study of
a single experimental purpose and did not comprehensively
analyze the unconscious information processing mechanism
itself. With the application of fMRI technology in the study
of unconscious information processing and the emergence of
activation likelihood estimation (ALE) analysis methods (Brooks
et al., 2012; Meneguzzo et al., 2014), it is possible to explore
cross-experimental materials, cross-experimental paradigms, and
cross-experimental purposes.

Most studies have accepted the view that the processing of
cognitive information is mainly carried out by the ventral and
dorsal pathways (Weiskrantz et al., 1974; Mishkin et al., 1983;
Rees et al., 2002; Weiller et al., 2011). Previous studies have
believed that the dorsal pathway is an unconscious perceptual
process pathway that can directly connect sensory information
and response parameters without consciousness (Neumann and
Klotz, 1994). Although dorsal pathways can explain some simple
unconscious motor processes, most cognitive activities cannot
be summarized by a single visual pathway (Weiller et al., 2011).
Therefore, researchers began to focus on the joint role of the
ventral and dorsal pathways in unconscious perceptual processes
(van Polanen and Davare, 2015). Ulrich and Kiefer (2016) used
functional connectivity analysis to demonstrate that the ventral
and dorsal pathways jointly regulate unconscious perceptual
processes and pointed out that the two pathways mainly interact
in the inferior occipital gyrus and posterior parietal lobe.
However, it is well known that functional connectivity analysis
relies on strong experimental hypotheses, and this study aimed to
explore whether unconscious perceptual processes are mediated
by both ventral and dorsal pathways at the whole brain level
via ALE analysis.

In summary, this study aims to solve three key problems
through cross-paradigm, cross-material, and cross-purpose
experiments. First, we explored whether we can find the key
brain regions specific to unconscious perceptual processes and
unconscious priming effects in the masked priming paradigm.
Second, we examined whether unconscious perceptual processes
are regulated by both ventral and dorsal pathways. Finally, we
examined whether the priming effect needs more brain regions
to be involved because of the longer response time in incongruent
compared to neutral or congruent conditions.
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MATERIALS AND METHODS

Study Selection
We selected studies through a standard search in the PubMed,
Web of Science, and Baidu Scholar databases using the
terms (fMRI or MRI) AND (unconscious or subliminal or
subconscious) AND (mask or prime). To be included in our
meta-analysis, studies met the following criteria: (a) studies were
published within the last two decades, between January 2001
and August 2021, (b) published in a peer-reviewed journal, (c)
masked prime paradigms were used and the study included
a direct contrast between brain activation to unconscious
processing and baseline or a direct contrast between brain
activation to incongruent and neutral or congruent conditions,
(d) priming stimulus less than 50 ms, (e) were original articles
written in English, (f) used fMRI and no other brain imaging
modalities so that the data could be better aggregated for meta-
analysis, and (g) reported the neural activation coordinates in
Montreal Neurological Institute (MNI) or Talairach space. We
excluded the results from patients and data from conditions
focusing on pharmacological manipulation, and only healthy
subjects were included (Eickhoff et al., 2009).

Selected Studies
We retrieved 135 studies, and all studies used the same search
coverage, but 86 studies did not meet our inclusion criteria.
Of these 49 eligible studies, eight were not included in the
meta-analyses because they did not provide Talairach or MNI
peak activation coordinates. Of the 41 studies to date, only 24
studies specifically analyzed unconscious processing compared
to baseline (resting state) or incongruent versus neutral or
congruent conditions. Of the remaining 24 studies, eight used
ROI analysis, which was excluded because they used exclusive
ROI analysis, a technique that analyses only small regions of
the brain based on a priori hypotheses. This procedure is
different from whole brain analysis, which statistically analyses
the activation of the entire brain in one analysis (Meneguzzo
et al., 2014). Thus, this search left 16 whole-brain fMRI studies
that included the comparison of unconscious processing to
baseline or incongruent versus neutral or congruent conditions
using the masked priming paradigm. Six of these studies directly
compared the activation of brain regions between unconscious
processing and baseline, eight directly compared the activation
of brain regions in incongruent and neutral or incongruent
and congruent conditions, and the other two included two
experimental comparisons. All included studies are shown
in Table 1.

Definition of the Unconscious Masked
Priming Paradigm
For unconscious perceptual processes, the most common
measurement is the masked priming paradigm, which involves
a related and effectively masked priming before or after a highly
visible target stimulus, and the target stimulus is more effectively
processed than an unrelated prime. Studies included in this meta-
analysis included perceptual induction processing, semantic

induction processing, and face recognition processing using the
masked priming paradigm (Kouider and Dehaene, 2007).

Kouider and Dupoux (2001) assessed the prime awareness of
several prime durations and showed that a prime is considered
truly invisible only if it lasts less than 50 ms. Therefore,
unconscious presentation is most often achieved by a brief
stimulus onset asynchrony usually not more than 50 ms (Brooks
et al., 2012; Meneguzzo et al., 2014; Opstal, 2021). According
to the discussion of many scholars on the presentation time of
the masked priming paradigm prime stimulus, this meta-analysis
excluded studies whose prime duration exceeded 50 ms.

Quantitative Data Synthesis: Activation
Likelihood Estimation
To examine unconscious activation and priming effects using
the masked priming paradigm, we conducted two separate
meta-analyses using BrainMap GingerALE version 3.0.2 software
(Eickhoff et al., 2009). The ALE method is a voxelwise technique
that provides information from convergence in the spatial
location of the neural correlates across studies. Neural correlates,
or foci from included studies, become the “activation likelihood”
for each voxel in the brain, and for each voxel, ALE gives a score
using a three-dimensional Gaussian probability density function
to estimate the number of subjects in each study. The Gaussian
distributions are then summed across studies to generate a map
that estimates the likelihood of activation for each voxel (Laird
et al., 2011; Turkeltaub et al., 2012). We applied the updated
version of the ALE approach to conduct the meta-analyses using
MNI coordinate “foci” from neuroimaging results and converting
Talairach coordinates into MNI (SPM) for the analysis using
GingerALE software (Eickhoff et al., 2010). The statistical results
are presented in two thresholds. First, a familywise error (FWE)-
corrected (Nichols and Hayasaka, 2003) threshold of p < 0.05
at the cluster level (cluster-forming threshold: p < 0.001 at
the voxel level) through 1000 permutation tests, and then, an
uncorrected threshold (p < 0.001, minimum cluster volume
>200 mm3). The reason why two statistical thresholds are used
is to test the difference between different thresholds to obtain
more reliable experimental results, We used an anatomical image
overlay program called Mango (Creators, Jack Lancaster, Michael
Martinez)1 and BrainNet Viewer (Creators, Mingrui Xia)2 to
illustrate the results of our meta-analyses.

