
Neuroscience and Biobehavioral Reviews 153 (2023) 105357

Available online 10 August 2023
0149-7634/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Review article 

Functional organization of the caudal part of the human superior 
parietal lobule 

Valentina Sulpizio a,b,*, Patrizia Fattori c, Sabrina Pitzalis b,d, Claudio Galletti c 

a Department of Psychology, Sapienza University, Rome, Italy 
b Department of Cognitive and Motor Rehabilitation and Neuroimaging, Santa Lucia Foundation (IRCCS Fondazione Santa Lucia), Rome, Italy 
c Department of Biomedical and Neuromotor Sciences, University of Bologna, Bologna, Italy 
d Department of Movement, Human and Health Sciences, University of Rome ‘‘Foro Italico’’, Rome, Italy   

A R T I C L E  I N F O   

Keywords: 
Dorsal visual stream 
Parieto-occipital cortex 
Precuneus 
Macaque monkey 
Optic flow 
Object- and self-motion 
Reaching 
Grasping 
Arm movements 
Leg movements 
Locomotion 
Navigation 
Spatial attention 
fMRI 

A B S T R A C T   

Like in macaque, the caudal portion of the human superior parietal lobule (SPL) plays a key role in a series of 
perceptive, visuomotor and somatosensory processes. Here, we review the functional properties of three separate 
portions of the caudal SPL, i.e., the posterior parieto-occipital sulcus (POs), the anterior POs, and the anterior 
part of the caudal SPL. We propose that the posterior POs is mainly dedicated to the analysis of visual motion 
cues useful for object motion detection during self-motion and for spatial navigation, while the more anterior 
parts are implicated in visuomotor control of limb actions. The anterior POs is mainly involved in using the 
spotlight of attention to guide reach-to-grasp hand movements, especially in dynamic environments. The anterior 
part of the caudal SPL plays a central role in visually guided locomotion, being implicated in controlling leg- 
related movements as well as the four limbs interaction with the environment, and in encoding egomotion- 
compatible optic flow. Together, these functions reveal how the caudal SPL is strongly implicated in skilled 
visually-guided behaviors.   

1. Introduction 

The parietal lobe is a structure that plays a key role in somatosensory 
and visuomotor integration as well as in cognitive processes (Vallar and 
Coslett, 2018). The posterior part of the parietal lobe, the so-called 
posterior parietal cortex (PPC), is divided by the intraparietal sulcus 
into superior and inferior parietal lobules in both human and 
non-human primates. Despite this similarity in gross anatomy, it has 
been thought for a long time that the superior parietal lobule (SPL) of the 
macaque had different architectural organization with respect to that of 
the human counterpart. Recent evidence, on the contrary, have sug
gested that macaque and human SPL are much more similar one another 
than previously thought (Gamberini et al., 2020). The present review 
will analyze in detail the functional properties of human SPL and draft a 
comparison between the SPL of the two species based on the most recent 
data available in literature. We will focus our attention on the caudal 
part of SPL, as it is the most studied in the two species. Since the SPL of 

macaque has been the goal of recent reviews (Gamberini et al., 2020, 
2021; Galletti et al., 2022), we here will only briefly summarize its 
structure and functional properties and then will describe in detail the 
structure and functional properties of the human SPL. 

2. The caudal SPL in the macaque monkey 

The macaque SPL is composed of a mosaic of areas with different 
architecture, functional properties, and patterns of anatomical connec
tions (see Gamberini et al., 2020, 2021). As shown in Fig. 1A, the cau
dalmost part of SPL, i.e., the anterior bank of the parieto-occipital sulcus 
(POs), contains the visual motion area V6 (Galletti et al., 1996, 1999a) 
and the visuomotor area V6A (Galletti et al., 1996, 1999b). Area V6, 
located in the ventral part and fundus of the anterior bank of POs, shows 
an occipital cytoarchitectural pattern (Luppino et al., 2005). Area V6A, 
instead, that occupies most of the anterior bank of POs dorsally to V6, 
shows a parietal cytoarchitectural pattern (Luppino et al., 2005). It is 
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divided into a ventral (V6Av) and a dorsal (V6Ad) sector based on 
cytoarchitectonic (Luppino et al., 2005), connectional (Gamberini et al., 
2009; Passarelli et al., 2011), and functional (Gamberini et al., 2011) 
criteria. Both sectors of V6A host visual and somatosensory cells, with 
the majority of visual cells in area V6Av. Area V6A represents the upper 
limb and most V6A cells respond to reach-to-grasp actions (Fattori et al., 
2017; Galletti et al., 2022), with many cells selectively modulated by the 
direction of arm movement during reaching (Fattori et al., 2005) as well 
as by its amplitude in depth (Hadjidimitrakis et al., 2014), and cells 
modulated by wrist orientation (Fattori et al., 2009) and the type of grip 
(Fattori et al., 2010) used during grasping. Several V6A cells are 
modulated by covert shifts of spatial attention (Galletti et al., 2010, 
2022). 

