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Abstract
The frontal eye field (FEF) and the inferior frontal junction (IFJ) are prefrontal structures involved in mediating multiple 
aspects of goal-driven behavior. Despite being recognized as prominent nodes of the networks underlying spatial attention 
and oculomotor control, and working memory and cognitive control, respectively, the limited quantitative evidence on their 
precise localization has considerably impeded the detailed understanding of their structure and connectivity. In this study, 
we performed an activation likelihood estimation (ALE) fMRI meta-analysis by selecting studies that employed standard 
paradigms to accurately infer the localization of these regions in stereotaxic space. For the FEF, we found the highest spatial 
convergence of activations for prosaccade and antisaccade paradigms at the junction of the precentral sulcus and superior 
frontal sulcus. For the IFJ, we found consistent activations across oddball/attention, working memory, task-switching and 
Stroop paradigms at the junction of the inferior precentral sulcus and inferior frontal sulcus. We related these clusters to pre-
vious meta-analyses, sulcal/gyral neuroanatomy, and a comprehensive brain parcellation, highlighting important differences 
compared to their results and taxonomy. Finally, we leveraged the ALE peak coordinates as seeds to perform a meta-analytic 
connectivity modeling (MACM) analysis, which revealed systematic coactivation patterns spanning the frontal, parietal, 
and temporal cortices. We decoded the behavioral domains associated with these coactivations, suggesting that these may 
allow FEF and IFJ to support their specialized roles in flexible behavior. Our study provides the meta-analytic groundwork 
for investigating the relationship between functional specialization and connectivity of two crucial control structures of the 
prefrontal cortex.

Keywords  Prefrontal cortex · Saccades · Working memory · Cognitive control · Activation likelihood estimation · Meta-
analytic connectivity modeling

Introduction

Owing to the capabilities that likely derive from the massive 
expansion in the cortical surface area allowed by the folding 
patterns of the cortex (Van Essen 2007; Zilles et al. 2013), 
which particularly involved the prefrontal and association 
cortices (Donahue et al. 2018; Toro et al. 2008), humans 

possess one of the most complex behavioral repertoires in 
nature (Mesulam 1998; Miller and Cohen 2001). A fun-
damental aspect of functional specialization in the human 
brain is its relationship with cortical neuroanatomy (Van 
Essen 2007). Microstructural features pertaining to cortical 
architecture (i.e., cyto- and myelo-architecture), such as cell 
types and layer organization, are a major determinant of the 
functional organization of the brain, and they provide impor-
tant information about regional segregation (Amunts et al. 
2020). Over the past 30 years, magnetic resonance imaging 
(MRI; and in particular, fMRI) became the dominant tech-
nique for investigating this organization non-invasively and 
in vivo (Eickhoff et al. 2018). Although regional delineations 
inferred based on architectonic criteria (e.g., cytoarchitecture) 
generally agree well with information gathered from MRI 
(Amunts and Zilles 2015), such correspondences should be 
always interpreted with caution. These criteria may be weak 
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predictors of functional organization in highly heterogeneous 
regions, for example when regions sit at the boundary of dif-
ferent Brodmann areas (BA; Amunts and Zilles 2015; Brod-
mann 1909). Moreover, this relationship may be affected by 
strong inter-individual differences, which were not taken into 
account in most of the previous invasive studies characterized 
by relatively small sample sizes (Amunts and Zilles 2015). 
In addition to the previous prevalent invasive and lesion-
based approaches, another way of conceptualizing functional 
organization and, more in general, the relationship between 
cognitive processes and their neural substrate, emerged from 
fMRI research with the functional localization approach (Kan-
wisher 2010). Specialized processes are performed by brain 
regions that can be reliably identified across individuals with 
fMRI using standard tasks (hence referred to as functional 
localizers; Kanwisher 2010; Rosenke et al. 2021). In com-
bination with the functional localization approach, research 
on structural MRI has shown that, despite the remarkable 
inter-individual variability in the organization of the gyri and 
sulci (Desikan et al. 2006; Destrieux et al. 2010; Ono et al. 
1990; Petrides 2018), these functional modules can also be 
localized based on anatomical landmarks (Fischl et al. 2008), 
which suggests a developmental link between the functional 
differentiation of brain regions and the mechanisms of cortical 
maturation (Zilles et al. 2013).

In sum, in the human brain, functional specialization 
appears to be tightly linked and possibly follows from brain 
structure, although it remains to be established exactly to 
what degree this principle holds within specific systems. 
In the prefrontal cortex (PFC), two lateral structures, the 
frontal eye field (FEF) and the inferior frontal junction (IFJ) 
have largely overlapping but complementary roles, being 
involved in several orchestrating functions such as attention, 
working memory, cognitive control, and other top-down pro-
cesses (Baldauf and Desimone 2014; Bedini and Baldauf 
2021). In our previous review, we argued that despite these 
overlaps, it is their patterns of neural selectivity to spatial 
(FEF) vs non-spatial information (IFJ) that allow the disso-
ciation of their role across these different functions (Bedini 
and Baldauf 2021). This functional specialization may 
in turn provide an effective way to localize these regions 
with MRI. While the FEF has been studied extensively in 
humans and non-human primates, its precise localization 
and relationship to sulcal morphology in humans, and cor-
respondence to the macaque FEF has proven to be difficult to 
establish (Amiez and Petrides 2009; Petit and Pouget 2019; 
Schall et al. 2020; Tehovnik et al. 2000; but see Koyama 
et al. 2004). Neuroimaging evidence also suggests that FEF 
localization may be affected by substantial individual dif-
ferences (Amiez et al. 2006; Kastner et al. 2007; Paus 1996; 
see Bedini and Baldauf 2021 for a discussion). The prevail-
ing view is that the human FEF lies in the ventral bank of 
the superior precentral sulcus (sPCS), near its junction with 

the superior frontal sulcus (SFS; see Paus 1996 and Vernet 
et al. 2014, for a meta-analysis and a review of FEF localiza-
tion, respectively). However, some authors have argued that 
instead, a region localized ventrally in the dorsal branch of 
the inferior PCS (iPCS), termed the inferior FEF (iFEF, or 
sometimes the lateral FEF) may be the putative homolog of 
the macaque FEF (Kastner et al. 2007; Schall et al. 2020). 
Moreover, it has been raised the related question of whether 
the inferior FEF has been under-reported in the fMRI litera-
ture (Derrfuss et al. 2012). In topographic mapping studies, 
peaks corresponding to the iFEF have been already reported 
(Kastner et al. 2007; Mackey et al. 2017) albeit they were 
not as consistent as FEF peaks in their presence across sub-
jects and relative localization. Moreover, one study reported 
activations in the iFEF using a saccadic localizer task, which 
were clearly segregated from those elicited by a Stroop task 
(Derrfuss et al. 2012). These analyses were performed in 
native space on an individual-subject basis, which is a very 
powerful approach that allows for carefully studying dis-
sociations in adjacent neuroanatomical regions (Fedorenko 
2021). The IFJ, a region found ventrally and anteriorly rela-
tive to the iFEF, is typically localized near the junction of 
the iPCS with the inferior frontal sulcus (IFS), sometimes 
encroaching into its caudal bank (Derrfuss et al. 2005). The 
IFJ was only much more recently characterized as a separate 
brain region (based on structural; Amunts and Von Cramon 
2006; and functional criteria; Brass et al. 2005) that per-
forms both specialized (Baldauf and Desimone 2014; Bedini 
and Baldauf 2021; De Vries et al. 2021) and general domain 
processes (Assem et al. 2020; Derrfuss et al. 2005), in line 
with the multiple-demand hypothesis (Duncan 2010). Cur-
rently, however, due to the interspersed and close arrange-
ment of specialized and multiple-demand regions near the 
IFJ, common activation foci resulting from various cogni-
tive processes have not been reported yet across experiments 
(see, however, Assem et al. 2020).

Clearly, there is a need to better characterize the rela-
tionship between anatomy and functional specialization 
within the PFC. This is particularly critical, as the large 
inter-individual variability in the organization of the pre-
frontal areas and sulci (Germann et al. 2005; Juch et al. 
2005) complicates the interpretation of the results of 
previous studies and may partly explain the discrepan-
cies in the findings reported across research groups and 
methods. That such a link can in principle be successfully 
accomplished has been demonstrated in the visual system, 
where studies have shown that despite the inter-individual 
variability in the surface area of the early visual cortex 
(Benson et al. 2022), specific anatomical landmarks (i.e., 
sulci) coincide very well with the borders of early visual 
areas as derived from various sources of data, including 
cytoarchitecture, retinotopic mapping, myelin content and 
resting-state fMRI functional connectivity (Abdollahi 
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et al. 2014; Fischl et al. 2008; Glasser et al. 2016; Sereno 
et al. 1995). Hinds et al. (2008) used surface-based regis-
tration methods (Fischl et al. 1999) to identify V1 in new 
subjects from cortical folding information (i.e., the stria 
of Gennari) and showed that these methods outperformed 
volumetric methods in labeling this structure. Similarly, 
Benson et al. (2012) used folding information to predict 
visual responses within the striate cortex to a retinotopic 
mapping fMRI protocol. When moving up into the corti-
cal visual hierarchy, however, the relationships between 
cortical folding and other neuroanatomical information 
become more difficult to establish and interpret (Coalson 
et al. 2018; Glasser et al. 2016). Wang et al. (2015) created 
a probabilistic atlas of 25 topographic visual areas and 
showed that anatomical variability (as measured by the 
variance in gyral-sulcal convexity across subjects) and the 
overlap of functional activations (measured as peak prob-
ability values) were negatively correlated, particularly in 
higher-order visual areas, suggesting that the former may 
play an important role in shaping their functional organi-
zation. In one of the most comprehensive efforts to par-
cel the cortical surface with high-resolution non-invasive 
methods, Glasser et al. (2016) found that the lateral PFC 
is one of the brain districts where the intrinsic neuroana-
tomical variability is higher than in the rest of the brain 
(see also Juch et al. 2005), as measured by a decrease 
in the test–retest reliability of their multimodal parcel-
lation (MMP1). While the former limitations (i.e., the 
weaker association between cortical folding and function, 
and inter-individual variability, which particularly affects 
volumetric group-level analyses; Coalson et al. 2018) have 
posed significant challenges to the interpretation of the 
relationship between cortical folding and functional spe-
cialization in higher-order visual regions, several studies 
have shown that adopting an individual-level approach in 
defining sulci may bear important implications for under-
standing cognitive function within the PFC (Amiez et al. 
2006; Amiez and Petrides 2018; Derrfuss et  al. 2009; 
Fedorenko 2021; Miller et al. 2021). For example, the 
study by Frost and Goebel (2012) showed that, by lever-
aging the former approach and improving the alignment 
in the cortical folding patterns using a technique termed 
curvature-driven cortex-based alignment, the overlap in 
FEF localization increased by 66.7% in the left hemisphere 
and 106.5% in the right hemisphere compared to volume-
based registration in a sample of 10 subjects. These results 
suggest that the FEF is indeed strongly bound to a macro-
anatomical location (Paus 1996), and more generally the 
presence of a strong structure-to-function relationship 
in this region (see also Wang et al. 2015). In the study 
by Derrfuss et al. (2009), which again was carried out 
using an individual-level approach, 13 out of 14 subjects 
showed activations localized between the caudal bank of 

the IFS and the iPCS that corresponded to the anatomical 
description of the IFJ in a task-switching paradigm. Taken 
together, these studies point to the need to better character-
ize the relationship between sulcal morphology and func-
tional specialization within the PFC. This research line 
may in the future allow predicting functional activity from 
neuroanatomical information alone, thus accomplishing 
one of the fundamental goals of contemporary cognitive 
neuroscience in terms of inferring structure-to-function 
relationships (Amiez et al. 2006; Osher et al. 2016; Pass-
ingham et al. 2002; Saygin et al. 2012). In summary, the 
organization of the regions localized along the banks of 
the major sulci of the posterior-lateral PFC, namely the 
SFS, the sPCS, the iPCS, and the IFS, has yet to be clari-
fied spatially.