RESULTS

Meta-Analysis One: Unconscious
Perceptual Processing (Unconscious
Processing > Baseline)
From 124 foci, 177 subjects and 12 separate experiments, 12
significant clusters were found that survived the cluster-level
inference threshold (p < 0.001, uncorrected), of which three
significant clusters survived the statistically more rigorous FWE-
corrected analysis (p < 0.05). Cluster one was found in the left

1http://ric.uthscsa.edu/mango
2http://helab.bnu.edu.cn/brainnet-viewer
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TABLE 1 | List of studies included in the ALE meta-analyses.

Study name Subjects Masked priming paradigm Contrast Foci Statistical threshold

Total M/F Age (SD)

(a) Unconscious activation greater than baseline

Dehaene et al., 2001 15 3/12 23.3 sandwich masking semantic induction
processing > baseline

6 voxel wise, p < 0.001;
cluster-level corrected,

p = 0.05

D’Ostilio and Garraux,
2012a#

24 18/6 21 (2) backward masking incompatible, neutral,
compatible > baseline

16 p < 0.001, uncorrected

Murawski et al., 2012 13 7/6 21.2 sandwich masking temporal
discounting > baseline

13 p < 0.05, FWE corrected

Prochnow et al., 2013 12 5/7 23.8 (3) backward masking subliminal faces > baseline 11 p < 0.005, uncorrected

Pichon et al., 2016# 30 15/15 sandwich masking face recognition
processing > baseline

7 p < 0.001, uncorrected

Sato et al., 2016 27 24/3 25 (4.6) backward masking averted and straight
eyes > baseline

9 p < 0.005, uncorrected

Binder et al., 2017 30 10/20 21.94 (2.96) backward masking high level processing (PAS
1) >baseline

10 p < 0.05, FWE corrected

high level processing (PAS
2) >baseline

9

low level processing (PAS
1) >baseline

2

low level processing (PAS
2) >baseline

21

Tacikowski et al., 2017 26 15/11 25 (4) sandwich masking self-unaware > baseline 8 p < 0.001, uncorrected

perceptual-
unaware > baseline

12

(b) Incongruent activation greater than neutral and congruent activation

Luo et al., 2004 9 5/4 sandwich masking semantic induction
processing:

incongruent > congruent

7 p < 0.01, uncorrected

Nakamura et al., 2010 24 16/8 forward mask semantic induction
processing:

incongruent > congruent

6 p < 0.001, uncorrected

D’Ostilio and Garraux,
2012a#

24 18/6 21 (2) backward masking perceptual induction
processing:

incompatible > compatible

18 p < 0.001, uncorrected

perceptual induction
processing:

incompatible > neutral

9 p < 0.001, uncorrected

D’Ostilio et al., 2012b 26 11/15 22 (2) backward masking perceptual induction
processing:

incongruent > congruent

5 p < 0.05, FWE corrected

De Pisapia et al., 2012 20 10/10 24.8 backward masking perceptual induction
processing:

incongruent > neutral

8 p < 0.05, FDR

Yang et al., 2012 27 14/13 22.45 (1.78) backward masking face recognition
processing:

incongruent > congruent

13 p < 0.001, Monte Carlo
corrected

Ulrich et al., 2014 23 10/13 21.1 (2.6) sandwich masking semantic induction
processing:

incongruent > congruent

24 p < 0.001, uncorrected

Jiang et al., 2016 24 14/10 21.00 (1.54) sandwich masking semantic induction
processing:

incongruent > congruent

5 p < 0.001, AlphaSim
corrected

Pichon et al., 2016# 30 15/15 sandwich masking face recognition
processing: gender

incongruent > congruent

8 p < 0.001, uncorrected

Ulrich and Kiefer, 2016 31 15/16 24.5 (4.8) sandwich masking perceptual induction
processing:

incongruent > congruent

12 p < 0.05, FWE corrected

#Denotes those two experimental comparisons are included.
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superior parietal gyrus (SPG) in BA7 (x = −28, y = −58, z = 44),
cluster two was found in the right insula in BA47 (x = 32, y = 22,
z = 0), and cluster three was found in the right inferior frontal
gyrus (IFG) triangular part in BA45 (x = 46, y = 30, z = 20) (see
Figures 1, 2 and Table 2).

Meta-Analysis Two: Unconscious
Priming Effects (Incongruent > Neutral
and Congruent)
From 115 foci, 238 subjects and 11 separate experiments, 10
significant clusters were found that survived the cluster-level
inference threshold (p < 0.001, uncorrected), of which one
significant cluster survived the statistically more rigorous FWE
correction (p < 0.05). Cluster one was found in the right IFG
triangular part in BA48 (x = 44, y = 24, z = 22) (see Figures 3, 4
and Table 3).

DISCUSSION

We conducted a preliminary meta-analysis of fMRI studies
comparing the activation of unconscious processing versus
baseline and unconscious priming effects in the masked priming
paradigm. In the unconscious condition, the prime stimulus and
the target stimulus have longer latency periods in the incongruent
condition than in the neutral and congruent conditions. We
considered two studies that indicated differences in activation
between incongruent and neutral conditions, since we assumed
that incongruent conditions invoked more cognitive resources
than both neutral and congruent conditions. However, caution
must be taken in interpreting these findings in terms of categories
and differences in visual stimuli, as they may influence the
observed data (Meneguzzo et al., 2014). It is worth noting
that, in consideration of the caution of interpreting cross-task
research, we adopted a strict literature screening method in
this meta-analysis in an effort to obtain more reliable research
results. In fact, Brooks et al. (2012) conducted an ALE analysis
based on fMRI for subliminal stimuli for the first time, but
their study focused more on the brain activity level induced
by different types of subliminal stimuli. However, Meneguzzo
et al. (2014) also conducted an ALE analysis based on fMRI,
which paid more attention to the differences in brain activities
induced by supraliminal and subliminal stimuli. Since neither
of these two studies only targeted at the unconscious masked
priming paradigm, this study is also the first study to reveal
the unconscious information processing mechanism underlying
the masked priming paradigm through an ALE meta-analysis
based on fMRI. The results of the meta-analysis also provided
sufficient evidence for the three questions we planned to answer.
Surprisingly, the right IFG triangular part plays a crucial role in
unconscious information processing. In the following section, we
will discuss the latest findings in this study.