More anteriorly, in the dorsal exposed surface of the SPL, an addi
tional cortical area, area PEc, has been defined both anatomically 
(Pandya and Seltzer, 1982) and functionally (Gamberini et al., 2020) 
(Fig. 1A). This area hosts visual and somatosensory cells like area V6A, 
but with a higher incidence of the latter with respect to V6A (Gamberini 
et al., 2018). Like V6A, most PEc cells respond to reach-to-grasp actions, 
but unlike V6A, PEc represents both lower and upper limbs (Breveglieri 
et al., 2006; Gamberini et al., 2018). Several cells in PEc are activated by 
optical flow stimulation (Battaglia-Mayer et al., 2001; Raffi et al., 2002, 
2010, 2011, 2014). It has been suggested that PEc controls the inter
action of the four limbs with the environment and the coordination of 
locomotion (Breveglieri et al., 2008; Bakola et al., 2010; Hadjidimitrakis 
et al., 2015; Gamberini et al., 2018; Impieri et al., 2018). 

3. The caudal SPL in human 

In the last fifteen years, our group has described in humans the ho
mologues of monkey areas V6 (Pitzalis et al., 2006, 2010), V6Av (Pit
zalis et al., 2013a), V6Ad (Tosoni et al., 2015), and PEc (Pitzalis et al., 
2019) by using a combination of fMRI brain mapping methods such as 
high-field functional magnetic resonance imaging, cortical 
surface-based analysis, wide-field video retinotopy, task-evoked activity 
and functional connectivity. In particular, to successfully map these 
regions, we used a mix of protocols consolidated through the years 
which include the use of different types of fMRI paradigms (i.e., 
phase-encoded, block-sequence, and event-related), dedicated func
tional localizer and the use of in-house MRI-compatible set-up for both 
visual stimulation (a wide-field stimulation, up to 110 deg in total visual 
extent; Pitzalis et al., 2006) and for the performance of long-range leg 
movements in the scanner (Pitzalis et al., 2019). As evident in Fig. 1B, 
these human counterparts of monkey areas are located in the caudal part 
of dorsomedial SPL cortex and occupy a similar position as the same 
areas in the macaque SPL. Table 1 provides the MNI coordinates of these 
regions. As we will review here below, all these areas have functional 
profiles, topographical organization, and connectivity patterns similar 

to those observed in the monkey counterparts. 
A great deal of whole brain fMRI studies showed that the human 

caudal SPL is generally involved in visual motion perception and in the 
control of visuomotor and somatomotor activities, as well as in the 
guidance of visuospatial attention (Kalaska, 1996; Filimon, 2010; 
Sereno and Huang, 2014; Corbetta and Shulman, 2002; Corbetta et al., 
1998, 2008). The complex mosaic of structurally distinct areas identified 
during the last years from our and other laboratories in the human 
caudal SPL reflects such a functional heterogeneity. 

