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Abstract
Spatial representations are processed in the service of several different cognitive functions. The

present study capitalizes on the Activation Likelihood Estimation (ALE) method of meta-analysis

to identify: (a) the shared neural activations among spatial functions to reveal the “core” net-

work of spatial processing; (b) the specific neural activations associated with each of these func-

tions. Following PRISMA guidelines, a total of 133 fMRI and PET studies were included in the

meta-analysis. The overall analysis showed that the core network of spatial processing

comprises regions that are symmetrically distributed on both hemispheres and that include dor-

sal frontoparietal regions, presupplementary motor area, anterior insula, and frontal operculum.

The specific analyses revealed the brain regions that are selectively recruited for each spatial

function, such as the right temporoparietal junction for shift of spatial attention, the right para-

hippocampal gyrus, and the retrosplenial cortex for navigation and spatial long-term memory.

The findings are integrated within a systematic review of the neuroimaging literature and a new

neurocognitive model of spatial cognition is proposed.
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“D'où venons-nous? Que sommes-nous? Où allons-nous?. ”

Paul Gauguin.

1 | INTRODUCTION

“Where Do We Come From? What Are We? Where Are We Going?”

is one of the most famous paintings by French artist Paul Gauguin.

“Where?” became indeed the core question that Gauguin asked in his

art. We decided to begin the present work citing this painting to high-

light how the “where?” is an intrinsic question of the human being,

and permeates our lives in its most mysterious and transcendent

aspects as well as in its everyday, practical scopes, such as “Where

have I parked my car?”. Spatial processing is indeed an essential ability

of humans that can be defined as sensing and integrating all spatial

aspects of our environment, which comprises both the external multi-

sensory information and the mentally constructed inner mental

representations.

When speaking about the brain functional architecture of spatial

cognition, one of the first, most influential, finding concerns the

distinction between location-based “where” information and object-

based “what” information that has been identified in posterior cortical

regions (Ungerleider & Mishkin, 1982). More specifically, according to

Mishkin, Ungerleider, and Macko (1983), the primate visual system is

divided into two separate pathways: the ventral, or “what” stream,

projecting from the occipital to temporal regions, and the dorsal, or

“where” stream, projecting from the occipital to the parietal regions.

Pioneering research by Goldman-Rakic and colleagues pointed out

that such a dorsal–ventral distinction between “where” and “what”

information is carried through into the frontal regions (for a review,

see Levy & Goldman-Rakic, 2000).

Important for the aims of the present study, spatial representa-

tions are encoded and processed in the service of several different

cognitive functions, including visuospatial attention, spatial working

memory, mental rotation and spatial imagery, long-term memory, and

navigation. These functions encompass distinct cognitive operations
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and neural substrates, but they may also share common neural mecha-

nisms since they all operate on spatial material.

1.1 | Spatial attention

Spatial attention traditionally defines the capacity to select a location

for focal visual or auditory processing and to filter out other inputs.

Orienting of attention in space is controlled either endogenously,

allocating top-down and voluntary attentional resources; or exogenously,

guided by external stimulation (bottom-up, involuntary stimulus-driven

attention; Jonides, 1981). The most used paradigm to explore endoge-

nous and exogenous spatial orienting is Posner's cueing paradigm

(Posner, 1980), in which participants have to respond to a peripheral

target that can be preceded by a peripheral or central cue.

A large body of neuroimaging studies has shown that spatial

orienting is implemented in a bilateral circuit with core regions in pari-

etal and frontal regions (Corbetta, Miezin, Shulman, & Petersen, 1993;

Nobre et al., 1997; see Chica, Bartolomeo, & Lupiáñez, 2013, for a

review). More specifically, frontoparietal regions are segregated into

two functional and anatomical networks: the dorsal and the ventral

frontoparietal networks (Corbetta, Patel, & Shulman, 2008; Corbetta &

Shulman, 2002). The dorsal frontoparietal network mediates the

endogenous, top-down allocation of attention, and allows the selec-

tion of sensory stimuli on the basis of internal goals or expectations.

Core regions of this network include the dorsal parietal cortex, in

particular, the intraparietal sulcus (IPS) and superior parietal lobule,

and the dorsal frontal cortex, near or in the frontal eye fields (FEF).

The ventral frontoparietal network supports the bottom-up, exoge-

nous allocation of attention, and acts to detect salient and task-

relevant stimuli in the environment. Core regions of this network are

the temporoparietal junction (TPJ), the inferior frontal gyrus, the ante-

rior insula, and the frontal operculum. Although the majority of the

studies of spatial attention used visual stimuli rather than auditory

stimuli, a recent study highlighted shared neural substrates supporting

visual and auditory modalities spatial attention (Smith et al., 2010).

1.2 | Spatial working memory

Spatial working memory is the ability to encode, maintain, and manipu-

late spatial information for perception and action. A prominent cogni-

tive model of working memory was proposed by Baddeley (1986) that

included a distinction between working memory for visuospatial versus

verbal material. Subsequent studies have yielded a further fractionation

for visuospatial material, proposing separate stores for spatial and visual

working memory. This separation within the architecture for working

memory systems were suggested to mirror the dorsal–ventral dissocia-

tion of the frontoparietal systems mentioned above (Levy & Goldman-

Rakic, 2000).

Particularly controversial have been, however, the functional con-

tribution of the regions of frontal cortex. According to the “material-

specific” view and in line with the Baddeley's models (Baddeley &

Logie, 1999), some early neuroimaging studies implicated DLPFC as a

crucial site for the domain-specific maintenance of spatial information

(Courtney, Ungerleider, Keil, & Haxby, 1996; McCarthy et al., 1996;

Ventre-Dominey et al., 2005), whereas ventral frontal and prefrontal

regions were found activated preferentially in verbal or object work-

ing memory (Sala, Rama, & Courtney, 2003).

In contrast, according to the more recent “process-specific” view,

the frontal subregions do not differ in their contribution depending on

the material held in WM, but in the type of process they mediate

(Nystrom et al., 2000; Owen, Iddon, Hodges, Summers, & Robbins,

1997; Petrides, 2005). Working memory is indeed the result of multi-

ple sub-processes, including the selective attention, monitoring, and

manipulation within working memory, response selection, implemen-

tation of strategies to enhance memory, clustering, and organization

of material, and control over the representations. All these functions

were found to be associated with the activation of distinct regions of

prefrontal regions (see Owen, McMillan, Laird, & Bullmore, 2005, for a

review). More specifically, the ventrolateral PFC (BA 45/47) would

support retrieval of recently encoded information, whereas the dorso-

lateral PFC (BA 9/46) would subserve monitoring and active processing

(Curtis & D'Esposito, 2003).

Importantly, many studies found an hemispheric asymmetry in

activation of frontoparietal networks, greater on the right for spatial

working memory and on the left for verbal or object working memory

(Belger et al., 1998; Jonides et al., 1993; Manoach et al., 2004;

Thomason et al., 2009; Ventre-Dominey et al., 2005), even if several

studies failed to find any hemispheric specialization, showing no disso-

ciation between right and left hemispheric activation with spatial

versus nonspatial material (Nystrom et al., 2000).

1.3 | Navigation and spatial long-term memory

“I Have Often Walked Down This Street Before” is how the title of a

seminal study by Rosenbaum, Ziegler, Winocur, Grady, and Moscov-

itch (2004) begins and is a representative paper highlighting that the

processes of mental navigation and spatial memory are tightly linked

and, hence, often explored together. This is the reason why also our

meta-analysis dealt with and investigated the neural substrates of

these two abilities together.

Neurophysiological studies in animals have provided snapshots of

neuronal responses to simplified stimuli, identifying several popula-

tions of cells that encode spatial properties useful for navigation: place

cells in the hippocampus (O'Keefe & Nadel, 1978), grid cells in ento-

rhinal cortex (Hafting, Fyhn, Molden, Moser, & Moser, 2005), and

head direction cells in Papez circuit structures (Taube, 1998). Never-

theless, the neural systems supporting human spatial navigation in

complex environments are less well understood. Neuroimaging stud-

ies of human navigation commonly revealed activations of a network

of areas comprising a temporoparietal pathway running between the

precuneus and parahippocampal cortices via retrosplenial cortex and

the parieto-occipital sulcus, hippocampal regions, precuneus and bilat-

eral posterior parietal cortex, prefrontal and anterior cingulate cortex,

and cerebellum (Burgess, Becker, King, & O'Keefe, 2001; Rochefort

et al., 2011).

It has been proposed that parahippocampal cortex implements the

recognition of specific views whereas the retrosplenial cortex converts

the allocentric (environment-based) representations in hippocampal–

entorhinal regions to egocentric representations in posterior parietal

cortex (Epstein, 2008; Spiers & Maguire, 2007). Retrosplenial cortex
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would use head directional information derived from the landmarks

(recognized by the parahippocampus gyrus) to allow a representation

within a survey (i.e., allocentric) framework. In contrast, posterior parie-

tal cortex is more involved in route-based (i.e., egocentric) representa-

tion of landmarks, processed in relation to the navigator. Recent studies

also showed that the retrosplenial cortex and parahippocampal place

area (PPA) have complementary roles in spatial navigation, with PPA

being involved in representing local visual scenes, whereas retrosplenial

cortex being more involved in situating the visual scene within a

broader spatial environment (Epstein, 2008).