The bilateral IFG is a heterogeneous region in two pathways of
cognitive information processing, with the opercular part (BA44)
connected mainly via the dorsal pathway, and the triangular part
(BA45) and BA47 are mainly connected via the ventral pathway
(Petrides and Pandya, 2007, 2009). Although the involvement of
the bilateral IFG in the semantic process at the lexical level is

unclear and controversial (Bookheimer, 2002), the triangular part
(BA45) and orbital part (BA47) are related to the relevant features
of semantic knowledge (Thompson-Schill et al., 1997). There is
neuropsychological evidence that this region is involved in the
control of semantic processing (Sharp et al., 2010). In the results
of this meta-study, clusters were found in the IFG triangular
part not only in the comparison between unconscious processing
and baseline but also, more importantly, in the analysis
of unconscious priming effects. In the case of incongruent
processing, an unconscious perceptual process not only has a
longer latency, but when considering that incongruent processing
has been shown to activate more IFG regions than congruent
and neutral processing (Ulrich et al., 2014; Jiang et al., 2016),
this coincidence seems to provide evidence that an unconscious
perceptual process can reach the semantic level. However, Ulrich
et al. (2014) found in an analysis of the interaction between
unconscious perceptual induction processing and semantic
association that compared with perceptual induction processing,
semantic induction processing had greater activations in the
bilateral IFG (BA45) and the boundary part of the left anterior
insula. It was further confirmed that the unconscious semantic
priming effect only occurs after semantic induction processing
but not after perceptual induction processing.

However, why is it the right IFG, not the left IFG, that
shows the activation likelihood? It is well known that the left
IFG triangular part is part of Broca’s area and is an important
motor speech center (Thompson-Schill et al., 1997; Tremblay
and Dick, 2016). Jackson (2021) conducted a meta-analysis of the
neural correlativity of semantic control and found that semantic
control depended on a distributed network composed of the IFG,
post middle temporal gyrus, post inferior temporal gyrus, and
dorsomedial prefrontal cortex. This network is left-dominant,
with the left IFG more involved than the right IFG, and produces
the strongest activation likelihood in the left IFG triangular
part (Gonzalez et al., 2019; Jackson, 2021). However, although
the left IFG generated more activations than the right IFG in
the semantic control network, activations were still detected in
the right IFG, and the role of the right IFG triangular part
in semantic control remains unknown. Thus, when considering
the mechanism of unconscious information processing in this
study, the right IFG triangular part is likely to be a specific brain
region for unconscious information processing in the masked
priming paradigm. The ventrolateral prefrontal cortex (VLPFC)
is known for its cognitive control functions (Miller and Cohen,
2001; Niendam et al., 2012) and plays an important role in
the learning, retrieval, and maintenance of stimulate-response
(S-R) rules (Toni and Passingham, 1999; Murray et al., 2000;
Toni et al., 2001; Bunge et al., 2002, 2005; Crone et al., 2006),
and the right IFG triangular part is a part of the VLPFC. On
the one hand, in congruent trials, the relevant S-R rules and
related responses have been preactivated by the prime, and the
right IFG triangular part regulates response consistency in the
congruent condition. On the other hand, in incongruent trials,
priming activated inappropriate S-R mapping, and it is necessary
to retrieve the appropriate S-R rules for the target response in
a more detailed way (Ulrich and Kiefer, 2016). However, it has
been shown that the IFG is recruited when competitive task
representations are simultaneously activated (Bunge et al., 2002;
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FIGURE 1 | Unconscious activation greater than baseline. FWE-corrected at the cluster level (p < 0.05) with a cluster-forming threshold of p < 0.001.

FIGURE 2 | Unconscious perceptual processing. Unconscious activation greater than baseline. Spheres with a radius of 5 mm are visualized to present the
statistical results of clusters formed. Red spheres represent results that survived FWE correction, while yellow spheres represent results that are uncorrected. SPG,
Superior parietal gyrus; INS, Insular; IFGtriang, Inferior frontal gyrus triangular part; SMA, Supplementary motor area; PreCG, Precentral gyrus; SOG, Superior
occipital gyrus; FFG, Fusiform gyrus; PCUN, Precuneus; L, left; R, right.
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TABLE 2 | Unconscious activation greater than baseline.

Region Side BA Cluster size in voxels MNI coordinates ALE Z score

Superior parietal gyrus* L BA7 1112 −28 −58 44 0.017 4.61

Insular* R BA47 1048 32 22 0 0.021 5.26

Inferior frontal gyrus triangular part* R BA45 696 46 30 20 0.015 4.15

Insula L BA47 608 −32 20 0 0.018 4.64

Supplementary motor area L BA8 600 −2 20 48 0.013 3.80

Precentral gyrus L BA6 448 −42 0 36 0.012 3.61

Superior occipital gyrus R BA7 304 26 −62 40 0.013 3.73

Fusiform gyrus R BA37 208 32 −44 −20 0.013 3.76

Precuneus R BA7 208 8 −68 46 0.013 3.75

*Denotes FWE-corrected p-value at the cluster level (p < 0.05) with a cluster-forming threshold of p < 0.001. FWE, familywise error; L, left; R, right; MNI, Montreal
Neurological Institute.

Zhang et al., 2004; Badre et al., 2005; Moss et al., 2005; Souza
et al., 2009). Thus, during incongruent trials, when considering
that the prime preactivated an S-R rule inappropriate for the
upcoming target, the triangular part may be involved in resolving
the conflict (Ulrich and Kiefer, 2016).

In general, the dorsal (occipito – parietal) pathway is
used for spatial perception (Mishkin et al., 1983; Rees et al.,
2002), which is often called the “where” pathway. It has the
function of “action vision” and provides strong input for the
motor system to guide action (Michael et al., 2013). In this
meta-analysis, we found that clusters formed in the dorsal
pathway, such as the left SPG, the right superior occipital
gyrus, and the right precuneus. As mentioned above, previous
studies have suggested that dorsal pathways can explain some
simple unconscious motor processing. Therefore, our results are
consistent with previous studies (Neumann and Klotz, 1994).
However, in information processing, the IFG is a heterogeneous
area, and its triangular part is connected with the ventral
pathway. The ventral (occipito-temporal) pathway is used for
object perception and recognition (Mishkin et al., 1983; Rees
et al., 2002). It is often called the “what” pathway and has
the function of “recognizing vision” (Michael et al., 2013).
Most studies suggest that the ventral pathway is a conscious
processing pathway (Weiller et al., 2011; van Polanen and Davare,
2015). This meta-analysis found that the ventral pathway was
involved in unconscious perceptual processing in the masked
priming paradigm, such as the bilateral insula, right IFG
triangular part, and right fusiform clusters. Although some
studies have also shown that the ventral pathway participates
in unconscious perceptual processes, their studies are based
on the analysis of a single experimental purpose and a single
experimental paradigm (Dehaene et al., 1998, 2001; Ulrich
and Kiefer, 2016). In this study, ALE analysis provided strong
evidence for the involvement of the ventral pathway in the
regulation of unconscious perceptual processes from cross-
purpose, cross-paradigm, and cross-material evidence. However,
for most functions, both pathways are not mutually exclusive but
rather work in parallel (Makris and Pandya, 2009; Rauschecker
and Scott, 2009), constituting a loop that has to be passed
at least once (Weiller et al., 2011). This loop may explain
our findings that the two pathways cooperate to complete
unconscious perceptual processing in the masked priming

FIGURE 3 | Incongruent activation was greater than neutral and congruent
activation. FWE correction at the cluster level (p < 0.05) with a cluster-forming
threshold of p < 0.001.

paradigm. Moreover, van Polanen and Davare (2015) proposed
that the dorsolateral prefrontal cortex regulates the interaction
between ventral and dorsal pathways so that the grasping action
is completed. Thus, considering that the IFG is a heterogeneous
region, we have reason to speculate that the interaction of
the two pathways is mediated by the IFG in unconscious
perceptual processing. The supplementary motor area and the
precentral gyrus may participate in the preparation, planning,
and execution of unconscious motor responses (Hanakawa et al.,
2003; Witt et al., 2008).