In this study, we aimed to accurately localize the FEF 
and IFJ based on standard fMRI localizer tasks. In par-
ticular, we wanted to reassess the precise localization of 
the FEF in standard space, and its relationship with the 
localization of the iFEF as inferred using saccadic func-
tional localizers in the light of recent fMRI evidence (see 
Grosbras et al. 2005, Jamadar et al. 2013, and Paus 1996, 
for previous meta-analyses using fMRI and PET experi-
ments). Further, we also wanted to re-examine the precise 
localization of the IFJ in standard space by inferring the 
convergence of activations across paradigms (Derrfuss 
et al. 2005; Muhle-Karbe et al. 2016). This information 
may provide important clues for better-interpreting acti-
vations in the posterior-lateral PFC based on combined 
structural and functional criteria. Coordinate-based meta-
analyses offer a convenient way to summarize and model 
the uncertainty in the activations found across several 
PET/fMRI experiments (Fox et al. 2014) based on spe-
cific paradigms and contrasts of interest, overcoming inter-
individual variability, and allow to establish adequately 
powered brain-behavior relationship. Here, we employed 
the activation likelihood estimation (ALE) meta-analytic 
technique to accurately infer the localization of the FEF 
and IFJ activation peaks in standard space By using the 
inferred ALE peak coordinates as seeds, we also per-
formed a meta-analytic connectivity modeling (MACM) 
analysis (Langner and Camilleri 2021) to investigate the 
coactivation profiles of FEF and IFJ in fMRI studies across 
paradigms in a data-driven fashion. Overall, the goal of 
our study is to offer some consensus and anatomical priors 
to localize these regions with fMRI, and to guide future 
non-invasive brain stimulation studies. In addition, our 
study also aims to provide meta-analytic groundwork to 
investigate the relationship between the functional spe-
cialization and connectivity of the FEF and IFJ in large 
multimodal neuroimaging datasets (e.g., the Human Con-
nectome Project; Van Essen et al. 2013).
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Materials and methods

Activation likelihood estimation fMRI meta‑analysis 
method

The ALE is a powerful meta-analytic technique that allows 
for assessing the spatial convergence of the activations 
reported in the neuroimaging literature (Eickhoff et  al. 
2012). As a coordinate-based technique, ALE takes as 
input the activation peaks reported by several independent 
neuroimaging studies and tests their significance against a 
null distribution of the foci across the whole brain (Eick-
hoff et al. 2012). This ALE feature is particularly useful 
given that in the neuroimaging literature results are usually 
reported and summarized as x, y, z coordinates in standard 
space (Talairach or MNI), rather than as full activation maps 
accompanied by a statistical summary of the effect sizes, 
and even more rarely shared in that form (for important ini-
tiatives in neuroimaging data sharing see, however, Neu-
roVault: https://​neuro​vault.​org/, Gorgolewski et al. 2015, and 
OpenNeuro: https://​openn​euro.​org/, Markiewicz et al. 2021, 
among other initiatives). This aspect becomes crucial in the 
case of brain regions that may be under-reported in the fMRI 
literature (such as the iFEF; Derrfuss et al. 2012; Kastner 
et al. 2007) or which only recently began to be included 
in the brain atlases taxonomy (such as the IFJ; Bedini and 
Baldauf 2021; Sundermann and Pfleiderer 2012). Here, we 
exploited this ALE feature by applying this technique to ana-
lyze two independent collections of fMRI studies performed 
over the last 30 years with the primary aim of accurately 
inferring FEF and IFJ localization in MNI152 space using 
the GingerALE software (v. 3.0.2; https://​www.​brain​map.​
org/​ale/). In the ALE procedure, each set of foci reported in 
a study is modeled as a three-dimensional Gaussian distri-
bution centered around the coordinates and whose width is 
determined based on the experiment sample size (Eickhoff 
et al. 2012). Larger sample sizes result in tighter Gaussians, 
which reflects lower uncertainty about the ‘true’ location 
reported, whereas lower samples lead to larger Gaussians 
that are more spread around the respective peak coordi-
nates, thus conveniently reflecting lower confidence about 
their corresponding locations. These activations are then 
combined into a modeled activation map for each experi-
ment of a study. Importantly, in the revised ALE algorithm, 
within-study effects that could result from the summation 
of adjacent foci are minimized, so that studies that reported 
activation in a higher number or more densely organized foci 
would not drive the ALE results disproportionately (Tur-
keltaub et al. 2012). By computing the union of all these 
modeled activation maps, an ALE score for each voxel in 
the brain is obtained (Eickhoff et al. 2012). The significance 
of these scores is then assessed by comparing them with 

the null distribution obtained by randomly reassigning the 
modeled activations across the whole brain with a permuta-
tion approach. Finally, the thresholded p-values are usually 
corrected for multiple comparisons using either voxel-level 
or cluster-level family-wise error (FWE). The use of uncor-
rected p-values and false discovery rate is instead generally 
not advised since it can lead to spurious findings (Eickhoff 
et al. 2016).

The present meta-analysis focused on specific cognitive 
functions (described more in detail in the 'Study selection 
criteria') in which the FEF and IFJ and the associated brain 
networks are relatively well-known to be involved. More 
specifically, in what we will refer to in the following as the 
‘FEF sample’, we applied the ALE technique to several inde-
pendent fMRI studies requiring the planning and execution 
of visually guided and voluntary eye movements, as a con-
siderable number of previous studies clearly showed that 
these types of tasks elicit activation in the FEF, and other 
eye fields (for previous meta-analyses see Cieslik et al. 2016; 
Grosbras et al. 2005; Jamadar et al. 2013; Paus 1996). In 
particular, tasks requiring the execution of prosaccades and 
antisaccades contrasted against a fixation baseline are the 
most prevalent and consensually established FEF functional 
localizer in the human fMRI literature (Amiez et al. 2006; 
Amiez and Petrides 2018; Kastner et al. 2007). In the case 
of the ‘IFJ sample’, it is arguably more difficult to pinpoint 
a widely employed functional localizer for this region, We, 
therefore, anticipate that in this sample we analyzed data 
from a more heterogeneous collection of fMRI studies inves-
tigating covert attention, working memory, and cognitive 
control across a wider range of paradigms.

Study selection criteria

The selection criteria of the sample of studies for the present 
meta-analysis followed the best-practice recommendations 
and guidelines by Müller et al. (2018). Multiple biblio-
graphic searches were performed between May 2019 and 
January 2021 (cutoff date). A final search was conducted 
with the same criteria and cutoff dates (i.e., January 1, 
1990–January 1, 2021) by the first author MB to comply 
with the updated PRISMA guidelines (Page et al. 2021) 
and as a sanity check. The selection procedure is reported 
in Figures S1 and S2 (created based on the PRISMA flow 
diagram; Page et al. 2021), which refer to the ‘FEF sample’ 
and the ‘IFJ sample’, respectively. All the bibliographical 
searches were carried out using the Web of Science (https://​
www.​webof​scien​ce.​com). We searched records in the Web 
of Science Core Collection using the keywords ‘fMRI’ AND 
‘frontal eye field’ (all fields) in the first instance, and ‘fMRI’ 
AND ‘inferior frontal junction’ (all fields) in the second. 
We complemented these results with other sources (Google 
Scholar, personal collection of articles and references 
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cited by the studies retrieved) by one of the authors (MB). 
In the FEF sample, our search identified a total of 711 
records, from which we removed all the review papers. 
665 records were further screened, and 470 of these were 
sought for retrieval to assess their adequacy with respect 
to the inclusion criteria (described below). In the IFJ sam-
ple, 375 results were identified, from which, after remov-
ing the review papers, 356 records were further screened, 
and 142 of these were sought for retrieval to assess their 
adequacy with respect to our inclusion criteria. The gen-
eral inclusion criteria consisted of the following. Each study 
selected: 1. Reported coordinates in standard space (either 
MNI or Talairach); 2. Was an fMRI study (we decided to not 
include PET studies as our goal was to keep our samples as 
homogeneous as possible in terms of the signal measured, 
the spatial resolution and analysis pipelines (Botvinik-Nezer 
et al. 2020) to make our results specific to the fMRI field); 
3. Performed on a scanner of 3 T or higher field; 4. Tested 
and reported results from healthy adults (18–60 years old; 
or an appropriate control group in the case of clinical stud-
ies); 5. The study acquired whole-brain fMRI data or with a 
FOV that was sufficiently large to cover the posterior frontal 
lobe (see Supplementary Tables 1 and 2 for the FOV of each 
study). The last group of inclusion criteria is specific to each 
sample (the FEF or the IFJ) and is primarily related to the 
type of experimental paradigm utilized in the fMRI study 
and the specific contrasts analyzed. Here, we strived to find a 
balance that would adequately represent the various localiza-
tion methods that have been pursued in the fMRI literature, 
while also assigning a higher weight in the sample to the 
more standardized and replicated localization approaches.

FEF sample inclusion criteria

The human FEF is a well-characterized region in the fMRI 
literature (Bedini and Baldauf 2021), although some uncer-
tainties persist regarding the correspondence of its locali-
zation obtained from fMRI compared with other methods 
(i.e., brain stimulation; Vernet et al. 2014) and with the 
macaque FEF (Koyama et al. 2004; Petit and Pouget 2019). 
The region is crucially involved in the top-down control of 
eye movements and spatial attention (Astafiev et al. 2003; 
Beauchamp et al. 2001; Corbetta et al. 1998; de Haan et al. 
2008), and it is considered a prominent node of the dorsal 
attention network (Corbetta and Shulman 2002; Fox et al. 
2006; Yeo et al. 2011). A very simple and time-efficient 
yet effective way to localize the FEF with fMRI is to have 
participants perform an experimental block of visually 
guided saccades toward an unpredictable peripheral target 
and contrast this activation with a fixation block (Amiez 
et al. 2006). The resulting activations—usually found near 
the junction of the SFS and the sPCS—are then assumed to 
correspond to the FEF (Paus 1996). However, depending on 

the statistical thresholds and analytical approach adopted, 
in addition to this superior cluster, often this type of con-
trast reveals a more widespread pattern of activity along the 
banks of the iPCS (Beauchamp et al. 2001; Kastner et al. 
2007; Luna et al. 1998). Therefore, this localization method 
does not seem to have adequate functional specificity if not 
combined with the additional anatomical criteria mentioned 
above. Building on this approach, the antisaccade task and 
its neural mechanisms have been extensively studied in the 
non-human primate neurophysiology literature (Munoz and 
Everling 2004), and this task has been employed as a meas-
ure of inhibitory control in healthy and clinical populations 
in humans (Hutton and Ettinger 2006). Briefly, in the anti-
saccade task, the subject is required to keep fixation until a 
visual target appears and to look at its mirror location. Com-
putationally, this requires at least two mechanisms: the first 
one inhibits a reflexive saccade towards the visual onset, and 
the second is responsible for executing a saccade towards the 
opposite location (the endpoint is in this case endogenously 
generated; Munoz and Everling 2004). fMRI studies com-
paring the regions involved in prosaccades vs antisaccades 
have found overlapping activations in the FEF, although the 
antisaccade task recruits additional regions that seem to 
reflect the greater executive demands of this task (McDowell 
et al. 2008). Within FEF, there is also increased activity in 
the antisaccade compared to the prosaccade task, which is 
particularly evident during the preparatory phase (Curtis and 
Connolly 2008; DeSouza et al. 2003: Fernandez-Ruiz et al. 
2018; Jarvstad and Gilchrist 2019). Based on these results, 
it could be hypothesized that contrasting antisaccade vs and 
prosaccade trials may offer better specificity to localize clus-
ters of activity within the FEF compared to the prosaccade 
vs fixation blocked design described earlier. Previous studies 
did not address this hypothesis directly, and it still needs to 
be tested in a within-subject design by examining the activa-
tion topographies at the individual subject level. Finally, in 
modified versions of the spatial cueing paradigm (e.g., Fan 
et al. 2005), univariate analyses contrasting valid vs neutral/
invalid trials are often used to localize all the main regions 
belonging to the dorsal attention network, which are subse-
quently used as ROIs for functional and effective connectiv-
ity analyses (for examples see Vossel et al. 2012, and Wen 
et al. 2012). It can be argued that, even though these adapta-
tions are not generally employed as independent functional 
localizers for the FEF, they may be well adept at isolating 
this region under the assumption that covert and overt shifts 
of spatial attention have a shared and overlapping source in 
this region, which seems well supported by fMRI (Astafiev 
et al. 2003; Beauchamp et al. 2001; Corbetta et al. 1998; de 
Haan et al. 2008; Jerde et al. 2012) and comparative evi-
dence (Buschman and Miller 2009; Moore and Fallah 2001; 
reviewed in Fiebelkorn and Kastner 2020). Indeed, the stud-
ies that directly investigated this question generally reported 
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a strong degree of spatial overlap, although they also sug-
gest that the signal measured in covert paradigms tends to 
be weaker than in overt tasks (Beauchamp et al. 2001; de 
Haan et al. 2008) and thus possibly less robust across fMRI 
data analysis pipelines (Botvinik-Nezer et al. 2020). Thus, 
an open question is whether oculomotor and covert spatial 
attention tasks are equally efficient in localizing the FEF.

In summary, for the reasons introduced above, we 
included in the FEF sample all the studies that investigated 
the planning and execution of visually guided and voluntary 
eye movements (prosaccades and antisaccades) as well as 
covert spatial attention using both blocked and event-related 
designs (see Figure S1 for an overview of the selection pro-
cedure following the PRISMA2020 guidelines; Page et al. 
2021), analyzing mainly the following contrasts: 1. prosac-
cades > fixation; 2. antisaccades > fixation; 3. prosaccades 
& antisaccades > fixation; 4. antisaccades > prosaccades; 
5. valid > neutral/invalid trials. Combining these contrasts 
allowed us to carry out our main analysis complemented by 
three control analyses, respectively, designed to replicate a 
previous study (Cieslik et al. 2016) and to investigate two 
additional research questions (see Supplementary Informa-
tion p. 8). In our main localizer analysis, we pooled together 
all studies that reported at least a contrast related to the plan-
ning and execution of prosaccades and antisaccades con-
trasted with a fixation baseline.

IFJ sample inclusion criteria

In contrast to the FEF, the IFJ does not have a well-estab-
lished homolog in the macaque (Bedini and Baldauf 2021; 
see, however, Bichot et al. 2015, 2019, and Neubert et al. 
2014) and its role started to be investigated only much more 
recently with fMRI (Brass et al. 2005). Its functional profile 
remains to date not well understood and is characterized by 
a remarkable functional heterogeneity (Muhle-Karbe et al. 
2016; Ngo et al. 2019). Consistent with this idea, recent 
high-resolution fMRI studies showed that the IFJ (and in 
particular, the posterior IFJ as defined according to the 
MMP1 by Glasser et al. 2016) belongs to the core multiple-
demand system of the brain (Assem et al. 2020), which iden-
tifies a set of regions that are engaged in multiple processes 
often across different cognitive domains (Duncan 2010). 
This particular position in the cognitive processing archi-
tecture arguably poses a severe challenge in trying to define 
a gold standard for an fMRI localization method for this 
region, which would allow for effectively segregating it from 
adjacent coactive regions. Several promising approaches to 
localize the IFJ at the individual level have nevertheless pre-
viously been reported from different research groups ranging 
from attention and working memory to cognitive control par-
adigms (Baldauf and Desimone 2014; Derrfuss et al. 2012; 
Zanto et al. 2010). The studies led by Brass, Derrfuss and 

colleagues were critical in establishing the IFJ as a region 
involved in task preparation and more generally in cognitive 
control (reviewed in Brass et al. 2005). In more recent stud-
ies, these processes are reflected in the distinct components 
of executive functions, such as updating and shifting the task 
set, which consistently recruit this region (Nee et al. 2013; 
Rodríguez-Nieto et al. 2022; Worringer et al. 2019).