A central matter of debate is the differential contribution of the

hippocampus versus parahippocampal gyrus to spatial memory and

mental navigation. Early evidence from single-cell recording and lesion

studies in animals with the discovery of the “place cells” suggested

that the hippocampus is necessary for the formation and storage of

allocentric spatial representations (Morris, Garrud, Rawlins, & O'Keefe,

1982; O'Keefe & Nadel, 1978). On the other hand, in humans, both

the studies with patients and neuroimaging studies indicated parahip-

pocampal gyrus as the candidate area for spatial memory and naviga-

tion (Aguirre, Detre, Alsop, & D'Esposito, 1996; Maguire, Burgess,

Donnett, O'Keefe, & Frith, 1998; Rosenbaum et al., 2004; Shelton &

Gabrieli, 2002, see Spiers & Barry, 2015 for a review).

1.4 | Spatial imagery and mental rotation

Mental imagery is a multifaceted cognitive construct and underlies

the ability to generate, experience, and manipulate mental images

without existing external input (Lückmann, Jacobs, & Sack, 2014). The

most typical tasks used to assess spatial mental imagery are mental

rotation tasks, which require subjects to judge whether two object

stimuli presented at different orientations are identical or mirror

images of each other. These tasks thus require subjects to generate a

mental image of a geometric shape (or other stimuli, as hands, body

parts) and to perform mental operations on this object (e.g., rotate

and compare with another mental representation).

Several brain imaging studies have suggested that the bilateral

frontoparietal networks, and in particular, the dorsal attention net-

work (DAN), recruited during perceptual visuospatial tasks mediate

also the spatial operations of mentally imagined objects (Kosslyn,

DiGirolamo, Thompson, & Alpert, 1998; Cohen et al., 1996; Lamm,

Windischberger, Moser, & Bauer, 2007; Sack et al., 2008). Studies

employing transcranial magnetic stimulation (TMS) during mental rota-

tion performance have been able to corroborate the assumption that

successful mental imagery relies on efficiency in regions within the

DAN as well as visual areas (Bestmann, Thilo, Sauner, Siebner, &

Rothwell, 2002; Cona, Marino, & Semenza, 2017; Cona, Panozzo, &

Semenza, 2017; Harris & Miniussi, 2003; van de Ven & Sack, 2013 for

a review), whereas the role of primary motor area remains still unclear

(Sauner, Bestmann, Siebner, & Rothwell, 2006).

The networks activated during mental imagery are mostly bilat-

eral, although a functional specialization has been suggested: imagery

tasks based on categorical spatial processing would be supported by

the left posterior parietal cortex, whereas mental spatial transforma-

tions based on coordinate spatial processing would be supported by

the right posterior parietal cortex (Bien & Sack, 2014; Kosslyn,

Maljkovic, Hamilton, Horwitz, & Thompson, 1995; Palermo, Bureca,

Matano, & Guariglia, 2008; Trojano et al., 2002). Nevertheless, despite

these studies, the actual involvement of both hemispheric counter-

parts in the spatial mental imagery still remains speculative (Bien &

Sack, 2014).

Furthermore, a prominent role is played by premotor cortices and

pre-SMA (Cona, Marino, & Semenza, 2017; Cona, Panozzo, & Semenza,

2017; Jordan, Wustenberg, Heinze, Peters, & Jancke, 2002; Lamm

et al., 2007; Leek, Yuen, & Johnston, 2016; Kosslyn et al., 1998; see

Zacks, 2008 for a review). Dorsal premotor cortices mediate visuospa-

tial transformations by subserving the processing of spatial codes

required to traduce the mental image of the to-be-rotated stimulus

within a spatial coordinate system (Cona, Panozzo, & Semenza, 2017;

Lamm et al., 2007; Milivojevic, Hamm, & Corballis, 2009; Richter et al.,

2000). Pre-SMA instead contributes to sequence processing routines,

which would involve spatial mapping between the coordinates of the

to-be-rotated stimulus, through the computation of vector transforma-

tions (Cona, Marino, & Semenza, 2017; Cona & Semenza, 2017, for a

review; Leek et al., 2016).

1.5 | The current study

The neuroanatomical basis of spatial processing has been a central

matter of investigation since the early 1900s. Functional magnetic res-

onance imaging (MRI) has been widely used with this purpose, provid-

ing useful data on functional correlates associated with the processing

of the spatial information. The research in the last decades has been

very prolific, but no attempt has been made so far to identify consis-

tent results across the available literature.

The present meta-analysis was designed to reveal both the spe-

cific neural activations associated with each cognitive function that

involves spatial material and the shared activations among these func-

tions, which would represent the “core” neural substrate deputed to

process spatial information. Indeed, since all the functions mentioned

above work on the same type of material, that is, spatial material, it is

possible to conceive that there is a degree of overlap among their

neural substrates. Our starting-point assumption is supported by the

“multiple demand pattern model” (Duncan, 2010), according to which

there is a set of regions, centered mainly on frontoparietal network,

that is flexibly recruited to represent information—in this case, spatial

information—in a variety of different tasks. Furthermore, a recent

study that combined diffusion tractography with a meta-analytic

approach found shared activations in several areas within frontoparie-

tal networks among 14 different functions (Parlatini et al., 2017).

Other than dealing with the same material, these functions show

some common cognitive features and require similar cognitive opera-

tions. For example, it has been suggested that attention acts in the

service of working memory in three main ways: by directing attention

to a memory (spatial) stimulus, by contributing to the attentional-

based rehearsal process, and by regulating the access of the informa-

tion into the working memory, like a gating mechanism (Awh &

Jonides, 2001; Zimmer, 2008). Likewise, all of the functions men-

tioned above inherently involve the allocation of either internal or

external attention toward spatial stimuli/representations, as the
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individuals need to encode the spatial locations of the to-be-retrieved,

rotated, or updated stimuli.

At the same time, it is conceivable that the operations that are

uniquely recruited for a given function (e.g., retrieving past spatial

information in the case of spatial long-term memory) are subserved by

a set of regions that are specifically and uniquely activated in that

function (e.g., the parahippocampal gyrus and retrosplenial cortex for

long-term memory).

On these grounds, the present work carefully sought to address

three main aims in order to uncover both common and distinct activa-

tions underlying spatial functions:

• Aim 1. Is there a “core” neural substrate reflecting the processing

of spatial properties in healthy individuals? To answer this ques-

tion, a meta-analysis including all the available studies investigat-

ing the spatial processing in healthy subjects was planned.

• Aim 2. Could the results of the aim 1 be biased by the earlier stud-

ies on space processing, where the results have not been cor-

rected for multiple comparisons? Indeed, it is well known that

results should always be corrected for multiple comparisons, in

order to reduce the likelihood of false positives (Bennett, Baird,

Miller, & Wolford, 2009; Bennett, Wolford, & Miller, 2009). As

the neuroscience literature has been recently under threat by the

results replicability problem (Fanelli, 2018), in the current study

we are interested in providing consistent and valid data. To

answer this question, we performed an additional meta-analysis

including only the original studies where the correction for multi-

ple comparison was applied in order to understand whether or

not the inclusion of papers reporting uncorrected findings altered

the results (for completeness, we also run a meta-analysis includ-

ing only the original studies that did not apply any correction for

multiple comparisons. Finally, these two meta-analyses were con-

trasted to identify if any statistically significant difference

between the two maps exists).

• Aim 3. Which are the brain regions recruited in each spatial func-

tion (aim 3a)? Which are the brain regions univocally and selec-

tively recruited in each spatial function (aim 3b)? To answer these

questions, a meta-analysis on convergent results for each specific

function described in the introduction was planned (aim 3a). In

addition, we run discriminability meta-analyses to identify the

brain activations elicited in each specific spatial function against

brain activations elicited in all the other functions pooled together

(aim 3b).

2 | MATERIALS AND METHODS

2.1 | Studies selection

An in-depth search was conducted up to March 2018. Two hundred

and ninety possible eligible papers were identified through database

search and additional 167 studies were found by means of the

“related articles” function of the PubMed database and by tracing the

references from review articles and the identified papers. This yielded

to an initial identification of 457 papers.

To be included in the systematic review and meta-analysis, stud-

ies have to meet the following inclusion criteria:

• to use functional magnetic resonance imaging (fMRI) or positron

emission tomography (PET);

• to analyze the data using univariate approach that revealed local-

ized increased activation (i.e., studies using machine learning and

multivoxel pattern analysis were excluded; studies analyzing the

data using functional connectivity or related techniques have

been discharged);

• to have performed a whole-brain analysis (i.e., articles that per-

formed only region of interest (ROI) or small volume correction

(SVM) analysis have been excluded);

• to be peer-reviewed articles reporting novel data on the spatial

processing in healthy individuals;

• to use a task clearly linked to spatial processing (e.g., studies using

mixed task, for example involving both space and time, as for

example [Formisano et al., 2002], were excluded);

• to report a clear higher activation during spatial processing com-

pared with a control condition;

• sample size >5 participants;

• to report results in a standardized coordinate space (e.g. Talairach &

Tournoux, 1988 or Montreal Neurologic Institute [MNI]).