However, in the regulation of the priming effect, we have
different findings. Consistent with previous studies, our meta-
analysis also found that the ventral pathway regulated the
unconscious priming effect, such as the formation of clusters in
the right IFG triangular part, the left fusiform gyrus and the left
inferior occipital gyrus, but no significant clusters were found
in the dorsal pathway. Moreover, to the best of our knowledge,
only a few fMRI studies have shown that the unconscious
prime effect involves the dorsal pathway (Aron et al., 2003;
D’Ostilio and Garraux, 2012a; D’Ostilio et al., 2013). However,
due to the use of arrow stimulation as a prime and target, the
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FIGURE 4 | Unconscious priming effect. Incongruent activation was greater than congruent and neutral activation. Spheres with a radius of 5 mm are visualized to
present the statistical results of clusters formed. Red spheres represent results that survived FWE correction, while yellow spheres represent results that are
uncorrected. IFGtriang, inferior frontal gyrus triangular part; FFG, fusiform gyrus; ACG, anterior cingulate gyrus; THA, thalamus; IOG, inferior occipital gyrus; PreCG,
precentral gyrus; INS, insular; ORBinf, inferior frontal gyrus opercular part; L, left; R, right.

TABLE 3 | Incongruent activation greater than neutral and congruent activation.

Region Side BA Cluster size in voxels MNI coordinates ALE Z score

Inferior frontal gyrus triangular part* R BA48 768 44 24 22 0.019 4.78

Fusiform gyrus L BA37 648 −34 −52 −6 0.018 4.71

Anterior cingulate gyrus R BA32 640 8 26 28 0.020 4.93

Thalamus R 472 24 −10 10 0.015 4.14

Inferior occipital gyrus L BA37 384 −48 −58 −14 0.013 3.72

Precentral gyrus L BA4 360 −48 −4 30 0.015 4.05

Insula R BA47 248 36 22 −2 0.012 3.54

Inferior frontal gyrus opercular part R BA48 208 42 8 24 0.013 3.76

*Denotes FWE correction at the cluster level (p < 0.05) with a cluster-forming threshold of p < 0.001. FWE, familywise error; L, left; R, right; MNI, Montreal
Neurological Institute.

explanation of the priming effect is limited. Thus, there is no
sufficient evidence to show that the two pathways coordinate in
the unconscious priming effect in the masked priming paradigm
(Ulrich and Kiefer, 2016).

The other two findings of this study are also critical. One
is that the SPG formed clusters. The general theory holds
that unconscious perceptual processes do not involve attention
resources, and the appearance of SPG clusters challenges this
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view. The SPG receives attentional modulation signals from the
prefrontal cortex and then applies appropriate attentional control
to task-related sensory brain regions (Ulrich et al., 2013). Top–
down attention control is not only a feature of spatial position
and visual object but can also use the same neural mechanism
for semantic information (Kiefer, 2008; Hoenig and Scheef, 2009;
Grandjean et al., 2012). Thus, the discovery of SPG suggests
that attention resources are involved in unconscious perceptual
processes. Although SPG was found to form clusters across
experiments, considering that different experimental designs
have different control over conscious intervention, this result
should be interpreted carefully. Another finding is that the insula
forms clusters in unconscious perceptual processes and priming
effects. Although the insula is known to be sensitive to both
conscious and unconscious visual stimuli (Salomon et al., 2016),
few studies have focused on the effect of claustrum hiding in the
insula on unconscious information processing. The claustrum is
hidden under the general area of the insula, which is thought
to act as an on-off switch for consciousness (Crick and Koch,
2005; Brooks et al., 2012; Gattass et al., 2014; Meneguzzo et al.,
2014; Chau et al., 2015). Whether the clusters formed in the
insula in this study extend to the claustrum remains to be
considered. However, there is a two-way connection between the
claustrum and almost all areas of the cerebral cortex (Crick and
Koch, 2005). Considering its bidirectional connectivity, whether
or not claustrum may connect bilateral pathways and modulate
unconscious perceptual processes is still a question worthy of
more researchers’ attention.

CONCLUSION

This study preliminarily confirmed our hypothesis. We found
that ventral and dorsal pathways jointly regulate unconscious

perceptual processes, but only the ventral pathway is involved
in the regulation of unconscious priming effects. The right
IFG triangular part is the key brain regions in unconscious
information processing in the masked priming paradigm,
which is involved in the regulation of unconscious perceptual
processes and priming effects. These preliminary data provide
the conditions for further investigation of the neural correlates
of unconscious information processing.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

This study was supported by funds from the National Natural
Science Foundation of China (31971023).

ACKNOWLEDGMENTS

We would like to thank all members of the laboratory for their
assistance in screening studies and ALE analysis.

REFERENCES
Aron, A. R., Schlaghecken, F., Fletcher, P. C., Bullmore, E. T., Eimer, M., Barker,

R., et al. (2003). Inhibition of subliminally primed responses is mediated by the
caudate and thalamus: evidence from functional MRI and Huntington’s disease.
Brain 126, 713–723. doi: 10.1093/brain/awg067

Badre, D., Poldrack, R. A., Ej Paré-Blagoev, Insler, R. Z., and Wagner, A. D.
(2005). Dissociable controlled retrieval and generalized selection mechanisms
in ventrolateral prefrontal cortex. Neuron 47, 907–918. doi: 10.1016/j.neuron.
2005.07.023

Balota, D. A. (1983). Automatic semantic activation and episodic memory
encoding. J. Verbal Learn. Verbal Behav. 22, 88–104. doi: 10.1016/s0022-
5371(83)80008-5

Binder, M., Gociewicz, K., Windey, B., Koculak, M., Finc, K., Nikadon, J.,
et al. (2017). The levels of perceptual processing and the neural correlates of
increasing subjective visibility. Conscious. Cogn. 55, 106–125. doi: 10.1016/j.
concog.2017.07.010

Bookheimer, S. (2002). Functional MRI of language: new approaches to
understanding the cortical organization of semantic processing. Ann. Rev.
Neurosci. 25:151. doi: 10.1146/annurev.neuro.25.112701.142946