Based on the evidence introduced above, in the IFJ sam-
ple, we decided to include attentional (i.e., rapid serial visual 
presentation (RSVP) and endogenous cueing paradigms), 
working memory (primarily n-back paradigms; Rottschy 
et al. 2012), and cognitive control paradigms (i.e., task-
switching and Stroop tasks; Worringer et al. 2019; see Fig-
ure S2 for an overview of the selection procedure following 
the PRISMA2020 guidelines; Page et al. 2021). These inclu-
sion criteria were based on Derrfuss et al. (2005), who inves-
tigated switching and Stroop paradigms, and we extended 
them to attentional and working memory paradigms that also 
tap cognitive control. The main contrasts analyzed were, 
therefore, quite heterogeneous, but can be broadly grouped 
into the following primary ones: 1. Oddball > Target trials 
in covert attention paradigms (e.g., RSVP paradigms); 2. 
Functional connectivity with a seed perceptual region (e.g., 
V4, V5, FFA) in the Attend > Ignore condition in n-back 
paradigms; 3. Switching > Repetition trials in task-switching 
paradigms; 4. Incongruent > Congruent trials in Stroop para-
digms. We carried out exploratory ALE contrast analyses 
to examine potential spatial discrepancies between the IFJ 
peaks derived from splitting up the localizer sample accord-
ing to the main cognitive function investigated (see Supple-
mentary Information p. 9 and 20–22).

In conclusion, the final sample of the included papers for 
our ALE meta-analysis was n = 51 for the FEF, and n = 30 
for the IFJ sample (see Tables S1 and S2 in the Supplemen-
tary Information for a summary of the studies, respectively). 
The number of experiments was 35 for the FEF localizer 
sample, and 32 for the IFJ localizer sample. Both sample 
sizes were within the recommended range (i.e., a minimum 
of 20 experiments) to have adequate statistical power with 
ALE as derived from empirical simulations (Eickhoff et al. 
2016).

Activation likelihood estimation procedure

All the foci from the experiments included were mapped 
from Talairach to the MNI152 space using the function pro-
vided by GingerALE (v. 3.0.2; Eickhoff et al. 2012; Lan-
caster et al. 2007; see Supplementary Information p. 8 for 
details about this step).

For the main localizer analyses (FEF and IFJ localizer 
samples), the ALE parameters were set to 5000 threshold 
permutations and a voxel-level FWE of 0.01 was applied 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.







1003Brain Structure and Function (2023) 228:997–1017	

1 3

(Eickhoff et  al. 2016) with a minimum cluster size of 
50 mm3 (corresponding to 6 voxels). Compared to cluster-
level FWE inference, which can only allow inferring that a 
given cluster is above a significance threshold as a whole, 
but critically, not that any putative region that is included in 
the cluster is individually significant on its own, voxel-level 
FWE allows to more readily interpret all the cluster extent 
as well as its peak location from the main localizer samples 
anatomically (Eickhoff et al. 2016). Moreover, our sample 
sizes ensured that these clusters would not be driven by a 
contribution exceeding 50% of any individual study (Eick-
hoff et al. 2016), therefore allowing us to interpret individual 
voxel ALE values as a proxy for the most active location 
across experiments. When retrieving the relevant foci, we 
first grouped the studies by a subject group rather than by 
experiment. This was done because grouping by subject 
group further minimizes within-study effects (Turkeltaub 
et al. 2012). When a single experiment reported multiple 
contrasts of interest, we, therefore, pooled them under the 
same subject group. We note that however, in all cases in 
which the studies reported more than one contrast of interest 
they were drawn from the same experiment (with very few 
exceptions; see Tables S1 and S2), so our strategy did not 
unfairly pool together partially independent observations and 
was practically almost equivalent to grouping by experiment. 
When an experiment failed to report significant activation 
for some ROIs, we used the lower number of subjects that 
had above threshold activations in all ROIs from a contrast 
of interest if this information was available. To validate the 
results of the main ALE analyses and to further assess the 
reliability of the ALE peaks found, we also carried out a 
leave-one-experiment-out procedure (LOEO; Eickhoff et al. 
2016) on the main FEF and IFJ localizer samples using the 
same foci grouping strategy. Since we found identical ALE 
peaks as in the main ALE analyses using 1000 threshold 
permutations, we performed the LOEO procedure with the 
same parameter to reduce computational times.

Activation likelihood estimation control analyses

We carried out two control analyses in the FEF and IFJ 
localizer samples to rule out potential biases in our main 
ALE results. As we were mainly interested in inferring the 
localization of the FEF and IFJ, we decided to include stud-
ies with partial brain coverage. We motivated this choice 
by accepting the tradeoff between having access to a larger 
sample of experiments for these regions, as opposed to hav-
ing less sensitivity in detecting other regions that are consist-
ently active during the tasks included (which, however, are 
not the main focus of the present study), but not reported 
simply due to the lack of whole-brain brain coverage. The 
inclusion of studies with partial brain coverage is, however, 
generally not recommended in ALE analyses (Müller et al. 

2018). In our first set of control analyses, we have, there-
fore, excluded those studies based on the FOV parameters 
reported in the study (see Tables S1 and S2) or the author’s 
description of the fMRI data acquisition. This led to the 
exclusion of two experiments from the FEF sample (Amiez 
and Petrides 2018, and Berman et al. 1999), and one study 
in the IFJ sample (Sreenivasan et al. 2014). For this control 
analysis, the ALE parameters were set to 5000 threshold per-
mutations and a voxel-level FWE of 0.01 with a minimum 
cluster size of 50mm3. The second set of control analyses 
was carried out to rule out another potential source of biases, 
namely ROI analyses (Müller et al. 2018). These analyses 
imply restricting the assessment of statistical significance by 
some form of spatial masking. In this case, we excluded all 
the studies that either carried out ROI analyses or that only 
reported their results for specific ROIs (or even only FEF 
and IFJ foci; see Tables S1 and S2). This led to an impor-
tant decrease in both the FEF and IFJ localizer sample sizes 
(to 16 and 22 eligible experiments, respectively). The ALE 
parameters were set to 5000 threshold permutations and a 
voxel-level FWE of 0.01 with a minimum cluster size of 
50 mm3, as in our main localizer analyses.

Comparison method of the ALE clusters and peaks 
with previous coordinate‑based meta‑analyses, 
relationship to macro‑anatomical information 
and the MMP1

To interpret our results more carefully, we compared the 
clusters obtained from our ALE main localizer analyses with 
the results from previous meta-analyses results and brain 
atlases (Derrfuss et al. 2005; Glasser et al. 2016; Klein and 
Tourville 2012; Paus 1996). First, we described the anatomi-
cal location of each cluster and assigned the corresponding 
BA using the Talairach Daemon in GingerALE (Lancas-
ter et al. 2000). Second, to compare our results with pre-
vious meta-analyses (Derrfuss et al. 2005; Paus 1996), we 
mapped our ALE peaks to the Talairach space using the 
transformation developed by Lancaster et al. (2007) with 
GingerALE (MNI (FSL) to Talairach; see Table 3). Third, 
to relate our results to surface-based atlases (Klein and Tour-
ville 2012; Glasser et al. 2016), we followed two distinct 
approaches. The Mindboggle 101 atlas (Klein and Tourville 
2012) describes the macro-anatomical organization of the 
human brain as delineated by sulcal and gyral information. 
The atlas was recently mapped to the MNI152 non-linear 
symmetric template (Manera et al. 2020), thus we manually 
imported this atlas in FSL and in FSLeyes as described in 
this GitHub repository: The-​Mindb​oggle-​101-​atlas-​in-​FSL. 
We assigned one of the Mindboggle 101 labels to each of the 
ALE peak coordinates using the atlasquery command-line 
tool with FSL (v. 6.0.3; Jenkinson et al. 2012). For atlases 
that were released and best interpreted in a surface format, 
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such as the MMP1 (Glasser et al. 2016; see Coalson et al. 
2018 for an in-depth discussion), we instead employed the 
mapping technique developed in Wu et al. (2018) to regis-
ter our ALE results from the MNI152 space to FSaverage 
(Fischl et al. 1999). A version of the MMP1 mapped to the 
FSaverage surface was made available using the method 
described in Mills (2016; https://​figsh​are.​com/​artic​les/​datas​
et/​HCP-​MMP1_0_​proje​cted_​on_​fsave​rage/​34984​46). Once 
we mapped the ALE clusters to this surface, we also mapped 
the MNI152 coordinates corresponding to each ALE peak 
to a vertex on the inflated surface and we assigned each of 
these to the respective MMP1 labels (Table 3). To describe 
the anatomical labels associated with each ALE cluster using 
more specific labels (compared to the Talairach Daemon), 
we used a volumetric version of this atlas for convenience. 
The source files that were used to import the atlas are the 
same as in Huang et al. (2022). The volumetric version of 
the MMP1 was manually imported in FSLeyes as described 
in this GitHub repository: The-​HCP-​MMP1.0-​atlas-​in-​FSL.

Meta‑analytic connectivity modeling method

We exploited the ALE peaks obtained from the main local-
izer analyses to perform a data-driven analysis of the coacti-
vation patterns of the FEF and the IFJ across the whole brain 
to uncover their task-based fMRI functional connectivity 
fingerprint (Langner and Camilleri 2021). We, therefore, 
retrieved all the papers matching specific criteria (described 
below) from the BrainMap database using Sleuth (https://​
www.​brain​map.​org/​sleuth/; Fox and Lancaster 2002), and 
we analyzed these foci by employing the MACM technique 
(Langner and Camilleri 2021). This technique leverages 
the ALE algorithm and allows inferring all the regions that 
coactivate with a given seed region that is selected a priori. 
This analysis also allowed us to perform a reverse inference 
on these coactivation patterns (Poldrack 2011). More specifi-
cally, we sought to functionally decode and characterize the 
various behavioral domains that are significantly associated 
with each of these using a standardized taxonomy (Fox et al. 
2005) via the Mango software (v. 4.1) behavioral analysis 
plugin (v. 3.1; Lancaster et al. 2012).

The studies were retrieved from the BrainMap database 
using Sleuth according to the following fields (all linked 
using the ‘AND’ operator): in the Experiment field, the 
“context” field was set to “normal mapping”, in the “activa-
tion” field we searched for “activations only”, with “Imag-
ing modality” being set to “fMRI”. Finally, four separate 
searches were conducted in the BrainMap database by setting 
the “locations” field as corresponding to each left hemisphere 
(LH) and right hemisphere (RH) seed region (LH FEF, RH 
FEF, LH IFJ, and RH IFJ). We first transformed each seed 
location from MNI152 to Talairach space (which is the stand-
ard in Sleuth and also used internally by Mango’s behavioral 

plugin) using the transformation by Lancaster et al. (2007; 
the FSL transformation) and we created cuboid seeds of 
6 mm centered around the respective ALE peaks. With these 
criteria, we were able to retrieve a range of 19 to 53 studies 
across seed locations. We retrieved 26 studies (27 experi-
ments) for the LH FEF seed, 19 studies (19 experiments) for 
the RH FEF seed, 53 studies (59 experiments) for the LH IFJ, 
and 31 studies (31 experiments) for the RH IFJ. We note that 
the different number of studies retrieved possibly reflects a 
combination of the increased base probability of finding acti-
vations within a specific ROI (Langner et al. 2014) but also 
the fact that some ROIs tend to participate in multiple func-
tional networks (Langner and Camilleri 2021), which seems 
to fit well with the role of the IFJ in the frontoparietal net-
work (Cole et al. 2013). Crucially, these sample sizes allowed 
for adequately powered inference using ALE (Eickhoff et al. 
2016). Therefore, we used all the foci retrieved separately 
from each seed location as inputs for GingerALE. The ALE 
parameters were set to an 0.001 uncorrected p value, 1000 
threshold permutations, and a cluster-level FWE of p < 0.01. 
In the functional decoding analysis, we used the same 6 mm 
cuboid seeds as in the MACM analysis centered around the 
respective FEF and IFJ ALE peaks. Associations with behav-
ioral domains were considered statistically significant when 
their z score was ≥ 3, corresponding to a threshold of p < 0.05 
(Bonferroni corrected).

Results

FEF and IFJ localizer samples ALE main clusters

In the FEF localizer sample, the activations converged most 
strongly in two main clusters localized in the left and right 
posterior dorsolateral PFC. Two ALE peaks were found 
near the junction of the sPCS with the SFS, localized in 
the anterior (in the LH) and posterior (in the RH) banks 
of the sPCS (Fig. 1). These peaks match well the classical 
description of the human FEF as inferred with fMRI (Petit 
and Pouget 2019; Vernet et al. 2014). Our LOEO procedure 
overall confirms the reliability of the localization of these 
ALE peaks (see Table 3; LH: 26/35; RH: 23/35). In the IFJ 
localizer sample, the activations converged most strongly in 
two main clusters localized in the left and right posterior 
ventrolateral PFC. These clusters extended both in the dor-
sal and ventral portion of the iPCS, partially encroaching 
on the IFS (see Fig. 1). The cluster in the right hemisphere 
was slightly smaller and spatially more focused compared 
to the cluster in the left hemisphere. Crucially, in both clus-
ters, we found that the ALE peaks were localized along the 
posterior bank of the iPCS, near its ventral junction with 
the IFS, which closely matches the description of the IFJ 
(Derrfuss et al. 2005; Muhle-Karbe et al. 2016). Again, our 
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LOEO procedure overall suggests that these ALE peaks are 
highly reliable across experiments (see Table 3; LH: 31/32; 
RH: 24/32).

FEF localizer sample ALE results—FEF lateral peak 
and other significant clusters

In the left hemisphere, we also found a lateral peak within 
the main FEF cluster, which was localized on the bank of 
the iPCS, dorsal to its junction with the IFS (see Fig. 2). 
This lateral peak corresponds to what has been previously 
referred to as the inferior or the lateral FEF (Derrfuss et al. 
2012; Kastner et al. 2007; Luna et al. 1998). In addition to 
the main FEF clusters in the left/right PFC, the ALE tech-
nique revealed three other consistently activated clusters. 
These clusters were localized in the medial frontal gyrus and 
the left/right posterior parietal cortex (Table 1). The cluster 
in the medial frontal gyrus comprised the SCEF (Amiez 
and Petrides 2009) and the dorsal cingulate motor cortex 
(Glasser et al. 2016). In the posterior parietal cortex, two 

bilateral superior clusters spanned the precuneus and the 
SPL (Scheperjans et al. 2008a, b), and an additional cluster 
was found in the right anterior intraparietal area (Glasser 
et al. 2016; Numssen et al. 2021).