2.2 | Systematic review

The literature screening and final selection have been performed

according to the PRISMA guidelines (Liberati et al., 2009; Moher, Liber-

ati, Tetzlaff, & Altman, 2009). This procedure is summarized in the

PRISMA flow diagram that is available within the file “Supporting Infor-

mation A”. Applying the PRISMA procedure, a total of 133 original arti-

cles were found eligible to be included in the systematic review (see file

“Supporting Information B” for the list of the studies included).

One author (CS) and a student (in the acknowledgments) extracted

and checked the data independently. A second author (CG) double-

checked the data in case of discordance between the first two extrac-

tions. A database was created with the following features of each paper:

the number of subjects, the cognitive function involved, the specific task

used, the contrast performed, the coordinate system, the coordinate local-

ization (brain regions), the p value criteria (corrected, uncorrected), and

the associated statistic (t value, z score). In order to avoid to create depen-

dency across experiment maps that might negatively impact on the valid-

ity of the meta-analysis results, for each included paper only the contrast

that most strongly reflected the process that the current meta-analysis

aimed to investigate has been selected, in line with the recent meta-

analysis guidelines (Muller et al., 2018). Four out of 133 included papers

(Jordan et al., 2002; Kosslyn et al., 1998; Leek et al., 2016; Seurinck, Vin-

gerhoets, de Lange, & Achten, 2004) performed the same experiment

using two independent samples. As a consequence, two independent

contrasts were selected from these papers without the need to adjust for

multiple contrasts. Furthermore, another study (Mellet et al., 2000) per-

formed the same experiment in two independent samples. However, one

of the two groups included less than five participants and was thus

excluded from the meta-analysis, according to the inclusion criteria. These

procedures led to the inclusion in the meta-analysis of 133 studies,
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resulting in 137 experiments, with “study” referring to a paper, and

“experiment” referring to an individual contrast reported in each paper.

2.3 | The meta-analysis

The meta-analysis guidelines (Muller et al., 2018) have been used in the

current paper. Talairach coordinates were reported into MNI space

before performing the meta-analysis using a linear transformation (Laird

et al., 2010; Lancaster et al., 2007). For a quantitative assessment of

inter-study concordance the Activation Likelihood Estimation (ALE)

method (Eickhoff et al., 2009; Laird et al., 2005; Turkeltaub, Eden,

Jones, & Zeffiro, 2002) has been applied. The peaks of enhanced activa-

tion during spatial processing compared to the control condition were

used to generate an ALE map, using the revised ALE algorithm

(Turkeltaub et al., 2012) running under Ginger ALE software (http://

brainmap.org/ale/) version 2.3.6. This approach aims to identify areas

with a convergence of reported coordinates across experiments that are

higher than expected from a random distribution of foci. Briefly, this

algorithm treats activated foci of brain regions as three-dimensional

Gaussian probability distributions centered at the given coordinates

(Eickhoff et al., 2009; Laird et al., 2005). The algorithm incorporates the

size of the probability distributions by considering the sample size of

each study. Moreover, the algorithm utilizes the random-effect rather

than the fixed-effect inference. It does so by testing the above-chance

clustering between contrasts rather than the above-chance clustering

between foci. Inference is then sought regarding regions where the likeli-

hood of activation being reported in a particular set of experiments is

higher than expected by chance, that is, where there is a nonrandom

convergence. For further details on the ALE method please refer to the

original publications (Eickhoff et al., 2009; Eickhoff, Bzdok, Laird, Kurth, &

Fox, 2012; Turkeltaub et al., 2012). The checklist for neuroimaging meta-

analysis is available within the file “Supporting Information C”.

According to the experimental hypotheses, different meta-analyses

were run. First, a meta-analysis was performed including all the studies

investigating spatial processing, regardless of the specific cognitive func-

tion (aim 1). Second, a meta-analysis was performed only on those studies

where the results were corrected for multiple comparisons (aim 2). For

completeness, a meta-analysis on original studies not corrected for multi-

ple comparisons was also performed, and the two ALE maps were

directly contrasted. Third, different meta-analyses were performed sepa-

rately for each cognitive function, dividing the studies according to the

cognitive operation recruited for the spatial material (aim 3a). Finally, each

function specific meta-analysis was contrasted against the meta-analysis

from the remaining cognitive functions pooled together (e.g., the meta-

analysis on attention was contrasted against the meta-analysis including

working memory, mental rotation, and spatial navigation/long-term mem-

ory) (aim 3b), using the method described in Laird et al. (2005).

Twenty-five experiments were classified as spatial working mem-

ory; 44 as spatial attention (both with visual and auditory modality);

24 as spatial long-term memory and/or spatial navigation; and 35 as

mental rotation and spatial imagery. Eight experiments were not

included in the specific analyses since they used tasks that do not

clearly involve any specific cognitive function took into account in our

meta-analysis, making the classification of these experiments within

one or the other sub-meta-analysis artificial.

Concerning the aims 1 and 2 (i.e., investigating the presence of a

“core” neural network for space processing and investigating whether or

not the results of this first analysis might be biased by the presence of

articles presenting uncorrected results), statistical ALE maps were thre-

sholded using voxel level family-wise error (FWE) correction at p < 0.05

(5,000 permutations) and an extent threshold of 200 voxels, as we

wanted to be very conservative. Regarding aim 3a (i.e., to investigate the

specific neural functional correlates of space underlying each cognitive

spatial function), statistical ALE maps were thresholded using cluster-

level FWE correction at p < 0.05 (cluster-forming threshold at voxel level

p < 0.001) (Eickhoff et al., 2016) according with the recent guidelines for

coordinate-based meta-analysis (Muller et al., 2018). Finally, regarding

aim 3b (i.e., to investigate the brain regions recruited specifically in each

cognitive function), statistical ALE maps were thresholded using False

Discovery Rate (FDR) correction at p < 0.05 (Laird et al., 2005).

3 | RESULTS

3.1 | Spatial processing: the core network

The meta-analysis of all studies involving spatial processing (aim 1)

included 1,696 foci from 137 experiments for a total of 1882 partici-

pants. The results are reported in Table 1 and graphically repre-

sented in Figure 1.

This analysis showed a symmetrical pattern of activation between

the hemispheres. Activations were located bilaterally in dorsal regions

of frontal and parietal lobes (BA 6 and BA 7, bilaterally), and medially, in

the pre-SMA. More specifically, concerning the dorsal frontal regions,

activations were found mainly over right and left middle frontal gyrus,

in regions corresponding to the FEF and dorsal premotor cortex, BA 6);

whereas over dorsal parietal regions, the activations involved precu-

neus, bilateral superior parietal lobules, and intraparietal sulci.

Although with a lesser extent, a symmetrical pattern of activation

was also found in insular cortices and in ventral frontoparietal regions,

which include the right and left frontal opercula (BA 9), and the infe-

rior parietal lobules (BA 40). Significant convergence was also found in

the left fusiform gyrus (BA 37).

The meta-analysis comprising only the sub-group of studies

where the results have been corrected for multiple comparisons (aim

2) included 1,110 foci from 82 experiments for a total of 1,215 partici-

pants. The results are reported in Table 1 and graphically represented

in Figure 1. Notably, the same cortical regions of the first meta-

analysis were identified by this meta-analysis too, although the size of

the clusters was reasonably slightly different from that observed in

the previous analysis. This difference in cluster size is likely to be due

to the smaller number of included experiments (137 vs. 82) and, con-

sequently, foci of activation (1,697 vs. 1,110), rather than functional

differences between the two meta-analyses. For completeness, the

meta-analysis comprising only the studies where the results have not

been corrected for multiple comparisons included 586 foci from

55 experiments for a total of 667 participants. Convergent results

are revealed in the dorsal region of the frontal lobe (BA 6; 30, −6,

58) and in the inferior parietal lobule (BA 40; 40, −42, 44). The direct

comparison between the two meta-analyses (i.e., that one including
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only studies corrected and that one including only studies uncor-

rected for multiple comparisons) revealed no statistically significant

differences.

In the following paragraphs, the results of each cognitive function

involving space are presented (aims 3a and 3b). Eight experiments

(132 foci and 107 participants) have not been included in the follow-

ing analyses as the task used could not be categorized univocally in

any of the following cognitive functions.

3.2 | Spatial attention

We then considered separately the 516 foci reported in 44 experi-

ments of spatial attention for a total of 602 participants. The results

are reported in Table 2 and graphically represented in Figure 2.