Brooks, S. J., Savov, V., Allzén, E., Benedict, C., Fredriksson, R., and Schiöth, H. B.
(2012). Exposure to subliminal arousing stimuli induces robust activation in the
amygdala, hippocampus, anterior cingulate, insular cortex and primary visual
cortex: a systematic meta-analysis of fMRI studies. NeuroImage 59, 2962–2973.
doi: 10.1016/j.neuroimage.2011.09.077

Bunge, S. A., Hazeltine, E., Scanlon, M. D., Rosen, A. C., and Gabrieli, J. D.
(2002). Dissociable contributions of prefrontal and parietal cortices to response
selection. Neuroimage 17, 1562–1571. doi: 10.1006/nimg.2002.1252

Bunge, S. A., Wallis, J. D., Parker, A., Brass, M., and Sakai, K. (2005). Neural
circuitry underlying rule use in humans and nonhuman primates. J. Neurosci.
Off. J. Soc. Neurosci. 25, 10347–10350. doi: 10.1523/JNEUROSCI.2937-05.
2005

Chau, A., Salazar, A. M., Krueger, F., Cristofori, I., and Grafman, J. (2015). The
effect of claustrum lesions on human consciousness and recovery of function.
Conscious. cogn. 36, 256–264. doi: 10.1016/j.concog.2015.06.017

Cheesman, J., and Merikle, P. M. (1984). Priming with and without awareness.
Percept. psychophys. 36, 387–395. doi: 10.3758/bf03202793

Crick, F. C., and Koch, C. (2005). What is the function of the claustrum? Philos.
Trans. R. Soc. Lond. Series B. Biol. sci. 360, 1271–1279. doi: 10.1098/rstb.2005.
1661

Crone, E. A., Wendelken, C., Donohue, S. E., and Bunge, S. A. (2006). Neural
evidence for dissociable components of task-switching. Cereb. cortex 16, 475–
486. doi: 10.1093/cercor/bhi127

De Pisapia, N., Turatto, M., Lin, P., Jovicich, J., and Caramazza, A. (2012).
Unconscious priming instructions modulate activity in default and executive
networks of the human brain. Cereb. cortex 22, 639–649. doi: 10.1093/cercor/
bhr146

Dehaene, S., Naccache, L., Cohen, L., Bihan, D. L., Mangin, J. F., Poline, J. B.,
et al. (2001). Cerebral mechanisms of word masking and unconscious repetition
priming. Nat. Neurosci. 4, 752–758. doi: 10.1038/89551

Frontiers in Neuroscience | www.frontiersin.org 9 March 2022 | Volume 16 | Article 781099

https://doi.org/10.1093/brain/awg067
https://doi.org/10.1016/j.neuron.2005.07.023
https://doi.org/10.1016/j.neuron.2005.07.023
https://doi.org/10.1016/s0022-5371(83)80008-5
https://doi.org/10.1016/s0022-5371(83)80008-5
https://doi.org/10.1016/j.concog.2017.07.010
https://doi.org/10.1016/j.concog.2017.07.010
https://doi.org/10.1146/annurev.neuro.25.112701.142946
https://doi.org/10.1016/j.neuroimage.2011.09.077
https://doi.org/10.1006/nimg.2002.1252
https://doi.org/10.1523/JNEUROSCI.2937-05.2005
https://doi.org/10.1523/JNEUROSCI.2937-05.2005
https://doi.org/10.1016/j.concog.2015.06.017
https://doi.org/10.3758/bf03202793
https://doi.org/10.1098/rstb.2005.1661
https://doi.org/10.1098/rstb.2005.1661
https://doi.org/10.1093/cercor/bhi127
https://doi.org/10.1093/cercor/bhr146
https://doi.org/10.1093/cercor/bhr146
https://doi.org/10.1038/89551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-781099 March 18, 2022 Time: 12:30 # 10

Shi et al. The rIFG in Unconscious Processing

Dehaene, S., Naccache, L., Le Clec, H. G., Koechlin, E., Mueller, M., and Dehaene-
Lambertz, G. (1998). Imaging unconscious semantic priming. Nature 395,
597–600. doi: 10.1038/26967

Jiang, J., Bailey, K., Xiang, L., Zhang, L., and Zhang, Q. (2016). Comparing the
Neural Correlates of Conscious and Unconscious Conflict Control in a Masked
Stroop Priming Task. Front. Hum. Neurosci. 10:297. doi: 10.3389/fnhum.2016.
00297

D’Ostilio, K., Collette, F., Phillips, C., and Garraux, G. (2012b). Evidence for a
role of a cortico-subcortical network for automatic and unconscious motor
inhibition of manual responses. PLoS One 7:e48007. doi: 10.1371/journal.pone.
0048007

D’Ostilio, K., Deville, B., Cremers, J., Grandjean, J., Skawiniak, E., Delvaux, V., et al.
(2013). Role of the supplementary motor area in the automatic activation of
motor plans in de novo Parkinson’s disease patients. Neurosci. Res. 76, 173–177.
doi: 10.1016/j.neures.2013.04.002

D’Ostilio, K., and Garraux, G. (2012a). Dissociation between unconscious motor
response facilitation and conflict in medial frontal areas. Eur. j. Neurosci. 35,
332–340. doi: 10.1111/j.1460-9568.2011.07941.x

Eickhoff, S. B., Laird, A. R., Grefkes, C., Wang, L. E., Zilles, K., and Fox, P. T.
(2009). Coordinate-based activation likelihood estimation meta-analysis of
neuroimaging data: a random-effects approach based on empirical estimates of
spatial uncertainty. Hum. Brain Mapp. 30, 2907–2926. doi: 10.1002/hbm.20718

Eickhoff, S. B., Nickl-Jockschat, T., and Kurth, F. (2010). Metaanalysen in
der klinischen Hirnforschung [Meta-analyses in clinical brain research]. Der
Nervenarzt 81, 32–38. doi: 10.1007/s00115-009-2826-x

Evett, L. J., and Humphreys, G. W. (1981). The use of abstract graphemic
information in lexical access. Q. J. Exp. Psychol. A 33, 325–350. doi: 10.1111/
bjop.12071

Forster, K. I., and Davis, C. (1984). Repetition priming and frequency attenuation
in lexical access. J. Exp. Psychol. Learn. Memory Cogn. 10, 680–698. doi: 10.1097/
WNR.0b013e32834ca576

Fowler, C. A., Wolford, G., Slade, R., and Tassinary, L. (1981). Lexical access with
and without awareness. J. Exp. Psychol. General 110, 341–362. doi: 10.1037/
0096-3445.110.3.341

Gao, Y., and Zhang, H. (2014). Unconscious processing modulates creative
problem solving: evidence from an electrophysiological study. Conscious. cogn.
26, 64–73. doi: 10.1016/j.concog.2014.03.001

Gattass, R., Soares, J. G., Desimone, R., and Ungerleider, L. G. (2014). Connectional
subdivision of the claustrum: two visuotopic subdivisions in the macaque.
Front. sys. Neurosci. 8:63. doi: 10.3389/fnsys.2014.00063