IFJ localizer sample ALE results—other significant 
clusters

In addition to the main IFJ clusters in the left/right PFC, we 
found seven consistently activated clusters forming a broad 
frontoparietal network (see Fig. 3). In the frontal cortex, 
the first cluster was localized in the dorsal anterior cingu-
late cortex (dACC) and SCEF (Amiez and Petrides 2009; 
Glasser et al. 2016), a second in the left precentral gyrus 
(within the putative FEF), and finally, two other clusters 
were localized in the bilateral insular cortex and claustrum 
(Table 2). Posteriorly, we also found a cluster in the left 
SPL/inferior parietal lobule (IPL), and a smaller cluster in 
the right SPL/IPL (Numssen et al. 2021; Scheperjans et al. 
2008a, b).

Fig. 1   FEF and IFJ localizer 
samples—ALE main clusters. A 
ALE results from the FEF local-
izer sample. Two main clusters 
were found in the posterior 
dorsolateral PFC, which corre-
sponds to the description of the 
anatomical location of the FEF 
(Paus 1996; Vernet et al. 2014). 
The FEF peaks were localized 
at the junction of the sPCS and 
the SFS, in the anterior (in the 
LH) and posterior (in the RH) 
banks of the sPCS. B ALE 
results from the IFJ localizer 
sample. Two main clusters were 
found in the posterior ventrolat-
eral PFC, and their respective 
peaks were localized along the 
posterior bank of the iPCS, near 
its ventral junction with the 
IFS. The location of these peaks 
and the corresponding MNI152 
coordinates match the descrip-
tion of the IFJ (Derrfuss et al. 
2005; Muhle-Karbe et al. 2016)
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Control analyses ALE results

The results of the control analysis excluding studies with 
partial brain coverage replicated our main localizer results, 
both in terms of the inferred ALE peaks and of the number 
and anatomical localization of the significant clusters. In 
the FEF sample, the ALE peaks coincided with the main 
analysis, and the only difference that emerged was a minor 
shift of the left iFEF peak (from MNI152: − 48, − 2, 40 
to − 46, − 2, 38). In the IFJ sample, the ALE peaks again 

coincided with the results of our main analysis. The results 
of the second control analysis where we excluded all ROI 
analyses again matched well with our main results in terms 
of the inferred ALE peaks but had important differences 
regarding the number and anatomical localization of the 
significant clusters. The results of this control analysis are 
reported in the Supplementary Information (see Tables S6 
and S7 for the FEF and IFJ samples, respectively). In the 
FEF sample, the cluster with the highest ALE value was 
now localized primarily in the left medial frontal gyrus, 
including the SCEF. The second and third larger clusters 
were, however, again localized in the left and right FEF, 
respectively, and were of the same size approximately. 
The inferred FEF ALE peaks were almost identical to 
our main results (LH main: − 28, − 6, 54 vs no ROI con-
trol: − 28, − 6, 56; and RH main: 30, − 6, 50 vs no ROI 
control: 28, − 6, 50; all the coordinates are in MNI152 
space). However, in contrast to our main analysis results, 
the left FEF cluster did not spread onto the iPCS and there 
was not any peak corresponding to the iFEF. Interestingly, 
we also found a second peak in the right FEF cluster, 
which was lateral relative to the first, although still local-
ized within the sPCS (40, − 4, 50). In the IFJ sample, the 
most prominent clusters were localized in the left and right 
IFJ, replicating our main analysis results. Their ALE peak 
exactly matched those from our main results in the left 
hemisphere (− 42, 6, 30) but had some slight differences 
in the right hemispheres, where we found two peaks with 
similar ALE values (main: 46, 12, 28 vs no ROI control: 
46, 10, 26, and 42, 8, 30). This indicates some residual 
variability in the localization of the right IFJ, which was 
not detectable in our main analysis results.

Spatial relationship of the main FEF and IFJ 
ALE clusters and peaks with previous 
coordinate‑based meta‑analyses, macro‑anatomical 
information and the MMP1

The comparison of the FEF and IFJ ALE peaks from the 
localizer samples analyses overall shows good spatial 

Fig. 2   FEF localizer sample ALE results—FEF lateral peak and other 
significant clusters. In the FEF localizer analysis, we also found a lat-
eral peak in the LH, which was localized near the bank of the iPCS, 
dorsal to its junction with the IFS, corresponding to the iFEF (Der-
rfuss et al. 2012; Kastner et al. 2007). It is unclear whether this region 
should be considered part of the FEF proper (Glasser et  al. 2016; 
Mackey et al. 2017). We found three other significant clusters local-
ized in the supplementary and cingulate eye field (SCEF) and the dor-
sal cingulate motor cortex, and the precuneus/superior parietal lobule 
(SPL) and the right anterior intraparietal area. These areas form some 
of the core control structures of the oculomotor network (Coiner et al. 
2019)

Table 1   FEF localizer sample 
ALE results

Cluster Macroanatomical location Hemi MNI152 coordi-
nates

ALE value Volume (mm³) BA

x y z

1 Precentral Gyrus L −28 −6 54 0.0736 4960 6
Precentral Gyrus L −48 −2 40 0.0293 6

2 Precentral Gyrus R 30 −6 50 0.0624 4304 6
3 Medial Frontal Gyrus L/R 0 0 58 0.0548 3088 6
4 Precuneus L −22 −58 56 0.0418 1568 7
5 Precuneus R 24 −60 56 0.0376 1104 7
6 Inferior Parietal Lobule R 36 −46 48 0.0262 176 40
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correspondence with results from previous meta-analyses 
and the MMP1, but with some important differences that 
are worth examining in detail (see Table 3). The FEF ALE 
peaks from our results are localized much more medially and 
posteriorly relative to the results reported in Paus (1996), 
highlighting marked spatial differences with this landmark 
FEF meta-analysis. In contrast, the IFJ ALE peaks are virtu-
ally identical to those reported in the study by Derrfuss et al. 
(2005; with slightly less agreement in the RH), where the 

authors also employed the ALE technique in one of its ear-
lier implementations. Macro-anatomically, according to the 
Mindboggle 101 atlas (Klein and Tourville 2012; Manera 
et al. 2020), the LH FEF and RH FEF peaks lie within the 
caudal middle frontal gyrus (in BA 6) and not in the pre-
central gyrus, as previously assumed based on non-human 
primate evidence (Bruce et al 1985; Schall et al. 2020, and 
Tehovnik et al. 2000, for reviews). These results are consist-
ent with the few pieces of evidence available on the delinea-
tion of this region based on cytoarchitecture in post-mortem 
studies (Rosano et al. 2003; Schmitt et al. 2005). While the 
left IFJ ALE peak was found in the precentral gyrus (in BA 
6), interestingly the right IFJ ALE peak was instead local-
ized within the pars opercularis (in BA 9). The distinctive 
architecture of the IFJ remains elusive, but these peaks agree 
with the evidence that this area is localized in several Brod-
mann areas (BA6, 8, 9, 44 and 45), and may correspond to a 
specific cyto- and chemo-architecture found dorsal to BA44 
(Amunts and Von Cramon 2006; for a recent fine-grained 
analysis of its architecture see Ruland et al. 2022).

Finally, in our opinion, the most interesting results of these 
comparisons were those obtained from the projection of our 
main FEF and IFJ clusters on the FSaverage surface using the 
method from Wu et al. (2018) where we could carefully examine 
their spatial relationship with the MMP1 (see Fig. 4). The FEF 
clusters covered almost the entire middle and anterior part of 
the FEF (as defined by the corresponding MMP1 label) but also 
large parts of the middle and posterior 6a region. Moreover, the 
left and right hemisphere ALE peaks were found within area 
i6-8 and area 6a, anteriorly and dorsally relative to the FEF, 
respectively. The IFJ clusters instead spanned multiple MMP1 
labels, including areas PEF, 6r, IFJp and IFJa. While in the left 
hemisphere, the majority of the vertices of the cluster were local-
ized in the middle and posterior aspect of the IFJp, in the right 
hemisphere most of the vertices were localized in the ventral 6r 
region. Crucially, in both hemispheres, however, the ALE peaks 
were localized in the latter region, ventral to the IFJp.

Fig. 3   IFJ localizer sample ALE results—Other significant clusters. 
In addition to the bilateral IFJ clusters, we found significant activa-
tions in the dACC/SCEF, the left FEF, in two clusters in the insular 
cortex and claustrum (not visible in the LH), and finally, in the SPL/
IPL. Given that these areas were activated across different paradigms, 
we suggest that they could be associated with the “encoding and 
updating of task-relevant representations” as first hypothesized by 
Derrfuss et  al. (2005; see also Rodríguez-Nieto et  al. 2022). These 
areas mostly belong to the frontoparietal network (Yeo et al. 2011)

Table 2   IFJ localizer sample 
ALE results

NA = Not Available

Cluster Macroanatomical location Hemi MNI152 coordi-
nates

ALE value Volume (mm³) BA

x y z

1 Precentral Gyrus L −42 6 30 0.0658 3488 6
2 Inferior Frontal Gyrus R 46 12 28 0.0597 3016 9
3 Medial Frontal Gyrus L −2 18 44 0.0574 2328 6
4 Superior Parietal Lobule L −30 −54 48 0.0445 1504 7

Precuneus L −26 −66 44 0.0388 7
5 Precentral Gyrus L −28 −4 54 0.0578 1208 6
6 Superior Parietal Lobule R 34 −56 48 0.0408 800 7
7 Claustrum R 32 22 −2 0.0386 728 NA
8 Claustrum L −30 18 2 0.0343 424 NA
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Meta‑analytic connectivity modeling results

The MACM analysis of the FEF and IFJ revealed a broad set 
of regions that coactivated with these seeds in the BrainMap 
database encompassing the frontal, parietal and temporal 
cortices (see Fig. 5). The LH FEF seed coactivated with six 
other clusters (see Fig. 5A), and the RH FEF coactivated 
with eight other clusters (Fig. 5B). Interestingly, while these 
FEF coactivations included as expected medial oculomotor 
regions (the SCEF) and the SPL/IPL, in both analyses we 
found coactivated clusters in the bilateral ventral PFC, which 
included parts of the iFEF and the IFJ based on their locali-
zation relative to the iPCS and the IFS. The LH IFJ coacti-
vated with a broad set of other nine clusters (Fig. 5C), and Ta
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Fig. 4   Projection on FSaverage of the FEF and IFJ main clusters and 
comparison with the MMP1. A Vertices corresponding to the FEF 
clusters. Both clusters covered the middle and rostral parts of the FEF 
label as defined according to the MMP1 atlas, but they also covered 
large parts of area 6a. In the LH, vertices were also localized in the 
iFEF, which matches almost exactly the boundaries of area PEF from 
the atlas. The LH FEF ALE peak was localized within area i6-8, just 
anterior to the FEF, and the RH FEF ALE peak was localized within 
area 6a, dorsal to FEF. Despite this difference, both peaks were local-
ized near the junction of the sPCS and the SFS, in the anterior bank 
and the posterior banks of the sPCS, respectively. B Vertices corre-
sponding to the IFJ clusters. They showed a similar elongated shape 
that approximately followed the posterior iPCS and encroached onto 
the IFS, and they spanned multiple MMP1 areas. Importantly, we 
found that in both hemispheres the IFJ ALE  peaks were localized 
near the junction of the iPCS and the SFS within area 6r, posteriorly 
to the IFJp
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the RH IFJ coactivated with five other clusters (Fig. 5D). The 
coactivations of these bilateral seeds spread onto the IFS and 
ventrally in the insular cortex and claustrum. Again, these 
coactivations included clusters in the SCEF, the SPL/IPL 
and the angular gyrus. In contrast to the FEF coactivations, 
where the bilateral IFJ was always coactivated, we did not 
find FEF coactivations in the IFJ MACM results, except for 
the ipsilateral FEF in the LH IFJ MACM analysis. Another 
crucial difference was that in this analysis, we found a large 
cluster in the left temporal lobe that included the fusiform 
gyrus and the inferior occipital cortex. We confirmed these 
patterns by performing an ALE contrast analysis between 
the FEF and IFJ MACM results in each hemisphere (see 
Supplementary Information p. 23). To summarize, while 
the FEF MACM analysis showed that this region is consist-
ently coactivated with the ventrolateral PFC and regions in 
the posterior parietal cortex across paradigms, the IFJ had 
more widespread coactivation patterns (particularly in the 
LH), being more strongly connected with the rest of the PFC 
and with the insular cortex and claustrum, and possessing a 
differential connectivity pattern with regions of the inferior 
temporal cortex. In contrast, we found differential coactiva-
tions of the LH and RH FEF with the ipsilateral precuneus/
SPL and lateral intraparietal areas. In addition to revealing 
the task-based functional connectivity fingerprint of these 
regions, our functional decoding approach also allowed us to 

uncover the behavioral domains significantly associated with 
each of them (Fig. 5, right side of each panel; see Supple-
mentary Information p. 23 for a summary of these results).