The meta-analysis on the studies involving spatial attention (aim 3a)

revealed the following clusters of activation: bilateral superior parietal

lobule and precuneus (BA 7) extending to the inferior parietal lobe

(BA 40); and to right superior occipital gyrus (BA 19). In frontal regions, we

found concordant bilateral activation over FEF, dorsal premotor cortices

(BA 6) and frontal opercula (BA 9). SMA and pre-SMA; pre-central gyrus

(BA 4; BA 6). Insular cortices (BA 13), the left fusiform gyrus (BA 37) and

the right superior temporal gyrus (BA 13) were also active.

Notably, in the meta-analysis of studies specifically involved in

spatial attention (aim 3b: attention vs. working memory+navigation

+mental rotation) we found that two brain regions were activated

selectively in spatial attention: the right superior temporal gyrus, close

to the TPJ (BA 22) and a region close to the right inferior frontal

sulcus (BA 9).

TABLE 1 Brain areas commonly activated by all studies of spatial cognition

Cluster size Brain regions Broadman areas

MNI coordinates

x y z

All the studies investigating space processing

5,648 Precuneus 7 12 −64 56

Superior parietal lobule 7 36 −76 51

Superior parietal lobule 7 30 −68 50

4,688 Middle frontal Gyrus 6 28 −2 56

4,072 Precuneus 7 −12 −66 54

Superior parietal lobule 7 −24 −58 58

4,064 Presupplementary motor area 6 2 14 50

3,200 Middle frontal Gyrus 6 −28 2 54

1800 Inferior parietal lobule 7 34 −48 52

Inferior parietal lobule 40 40 −42 44

1,768 Inferior parietal lobule 40 −38 −44 44

1,376 Insula 13 −34 22 −4

1,320 Inferior frontal Gyrus, pars opercularis 9 52 10 24

808 Inferior frontal Gyrus, pars opercularis 9 −50 12 28

504 Insula 13 34 22 2

488 Fusiform Gyrus 37 −35 −64 −8

Only studies with results corrected for multiple comparisons

3,720 Middle frontal Gyrus 6 28 −2 56

Middle frontal Gyrus 6 30 8 54

3,392 Precuneus 7 12 −64 56

3,088 Presupplementary motor area 32 0 14 48

2,680 Superior parietal lobule 7 −18 −68 54

Superior parietal lobule 7 −22 −58 60

2,360 Middle frontal Gyrus 6 −28 2 56

1,432 Inferior parietal lobule 40 −38 −44 44

1,088 Insula 13 −32 24 −4

800 Fusiform Gyrus 37 −35 −65 −8

792 Inferior frontal Gyrus, pars opercularis 9 52 10 24

696 Inferior parietal lobule 7 36 −46 52

Inferior parietal lobule 40 40 −42 46

608 Superior parietal lobule 7 30 −66 50

Superior parietal lobule 19 34 −74 54

400 Insula 13 34 22 2

328 Inferior frontal Gyrus, pars opercularis 9 −50 12 28

Precentral Gyrus 6 −46 2 32
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3.3 | Spatial working memory

The meta-analysis of studies on spatial working memory (aim 3a)

included 337 foci from 25 experiments for a total of 360 participants.

The results are reported in Table 3 and graphically represented in

Figure 3. The largest clusters of activation were found over dorsal

frontal regions (BA 6) of both the hemispheres, over the precuneus

and bilateral superior parietal lobules (BA 7) and over the pre-SMA.

Convergent loci of activation were also found in the left ventro-

lateral prefrontal region (BA 47) extending to insular cortex (BA 13)

and in left inferior parietal lobule (BA 40) and occipital gyrus. Dorso-

lateral prefrontal cortex (BA 9) was shown consistently activated over

both the left and right hemisphere.

As compared with the other spatial functions (aim 3b: working

memory vs. attention+navigation+mental rotation), spatial working

memory was associated with specific activation of a region located

over the left middle frontal gyrus (BA 6). Also, the left ventrolateral

prefrontal cortex (BA 47) was found to be engaged uniquely by this

function.

3.4 | Long-term spatial memory and spatial
navigation

The meta-analysis of studies that investigated long-term spatial mem-

ory and spatial navigation (aim 3a) included 363 foci from 24 experi-

ments for a total of 338 participants. The results are reported in

Table 4 and graphically represented in Figure 4. The analysis showed

consistent activations mainly located in the right hemisphere and in

particular in right parahippocampal gyrus (BA 36), in posterior cingu-

late cortex and specifically in the retrosplenial cortex (BA 30, BA 29),

in the precuneus (BA 7, 19, and 31), in the right middle occipital gyrus

(BA 39) and in the right inferior parietal lobule (BA 40).

Importantly, in the meta-analysis of studies specifically involved

in navigation and long-term memory (aim 3b: navigation vs. working

memory+attention+mental rotation), with respect to the other func-

tions, the right parahippocampal gyrus and two bilateral regions over

the retrosplenial cortex (BA 30; BA 29) were elicited selectively in

long-term spatial memory and navigation tasks.

3.5 | Mental rotation and spatial imagery

The meta-analysis of mental rotation studies (aim 3a) included

348 foci from 35 experiments for a total of 475 participants. The

results are reported in Table 5 and graphically represented in

Figure 5. Consistent clusters of activation were found over the

right and left superior parietal lobules (BA 7) extending to precu-

neus, the bilateral middle frontal regions involving the FEF and dor-

sal premotor regions (BA 6), and the pre-SMA. Consistent clusters

of activation were found also bilaterally in ventral frontoparietal

regions: over inferior parietal lobule (BA 40) and the inferior frontal

gyrus (BA 9). Bilateral temporal and occipital regions were found

consistently activated and included fusiform gyrus (BA 19, BA 37),

and middle occipital gyri (BA 18, BA 19).

In the meta-analysis of studies specifically involved in mental

rotation (aim 3b: mental rotation and spatial imagery vs. working

memory+attention+navigation), we found that, as compared with the

other spatial functions, spatial imagery specifically elicited a region in

the right postcentral sulcus, between the somatosensory cortex and

the superior parietal lobule (BA 7); and a region over the left inferior

occipital gyrus (BA 19).

FIGURE 1 Core network for spatial processing. The figure represents the results of the meta-analysis including all the eligible studies (a) and the

results of the meta-analysis including only the studies that applied the correction for multiple comparisons to their results (b); in the third panel
(c), the overlap between the two meta-analyses is graphically represented
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4 | DISCUSSION

We are constantly dealing with space in our everyday life. Spatial

material represents indeed the target information to process in the

service of multiple distinct cognitive functions that range from atten-

tion, working memory, to imagery, navigation, and long-term memory.

Our understanding of the heterogeneous findings regarding brain

function connoting cognitive operations may be enriched by a cohe-

sive view of the structures that are consistently implicated. Through a

systematic review and coordinate-based meta-analysis, this study

aimed at determining the brain regions that are commonly recruited

by all the cognitive functions operating on spatial information and

thus to identify the core network underlying spatial processing. In

addition, the current study aimed at identifying the distinct regions

that are specifically involved in each spatial function. As far as we

know, this is the first systematic review and meta-analysis of spatial

cognition. Critically, we also empirically demonstrated that the results

of the current meta-analyses are not affected by the original studies

that did not correct their results for multiple comparisons since the

results of the “core” network meta-analysis did not change including

or excluding these studies. This is of outstanding importance as it

allows us to safely affirm that the results of the meta-analysis are not

driven by the earlier studies, where the results were presented with-

out any correction for multiple comparisons.

Importantly, these results do not in any way indicate that results

not corrected for multiple comparisons are as reliable as the results

corrected for multiple comparisons. Rather, these results suggest that

the consistent brain activation for spatial processing did not signifi-

cantly differ between the two sets of studies.

4.1 | Spatial processing: the core network

In relation to the first aim, we found that spatial information is pro-

cessed in a network of brain regions symmetrically distributed on both

hemispheres and that comprises dorsal frontal and parietal regions,

pre-SMA, anterior insula and, to less extent, frontal operculum, and

inferior parietal lobule.

The symmetrical distribution evidenced in the omnibus meta-analysis

rules against the idea of a right hemisphere specialization for spatial cogni-

tion proposed by past studies (Fink et al., 2000; Halligan, Fink, Marshall, &

Vallar, 2003; Marshall & Fink, 2001), at least if we consider the general

spatial processing, regardless of the function investigated.