Consistent with recent models on visuo-spatial processing (Kravitz 
et al., 2011), a gradient of functional specialization and cortical con
nections along the caudal SPL has been proposed, with more posterior 
regions primarily dedicated to the analysis of many aspects of visual 
motion, including visual motion perception and object- and self-motion 
recognition, and the more anterior regions primarily dedicated to 
analysis of spatial information relevant for goal-directed action (Tosoni 
et al., 2015; Heed et al., 2011). Similarly, a posterior-to-anterior 
gradient within the PPC have been observed for eye vs limb process
ing (Heed et al., 2016; Bellagamba et al., 2022) as well as for visual vs 
somatic representations (Huang and Sereno, 2018). However, besides 
the above-described functional gradient along the caudal SPL, a clear 
idea on the specific functions of this part of the brain is still missing. 
Also, it is unknown if these functions are or not segregated within spe
cific SPL areas. The following is an effort to check for this goal by sys
tematically reviewing the data found in recent years on the functional 
properties of the caudal SPL in human. 

For the sake of convenience, we will separately consider three 
separate portions of the caudal SPL (see Fig. 1B): 1) the posterior POs 
(that includes area V6), 2) the anterior POs, in correspondence of the 
dorsal-posterior precuneate cortex (that includes areas V6Av and V6Ad), 
and 3) the anterior part of the caudal SPL, in correspondence of the 
dorsal-anterior precuneate cortex (that includes area PEc). 

3.1. Functional properties of the posterior POs 

One of the most studied areas in the caudal human SPL is area V6, 
located in the dorsal part of the parieto-occipital sulcus (Fig. 1B). Since 
its discovery in the macaque’s brain (Galletti et al., 1999a), this area has 
attracted much attention in the neuroscience field given its quite unique 
emphasis in the representation of the far periphery of the visual field 
together with its high sensitivity to visual motion. After demanding 
research, our group succeeded in the identification of the human ho
molog of macaque area V6 by using widefield retinotopic mapping 
(Pitzalis et al., 2006), able to stimulate the entire visual field up to 110◦

in total visual extent (Pitzalis et al., 2006). The location and retinotopic 
organization of area V6 are shown in Fig. 2B where the position and 
borders of V6 are indicated by a yellow outline. Area V6 is located on the 
dorsalmost part of the posterior bank of the POs, with V3 and V3A 
located lateral to V6, and V2 posterior to it. It represents the entire 
contralateral hemifield, from the fovea to the far periphery, and it has an 
upper field representation located just anterior to peripheral V2/V3 
lower representations. The study of the visual topography revealed as 
the retinotopic organization and neighbor relations of human V6 closely 
resemble those reported for macaque V6 (compare Fig. 2A with the left 
panel of Fig. 2B; Galletti et al., 1999; Fattori et al., 2009). 

After having defined the V6, several fMRI experiments have been 

Fig. 1. Brain location of areas V6, V6Av, V6Ad and PEc in macaque and human 
brains. The posteromedial view (left hemisphere) of the surface-based 3D 
reconstruction of macaque (A) and human (B) brains shows the extent of areas 
V6 (yellow), V6Av (blue) V6Ad (red) and PEc (green). 

Table 1 
MNI coordinates of the human areas rV6, rV6Av, V6Ad, PEc. r stands for reti
notopic. See below.  

Human area X Y Z 

rV6 ± 9  -82  36 
rV6Av ± 15  -76  39 
V6Ad ± 14  -72  51 
PEc ± 12  -55  64  
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conducted by our and other research groups to further investigate its 
functional role (see for instance Pitzalis et al., 2013d, Arnoldussen et al., 
2013; Cardin and Smith, 2010; Cardin et al., 2012; Fischer et al., 2012). 
Converging evidence suggests that the portion of cortex hosting area V6 
is especially involved in 1) the analysis of coherent visual motion (and 
self-motion), 2) the detection of “real” motion of objects, and 3) the 
encoding of spatial information useful for navigation. 

3.1.1. Analysis of coherent motion: 
Since its discovery in the 2006 by retinotopic mapping (Pitzalis et al., 

2006), our and other laboratories have tried to verify whether human V6 
was a motion area like macaque V6 (Galletti et al., 1996). It’s worth 
noting that during those years, before the human V6 definition, the 
majority of the fMRI studies on the neural correlates of visual motion 
perception in humans focused on the lateral walls of the brain, specif
ically on area MT and on the dorsal portion of area MST (MSTd) which 
were considered the two most prominent motion-sensitive regions in the 
human visual cortex (e.g., de Jong et al., 1994; Smith and Scott-Samuel, 
1998; Morrone et al., 2000; Rutschmann et al., 2000; Ptito et al., 2001; 
Wunderlich et al., 2002; Smith et al., 2006). None of these cited studies 
looked at the medial cortex and figures often show only lateral views of 
the brain, thus making it difficult to assess whether the POs was also 
involved. 