Discussion

The PFC is essential to several aspects of flexible goal-
driven behavior that are mediated by specialized brain 
regions (Fuster 2001; Miller and Cohen 2001; O’Reilly 
2010). The FEF and the IFJ have been primarily implicated 
in covert spatial attention and oculomotor control on the 
one hand (Fiebelkorn and Kastner 2020; Vernet et al. 2014), 
and attention, working memory, and cognitive control on the 
other (Bedini and Baldauf 2021; Brass et al. 2005). Their 
localization has been traditionally associated with the major 
sulci of the posterior-lateral PFC, namely the SFS and the 
sPCS, and the iPCS and the IFS, respectively (Amiez et al. 
2006; Derrfuss et al. 2009). Due to the large body of empiri-
cal work that has accumulated over the past years on these 
regions (Bedini and Baldauf 2021) and the parallel develop-
ment of more robust meta-analytic techniques for neuroim-
aging data (Fox et al. 2014), we felt the need to re-examine 
the previous results in light of the current evidence, with a 
specific focus on overcoming discrepancies in the definition 
and localization of these regions using fMRI in humans. In 

Fig. 5   Meta-analytic connectivity modeling results. A and B depict 
the coactivation profiles of the FEF, and C and D depict the coac-
tivation profiles of the IFJ. On the right side of each panel: decod-

ing results of the significant associations with behavioral domains 
(p < 0.05, Bonferroni corrected)
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particular, in this study, we sought to accurately estimate 
the precise localization of these regions in standard space 
by performing a coordinate-based meta-analysis using the 
ALE technique (Eickhoff et al. 2012). To model the spa-
tial convergence of activations within the FEF, we analyzed 
data from 35 fMRI studies (35 experiments) that investigated 
the planning and execution of prosaccades and antisaccades 
contrasted against a fixation baseline in 449 subjects. To 
model the spatial convergence within the IFJ, we analyzed 
data from 30 fMRI studies (32 experiments) that investigated 
visual attention, working memory, and cognitive control, 
in 563 subjects. In contrast to previous ALE meta-analy-
ses that relied on the false discovery rate (Derrfuss et al. 
2005; Grosbras et al. 2005; Jamadar et al. 2013), our study 
implemented a much more conservative method for multiple 
comparisons correction, namely voxel-level FWE, follow-
ing the recommendations of Eickhoff et al. (2016). We also 
included only higher field fMRI studies (3 T and 4 T) to 
make our inference spatially more reliable. Moreover, test-
ing for significance in each voxel individually enabled us 
to carry out a fine-grained assessment of activations across 
experiments. Crucially, we found that by modeling activity 
across studies (thus partially overcoming inter-individual 
variability), sulcal landmarks are indeed consistently asso-
ciated with both regions, as indicated by the location of the 
ALE peak values (see Fig. 1 and Table 3). Our results thus 
suggest a robust association of structure and function in 
these higher PFC regions (Frost and Goebel 2012; Miller 
et al. 2021; Van Essen 2007; Wang et al. 2015), analogous 
to what previous studies have shown in early visual regions 
(Benson et al. 2012; Hinds et al. 2008). We suggest that this 
association should be examined by future fMRI studies more 
systematically at the individual-subject level (Amiez et al. 
2006; Amiez and Petrides 2018; Derrfuss et al. 2009, 2012). 
Given the limitations of previous meta-analyses (Derrfuss 
et al. 2005; Grosbras et al. 2005; Jamadar et al. 2013; Paus 
1996), we recommend using the coordinates reported in the 
present study to define the FEF and IFJ based on the ALE 
technique.

FEF localization in standard space

The FEF is arguably one of the most important regions of a 
network involved in the planning and execution of saccadic 
eye movements and has been extensively studied in primates 
(Schall et al. 2020; Tehovnik et al. 2000). In humans, this 
network comprises a set of regions in the lateral and medial 
frontal cortex, posterior parietal cortex, and subcortical 
nuclei (Corbetta et al. 1998; Grosbras et al. 2005), and has 
been mainly investigated with fMRI over the past 25 years, 
enabling to characterize their respective functions (Coiner 
et al. 2019; McDowell et al. 2008). Following the crucial 
foundation set by non-human primate neurophysiology 

(Bruce et al. 1985; Buschman and Miller 2009; Moore and 
Fallah 2001), the human FEF has not only been implicated in 
visually guided and voluntary saccades, and other oculomo-
tor behaviors (Vernet et al. 2014), but also in covert shifts 
of spatial attention, spatial working memory, and also more 
complex executive functions (Fiebelkorn and Kastner 2020; 
Vernet et al. 2014). Converging lines of research suggest that 
the FEF acts as a spatial priority map (Fiebelkorn and Kast-
ner 2020; Jerde et al. 2012; Sprague and Serences 2013). 
The localization of the human FEF is, however, highly 
debated and affected by strong spatial variability (Bedini 
and Baldauf 2021; Vernet et al. 2014), possibly due to inter-
individual differences that are obscured when reporting 
group-level results. Previous ALE meta-analyses provided 
evidence of consistent activations within FEF across PET 
and fMRI experiments investigating prosaccades and anti-
saccades (Cieslik et al. 2016; Grosbras et al. 2005; Jamadar 
et al. 2013). However, given the coarser spatial resolution 
of PET and low-field strength MRI scanners (i.e., 1.5 T) and 
acquisition methods that were included in these previous 
meta-analyses, these studies were only partially able to accu-
rately infer spatial convergence across experiments, as well 
as dissociations across paradigms and contrasts. In addition, 
some of these studies relied on earlier implementations of 
the ALE technique, which allowed for within-study effects 
(Turkeltaub et al. 2012), and critically, more liberal statisti-
cal thresholds and multiple comparisons correction methods 
(Eickhoff et al. 2016). Finally, another aspect that is difficult 
to evaluate retrospectively was the finding of two errors in 
the multiple comparisons correction step in earlier imple-
mentations of GingerALE (Eickhoff et al. 2017), which pre-
sumably affected the meta-analyses published prior to that 
report. In this study, we attempted to overcome some of these 
limitations by applying a conservative multiple comparisons 
correction method and by including higher field fMRI stud-
ies (i.e., 3 T or 4 T) to accurately infer the localization of 
the human FEF in standard space. Our ALE results, obtained 
by analyzing prosaccades > fixation, antisaccades > fixation, 
and prosaccades and antisaccades > fixation contrasts across 
35 fMRI experiments (see Table S1), show that the high-
est spatial convergence based on the ALE value was found 
within two bilateral clusters in the dorsolateral PFC, local-
ized in the anterior bank of the sPCS, near its junction with 
the SFS (see Fig. 1; Table 2). The comparison with one of 
the most comprehensive brain parcellations available to date 
(the MMP1 by Glasser et al. 2016) revealed some interest-
ing spatial relationships with our results. We found that the 
FEF ALE peaks did not match the corresponding label from 
the atlas, suggesting that there may be important differences 
in the way the FEF is defined across methods. The MMP1 
was created by a careful semi-manual delineation combining 
structural MRI (cortical thickness and myelin ratio), resting-
state fMRI connectivity, and retinotopic mapping techniques 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.





1011Brain Structure and Function (2023) 228:997–1017	

1 3

(Glasser et al. 2016). Additionally, fMRI contrasts from nine 
tasks were also employed to infer areal boundaries, which 
were chosen to optimally balance breadth vs depth and scan 
time (Elam et al. 2021). Although we regard the MMP1 as a 
step change in our understanding of brain organization, and 
of the fine-grained organization and structure of the PFC 
in humans and non-human primates (Donahue et al. 2018), 
we would like to suggest that more information gathered 
from task-based fMRI will be needed to better understand 
the functional subdivision of the posterior-lateral PFC. More 
specifically, following the labeling scheme proposed by the 
MMP1, major efforts should be made to isolate FEF activ-
ity from posterior activity in the premotor cortex on the one 
hand (area 6d), and from a newly discovered language selec-
tive region (area 55b) that borders the FEF ventrally on the 
other (Glasser et al. 2016). Ultimately, future developments 
of a functional localization method will facilitate the con-
vergence of atlas-based and meta-analytic fMRI information 
to allow the delineation of anatomical clusters of activation 
within FEF with adequate functional specificity.

In this direction, the seminal fMRI study by Mackey et al. 
(2017) identified three distinct visual field maps in the PFC 
localized in the sPCS (sPCS1 and sPCS2) and the iPCS. 
By examining the correspondences between their results 
and the MMP1 (see Fig. 8 from their study), they found 
that the sPCS2 corresponded to the FEF, while the sPCS1 
corresponded to areas 6a and 6d. Interestingly, they also 
reported that in all subjects and both hemispheres, the foveal 
representation was localized in the fundus of the sPCS, at its 
intersection with the SFS. This description closely matches 
the localization of our ALE peaks, which raises the question 
of whether the fMRI contrasts we included in the present 
meta-analysis could be targeting specific neural populations 
within the FEF. It is well established that in the macaque, 
a population of neurons shows increased firing rates when 
the animal is fixating and is inhibited when executing sac-
cades (hence termed ‘fixation’ neurons; Hanes et al. 1998; 
Lowe and Schall 2018). Are these neural populations also 
present in humans, and how are they distributed within the 
FEF? What is the role of saccadic amplitude in isolating 
peaks of activity within the FEF (see Grosbras 2016)? An 
additional aspect that may be worth investigating is whether 
the activations found in one or more of these clusters (for 
example, the iFEF) are dependent on some artifacts present 
in the experimental design or analysis. In the 35 experiments 
we analyzed, 10 did not record eye movements in the scan-
ner (see Table S1), leaving open the possibility that some of 
these clusters may have also been driven by spurious neural 
activity that was not exclusively related to saccadic behav-
ior. It is well documented that eye blinks can contaminate 
BOLD signal (Bristow et al. 2005; Hupé et al. 2012), and 
this fact was invoked to explain discrepancies in the oculo-
motor organization in primates (Tehovnik et al. 2000) and as 

a signal driving iFEF responses (Amiez and Petrides 2009; 
Kato and Miyauchi 2003). In conclusion, we strongly agree 
with the general caveat that the way the FEF is defined is 
ultimately constrained by the technique employed (Schall 
et al. 2020; Vernet et al. 2014), and in particular its spa-
tial resolution. The localization and the extent of the FEF 
cluster should be inferred based on the convergence of mul-
tiple criteria (primarily architectonic, sulcal, functional, 
connectional, and also comparative). In the present study, 
we provided a standard using ALE, which we suggest can 
lead to clarifying how inter-individual variability affects 
FEF localization and its relationship to sulcal organization 
(Amiez et al. 2006; Glasser et al. 2016). Refinements in 
the careful mapping of the human FEF will be essential to 
bridge research in humans and non-human primates and for 
testing hypotheses about homologies in the organization of 
the PFC across species, for example, based on connectivity 
information (Hutchison et al. 2012; Mars et al. 2021; Neg-
gers et al. 2015; Sallet et al. 2013).

IFJ localization in standard space

The study of the role of the ventrolateral PFC in various 
cognitive functions such as visual attention, working mem-
ory, and cognitive control led to the definition of the IFJ 
as a separate brain region involved in critical aspects of all 
these functions (Baldauf and Desimone 2014; Brass et al. 
2005; Derrfuss et al. 2005; Zanto et al. 2010). This region 
appears to be tightly coupled with specific sulcal landmarks 
(Derrfuss et al. 2009) and belongs to the frontoparietal net-
work (Cole and Schneider 2007; Yeo et al. 2011). In this 
study, we pooled together results from the various tasks 
that have been used to localize this region (see Table S2) 
ranging from attentional (i.e., RSVP/oddball; Asplund et al. 
2010; and endogenous cueing paradigms; Baldauf and Desi-
mone 2014; Zhang et al. 2018), working memory (primarily 
n-back paradigms; Rottschy et al. 2012; Zanto et al. 2010), 
and cognitive control paradigms (i.e., task-switching and 
Stroop tasks; Derrfuss et al. 2012). Following a previous 
ALE meta-analysis (Derrfuss et al. 2005), we reasoned that 
the spatial convergence across these paradigms (rather than 
a single task and/or contrast) would allow us to accurately 
infer the localization of the IFJ in standard space. Consist-
ent with our hypothesis, we found two prominent clusters of 
activation in the ventrolateral PFC. Based on the ALE peak 
values, the highest convergence was found in the posterior 
bank of the iPCS, approximately at the height of its ventral 
junction with the IFS (see Fig. 3; Table 2). The comparison 
of these results with the MMP1 revealed additional interest-
ing topographic differences. The IFJ ALE peaks were local-
ized just ventral and slightly posterior to the corresponding 
labels from the atlas (IFJa and IFJp), and the ALE clusters 
included vertices from several other brain regions. These 
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results suggest that many of the paradigms that target the IFJ 
will also tend to involve adjacent multiple-demand regions, 
which may conceal its exact boundaries.

An interesting approach combining different paradigms 
and using a conjunction analysis to localize the IFJ was pre-
sented by Stiers and Goulas (2018), which may overcome 
some of the previous limitations. The authors analyzed the 
voxel responses across three different tasks (Eriksen flanker 
task, back matching or n-back task, and a response scheme 
switching task) to define the prefrontal nodes of the multiple-
demand system in 12 subjects. A manipulation of task diffi-
culty in each of the previous tasks was used to identify voxels 
that were modulated by increasing cognitive demands, which 
were used to define ROIs in each subject in a conjunction 
analysis across tasks for further analyzing their relative task 
preference and functional connectivity patterns. This analy-
sis revealed local maxima of activity within the IFJ, where 
voxels with different task preferences exhibited distinct func-
tional connectivity patterns with the rest of the brain (Stiers 
and Goulas 2018). Based on these results, it may be argued 
that no single task alone would adequately capture the selec-
tivity patterns of neural populations within the IFJ; rather, 
manipulations of task difficulty combined with the adminis-
tration of different paradigms could provide an unbiased way 
of localizing this region in individual participants. The pre-
sent study provides a standard using ALE, which should help 
further understand how inter-individual variability affects IFJ 
localization and its relationship to sulcal organization (Der-
rfuss et al. 2009). Future meta-analyses should better clarify 
how activations from different tasks that tap cognitive control 
functions map onto the ventro-lateral PFC and assess whether 
they may recruit distinct subregions near the IFJ (Nee et al. 
2013), which was, however, outside the scope of our present 
work (see Rodríguez-Nieto et al. 2022 for a comprehensive 
meta-analysis).