TABLE 2 Brain areas activated in spatial attention

Cluster size Brain region Broadman area

MNI coordinates

x y z

9,424 Superior parietal lobule 7 16 −62 56

Precuneus 7 8 −60 54

Middle occipital Gyrus 19 36 −78 32

Inferior parietal lobule 40 40 −46 46

Superior occipital gyrus 19 32 −68 40

5,920 Presupplementary motor area 6 0 12 50

5,672 Middle frontal Gyrus 6 −26 −4 58

Middle frontal Gyrus 6 −28 4 54

Precentral Gyrus 6 −42 −2 52

Precentral Gyrus 6 −26 −8 46

Precentral Gyrus 4 −40 −14 56

4,112 Superior parietal lobule 7 −16 −60 60

Superior parietal lobule 7 −20 −70 56

Superior parietal lobule 7 −24 −62 44

Superior parietal lobule 7 −26 −60 54

3,912 Middle frontal Gyrus 6 30 −2 56

Middle frontal Gyrus 6 28 16 46

3,016 Inferior frontal Gyrus, pars opercularis 9 48 14 28

Middle frontal Gyrus 6 44 10 42

2,088 Insula 13 −32 24 −2

1,832 Insula 13 36 22 0

1,664 Inferior parietal lobule 40 −36 −46 44

1,216 Precentral Gyrus 6 −44 2 34

Precentral Gyrus 9 −48 6 22

1,114 Fusiform Gyrus 37 −34 −64 −8

976 Superior temporal Gyrus 13 58 −42 18

Attention: Specific activations

104 Superior temporal Gyrus 22 58 −42 17

80 Inferior frontal Gyrus, pars opercularis 9 45 12 34
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A bilateral dorsal frontoparietal network that includes dorsal

premotor regions and frontal eye fields in frontal cortex, and pre-

cuneus, superior parietal lobule and intraparietal sulcus in parietal

cortex was found commonly activated in all spatial tasks. Although

to lesser extent, bilateral activations in ventral frontoparietal net-

work were also found in the inferior frontal gyrus and in inferior

parietal lobule.

This pattern of results suggests that the frontoparietal networks

support a shared mechanism that is involved in the execution of all

spatial functions, rather than being implicated to several task-specific

processes. The challenge is to identify such putative mechanism

underlying the spatial functions.

The most recent studies have converged on a conceptual frame-

work positing that dorsal frontoparietal regions contain topographic

maps and their activity presumably constitutes a rank-ordered or “pri-

oritized” representations of relevant locations within the visual field

(Bisley & Goldberg, 2010; Itti & Koch, 2001; Serences & Yantis, 2007;

Szczepanski, Konen, & Kastner, 2010).

Topographic maps have been indeed discovered also outside

the visual cortex, in associative regions of frontal and parietal net-

work that closely mirror those found in the present meta-analysis

(Hagler Jr & Sereno, 2006; Konen & Kastner, 2008; Saygin &

Sereno, 2008; Schluppeck, Glimcher, & Heeger, 2005; Sereno,

Pitzalis, & Martinez, 2001; Silver & Kastner, 2009; Silver, Ress, &

Heeger, 2005). In particular, Hagler Jr and Sereno (2006) discov-

ered spatial maps in both superior precentral sulcus, in a location

corresponding to the FEF and in the inferior frontal sulcus, ante-

rior to the precentral sulcus. They also found maps in the superior

parietal regions, close to the intraparietal sulcus. Likewise, Jerde

and Curtis (2013) identified reliable topographic maps in the same

brain regions.

A recent study using novel procedures characterized the topo-

graphic organization of visual field maps in human frontoparietal

regions and found that these maps are organized by polar angle and

eccentricity, containing a representation of all the gradients of

polar angles of the contralateral visual field (Mackey, Winawer, &

Curtis, 2017).

The topographic maps in frontoparietal regions were shown to be

the best candidate priority maps of space (Jerde, 2012; Jerde & Curtis,

2013). Such maps would dynamically code for the priority of locations

in the environment on the basis of the behavioral context, tagging the

locations that are salient and behaviorally relevant (Serences & Yantis,

2007; Thompson & Bichot, 2005). The behavioral priority changes

indeed continuously over time and is shaped by both cognitive inputs

(goals, prior information, and so forth) and visual information. It is still,

however, unclear which is the specific mechanism used to prioritize

the relevant spatial representations. A possible mechanism might be

the allocation of the attention to the internal representations in a simi-

lar manner as evidenced for external attentional allocation (Lückmann

et al., 2014).

The activation of dorsal frontoparietal regions such as the FEF,

superior parietal lobule, and IPS has been quite consensually classified

the dorsal attention network (DAN; see Corbetta et al., 2008; Power

et al., 2011). The finding of DAN activation across different tasks

requiring the internal maintenance of task-related representations has

given rise to a set of neurocognitive models that considered atten-

tional orienting as a crucial mechanism in the field of working memory

(internal attention; Nobre et al., 2004), episodic retrieval (attention to

memory; Cabeza, Ciaramelli, Olson, & Moscovitch, 2008), prospective

memory (attention to delayed intention; Cona, Scarpazza, Sartori,

Moscovitch, & Bisiacchi, 2015; Cona, Bisiacchi, Sartori, & Scarpazza,

2016) and mental imagery (top-down control; e.g., Kosslyn, 2005;

Sack & Schuhmann, 2012). The sustained DAN activation during the

delay “maintenance” period in all these kinds of tasks is likely to reflect

the attentional orienting toward the internal representation to keep it

active (Lückmann et al., 2014).

Other regions seem to support such prioritizing mechanism

and were found commonly activated in all the spatial tasks of our

FIGURE 2 Spatial attention related activations. The figure represents the 2D (a) and 3D (b) brain activations during attention tasks. In the

C panel, the selective activations for attention (attention—Working memory+navigation+mental rotation) are represented [Color figure can be
viewed at wileyonlinelibrary.com]
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meta-analysis. The anterior insula and frontal operculum, which

comprise network labeled cingulo-opercular control network

(Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008) or salience

network (Seeley et al., 2007) were found consistently activated in

the present meta-analysis. These regions are thought to serve the

detection of the most relevant (internal or external) stimuli in order

to influence and guide thoughts and behaviors (Seeley et al., 2007).

Notably, a recent neurocognitive model (Myers, Stokes, & Nobre,

2017) built up in the working memory context, conceptualized the

prioritizing mechanism as a multi-step process: after an encoding

phase, a cue indicating that one item in the working memory is

behaviorally relevant leads to orientation of attention toward the

corresponding representation, and, in turn, to the selection of such

representation. This operation would be mediated by the dorsal

frontal–parietal network (DAN). In a second step, the identified

representation needs to be prioritized by recruiting the anterior

TABLE 3 Brain areas activated in spatial working memory

Cluster size Brain region Broadman area

MNI coordinates

x y z

4,488 Middle frontal Gyrus 6 34 12 52

Middle frontal Gyrus 6 28 4 52

Middle frontal Gyrus 6 30 0 58

4,000 Middle frontal Gyrus 6 −26 4 52

Precentral gyrus 8 −44 8 46

3,496 Superior parietal lobule 7 −22 −56 60

Superior parietal lobule 7 −14 −64 54

3,408 Presupplementary motor area 6 −2 14 50

Presupplementary motor area 6 −4 8 56

Presupplementary motor area 6 12 6 56

2,304 Superior parietal lobule 7 20 −62 60

Precuneus 7 8 −66 56

1,760 Inferior frontal Gyrus 47 −36 22 −8

Insula 13 −34 18 4

1,680 Inferior parietal lobule 40 −36 −40 44

1,024 Inferior frontal Gyrus, pars opercularis 9 52 12 26

928 Middle occipital Gyrus 19 −28 −82 24

896 Inferior frontal Gyrus, pars triangularis 9 −48 14 30

Working memory: Specific activations

240 Middle frontal Gyrus 6 −28 6 47

184 Inferior frontal Gyrus, pars opercularis 47 −32 22 −12

FIGURE 3 Spatial working memory related activations. The figure represents the 2D (a) and 3D (b) brain activations during working memory

tasks. In the (c) panel, the selective activations for working memory (working memory—Attention+navigation+mental rotation) are represented
[Color figure can be viewed at wileyonlinelibrary.com]
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insula, frontal operculum and ventrolateral prefrontal cortex, and

possibly pre-SMA or ACC. In the third step, the selected represen-

tation is reformatted into an action-oriented format. This model fits

in nicely with the findings and interpretations presented in the

present paper, although a clear understanding of the specific

contribution of some regions, such as the pre-SMA, is still lacking.

In this regard, the finding of persistent and convergent activation

of pre-SMA across different spatial tasks is consistent with the “uni-

fied account” that pre-SMA supports domain-general sequence opera-

tions in visuospatial tasks (Cona, Marino, & Semenza, 2017; Leek

et al., 2016) as well as in other cognitive tasks (see Cona & Semenza,

2017, for a review). Sequential operations are necessary to create a

representation of space (Leek et al., 2016), as well as of time, or other

magnitude dimensions, such as numbers (Dehaene et al., 1996).

According to this account, SMA regions (and pre-SMA in particular)

play a central role in the integration of sequential items into higher-

order structural representations regardless of the nature of such items

(spatial, motor, temporal, numerical, linguistic, and so forth), providing

also evidence from TMS and lesion studies of the causal contribution

of pre-SMA in this process (Cona & Semenza, 2017). In accordance

with this idea, another study specifically focused on spatial processing

showed that pre-SMA supports hierarchical sequence processing in

visuospatial tasks (Bahlmann, Schubotz, Mueller, Koester, & Friederici,

2009). Interestingly, we found that pre-SMA only was deputed to spa-

tial processes, whereas SMA was not consistently activated among

the tasks. This result is consistent with the notion that the pre-SMA

has “higher”, cognitive functions, in contrast to the SMA, which is

associated with “lower” motor functions (Grezes & Decety, 2001).