Gonzalez, Alam, T., Karapanagiotidis, T., Smallwood, J., and Jefferies, E. (2019).
Degrees of lateralisation in semantic cognition: evidence from intrinsic
connectivity. NeuroImage 202:116089. doi: 10.1016/j.neuroimage.2019.116089

Grandjean, J., D’Ostilio, K., Phillips, C., Balteau, E., Degueldre, C., Luxen, A., et al.
(2012). Modulation of brain activity during a Stroop inhibitory task by the kind
of cognitive control required. PLoS One 7:e41513. doi: 10.1371/journal.pone.
0041513

Greenwald, A. G., Draine, S. C., and Abrams, R. L. (1996). Three cognitive markers
of unconscious semantic activation. Science 273, 1699–1702. doi: 10.1126/
science.273.5282.1699

Greenwald, A. G., Klinger, M. R., and Schuh, E. S. (1995). Activation by marginally
perceptible ("subliminal") stimuli: dissociation of unconscious from conscious
cognition. J. Exp. psychol. General 124, 22–42. doi: 10.1037//0096-3445.124.1.
22

Hanakawa, T., Immisch, I., Toma, K., Dimyan, M. A., Van Gelderen, P., and Hallett,
M. (2003). Functional properties of brain areas associated with motor execution
and imagery. J. Neurophysiol. 89, 989–1002. doi: 10.1152/jn.00132.2002

Henson, R. N., Mouchlianitis, E., Matthews, W. J., and Kouider, S. (2008).
Electrophysiological correlates of masked face priming. NeuroImage 40, 884–
895. doi: 10.1016/j.neuroimage.2007.12.003

Hoenig, K., and Scheef, L. (2009). Neural correlates of semantic ambiguity
processing during context verification. NeuroImage 45, 1009–1019. doi: 10.
1016/j.neuroimage.2008.12.044

Jackson, R. L. (2021). The neural correlates of semantic control revisited.
NeuroImage 224:117444. doi: 10.1016/j.neuroimage.2020.117444

Kiefer, M. (2008). Top-down modulation of unconscious ’automatic’ processes: a
gating framework. Adv. cogn. psychol. 3, 289–306. doi: 10.2478/v10053-008-
0032-2

Kouider, S., de Gardelle, V., Dehaene, S., Dupoux, E., and Pallier, C. (2010).
Cerebral bases of subliminal speech priming. NeuroImage 49, 922–929. doi:
10.1016/j.neuroimage.2009.08.043

Kouider, S., and Dehaene, S. (2007). Levels of processing during non-conscious
perception: a critical review of visual masking. Philosoph. Trans. R. Soc. Lond.
Series B Biol. sci. 362, 857–875. doi: 10.1098/rstb.2007.2093

Kouider, S., and Dupoux, E. (2001). A functional disconnection between spoken
and visual word recognition: evidence from unconscious priming. Cognition
82, B35–B49. doi: 10.1016/s0010-0277(01)00152-4

Laird, A. R., Eickhoff, S. B., Fox, P. M., Uecker, A. M., Ray, K. L., Saenz, J. J. Jr., et al.
(2011). The BrainMap strategy for standardization, sharing, and meta-analysis
of neuroimaging data. BMC Res. Notes 4:349. doi: 10.1186/1756-0500-4-349

Luo, Q., Peng, D., Jin, Z., Xu, D., Xiao, L., and Ding, G. (2004).
Emotional valence of words modulates the subliminal repetition
priming effect in the left fusiform gyrus: an event-related fMRI
study. NeuroImage 21, 414–421. doi: 10.1016/j.neuroimage.2003.09.
048

Makris, N., and Pandya, D. N. (2009). The extreme capsule in humans and
rethinking of the language circuitry. Brain struct. funct. 213, 343–358. doi:
10.1007/s00429-008-0199-8

Marcel, A. J. (1983). Conscious and unconscious perception: experiments on visual
masking and word recognition. Cogn. psychol. 15, 197–237. doi: 10.1016/0010-
0285(83)90009-9

McCauley, C., Parmelee, C. M., Sperber, R. D., and Carr, T. H. (1980). Early
extraction of meaning from pictures and its relation to conscious identification.
J. Exp. psychol. Hum. percept. Perform. 6, 265–276. doi: 10.1037//0096-1523.6.
2.265

Meneguzzo, P., Tsakiris, M., Schioth, H. B., Stein, D. J., and Brooks, S. J. (2014).
Subliminal versus supraliminal stimuli activate neural responses in anterior
cingulate cortex, fusiform gyrus and insula: a meta-analysis of fMRI studies.
BMC Psychol. 2:52. doi: 10.1186/s40359-014-0052-1

Michael, S. G., Richard, B. I., and George, R. M. (2013). Cognitive Neuroscience: The
Biology of the Mind, 4th Edn. New York, NY: W. W. Norton.

Miller, E. K., and Cohen, J. D. (2001). An integrative theory of prefrontal cortex
function. Ann. Rev. Neurosci. 24, 167–202. doi: 10.1146/annurev.neuro.24.1.167

Mishkin, M., Ungerleider, L. G., and Macko, K. A. (1983). Object vision and spatial
vision: two cortical pathways. Trends Neurosci. 6, 414–417. doi: 10.1016/0166-
2236(83)90190-x

Moss, H. E., Abdallah, S., Fletcher, P., Bright, P., Pilgrim, L., Acres, K., et al. (2005).
Selecting among competing alternatives: selection and retrieval in the left
inferior frontal gyrus. Cereb. cortex 15, 1723–1735. doi: 10.1093/cercor/bhi049

Murawski, C., Harris, P. G., Bode, S., Domínguez, D. J. F., and Egan, G. F.
(2012). Led into temptation? Rewarding brand logos bias the neural encoding of
incidental economic decisions. PLoS One 7:e41535. doi: 10.1371/journal.pone.
0034155

Murray, E. A., Bussey, T. J., and Wise, S. P. (2000). Role of prefrontal cortex in
a network for arbitrary visuomotor mapping. Exp. Brain Res. 133, 114–129.
doi: 10.1007/s002210000406

Nakamura, K., Dehaene, S., Jobert, A., Le Bihan, D., and Kouider, S. (2007).
Task-specific change of unconscious neural priming in the cerebral language
network. Proc. Nat. Acad. Sci. U.S.A. 104, 19643–19648. doi: 10.1073/pnas.
0704487104

Nakamura, K., Kouider, S., Makuuchi, M., Kuroki, C., Hanajima, R., Ugawa, Y.,
et al. (2010). Neural control of cross-language asymmetry in the bilingual brain.
Cerebral cortex 20, 2244–2251. doi: 10.1093/cercor/bhp290