Whole‑brain coactivation patterns of the FEF and IFJ

An additional goal of the present study was to uncover the task-
based functional connectivity fingerprint of the FEF and the 
IFJ in a data-driven fashion. We retrieved from the BrainMap 
database all the studies that reported activations within a cuboid 
seed centered around the FEF and IFJ standard coordinates 
found in our ALE main localizer analyses and we employed 
the MACM technique to uncover their coactivation profiles 
(Langner and Camilleri 2021). Importantly, while previous 
studies already performed MACM analyses on the FEF (Cies-
lik et al. 2016; Genon et al. 2017) and the IFJ (Muhle-Karbe 
et al. 2016; Sundermann and Pfleiderer 2012), our study is to 
our knowledge the first that used this technique on the results of 
an ALE analysis specifically aimed at localizing these regions 
(and not a manual or atlas-based delineation) using a narrow 
seed extent (6 mm). Our MACM analysis allowed adequately 

powered inference in each seed region (Eickhoff et al. 2016) 
and revealed broad networks of coactivations that encompassed 
the frontal, parietal and temporal cortices (see Fig. 5). The 
most remarkable differences between FEF and IFJ coactiva-
tion patterns were that on the one hand, the LH FEF and RH 
FEF coactivated with the bilateral ventrolateral PFC (iFEF and 
IFJ), whereas only the LH IFJ coactivated with the LH FEF in 
the experiments retrieved. On the other hand, the LH IFJ had 
stronger and more widespread coactivations in PFC and the 
insular cortex and was also coactivated with the inferotemporal 
cortex. These coactivation patterns may be essential for the IFJ 
to perform its role in feature- and object-based attention tasks 
(Baldauf and Desimone 2014; De Vries et al. 2021; Liu et al. 
2011; Liu 2016; Meyyappan et al. 2021; Soyuhos and Baldauf 
2023; Zhang et al. 2018) and could be in turn supported by 
its underlying anatomical connectivity patterns (Baldauf and 
Desimone 2014; Bedini et al. 2021). These results are consist-
ent with the idea of a dorso-ventral segregation of frontopari-
etal coactivations forming a ‘spatial/motor’ and a ‘non-spatial/
motor network’, which are in turn associated with the first and 
third branch of the superior longitudinal fasciculus, respec-
tively (Parlatini et al. 2017). In addition, the MACM contrast 
between the coactivation patterns of FEF and IFJ fit very well 
with a recent report of these regions’ functional connectivity 
in source-reconstructed resting-state MEG data, which showed 
stronger connectivity of the FEF with the dorsal ‘where’ visual 
pathway (especially in the alpha and beta bands), and stronger 
connectivity of the IFJ with the ventral ‘what’ visual pathway 
(especially in the delta and gamma bands; Soyuhos and Bal-
dauf 2023). Finally, our functional decoding results suggest that 
these systematic coactivation patterns allow these regions to 
support multiple yet specialized roles in flexible goal-driven 
behavior (Assem et al. 2021; Genon et al. 2017; Muhle-Karbe 
et al. 2016; Ngo et al. 2019; Ruland et al. 2022).

Conclusion

Our study provides the accurate localization of two regions 
of the posterior-lateral PFC, namely the FEF and the IFJ. 
These regions are tightly coupled with sulcal landmarks 
as measured using fMRI across over 400 and 500  sub-
jects,  respectively, with the FEF being localized at the 
junction of the sPCS and the SFS, and the IFJ at the junc-
tion of the iPCS and the IFS. Functionally, they appear to 
be organized according to a dorso-ventral gradient, going 
from areas responsible for sensorimotor transformations 
and action execution (FEF, iFEF), to areas that are involved 
in maintaining and updating behavioral goals according to 
internal representations (IFJ; Abdallah et al. 2022; Nee et al. 
2013; O’Reilly 2010). Taken together, our findings aim at 
proposing a consensus localization of these regions in stand-
ard space, and meta-analytic groundwork to investigate the 
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relationship between functional specialization and connec-
tivity in large publicly available neuroimaging datasets (e.g., 
Markiewicz et al. 2021; Van Essen et al. 2013), as well as to 
guide future non-invasive brain stimulation studies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00429-​023-​02641-y.

Acknowledgements  This work was supported by a doctoral scholar-
ship and a traineeship in non-European countries funded by Univer-
sità degli studi di Trento, and a Fulbright visiting student researcher 
scholarship awarded by the US-Italy Fulbright Commission to MB. We 
would like to thank Luca Turella and Daniel Adams for their comments 
on the preliminary results of this study. We would also like to thank 
Gabriele Amorosino and Francesca Saviola for technical advice and 
useful discussions, and Vittorio Iacovella and Giorgio Marinato for 
advice on resource and data sharing.

Author contributions  Conceptualization: MB, DB; Methodology: MB, 
EO, PA, DB; Software: MB; Validation: MB; Formal analysis; MB; 
Investigation: MB; Resources: MB, DB; Data curation: MB; Writing—
original draft: MB; Writing—review and editing: MB, EO, PA, DB; 
Visualization: MB; Supervision: EO, PA, DB; Project administration: 
MB; Funding acquisition: MB.

Funding  Open access funding provided by Università degli Studi di 
Trento within the CRUI-CARE Agreement.

Data availability  The FEF and IFJ localizer sample  ALE results 
are available in NeuroVault at: https://​neuro​vault.​org/​colle​ctions/​
KLNRW​MMU/. All the other results can be made available upon 
request from the corresponding author.

Declarations 

Conflict of interest  The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdollahi RO, Kolster H, Glasser MF et al (2014) Correspondences 
between retinotopic areas and myelin maps in human visual cor-
tex. Neuroimage 99:509–524. https://​doi.​org/​10.​1016/j.​neuro​
image.​2014.​06.​042

Amiez C, Petrides M (2009) Anatomical organization of the eye fields 
in the human and non-human primate frontal cortex. Prog Neu-
robiol 89:220–230. https://​doi.​org/​10.​1016/j.​pneur​obio.​2009.​07.​
010

Amiez C, Petrides M (2018) Functional rostro-caudal gradient in 
the human posterior lateral frontal cortex. Brain Struct Funct 
223:1487–1499. https://​doi.​org/​10.​1007/​s00429-​017-​1567-z

Amiez C, Kostopoulos P, Champod AS, Petrides M (2006) Local mor-
phology predicts functional organization of the dorsal premotor 
region in the human brain. J Neurosci 26:2724–2731. https://​doi.​
org/​10.​1523/​JNEUR​OSCI.​4739-​05.​2006

Amunts K, Von Cramon DY (2006) Special issue: position paper the 
anatomical segregation of the frontal cortex: what does it mean 
for function. Brain 3:525–528. https://​doi.​org/​10.​1016/​S0010-​
9452(08)​70392-7

Amunts K, Mohlberg H, Bludau S, Zilles K (2020) Julich-Brain: a 3D 
probabilistic atlas of the human brain’s cytoarchitecture. Science 
369:988–992. https://​doi.​org/​10.​1126/​scien​ce.​abb45​88

Amunts K, Zilles K (2015) Architectonic mapping of the human brain 
beyond brodmann. Neuron 88:1086–1107. https://​doi.​org/​10.​
1016/j.​neuron.​2015.​12.​001

Asplund CL, Todd JJ, Snyder AP, Marois R (2010) A central role for 
the lateral prefrontal cortex in goal-directed and stimulus-driven 
attention. Nat Neurosci 13:507–512. https://​doi.​org/​10.​1038/​nn.​
2509

Assem M, Glasser MF, Van Essen DC, Duncan J (2020) A domain-gen-
eral cognitive core defined in multimodally parcellated human 
cortex. Cereb Cortex. https://​doi.​org/​10.​1093/​cercor/​bhaa0​23

Assem M, Shashidhara S, Glasser MF, Duncan J (2021) Precise topol-
ogy of adjacent domain-general and sensory-biased regions in 
the human brain. Cereb Cortex. https://​doi.​org/​10.​1093/​cercor/​
bhab3​62

Astafiev S, Shulman GL, Stanley CM et al (2003) Functional organi-
zation of human intraparietal and frontal cortex for attending, 
looking, and pointing. J Neurosci 23:4689–4699. https://​doi.​org/​
10.​1523/​JNEUR​OSCI.​23-​11-​04689.​2003

Baldauf D, Desimone R (2014) Neural mechanisms of object-based 
attention. Science 344:424–427. https://​doi.​org/​10.​1126/​scien​
ce.​12470​03

Beauchamp MS, Petit L, Ellmore TM et al (2001) A parametric fMRI 
study of overt and covert shifts of visuospatial attention. Neu-
roimage 14:310–321. https://​doi.​org/​10.​1006/​nimg.​2001.​0788

Bedini M, Baldauf D (2021) Structure, function and connectivity 
fingerprints of the frontal eye field versus the inferior frontal 
junction: a comprehensive comparison. Eur J Neurosci 54:5462–
5506. https://​doi.​org/​10.​1111/​ejn.​15393

Bedini M, Olivetti E, Avesani, P & Baldauf D (2021). The anatomical 
pathways underlying spatial versus non-spatial attention. Cogn 
Process 22 (Suppl 1):S35. In Jeffery K (2021) Abstracts and 
authors of the 8th International Conference on Spatial Cogni-
tion: Cognition and Action in a Plurality of Spaces (ICSC 2021). 
https://​doi.​org/​10.​1007/​s10339-​021-​01058-x

Benson NC, Butt OH, Datta R et al (2012) The retinotopic organiza-
tion of striate cortex is well predicted by surface topology. Curr 
Biol 22:2081–2085. https://​doi.​org/​10.​1016/j.​cub.​2012.​09.​014

Benson NC, Yoon JMD, Forenzo D et al (2022) Variability of the 
surface area of the V1, V2, and V3 maps in a large sample of 
human observers. J Neurosci 42:8629–8646. https://​doi.​org/​10.​
1523/​JNEUR​OSCI.​0690-​21.​2022

Berman RA, Colby CL, Genovese CR et al (1999) Cortical networks 
subserving pursuit and saccadic eye movements in humans: an 
FMRI study. Hum Brain Mapp 8:209–225. https://​doi.​org/​10.​
1002/​(SICI)​1097-​0193(1999)8:​4%​3c209::​AID-​HBM5%​3e3.0.​
CO;2-0

Bichot NP, Heard MT, DeGennaro EM, Desimone R (2015) A source 
for feature-based attention in the prefrontal cortex. Neuron 
88:832–844. https://​doi.​org/​10.​1016/j.​neuron.​2015.​10.​001

Bichot NP, Xu R, Ghadooshahy A et al (2019) The role of prefrontal 
cortex in the control of feature attention in area V4. Nat Commun 
10:1–12. https://​doi.​org/​10.​1038/​s41467-​019-​13761-7

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1014	 Brain Structure and Function (2023) 228:997–1017

1 3

Botvinik-Nezer R, Holzmeister F, Camerer CF et al (2020) Variability 
in the analysis of a single neuroimaging dataset by many teams. 
Nature 582:84–88. https://​doi.​org/​10.​1038/​s41586-​020-​2314-9

Brass M, Derrfuss J, Forstmann B, von Cramon DY (2005) The role 
of the inferior frontal junction area in cognitive control. Trends 
Cogn Sci 9:314–316. https://​doi.​org/​10.​1016/j.​tics.​2005.​05.​001

Bristow D, Haynes JD, Sylvester R et al (2005) Blinking suppresses 
the neural response to unchanging retinal stimulation. Curr Biol 
15:1296–1300. https://​doi.​org/​10.​1016/j.​cub.​2005.​06.​025

Brodmann K (1909) Vergleichende Lokalisationslehre der Grosshirn-
rinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues. 
Barth.

Bruce CJ, Goldberg ME, Bushnell MC, Stanton GB (1985) Primate 
frontal eye fields. II. Physiological and anatomical correlates of 
electrically evoked eye movements. J Neurophysiol 54:714–734. 
https://​doi.​org/​10.​1152/​jn.​1985.​54.3.​714

Buschman TJ, Miller EK (2009) Serial, covert shifts of attention during 
visual search are reflected by the frontal eye fields and correlated 
with population oscillations. Neuron 63:386–396. https://​doi.​org/​
10.​1016/j.​neuron.​2009.​06.​020

Cieslik EC, Seidler I, Laird AR et al (2016) Different involvement 
of subregions within dorsal premotor and medial frontal cortex 
for pro- and antisaccades. Neurosci Biobehav Rev 68:256–269. 
https://​doi.​org/​10.​1016/j.​neubi​orev.​2016.​05.​012

Coalson TS, Van Essen DC, Glasser MF (2018) The impact of tradi-
tional neuroimaging methods on the spatial localization of corti-
cal areas. Proc Natl Acad Sci USA 115:E6356–E6365. https://​
doi.​org/​10.​1073/​pnas.​18015​82115

Coiner B, Pan H, Bennett ML et al (2019) Functional neuroanat-
omy of the human eye movement network: a review and atlas. 
Brain Struct Funct 224:2603–2617. https://​doi.​org/​10.​1007/​
s00429-​019-​01932-7

Cole MW, Schneider W (2007) The cognitive control network: Inte-
grated cortical regions with dissociable functions. Neuroimage 
37:343–360. https://​doi.​org/​10.​1016/j.​neuro​image.​2007.​03.​071

Cole MW, Reynolds JR, Power JD et al (2013) Multi-task connectiv-
ity reveals flexible hubs for adaptive task control. Nat Neurosci 
16:1348–1355. https://​doi.​org/​10.​1038/​nn.​3470

Corbetta M, Shulman GL (2002) Control of goal-directed and stimu-
lus-driven attention in the brain. Nat Rev Neurosci 3:201–215. 
https://​doi.​org/​10.​1038/​nrn755

Corbetta M, Akbudak E, Conturo TE et al (1998) A common network 
of functional areas for attention and eye movements. Neuron 
21:761–773. https://​doi.​org/​10.​1016/​S0896-​6273(00)​80593-0

Curtis CE, Connolly JD (2008) Saccade preparation signals in the 
human frontal and parietal cortices. J Neurophysiol 99:133–145. 
https://​doi.​org/​10.​1152/​jn.​00899.​2007

de Haan B, Morgan PS, Rorden C (2008) Covert orienting of attention 
and overt eye movements activate identical brain regions. Brain 
Res 1204:102–111. https://​doi.​org/​10.​1016/j.​brain​res.​2008.​01.​
105

de Vries IEJ, Marinato G, Baldauf D (2021) Decoding object-based 
auditory attention from source-reconstructed MEG alpha oscilla-
tions. J Neurosci. https://​doi.​org/​10.​1523/​jneur​osci.​0583-​21.​2021

Derrfuss J, Brass M, Neumann J, Von Cramon DY (2005) Involvement 
of the inferior frontal junction in cognitive control: meta-analyses 
of switching and stroop studies. Hum Brain Mapp 25:22–34. 
https://​doi.​org/​10.​1002/​hbm.​20127