In this first part, we started with a discussion of the task-general

brain activations in spatial cognition. Now we outline and discuss the

TABLE 4 Brain areas activated in spatial long-term memory and navigation

Cluster size Brain region Broadman area

MNI coordinates

x y z

2,984 Parahippocampus 36 24 −40 −10

2,408 Posterior cingulate (Retrosplenial cortex) 30 −12 −50 18

Posterior cingulate (Retrosplenial cortex) 29 −6 −45 8

1,720 Posterior cingulate(Retrosplenial cortex) 30 14 −45 18

Precuneus 31 12 −60 28

1,216 Middle occipital Gyrus 19 34 −74 36

Middle occipital Gyrus 30 46 −70 28

992 Precuneus 7 10 −62 54

808 Inferior parietal lobule 40 40 −44 54

Long-term memory and navigation: Specific activations

936 Parahippocampus 36 25 −39 −10

200 Posterior cingulate
(Retrosplenial cortex)

29 −13 −51 19

56 Posterior cingulate (Retrosplenial cortex) 30 10 −45 17

FIGURE 4 Spatial long-term memory and navigation related activations. The figure represents the 2D (a) and 3D (b) brain activations during long-

term memory and navigation tasks. In the (c) panel, the selective activations for long-term memory and navigation (LTM + navigation—Mental
rotation+navigation+working memory) are represented [Color figure can be viewed at wileyonlinelibrary.com]

CONA AND SCARPAZZA 1877

http://wileyonlinelibrary.com


findings of task- and function-specific activations in brain regions and

finally, we will provide a framework that allows for the integration of

all these findings.

4.2 | Spatial attention

The current meta-analysis highlighted that spatial attention processes

elicit concordant activity of both dorsal and ventral frontoparietal net-

works. Furthermore, pre-SMA regions and bilateral insular cortices

(BA 13) were associated with spatial attention as well. This pattern of

activity seems to mirror that one observed in the omnibus analysis

(although it comprises larger clusters of activations). This would sup-

port the idea that attention is an overarching mechanism involved in

multiple functions.

According to the models developed by Corbetta and collabora-

tors (Corbetta et al., 2008; Corbetta & Shulman, 2002), the dorsal

frontoparietal network—whose core regions comprise dorsal premo-

tor cortex and FEF in frontal cortex, and the SPL and IPS in parietal

cortex—enables the selection of external sensory stimuli based on

goals (top-down, goal-driven attention) and links them to appropriate

behaviorally responses. As discussed above in the previous para-

graph, our results not only support this account, but extend it reveal-

ing that this network, labeled as DAN, subserves the sustained

top-down allocation of attention not only toward the external sen-

sory stimuli but also toward the internal spatial representations.

On the other hand, according to Corbetta's models, the ventral

frontoparietal network, including the temporoparietal junction (TPJ),

parts of the middle and inferior frontal gyrus, the frontal operculum,

and the anterior insula, allows the detection of salient and behavior-

ally relevant external stimuli, especially when these are unattended

(stimulus-driven or bottom-up attention).

Several studies supported this dorsal-ventral segregation in fron-

toparietal networks (Chica, Bartolomeo, & Valero-Cabre, 2011;

Hahn, Ross, & Stein, 2006; Indovina & Macaluso, 2007; Liu, Pestilli, &

Carrasco, 2005; Yantis et al., 2002), others instead found no modula-

tion on some regions of the ventral system associated with exoge-

nous attentional orienting, favoring the idea of partly overlapping

network for endogenous and exogenous orienting (Kincade, Abrams,

Astafiev, Shulman, & Corbetta, 2005). The results from the present

meta-analysis are clear-cut in this respect, demonstrating a func-

tional segregation of top-down and bottom-up systems: The bilateral

dorsal frontoparietal network is shared by all the spatial functions

and it is likely to mediate an overarching mechanism such as the

endogenous, top-down control of attention. Conversely, two regions

in the ventral frontoparietal network of the right hemisphere are

instead selectively implied in spatial attention, thus would be

engaged in the exogenous shift of attention toward the part of the

space in which salient (and probably unexpected) stimuli occur.

Notably, the right lateralization of TPJ and inferior frontal activation

as specific in visuospatial attention is consistent with the classical

TABLE 5 Brain areas activated in mental rotation and spatial imagery

Cluster size Brain region Broadman area

MNI coordinates

x y z

4,576 Superior parietal lobule 7 16 −66 54

Superior parietal lobule 7 26 −76 52

3,816 Middle frontal Gyrus 6 28 −4 56

3,744 Superior parietal lobule 7 32 −48 56

Inferior parietal lobule 40 40 −40 44

Superior parietal lobule 7 26 −50 66

3,400 Presupplementary motor area 6 2 14 50

3,328 Inferior parietal lobule 40 −38 −44 46

Postcentral Gyrus 40 −40 −32 44

2,992 Middle frontal Gyrus 6 −26 −6 52

Superior frontal Gyrus 6 −22 2 58

Superior frontal Gyrus 6 −28 −2 64

2056 Superior parietal lobule 7 −26 −70 46

Precuneus 7 −13 −66 54

1,760 Fusiform Gyrus 19 −35 −65 −8

1,584 Inferior frontal Gyrus, pars opercularis 9 −50 12 28

1,520 Middle occipital Gyrus 19 40 −78 8

Middle occipital Gyrus 18 38 −86 2

Middle occipital Gyrus 19 34 −84 16

Inferior occipital Gyrus 19 48 −82 2

1,248 Fusiform Gyrus 37 26 −74 −8

1,232 Inferior frontal Gyrus, pars opercularis 9 54 8 24

Mental rotation: Specific activations

96 Post central Gyrus 7 30 −49 62

72 Inferior occipital Gyrus 19 −46 −73 −5
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findings of spatial attention deficits shown in the neglect syndrome

after lesions of TPJ or of its connections to the ipsilateral frontal

regions (Bartolomeo, Decaix, & Siéroff, 2007; Bourgeois, Chica,

Migliaccio, Thiebaut de Schotten, & Bartolomeo, 2012, for recent stud-

ies). Anatomical lesion data in patients with neglect pointed often to

the TPJ as the best candidate for spatial attention shift (Vallar & Per-

ani, 1986).

While the functional contribution of frontoparietal networks to

attention has been extensively studied in the past, the role of fusiform

gyrus in relation to visuospatial attention is still less understood. We

found a consistent activation of the left fusiform gyrus across spatial

attention tasks. The left fusiform gyrus is part of the ventral proces-

sing stream and has been typically linked to encoding object proper-

ties such as shape, color, and texture (Zeki & Marini, 1998) and object

categorization. Notably, more recent studies are concordant with our

findings in suggesting a specific role of this region in exogenous,

stimulus-driven attention (Hahn et al., 2006; Kincade et al., 2005).

4.3 | Spatial working memory

The spatial working memory analysis revealed the most prominent

activation in the dorsal frontoparietal network that mirrors the DAN,

corroborating the idea that this network contributes to an overarching

mechanism, which is likely to be the internal attention toward priority

maps of space.

This analysis showed that several sets of activations were com-

mon to both spatial attention and working memory, including bilat-

eral FEF and dorsal premotor cortices, pre-SMA, inferior frontal

regions, bilateral superior parietal lobules, and insula (although for

the spatial working memory the activation was restricted to the left

insula). These findings are consistent with previous views that spa-

tial attention and working memory share common cognitive opera-

tions and neural mechanisms (McCarthy, Nobre, Bentin, & Spencer,

1995; Awh & Jonides, 2001; Corbetta, Kincade, & Shulman, 2002;

La Bar, Gitelman, Parrish, & Mesulam, 1999).

Notably, the present analysis revealed that spatial working mem-

ory did not activate only dorsal frontal and dorsolateral prefrontal

regions but also ventral frontal regions including the bilateral inferior

frontal regions and the left ventrolateral prefrontal cortex (BA 47),

which appears to be recruited uniquely by this function.

While the contribution of the frontal lobe to spatial working

memory is beyond dispute (Owen et al., 2005; Rottschy et al.,

2012; Wager & Smith, 2003), the stimulus-specific segregation of

prefrontal cortical areas is still controversial (Hautzel et al., 2002;

Zimmer, 2008).

Two major dissociations in functional contribution of prefrontal

cortex have been discussed and still represent a matter of debate:

(a) the left/right dissociation of verbal (left hemisphere) versus spatial

working memory (right hemisphere); and (b) the ventral (object, shape

working memory) versus dorsal (spatial working memory] dissociation.

Concerning the first point, past studies proposed a stimulus-

specific hemispheric lateralization in frontal regions, with a left hemi-

sphere dominance for verbal working memory (Wager & Smith, 2003);

and right hemisphere dominance for visuospatial working memory

(van der Ham, Raemaekers, van Wezel, Oleksiak, & Postma, 2009;

Walter et al., 2003). However, this dominance of the right hemisphere

for spatial working memory was not substantiated in many studies

(Nystrom et al., 2000; Wager & Smith, 2003). In most experiments on

visuospatial working memory, indeed, the activation was bilateral

(Zimmer, 2008). Likewise, in our analysis, we did not find a right hemi-

sphere dominance for spatial working memory.