Neumann, O., and Klotz, W. (1994). “Motor responses to nonreportable, masked
stimuli: Where is the limit of direct parameter specification?,” in Tention and
Performance 15: Conscious and Nonconscious Information Processing, eds C.
Umiltà and M. Moscovitch (Cambridge: The MIT Press)

Nichols, T., and Hayasaka, S. (2003). Controlling the familywise error rate in
functional neuroimaging: a comparative review. Stat. Methods Med. Res. 12,
419–446. doi: 10.1191/0962280203sm341ra

Niendam, T. A., Laird, A. R., Ray, K. L., Dean, Y. M., Glahn, D. C., and Carter,
C. S. (2012). Meta-analytic evidence for a superordinate cognitive control
network subserving diverse executive functions. Cogn. Affect. Behav. Neurosci.
12, 241–268. doi: 10.3758/s13415-011-0083-5

Opstal, F. V. (2021). The same-different task as a tool to study unconscious
processing. Curr. Opin. Behav. Sci. 37, 35–40. doi: 10.1016/j.cobeha.2020.06.014

Frontiers in Neuroscience | www.frontiersin.org 10 March 2022 | Volume 16 | Article 781099

https://doi.org/10.1038/26967
https://doi.org/10.3389/fnhum.2016.00297
https://doi.org/10.3389/fnhum.2016.00297
https://doi.org/10.1371/journal.pone.0048007
https://doi.org/10.1371/journal.pone.0048007
https://doi.org/10.1016/j.neures.2013.04.002
https://doi.org/10.1111/j.1460-9568.2011.07941.x
https://doi.org/10.1002/hbm.20718
https://doi.org/10.1007/s00115-009-2826-x
https://doi.org/10.1111/bjop.12071
https://doi.org/10.1111/bjop.12071
https://doi.org/10.1097/WNR.0b013e32834ca576
https://doi.org/10.1097/WNR.0b013e32834ca576
https://doi.org/10.1037/0096-3445.110.3.341
https://doi.org/10.1037/0096-3445.110.3.341
https://doi.org/10.1016/j.concog.2014.03.001
https://doi.org/10.3389/fnsys.2014.00063
https://doi.org/10.1016/j.neuroimage.2019.116089
https://doi.org/10.1371/journal.pone.0041513
https://doi.org/10.1371/journal.pone.0041513
https://doi.org/10.1126/science.273.5282.1699
https://doi.org/10.1126/science.273.5282.1699
https://doi.org/10.1037//0096-3445.124.1.22
https://doi.org/10.1037//0096-3445.124.1.22
https://doi.org/10.1152/jn.00132.2002
https://doi.org/10.1016/j.neuroimage.2007.12.003
https://doi.org/10.1016/j.neuroimage.2008.12.044
https://doi.org/10.1016/j.neuroimage.2008.12.044
https://doi.org/10.1016/j.neuroimage.2020.117444
https://doi.org/10.2478/v10053-008-0032-2
https://doi.org/10.2478/v10053-008-0032-2
https://doi.org/10.1016/j.neuroimage.2009.08.043
https://doi.org/10.1016/j.neuroimage.2009.08.043
https://doi.org/10.1098/rstb.2007.2093
https://doi.org/10.1016/s0010-0277(01)00152-4
https://doi.org/10.1186/1756-0500-4-349
https://doi.org/10.1016/j.neuroimage.2003.09.048
https://doi.org/10.1016/j.neuroimage.2003.09.048
https://doi.org/10.1007/s00429-008-0199-8
https://doi.org/10.1007/s00429-008-0199-8
https://doi.org/10.1016/0010-0285(83)90009-9
https://doi.org/10.1016/0010-0285(83)90009-9
https://doi.org/10.1037//0096-1523.6.2.265
https://doi.org/10.1037//0096-1523.6.2.265
https://doi.org/10.1186/s40359-014-0052-1
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1016/0166-2236(83)90190-x
https://doi.org/10.1016/0166-2236(83)90190-x
https://doi.org/10.1093/cercor/bhi049
https://doi.org/10.1371/journal.pone.0034155
https://doi.org/10.1371/journal.pone.0034155
https://doi.org/10.1007/s002210000406
https://doi.org/10.1073/pnas.0704487104
https://doi.org/10.1073/pnas.0704487104
https://doi.org/10.1093/cercor/bhp290
https://doi.org/10.1191/0962280203sm341ra
https://doi.org/10.3758/s13415-011-0083-5
https://doi.org/10.1016/j.cobeha.2020.06.014
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-781099 March 18, 2022 Time: 12:30 # 11

Shi et al. The rIFG in Unconscious Processing

Petrides, M., and Pandya, D. N. (2007). Efferent association pathways from the
rostral prefrontal cortex in the macaque monkey. J. Neurosci. Off. j. Soc.
Neurosci. 27, 11573–11586. doi: 10.1523/JNEUROSCI.2419-07.2007

Petrides, M., and Pandya, D. N. (2009). Distinct parietal and temporal pathways
to the homologues of Broca’s area in the monkey. PLoS Biol. 7:e1000170. doi:
10.1371/journal.pbio.1000170

Pichon, S., Guex, R., and Vuilleumier, P. (2016). Influence of Temporal
Expectations on Response Priming by Subliminal Faces. PLoS One 11:e0164613.
doi: 10.1371/journal.pone.0164613

Prochnow, D., Kossack, H., Brunheim, S., Müller, K., Wittsack, H. J., Markowitsch,
H. J., et al. (2013). Processing of subliminal facial expressions of emotion: a
behavioral and fMRI study. Soc. Neurosci. 8, 448–461. doi: 10.1080/17470919.
2013.812536

Rauschecker, J. P., and Scott, S. K. (2009). Maps and streams in the auditory cortex:
nonhuman primates illuminate human speech processing. Nat. Neurosci. 12,
718–724. doi: 10.1038/nn.2331

Rees, G., Kreiman, G., and Koch, C. (2002). Neural correlates of consciousness in
humans. Nat. Rev. Neurosci. 3, 261–270. doi: 10.1038/nrn783

Salomon, R., Ronchi, R., Dönz, J., Bello-Ruiz, J., Herbelin, B., Martet, R., et al.
(2016). The insula mediates access to awareness of visual stimuli presented
synchronously to the heartbeat. J. Neurosci. 36, 5115–5127. doi: 10.1523/
JNEUROSCI.4262-15.2016

Sato, W., Kochiyama, T., Uono, S., and Toichi, M. (2016). Neural mechanisms
underlying conscious and unconscious attentional shifts triggered by eye gaze.
NeuroImage 124, 118–126. doi: 10.1016/j.neuroimage.2015.08.061

Sharp, D. J., Awad, M., Warren, J. E., Wise, R. J., Vigliocco, G., and Scott, S. K.
(2010). The neural response to changing semantic and perceptual complexity
during language processing. Hum. Brain Mapp. 31, 365–377. doi: 10.1002/hbm.
20871