Derrfuss J, Brass M, Von Cramon DY et al (2009) Neural activations at 
the junction of the inferior frontal sulcus and the inferior precen-
tral sulcus: interindividual variability, reliability, and association 
with sulcal morphology. Hum Brain Mapp 30:299–311. https://​
doi.​org/​10.​1002/​hbm.​20501

Derrfuss J, Vogt VL, Fiebach CJ et al (2012) Functional organization 
of the left inferior precentral sulcus: dissociating the inferior 
frontal eye field and the inferior frontal junction. Neuroimage 

59:3829–3837. https://​doi.​org/​10.​1016/j.​neuro​image.​2011.​11.​
051

Desikan RS, Ségonne F, Fischl B et al (2006) An automated labeling 
system for subdividing the human cerebral cortex on MRI scans 
into gyral based regions of interest. Neuroimage 31:968–980. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2006.​01.​021

DeSouza JF, Menon RS, Everling S (2003) Preparatory set associated 
with pro-saccades and anti-saccades in humans investigated with 
event-related FMRI. J Neurophysiol 89:1016–1023. https://​doi.​
org/​10.​1152/​jn.​00562.​2002

Destrieux C, Fischl B, Dale A, Halgren E (2010) Automatic parcella-
tion of human cortical gyri and sulci using standard anatomical 
nomenclature. Neuroimage 53:1–15. https://​doi.​org/​10.​1016/j.​
neuro​image.​2010.​06.​010

Donahue CJ, Glasser MF, Preuss TM et  al (2018) Quantitative 
assessment of prefrontal cortex in humans relative to nonhu-
man primates. Proc Natl Acad Sci USA 115:E5183–E5192. 
https://​doi.​org/​10.​1073/​pnas.​17216​53115

Duncan J (2010) The multiple-demand (MD) system of the primate 
brain: mental programs for intelligent behaviour. Trends Cogn 
Sci 14:172–179. https://​doi.​org/​10.​1016/j.​tics.​2010.​01.​004

Eickhoff SB, Bzdok D, Laird AR, Kurth F, Fox PT (2012) Activa-
tion likelihood estimation meta-analysis revisited. Neuroimage 
59:2349–2361. https://​doi.​org/​10.​1016/j.​neuro​image.​2011.​09.​
017

Eickhoff SB, Nichols TE, Laird AR et al (2016) Behavior, sensitivity, 
and power of activation likelihood estimation characterized by 
massive empirical simulation. Neuroimage 137:70–85. https://​
doi.​org/​10.​1016/j.​neuro​image.​2016.​04.​072

Eickhoff SB, Laird AR, Fox PM et al (2017) Implementation errors 
in the GingerALE software: description and recommendations. 
Hum Brain Mapp 38:7–11. https://​doi.​org/​10.​1002/​hbm.​23342

Eickhoff SB, Yeo BTT, Genon S (2018) Imaging-based parcellations 
of the human brain. Nat Rev Neurosci 19:672–686. https://​doi.​
org/​10.​1038/​s41583-​018-​0071-7

Elam JS, Glasser MF, Harms MP et al (2021) The human connec-
tome project: a retrospective. Neuroimage 244:118543. https://​
doi.​org/​10.​1016/j.​neuro​image.​2021.​118543

Fan J, Mccandliss TBD, Fossella J et al (2005) The activation of 
attentional networks. Neuroimage 26:471–479. https://​doi.​org/​
10.​1016/j.​neuro​image.​2005.​02.​004

Fedorenko E (2021) The early origins and the growing popularity 
of the individual-subject analytic approach in human neuro-
science. Curr Opin Behav Sci 40:105–112. https://​doi.​org/​10.​
1016/j.​cobeha.​2021.​02.​023

Fiebelkorn IC, Kastner S (2020) Functional specialization in the 
attention network. Annu Rev Psychol 71:1–29. https://​doi.​org/​
10.​1146/​annur​ev-​psych-​010418-​103429

Fischl B, Sereno MI, Tootell RBH, Dale AM (1999) High-resolution 
intersubject averaging and a coordinate system for the cor-
tical surface. Hum Brain Mapp 8:272–284. https://​doi.​org/​
10.​1002/​(SICI)​1097-​0193(1999)8:​4%​3c272::​AID-​HBM10%​
3e3.0.​CO;2-4

Fischl B, Rajendran N, Busa E et al (2008) Cortical folding patterns 
and predicting cytoarchitecture. Cereb Cortex 18:1973–1980. 
https://​doi.​org/​10.​1093/​cercor/​bhm225

Fox PT, Lancaster JL (2002) Mapping context and content: The 
BrainMap model. Nat Rev Neurosci 3:319–321. https://​doi.​
org/​10.​1038/​nrn789

Fox PT, Laird AR, Fox SP et al (2005) BrainMap taxonomy of exper-
imental design: description and evaluation. Hum Brain Mapp 
25:185–198. https://​doi.​org/​10.​1002/​hbm.​20141

Fox MD, Corbetta M, Snyder AZ et al (2006) Spontaneous neuronal 
activity distinguishes human dorsal and ventral attention sys-
tems. Proc Natl Acad Sci USA 103:10046–10051. https://​doi.​
org/​10.​1073/​pnas.​06041​87103

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1015Brain Structure and Function (2023) 228:997–1017	

1 3

Fox PT, Lancaster JL, Laird AR, Eickhoff SB (2014) Meta-analysis 
in human neuroimaging: computational modeling of large-
scale databases. Annu Rev Neurosci 37:409–434. https://​doi.​
org/​10.​1146/​annur​ev-​neuro-​062012-​170320

Frost MA, Goebel R (2012) Measuring structural—functional cor-
respondence: spatial variability of specialised brain regions 
after macro-anatomical alignment. Neuroimage 59:1369–1381. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2011.​08.​035

Fuster JM (2001) The prefrontal cortex—an update: time is of the 
essence. Neuron 30:319–333. https://​doi.​org/​10.​1016/​S0896-​
6273(01)​00285-9

Genon S, Li H, Fan L et al (2017) The right dorsal premotor mosaic: 
organization, functions, and connectivity. Cereb Cortex 27:2095–
2110. https://​doi.​org/​10.​1093/​cercor/​bhw065

Germann J, Robbins S, Halsband U, Petrides M (2005) Precentral 
sulcal complex of the human brain: morphology and statistical 
probability maps. J Comp Neurol 493:334–356. https://​doi.​org/​
10.​1002/​cne.​20820

Glasser MF, Coalson TS, Robinson EC et al (2016) A multi-modal par-
cellation of human cerebral cortex. Nature 536:171–178. https://​
doi.​org/​10.​1038/​natur​e18933

Gorgolewski KJ, Varoquaux G, Rivera G et al (2015) NeuroVault.Org: 
a web-based repository for collecting and sharing unthresholded 
statistical maps of the human brain. Front Neuroinform 9:1–9. 
https://​doi.​org/​10.​3389/​fninf.​2015.​00008

Grosbras MH (2016) Patterns of activity in the human frontal and pari-
etal cortex differentiate large and small saccades. Front Integr 
Neurosci 10:1–11. https://​doi.​org/​10.​3389/​fnint.​2016.​00034

Grosbras MH, Laird AR, Paus T (2005) Cortical regions involved in 
eye movements, shifts of attention, and gaze perception. Hum 
Brain Mapp 25:140–154. https://​doi.​org/​10.​1002/​hbm.​20145

Hanes DP, Patterson WF, Schall JD (1998) Role of frontal eye fields in 
countermanding saccades: visual, movement, and fixation activ-
ity. J Neurophysiol 79:817–834. https://​doi.​org/​10.​1152/​jn.​1998.​
79.2.​817

Hinds OP, Rajendran N, Polimeni JR et al (2008) Accurate prediction 
of V1 location from cortical folds in a surface coordinate sys-
tem. Neuroimage 39:1585–1599. https://​doi.​org/​10.​1016/j.​neuro​
image.​2007.​10.​033

Huang CC, Rolls ET, Feng J, Lin CP (2022) An extended human con-
nectome project multimodal parcellation atlas of the human 
cortex and subcortical areas. Brain Struct Funct 227:763–778. 
https://​doi.​org/​10.​1007/​s00429-​021-​02421-6

Hupé JM, Bordier C, Dojat M (2012) A BOLD signature of eyeblinks 
in the visual cortex. Neuroimage 61:149–161. https://​doi.​org/​10.​
1016/j.​neuro​image.​2012.​03.​001

Hutchison RM, Gallivan JP, Culham JC et al (2012) Functional connec-
tivity of the frontal eye fields in humans and macaque monkeys 
investigated with resting-state fMRI. J Neurophysiol 107:2463–
2474. https://​doi.​org/​10.​1152/​jn.​00891.​2011

Hutton SB, Ettinger U (2006) The antisaccade task as a research tool 
in psychopathology: a critical review. Psychophysiology 43:302–
313. https://​doi.​org/​10.​1111/j.​1469-​8986.​2006.​00403.x

Jamadar SD, Fielding J, Egan GF (2013) Quantitative meta-analysis 
of fMRI and PET studies reveals consistent activation in fronto-
striatal-parietal regions and cerebellum during antisaccades and 
prosaccades. Front Psychol 4:1–15. https://​doi.​org/​10.​3389/​
fpsyg.​2013.​00749

Jenkinson M, Beckmann CF, Behrens TEJ et al (2012) Neuroimage 
62:782–790. https://​doi.​org/​10.​1016/j.​neuro​image.​2011.​09.​015

Jerde TA, Merriam EP, Riggall AC et al (2012) Prioritized maps of 
space in human frontoparietal cortex. J Neurosci 32:17382–
17390. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​3810-​12.​2012

Juch H, Zimine I, Seghier ML et al (2005) Anatomical variability 
of the lateral frontal lobe surface: implication for intersubject 

variability in language neuroimaging. Neuroimage 24:504–514. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2004.​08.​037

Kanwisher N (2010) Functional specificity in the human brain: a win-
dow into the functional architecture of the mind. Proc Natl Acad 
Sci U S A 107:11163–11170. https://​doi.​org/​10.​1073/​pnas.​10050​
62107

Kastner S, DeSimone K, Konen CS et al (2007) Topographic maps in 
human frontal cortex revealed in memory-guided saccade and 
spatial working-memory tasks. J Neurophysiol 97:3494–3507. 
https://​doi.​org/​10.​1152/​jn.​00010.​2007

Kato M, Miyauchi S (2003) Human precentral cortical activation pat-
terns during saccade tasks: an fMRI comparison with activation 
during intentional eyeblink tasks. Neuroimage 19:1260–1272. 
https://​doi.​org/​10.​1016/​S1053-​8119(03)​00223-4

Klein A, Tourville J (2012) 101 labeled brain images and a consistent 
human cortical labeling protocol. Front Neurosci 6:1–12. https://​
doi.​org/​10.​3389/​fnins.​2012.​00171

Koyama M, Hasegawa I, Osada T et al (2004) Functional magnetic 
resonance imaging of macaque monkeys performing visually 
guided saccade tasks: comparison of cortical eye fields with 
humans. Neuron 41:795–807. https://​doi.​org/​10.​1016/​S0896-​
6273(04)​00047-9

Lancaster JL, Woldorff MG, Parsons LM et al (2000) Automated 
talairach atlas labels for functional brain mapping. Hum Brain 
Mapp 10:120–131. https://​doi.​org/​10.​1002/​1097-​0193(200007)​
10:3%​3c120::​AID-​HBM30%​3e3.0.​CO;2-8

Lancaster JL, Tordesillas-Gutiérrez D, Martinez M et al (2007) Bias 
between MNI and talairach coordinates analyzed using the 
ICBM-152 brain template. Hum Brain Mapp 28:1194–1205. 
https://​doi.​org/​10.​1002/​hbm.​20345

Lancaster JL, Laird AR, Eickhoff SB et al (2012) Automated regional 
behavioral analysis for human brain images. Front Neuroinform 
6:1–12. https://​doi.​org/​10.​3389/​fninf.​2012.​00023

Langner R, Camilleri JA (2021) Meta-analytic connectivity model-
ling (MACM): a tool for assessing region-specific functional 
connectivity patterns in task-constrained states. In: Diwad-
kar VA, Eickhoff BS (eds) Brain network dysfunction in neu-
ropsychiatric illness. Springer, Cham. https://​doi.​org/​10.​1007/​
978-3-​030-​59797-9_5

Langner R, Rottschy C, Laird AR et al (2014) Meta-analytic connec-
tivity modeling revisited: controlling for activation base rates. 
Neuroimage 99:559–570. https://​doi.​org/​10.​1016/j.​neuro​image.​
2014.​06.​007

Liu T (2016) Neural representation of object-specific attentional pri-
ority. Neuroimage 129:15–24. https://​doi.​org/​10.​1016/j.​neuro​
image.​2016.​01.​034

Liu T, Hospadaruk L, Zhu DC, Gardner JL (2011) Feature-specific 
attentional priority signals in human cortex. J Neurosci 31:4484–
4495. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​5745-​10.​2011

Lowe KA, Schall JD (2018) Functional categories of visuomotor neu-
rons in macaque frontal eye field. eNeuro 5:1–21. https://​doi.​org/​
10.​1523/​ENEURO.​0131-​18.​2018

Luna B, Thulborn KR, Strojwas MH et al (1998) Dorsal cortical 
regions subserving visually guided saccades in humans: an fMRI 
study. Cereb Cortex 8:40–47. https://​doi.​org/​10.​1093/​cercor/​8.1.​
40

Mackey WE, Winawer J, Curtis CE (2017) Visual field map clusters 
in human frontoparietal cortex. Elife 6:1–23. https://​doi.​org/​10.​
7554/​eLife.​22974

Manera AL, Dadar M, Fonov V, Collins DL (2020) CerebrA, registra-
tion and manual label correction of Mindboggle-101 atlas for 
MNI-ICBM152 template. Sci Data 7:1–9. https://​doi.​org/​10.​
1038/​s41597-​020-​0557-9

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1016	 Brain Structure and Function (2023) 228:997–1017