Concerning the second point, two different views have been

pointed out. Some authors have suggested that the distinction

between “what” and “where” shown in the posterior cortex has a cor-

respondence in the frontal lobe. According to this “material-specific”

view, the dorsolateral PFC regions maintain spatial information,

whereas the ventrolateral PFC regions maintain object information

FIGURE 5 Mental rotation and spatial imagery related activations. The figure represents the 2D (a) and 3D (b) brain activations during mental

rotation and spatial imagery tasks. In the (c) panel, the selective activations for these processes (mental rotation+spatial imagery—Attention
+navigation+working memory) are represented [Color figure can be viewed at wileyonlinelibrary.com]
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(Sala et al., 2003; Ungerleider, Courtney, & Haxby, 1998; Ventre-

Dominey et al., 2005).

Other authors proposed instead that the frontal subregions do

not differ in their contribution depending on the material held in WM,

but in the type of process, they mediate (Nystrom et al., 2000; Owen

et al., 1997; Petrides, 2005). More specifically, according to this “pro-

cess-specific” view, the ventrolateral PFC (BA 45/47) would support

retrieval of recently encoded information, whereas the dorsolateral

PFC (BA 9/46) would subserve monitoring and active processing

(Curtis & D'Esposito, 2003).

The pattern of our results is in line with the process-specific view,

as we found that spatial working memory activates both dorsal and

ventral PFC regions. Notably, while the activations in dorsal frontal

regions underlie multiple, distinct spatial functions, the left ventrolat-

eral PFC seems to be preferentially recruited by working memory,

thus it might contribute to a specific working memory process, namely

the retrieval of information as previously proposed.

4.4 | Navigation and spatial long-term memory

Navigation and spatial long-term memory tasks elicit a set of activa-

tions over the posterior regions mainly lateralized in the right hemi-

sphere. In contrast to the left, the right medial temporal and

posterior regions have been indeed strongly implicated in spatial

navigation from both neuroimaging studies (Aguirre et al., 1996;

Ghaem et al., 1997) and neuropsychological cases (Luzzi, Pucci, Di, &

Piccirilli, 2000).

These activations were located in the parahippocampal gyrus, in

posterior cingulate cortex—particularly in the retrosplenial cortex—in

posterior parietal cortex (i.e., precuneus and inferior parietal lobule)

and in middle occipital gyrus (BA 39).

Notably, we found that the right parahippocampal gyrus and the

retrosplenial cortex were involved selectively in these tasks, providing

supporting evidence for their crucial and preferential role in the navi-

gation and memory system (Epstein, 2008; Spiers & Maguire, 2007).

Neuroimaging studies of spatial navigation most commonly found

activations in the posterior parahippocampal and retrosplenial regions

(Epstein, 2008, for a review) and damage to these regions is often

associated with wayfinding deficits (Aguirre & D'Esposito, 1999).

The present finding can also disentangle the relative contribution

of the hippocampus versus the parahippocampal gyrus to spatial

memory and mental navigation, highlighting that, at least in humans,

parahippocampal gyrus represents the best candidate for the memory

of spatial relations (Rosenbaum et al., 2004). Moreover, in line with

previous studies, a critical role seems to be also played by the right

precuneus, likely because of its well-established involvement in imag-

ery and episodic memory (Cabeza & Nyberg, 2000).

It has been proposed that parahippocampal gyrus, posterior parie-

tal cortex, and retrosplenial cortex subserve different functions in nav-

igation and spatial memory. The parahippocampal gyrus is deputed to

form memories of places and to recognize specific landmarks and

views, thus encoding a representation of the local scene that enables

it to be subsequently recognized (Epstein, 2008).

The posterior parietal cortex (and the precuneus in particular in

our study) is involved in route-based (i.e., egocentric) representation

of landmarks that allows reaching objects, moving with respect to

those landmarks in the environment (Farrell, 1996; Milner & Goodale,

1995) and it is implicated in imagining places from an egocentric per-

spective (Bisiach, Brouchon, Poncet, & Rusconi, 1993; Burgess

et al., 2001).

The retrosplenial cortex provides instead an allocentric mapping

of the environment (Epstein, 2008; Spiers & Barry, 2015; Spiers &

Maguire, 2007). There is not, however, a clear consensus about the

specific contribution of this region. According to some authors, the

retrosplenial cortex would act as a device for converting the represen-

tation from an allocentric (environment-based) framework, stored in

hippocampal–entorhinal regions, to an egocentric perspective in pos-

terior parietal cortex (Burgess et al., 2001; Byrne, Becker, & Burgess,

2007; Epstein, 2008; Spiers & Maguire, 2007). According to other

authors, instead, retrosplenial cortex is not a mere relay structure but

it encodes and stores its own allocentric representation of the spatial

world (Moscovitch et al., 2005). Retrosplenial and posterior parietal

cortex have thus complementary functions in the spatial navigation

system, providing allocentric and egocentric representation, respec-

tively (Rosenbaum et al., 2004). Furthermore, the evidence that

rodent retrosplenial cells code head direction (Chen, Lin, Green,

Barnes, & McNaughton, 1994) led to the idea that this structure

is responsible for coding allocentric heading direction (Takahashi,

Kawamura, Shiota, Kasahata, & Hirayama, 1997).

Finally, some studies found a prefrontal involvement, which is

considered to reflect route planning and switching among different

navigation strategies (Poucet et al., 2004; Spiers, 2008). In contrast,

we did not find a consistent and concordant activation of prefrontal

cortex. This might suggest that prefrontal cortex has a corollary role in

mental navigation and memory, and its involvement is likely modu-

lated by the control demands rather than being related to specific spa-

tial operations required in these tasks.

4.5 | Spatial imagery and mental rotation

The robust involvement of dorsal frontoparietal regions in spatial

imagery tasks provides a further strong support to the idea that DAN

network is engaged not only in externally directed cognitive tasks

but also in internally directed processes. As proposed before, these

processes are likely to be the allocation of attention and implementa-

tion of the spatial maps, as also pointed out by a meta-analysis of the

neuroimaging studies on mental rotation tasks (Zacks, 2008). Interest-

ingly, the study by Zacks showed that activation in those areas was

modulated by the amount of mental rotation performed, indicating

an important role for this network in visuospatial representation

transformations.

Together with dorsal frontoparietal regions, the pre-SMA was

shown consistently activated. Previous studies found a modulation in

pre-SMA activity as a function of mental rotation: the higher the angle

of rotation, the greater the pre-SMA activation (Milivojevic et al.,

2009). Furthermore, TMS over pre-SMA influenced mental rotation,

but only in trials with higher angular displacement between stimuli

with larger angular disparity (Cona, Marino, & Semenza, 2017). These

results suggest a role of pre-SMA in transforming the spatial
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representations, which is likely to be the sequential integration of ele-

ments into higher-order representation (Cona & Semenza, 2017).

Bilateral inferior frontal regions were found also active, although

their functional meaning is less clear. As noted before, Hagler Jr and

Sereno (2006) discovered spatial maps in the inferior frontal sulcus, in

a region very similar to that one evidenced in our study, just anterior

to the precentral sulcus. Likewise, Jerde and Curtis (2013) identified

reliable topographic maps in both the superior and inferior precentral

sulcus and considered those regions as good candidate priority map

(Kastner et al., 2007).

In view of the tight link between imagining and executing actions,

it has been suggested that the primary motor cortex (M1) is engaged

in the mental rotation to support motor imagery. Nevertheless, this is

still an ongoing matter of debate, with mixing results (Cona, Marino, &

Semenza, 2017; Cona, Panozzo, & Semenza, 2017; Ganis, Keenan,

Kosslyn, & Pascual-Leone, 2000; Pelgrims, Michaux, Olivier, & Andres,

2011; Sauner et al., 2006; Tomasino, Borroni, Isaja, & Rumiati, 2005).

The present meta-analysis did not observe a consistent activation

in M1 across studies, suggesting that this region is not consistently

activated in spatial imagery tasks. The M1 involvement observed in

previous studies might be thus related to the specific strategy adopted

in that task, and/or it might be associated with motor planning and

execution rather than spatial imagery processes per se.

Interestingly, as compared with the other spatial functions, spatial

imagery was shown to rely more upon a region over the left inferior

occipital gyrus (BA 19) and a region in the right postcentral sulcus,

between the somatosensory cortex and the superior parietal lobule

(BA 7). A possible interpretation is that the process of mentally simula-

tion/imagery is likely to rely upon the integration of information that

comes from different modalities, such as somatosensory and visual,

thus it activates the brain regions deputed to code such information.