Souza, M. J., Donohue, S. E., and Bunge, S. A. (2009). Controlled retrieval
and selection of action-relevant knowledge mediated by partially overlapping
regions in left ventrolateral prefrontal cortex. NeuroImage 46, 299–307. doi:
10.1016/j.neuroimage.2009.01.046

Tacikowski, P., Berger, C. C., and Ehrsson, H. H. (2017). Dissociating the Neural
Basis of Conceptual Self-Awareness from Perceptual Awareness and Unaware
Self-Processing. Cereb. cortex 27, 3768–3781. doi: 10.1093/cercor/bhx004

Thompson-Schill, S. L., D’Esposito, M., Aguirre, G. K., and Farah, M. J. (1997).
Role of left inferior prefrontal cortex in retrieval of semantic knowledge: a
reevaluation. Proc. Nat. Acad. Sci. U.S.A. 94, 14792–14797. doi: 10.1073/pnas.
94.26.14792

Toni, I., and Passingham, R. E. (1999). Prefrontal-basal ganglia pathways are
involved in the learning of arbitrary visuomotor associations: a PET study. Exp.
Brain Res. 127, 19–32. doi: 10.1007/s002210050770

Toni, I., Ramnani, N., Josephs, O., Ashburner, J., and Passingham, R. E. (2001).
Learning arbitrary visuomotor associations: temporal dynamic of brain activity.
NeuroImage 14, 1048–1057. doi: 10.1006/nimg.2001.0894

Tremblay, P., and Dick, A. S. (2016). Broca and Wernicke are dead, or moving
past the classic model of language neurobiology. Brain Lang. 162, 60–71. doi:
10.1016/j.bandl.2016.08.004

Turkeltaub, P. E., Eickhoff, S. B., Laird, A. R., Fox, M., Wiener, M., and Fox, P.
(2012). Minimizing within-experiment and within-group effects in Activation
Likelihood Estimation meta-analyses. Hum. Brain Mapp. 33, 1–13. doi: 10.1002/
hbm.21186

Ulrich, M., Adams, S. C., and Kiefer, M. (2014). Flexible establishment of
functional brain networks supports attentional modulation of unconscious
cognition. Hum. Brain Mapp. 35, 5500–5516. doi: 10.1002/hbm.2
2566

Ulrich, M., Hoenig, K., Grön, G., and Kiefer, M. (2013). Brain activation during
masked and unmasked semantic priming: commonalities and differences.
J. cogn. Neurosci. 25, 2216–2229. doi: 10.1162/jocn_a_00449

Ulrich, M., and Kiefer, M. (2016). The Neural Signature of Subliminal Visuomotor
Priming: Brain Activity and Functional Connectivity Profiles. Cereb. cortex 26,
2471–2482. doi: 10.1093/cercor/bhv070

van Polanen, V., and Davare, M. (2015). Interactions between dorsal and ventral
streams for controlling skilled grasp. Neuropsychologia 79, 186–191. doi: 10.
1016/j.neuropsychologia.2015.07.010

Weiller, C., Bormann, T., Saur, D., Musso, M., and Rijntjes, M. (2011). How the
ventral pathway got lost: and what its recovery might mean. Brain Lang. 118,
29–39. doi: 10.1016/j.bandl.2011.01.005

Weiskrantz, L., Warrington, E. K., Sanders, M. D., and Marshall, J. (1974). Visual
capacity in the hemianopic field following a restricted occipital ablation. Brain
97, 709–728. doi: 10.1093/brain/97.1.709

Witt, S. T., Laird, A. R., and Meyerand, M. E. (2008). Functional neuroimaging
correlates of finger-tapping task variations: an ALE meta-analysis. NeuroImage
42, 343–356. doi: 10.1016/j.neuroimage.2008.04.025

Yang, J., Cao, Z., Xu, X., and Chen, G. (2012). The amygdala is involved in affective
priming effect for fearful faces. Brain cogn. 80, 15–22. doi: 10.1016/j.bandc.2012.
04.005

Zhang, J. X., Feng, C. M., Fox, P. T., Gao, J. H., and Tan, L. H. (2004). Is left inferior
frontal gyrus a general mechanism for selection? NeuroImage 23, 596–603.
doi: 10.1016/j.neuroimage.2004.06.006

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shi, Huang, Jiang, Mao, Huang and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 11 March 2022 | Volume 16 | Article 781099

https://doi.org/10.1523/JNEUROSCI.2419-07.2007
https://doi.org/10.1371/journal.pbio.1000170
https://doi.org/10.1371/journal.pbio.1000170
https://doi.org/10.1371/journal.pone.0164613
https://doi.org/10.1080/17470919.2013.812536
https://doi.org/10.1080/17470919.2013.812536
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nrn783
https://doi.org/10.1523/JNEUROSCI.4262-15.2016
https://doi.org/10.1523/JNEUROSCI.4262-15.2016
https://doi.org/10.1016/j.neuroimage.2015.08.061
https://doi.org/10.1002/hbm.20871
https://doi.org/10.1002/hbm.20871
https://doi.org/10.1016/j.neuroimage.2009.01.046
https://doi.org/10.1016/j.neuroimage.2009.01.046
https://doi.org/10.1093/cercor/bhx004
https://doi.org/10.1073/pnas.94.26.14792
https://doi.org/10.1073/pnas.94.26.14792
https://doi.org/10.1007/s002210050770
https://doi.org/10.1006/nimg.2001.0894
https://doi.org/10.1016/j.bandl.2016.08.004
https://doi.org/10.1016/j.bandl.2016.08.004
https://doi.org/10.1002/hbm.21186
https://doi.org/10.1002/hbm.21186
https://doi.org/10.1002/hbm.22566
https://doi.org/10.1002/hbm.22566
https://doi.org/10.1162/jocn_a_00449
https://doi.org/10.1093/cercor/bhv070
https://doi.org/10.1016/j.neuropsychologia.2015.07.010
https://doi.org/10.1016/j.neuropsychologia.2015.07.010
https://doi.org/10.1016/j.bandl.2011.01.005
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1016/j.neuroimage.2008.04.025
https://doi.org/10.1016/j.bandc.2012.04.005
https://doi.org/10.1016/j.bandc.2012.04.005
https://doi.org/10.1016/j.neuroimage.2004.06.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	The Right Inferior Frontal Gyrus Plays an Important Role in Unconscious Information Processing: Activation Likelihood Estimation Analysis Based on Functional Magnetic Resonance Imaging
	Introduction
	Materials and Methods
	Study Selection
	Selected Studies
	Definition of the Unconscious Masked Priming Paradigm
	Quantitative Data Synthesis: Activation Likelihood Estimation

	Results
	Meta-Analysis One: Unconscious Perceptual Processing (Unconscious Processing > Baseline)
	Meta-Analysis Two: Unconscious Priming Effects (Incongruent > Neutral and Congruent)

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