1 3

Markiewicz CJ, Gorgolewski KJ, Feingold F et al (2021) The open-
neuro resource for sharing of neuroscience data. Elife 10:1–17. 
https://​doi.​org/​10.​7554/​eLife.​71774

Mars RB, Jbabdi S, Rushworth MFS (2021) A common space approach 
to comparative neuroscience. Annu Rev Neurosci 44:69–86. 
https://​doi.​org/​10.​1146/​annur​ev-​neuro-​100220-​025942

McDowell JE, Dyckman KA, Austin BP, Clementz BA (2008) Neu-
rophysiology and neuroanatomy of reflexive and volitional sac-
cades: evidence from studies of humans. Brain Cogn 68:255–
270. https://​doi.​org/​10.​1016/j.​bandc.​2008.​08.​016

Mesulam MM (1998) From sensation to cognition. Brain 121:1013–
1052. https://​doi.​org/​10.​1093/​brain/​121.6.​1013

Meyyappan S, Rajan A, Mangun GR, Ding M (2021) Role of inferior 
frontal junction (ifj) in the control of feature versus spatial 
attention. J Neurosci 41:8065–8074. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​2883-​20.​2021

Miller EK, Cohen JD (2001) An integrative theory of prefrontal 
cortex function. Annu Rev Neurosci 24:167–202. https://​doi.​
org/​10.​1146/​annur​ev.​neuro.​24.1.​167

Miller JA, Voorhies WI, Lurie DJ et al (2021) Overlooked tertiary 
sulci serve as a meso-scale link between microstructural and 
functional properties of human lateral prefrontal cortex. J 
Neurosci 41:2229–2244. https://​doi.​org/​10.​1523/​jneur​osci.​
2362-​20.​2021

Mills K (2016) HCP-MMP1.0 projected on fsaverage. https://​doi.​org/​
10.​6084/​m9.​figsh​are.​34984​46.​v2

Moore T, Fallah M (2001) Control of eye movements and spatial 
attention. Proc Natl Acad Sci USA 98:1273–1276. https://​doi.​
org/​10.​1073/​pnas.​98.3.​1273

Muhle-Karbe PS, Derrfuss J, Lynn MT et al (2016) Co-activation-
based parcellation of the lateral prefrontal cortex delineates 
the inferior frontal junction area. Cereb Cortex 26:2225–2241. 
https://​doi.​org/​10.​1093/​cercor/​bhv073

Müller VI, Cieslik EC, Laird AR et al (2018) Ten simple rules for 
neuroimaging meta-analysis. Neurosci Biobehav Rev 84:151–
161. https://​doi.​org/​10.​1016/j.​neubi​orev.​2017.​11.​012

Munoz DP, Everling S (2004) Look away: the anti-saccade task and 
the voluntary control of eye movement. Nat Rev Neurosci 
5:218–228. https://​doi.​org/​10.​1038/​nrn13​45

Nee DE, Brown JW, Askren MK et al (2013) A meta-analysis of 
executive components of working memory. Cereb Cortex 
23:264–282. https://​doi.​org/​10.​1093/​cercor/​bhs007

Neggers SFW, Zandbelt BB, Schall MS, Schall JD (2015) Compara-
tive diffusion tractography of corticostriatal motor pathways 
reveals differences between humans and macaques. J Neuro-
physiol 113:2164–2172. https://​doi.​org/​10.​1152/​jn.​00569.​2014

Neubert FX, Mars RB, Thomas AG et al (2014) Comparison of 
human ventral frontal cortex areas for cognitive control and 
language with areas in monkey frontal cortex. Neuron 81:700–
713. https://​doi.​org/​10.​1016/j.​neuron.​2013.​11.​012

Ngo GH, Eickhoff SB, Nguyen M et al (2019) Beyond consensus: 
embracing heterogeneity in curated neuroimaging meta-analy-
sis. Neuroimage 200:142–158. https://​doi.​org/​10.​1016/j.​neuro​
image.​2019.​06.​037

Numssen O, Bzdok D, Hartwigsen G (2021) Functional specializa-
tion within the inferior parietal lobes across cognitive domains. 
Elife 10:1–25. https://​doi.​org/​10.​7554/​eLife.​63591

O’Reilly RC (2010) The what and how of prefrontal cortical organi-
zation. Trends Neurosci 33:355–361. https://​doi.​org/​10.​1016/j.​
tins.​2010.​05.​002

Ono M, Kubik S, Abernathey CD (1990) Atlas of the cerebral sulci. 
Thieme Medical Publishers.

Osher DE, Saxe RR, Koldewyn K et al (2016) Structural connectiv-
ity fingerprints predict cortical selectivity for multiple visual 
categories across cortex. Cereb Cortex 26:1668–1683. https://​
doi.​org/​10.​1093/​cercor/​bhu303

Page MJ, McKenzie JE, Bossuyt PM et al (2021) The PRISMA 
2020 statement: an updated guideline for reporting systematic 
reviews. BMJ 372:1–9. https://​doi.​org/​10.​1136/​bmj.​n71

Parlatini V, Radua J, Acqua FD et al (2017) Functional segregation 
and integration within fronto-parietal networks. Neuroimage 
146:367–375. https://​doi.​org/​10.​1016/j.​neuro​image.​2016.​08.​
031

Passingham RE, Stephan KE, Kötter R (2002) The anatomical basis of 
functional localization in the cortex. Nat Rev Neurosci 3:606–
616. https://​doi.​org/​10.​1038/​nrn893

Paus T (1996) Location and function of the human frontal eye-field: a 
selective review. Neuropsychologia 34:475–483. https://​doi.​org/​
10.​1016/​0028-​3932(95)​00134-4

Petit L, Pouget P (2019) The comparative anatomy of frontal eye fields 
in primates. Cortex 118:51–64. https://​doi.​org/​10.​1016/j.​cortex.​
2019.​02.​023

Petrides M (2018) Atlas of the morphology of the human cerebral 
cortex on the average MNI brain. Academic Press

Poldrack RA (2011) Inferring mental states from neuroimaging data: 
from reverse inference to large-scale decoding. Neuron 72:692–
697. https://​doi.​org/​10.​1016/j.​neuron.​2011.​11.​001

Rodríguez-Nieto G, Seer C, Sidlauskaite J et al (2022) Inhibition, 
shifting and updating: inter and intra-domain commonalities 
and differences from an executive functions activation likelihood 
estimation meta-analysis. Neuroimage. https://​doi.​org/​10.​1016/j.​
neuro​image.​2022.​119665

Rosano C, Sweeney JA, Melchitzky DS, Lewis DA (2003) The human 
precentral sulcus: chemoarchitecture of a region corresponding 
to the frontal eye fields. Brain Res 972:16–30. https://​doi.​org/​10.​
1016/​S0006-​8993(03)​02431-4

Rosenke M, Van Hoof R, Van Den Hurk J et al (2021) A probabilistic 
functional atlas of human occipito-temporal visual cortex. Cereb 
Cortex 31:603–619. https://​doi.​org/​10.​1093/​cercor/​bhaa2​46

Rottschy C, Langner R, Dogan I et al (2012) Modelling neural cor-
relates of working memory: a coordinate-based meta-analysis. 
Neuroimage 60:830–846. https://​doi.​org/​10.​1016/j.​neuro​image.​
2011.​11.​050

Ruland SH, Palomero-Gallagher N, Hoffstaedter F et al (2022) The 
inferior frontal sulcus: cortical segregation, molecular architec-
ture and function. Cortex 153:235–256. https://​doi.​org/​10.​1016/j.​
cortex.​2022.​03.​019

Sallet J, Mars RB, Noonan MP et al (2013) The organization of dorsal 
frontal cortex in humans and macaques. J Neurosci 33:12255–
12274. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​5108-​12.​2013

Saygin ZM, Osher DE, Koldewyn K et al (2012) Anatomical connec-
tivity patterns predict face selectivity in the fusiform gyrus. Nat 
Neurosci 15:321–327. https://​doi.​org/​10.​1038/​nn.​3001

Schall JD, Zinke W, Cosman JD et al (2020) On the evolution of the 
frontal eye field: comparisons of monkeys, apes, and humans. 
Evol Neurosci. https://​doi.​org/​10.​1016/​b978-0-​12-​820584-​6.​
00036-2

Scheperjans F, Eickhoff SB, Hömke L et al (2008a) Probabilistic maps, 
morphometry, and variability of cytoarchitectonic areas in the 
human superior parietal cortex. Cereb Cortex 18:2141–2157. 
https://​doi.​org/​10.​1093/​cercor/​bhm241

Scheperjans F, Hermann K, Eickhoff SB et al (2008b) Observer-inde-
pendent cytoarchitectonic mapping of the human superior pari-
etal cortex. Cereb Cortex 18:846–867. https://​doi.​org/​10.​1093/​
cercor/​bhm116

Schmitt O, Modersitzki J, Heldmann S et al (2005) Three-dimensional 
cytoarchitectonic analysis of the posterior bank of the human 
precentral sulcus. Anat Embryol 210:387–400. https://​doi.​org/​
10.​1007/​s00429-​005-​0030-8

Soyuhos O, Baldauf D (2023) Functional connectivity fingerprints of 
the frontal eye field and inferior frontal junction suggest spatial 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1017Brain Structure and Function (2023) 228:997–1017	

1 3

versus nonspatial processing in the prefrontal cortex. Eur J Neu-
rosci. https://​doi.​org/​10.​1111/​ejn.​15936

Sprague TC, Serences JT (2013) Attention modulates spatial priority 
maps in the human occipital, parietal and frontal cortices. Nat 
Neurosci 16:1879–1887. https://​doi.​org/​10.​1038/​nn.​3574

Sreenivasan KK, Gratton C, Vytlacil J, D’Esposito M (2014) Evidence 
for working memory storage operations in perceptual cortex. 
Cogn Affect Behav Neurosci 14:117–128. https://​doi.​org/​10.​
3758/​s13415-​013-​0246-7

Stiers P, Goulas A (2018) Functional connectivity of task context rep-
resentations in prefrontal nodes of the multiple demand network. 
Brain Struct Funct 223:2455–2473. https://​doi.​org/​10.​1007/​
s00429-​018-​1638-9

Sundermann B, Pfleiderer B (2012) Functional connectivity profile 
of the human inferior frontal junction: Involvement in a cogni-
tive control network. BMC Neurosci 13:1–13. https://​doi.​org/​10.​
1186/​1471-​2202-​13-​119

Tehovnik EJ, Sommer MA, Chou IH et al (2000) Eye fields in the 
frontal lobes of primates. Brain Res Rev 32:413–448. https://​
doi.​org/​10.​1016/​S0165-​0173(99)​00092-2

Toro R, Perron M, Pike B et al (2008) Brain size and folding of the 
human cerebral cortex. Cereb Cortex 18:2352–2357. https://​doi.​
org/​10.​1093/​cercor/​bhm261

Turkeltaub PE, Eickhoff SB, Laird AR et al (2012) Minimizing within-
experiment and within-group effects in activation likelihood esti-
mation meta-analyses. Hum Brain Mapp 33:1–13. https://​doi.​org/​
10.​1002/​hbm.​21186

Van Essen DC (2007) Cerebral cortical folding patterns in primates: 
why they vary and what they signify. Evol Nerv Syst 4:267–276. 
https://​doi.​org/​10.​1016/​B0-​12-​370878-​8/​00344-X

Van Essen DC, Smith SM, Barch DM et al (2013) The WU-minn 
human connectome project: an overview. Neuroimage 80:62–79. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2013.​05.​041

Vernet M, Quentin R, Chanes L et al (2014) Frontal eye field, where 
art thou? Anatomy, function, and non-invasive manipulation of 
frontal regions involved in eye movements and associated cogni-
tive operations. Front Integr Neurosci. https://​doi.​org/​10.​3389/​
fnint.​2014.​00066

Vossel S, Weidner R, Driver J et al (2012) Deconstructing the architec-
ture of dorsal and ventral attention systems with dynamic causal 

modeling. J Neurosci 32:10637–10648. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​0414-​12.​2012

Wang L, Mruczek REB, Arcaro MJ, Kastner S (2015) Probabilis-
tic maps of visual topography in human cortex. Cereb Cortex 
25:3911–3931. https://​doi.​org/​10.​1093/​cercor/​bhu277

Wen X, Yao L, Liu Y, Ding M (2012) Causal interactions in attention 
networks predict behavioral performance. J Neurosci 32:1284–
1292. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​2817-​11.​2012

Worringer B, Langner R, Koch I et al (2019) Common and distinct neu-
ral correlates of dual-tasking and task-switching: a meta-analytic 
review and a neuro-cognitive processing model of human mul-
titasking. Brain Struct Funct 224:1845–1869. https://​doi.​org/​10.​
1007/​s00429-​019-​01870-4

Wu J, Ngo GH, Greve D et al (2018) Accurate nonlinear mapping 
between MNI volumetric and FreeSurfer surface coordinate sys-
tems. Hum Brain Mapp 39:3793–3808. https://​doi.​org/​10.​1002/​
hbm.​24213

Yeo BTT, Krienen FM, Sepulcre J et al (2011) The organization of the 
human cerebral cortex estimated by intrinsic functional connec-
tivity. J Neurophysiol 106:1125–1165. https://​doi.​org/​10.​1152/​
jn.​00338.​2011

Zanto TP, Rubens MT, Bollinger J, Gazzaley A (2010) Top-down 
modulation of visual feature processing: the role of the inferior 
frontal junction. Neuroimage 53:736–745. https://​doi.​org/​10.​
1016/j.​neuro​image.​2010.​06.​012

Zhang X, Mlynaryk N, Ahmed S et al (2018) The role of inferior frontal 
junction in controlling the spatially global effect of feature-based 
attention in human visual areas. PLoS Biol 16:1–28. https://​doi.​
org/​10.​1371/​journ​al.​pbio.​20053​99

Zilles K, Palomero-Gallagher N, Amunts K (2013) Development of 
cortical folding during evolution and ontogeny. Trends Neurosci 
36:275–284. https://​doi.​org/​10.​1016/j.​tins.​2013.​01.​006

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