4.6 | Strengths and limitations

This systematic review and meta-analysis has a number of important

strengths as well as limitations. The strengths are mainly three. First,

this study tested the eventual impact that studies presenting the

results without a correction for multiple comparisons might have had

on the whole meta-analysis findings. Indeed, during the systematic

review of the literature, we noticed that the majority of the earlier

study did not provide corrected results. In this way, we have been able

to demonstrate that these studies, although anachronistically can be

defined not technically perfect, did not negatively impact on the

results. To the best of our knowledge, this is the first study providing

this evidence. Second, unlike the previous meta-analysis on spatial

cognition which investigates the neural correlates of mental rotation

only (Zacks, 2008), the current meta-analysis took into considerations

the different cognitive functions that involve processing of spatial

information. This allowed us to identify the functional brain mecha-

nisms involved in the processing of the spatial information for each

cognitive function. Third, our approach to compare the brain activa-

tion of each cognitive function against the brain activation of all the

other cognitive functions pooled together allowed us to highlight the

brain regions that contributed selectively to a specific spatial cognitive

function. To the best of our knowledge, this is the first study using

this methodology.

Despite the undoubted strengths, this work is not free from limi-

tations. The biggest limitation is that related to the potential publica-

tion bias, which might lead the results to be partial. The ALE method,

indeed, does not take into account results that are not statistically sig-

nificant therefore we had to exclude from the meta-analysis those

[published] studies reporting results that were not statistically signifi-

cant. Nevertheless, through the systematic review, we identified only

one study reporting a negative result for the contrast of interest,

therefore, we can be reassured that the current results are not signifi-

cantly affected by that. In addition, the ALE method used in the cur-

rent study considers only the reported coordinates and the number of

subjects in each study, that is, ALE does not consider the strength of

the statistics associated with each result.

4.7 | Schematic model of spatial processing and
open questions

Based on the findings of both common and distinct networks involved

in various spatial functions, we have come up with a schematic frame-

work to describe the brain mechanisms underlying spatial processing

(Figure 6).

We sought to group different brain regions on the basis of their

roles in different spatial functions, although we must acknowledge

that each region is likely to mediate multiple functions and may

interact with other brain regions in a far more complex manner.

In the assumptions developed in section 1, we hypothesized that

spatial functions share some areas of activations and that such acti-

vations would reflect spatial information processing. This assumption

was also based on previous works (Duncan, 2010; Ikkai & Curtis,

2011; Parlatini et al., 2017), which highlighted the presence of a set

of regions of overlap in the maps of activations across different func-

tions and tasks.

We found shared areas of activation in the dorsal frontoparietal

network (DAN). This result closely parallels the pattern of findings

derived from another recent meta-analysis (Parlatini et al., 2017),

which showed overlapping activations in dorsal frontoparietal regions

among a variety of tasks that, although different, require all the

manipulation of spatial information. Interestingly, this study demon-

strated a segregation into dorsal spatial versus ventral nonspatial fron-

toparietal networks, revealing that such dissociation overlaps with the

projections of the dorsal branch versus ventral branch of the superior

longitudinal fasciculus, respectively. We proposed that the DAN

serves to implement spatial representation (i.e., priority maps of space)

and to allocate top-down internal attention toward such representa-

tions. The first open question is, however, whether the dorsal fronto-

parietal network has mainly a representational function, an attentional

function, or both (Jerde & Curtis, 2013; Lückmann et al., 2014).

The pre-SMA is also commonly activated in all spatial functions,

which is in line with the flexible role attributed to this area by previous

studies (Duncan and Owen, 2000; Parlatini et al., 2017; Cona &

Semenza, 2017). Based on previous findings, the pre-SMA would

cooperate with the DAN by integrating the sequential space-related
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elements in order to obtain higher-order structural representations

(Bahlmann et al., 2009; Cona & Semenza, 2017).

Other regions commonly activated in all spatial functions are the

frontal operculum and the insular cortex of both hemispheres, which

represent the cingulo-opercular control network (Dosenbach et al.,

2008) or salience network (Seeley et al., 2007). These regions would

contribute to dynamically prioritize the maps of space formed in the

DAN on the basis of both the saliency (i.e., bottom-up inputs from

early visual neurons about the physical features of environmental

stimuli) and the top-down internal information, which includes individ-

ual's goals, previous knowledge and all the other information provided

by higher association cortices (Serences & Yantis, 2007). Previous

studies discovered topographical maps also in a region close to the

frontal operculum (Hagler Jr & Sereno, 2006). A possibility is that such

prioritizing process acts on the representations held in the frontal

operculum. The second open question is therefore whether superior

and inferior frontal regions represent distinct maps of space

(or distinct fields of the map), or whether they subserve different

operational processes on the same map of space.

Interestingly, the fusiform gyrus, selectively over the left

hemisphere, was found consistently involved in the spatial tasks,

as evidenced by the omnibus analysis. The present finding

suggests that fusiform region, typically implicated in object encod-

ing and recognition (Zeki & Marini, 1998), might have a more

“overarching” role, being responsible for the encoding the external

inputs, regardless of its nature.

Together with common activations, we observed brain activations

that were specific for the spatial function explored. Concerning this

point, we found that two regions in the ventral frontoparietal network

of the right hemisphere (i.e., TPJ and inferior frontal gyrus) were selec-

tively implied in the spatial attention. Based on previous reports, we

propose that they play a pivotal role in exogenous shift of attention

(Corbetta et al., 2008). In line with our interpretations, lesions studies

showed that damage to the ventral part of the right PPC is usually

associated with spatial neglect, a syndrome that involves deficits in

directing attention to the part of the space contralateral to the side of

the lesion (Critchley, 1953; Robertson & Marshall, 1993). Likewise,

noninvasive brain stimulation of ventral PPC regions was consistently

shown able to disrupt performance in visuospatial attentional tasks

that require visual detection and reorienting (Chambers, Payne,

Stokes, & Mattingley, 2004; Ellison, Schindler, Pattison, & Milner,

2004; Meister et al., 2006).

The right parahippocampal gyrus and two bilateral regions over

the retrosplenial cortex are specifically involved in long-term spatial

FIGURE 6 Schematic model of spatial processing. This figure represents a schematic illustration of the proposed model for spatial processing.

Spatial inputs processed in visual regions lead to a shift of attention, mediated by the right ventral frontoparietal network, comprising TPJ and
inferior frontal gyrus. Dorsal frontal and superior parietal lobe regions, forming the dorsal attention network (DAN), are then activated and serve
to allocate internal attention toward the spatial representations to keep them active. The pre-SMA acts in cooperation with the DAN and is
responsible to integrate sequential spatial information into a coherent map of space. Such maps of space are then prioritized by frontal operculum
and the insular cortex based on both the individuals' goals and the external stimuli. Posterior parahippocampal and retrosplenial regions are
instead recruited selectively in long-term memory processes, such as spatial maps storage and recognition of landmarks. Pre-SMA,
presupplementary motor area; SPL, superior parietal lobe; TPJ, temporoparietal junction [Color figure can be viewed at wileyonlinelibrary.com]

1882 CONA AND SCARPAZZA

http://wileyonlinelibrary.com


memory and navigation. The parahippocampal cortex implements the

recognition of specific landmarks and views whereas the retrosplenial

cortex is responsible for coding allocentric heading direction and

based on this would provide an allocentric mapping of the environ-

ment (Aguirre & D'Esposito, 1999; Epstein, 2008; Spiers & Maguire,

2007). The third open question is whether the retrosplenial cortex

functions as device for translating between hippocampal (allocentric)

and precuneus (egocentric) spatial frameworks or it encodes its own

representations of the world (Epstein, 2008).

Surprisingly, the left ventrolateral PFC was shown to be preferen-

tially recruited by spatial working memory, thus it might contribute to

a specific working memory process, which is likely to be the retrieval

of information.

Spatial imagery recruits additional regions in occipital and poste-

rior parietal cortex, probably to enable the integration of information

coming from somatosensory and visual modalities into a coherent

representation in the absence of external stimuli. A TMS study by

Pasalar, Ro, and Beauchamp (2010) supports our view, as it revealed a

causal contribution of PPC to visual–tactile multisensory integration,

suggesting that the PPC contains maps of space that receive inputs

from both the somatosensory and visual modalities.

Considering together the functional contribution of each region,

it is possible to develop a neurocognitive model for spatial processing

where spatial inputs from visual regions lead to a shift of attention

toward stimuli, mediated by the right ventral frontoparietal network

(i.e., TPJ and inferior frontal gyrus). In order to encode and maintain

the spatial features of these stimuli, the dorsal frontoparietal network

is then activated and allocates internal attention toward the corre-

sponding spatial representations, in cooperation with the pre-SMA

that is responsible for the integration of sequential spatial information

into a coherent representation. Then, the derived maps of space are

prioritized by frontal operculum and the insular cortex of both hemi-

spheres based on both the individuals' goals and the external stimuli.

The maps of space are updated in line with the changes in the envi-

ronment and/or in individuals' goals, and this process is mediated by

frontal and prefrontal regions of both the hemispheres. Posterior

parahippocampal and retrosplenial regions are involved instead only

when long-term memory processes are needed, as they subserve

spatial maps storage and recognition of landmarks.
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