Results from several neuroimaging studies revealed that human V6, 
like macaque V6, is a motion area that responds to unidirectional motion 
(Pitzalis et al., 2010) and has a strong preference for coherent motion 
(Cardin and Smith, 2010; Helfrich et al., 2013; Pitzalis et al., 2010; von 
Pföstl et al., 2009). A combined VEPs/fMRI work (Pitzalis et al., 2013c) 
has shown that V6 is one of the most precocious stations (together with 
MT) coding motion coherence (at about 100 msec after the onset of 
motion pattern). Notably, we found that one of the most effective visual 
motion stimuli used to activate human V6 is the flow field stimulus 
(Pitzalis et al., 2010), a complex pattern of coherent visual stimulation 
similar to the continuous changes of optic flow generated when we move 
through the environment (Fig. 3A-B). 

Notably, the motion-related activation is not always restricted to the 
retinotopic V6 (see Fig. 3B for the topography of this motion-related 
region in some representative participants; Pitzalis et al., 2010), but it 
typically includes also adjoining voxels belonging to other areas, as for 
example the adjoining V6Av (which was found to respond to flowfields 
in Tosoni et al., 2015, see below chapter 3.2 of this review). Thus, for 
sake of clarity, in the current review, we will refer to rV6 (retinotopic 
V6) to indicate the retinotopically defined area V6, while we will refer to 
V6+ to indicate the functionally defined area V6. In other words, we will 
use the term V6+ when we cannot disambiguate whether the functional 

spot of motion-related fMRI activation includes only rV6 or also other 
possible neighboring motion areas. 

Fig. 3C shows the location and the extent of area V6+ mapped by the 
functional localizer coherent flow vs. randomly moving dots (Sulpizio 
et al., 2020a). The view that V6+ is involved in the estimation of 
self-motion (or “egomotion”; Gibson, 1950) has been confirmed also in 
other fMRI studies using similar optic flow stimuli (or egomotion 
compatible vs incompatible stimuli) (Cardin and Smith, 2010; Cardin 
et al., 2012a; b; Cardin and Smith, 2011; Huang et al., 2015; Sherrill 
et al., 2015). We also observed that this area is able to distinguish among 
different types of 3D egomotion (i.e., translational, circular, radial, and 
spiral motion; see Fig. 3D), with a preference for the translational ego
motion (Pitzalis et al., 2013d). In line with this view, V6+ has been 
shown to have the highest response bias among motion-responsive re
gions toward stimuli simulating egomotion in depth (expansion flow) 
(Pitzalis et al., 2010; Cardin and Smith, 2010; Serra et al., 2019), and to 
achieve the highest integration between stereo-depth with 3D motion 
flow among flow-responsive regions (Cardin and Smith, 2011). Other 
studies showed that V6+ (Furlan et al., 2014; Field et al., 2007) re
sponds to changing heading directions, which is another important vi
sual cue that contributes to the perception of self-motion. A recent fMRI 
study has also shown that V6+ shows a preference for optic flow stim
ulations that simulate locomotion-compatible curved paths, suggesting 
that this region is involved in encoding heading changes and in the 
estimation of path curvature (Di Marco et al., 2021a; Fig. 3E). The same 
study also found that the area prefers forward visual motion (as 
compared to backward visual motion), suggesting its involvement in a 
fine visual analysis of the environment toward which one is moving 
during locomotion (Di Marco et al., 2021a; Fig. 3E). 

In the past, few previous neuroimaging studies have already reported 
the involvement of the POs or the posterior part of the precuneus in this 
kind of stimulation (e.g., Cheng et al., 1995; Brandt et al., 1998; Galati 
et al., 1999; Sereno et al., 2001; Kleinschmidt et al., 2002; Kovács et al., 
2008). An example is displayed in Fig. 3F, that shows the POs region 
activated during optic flow stimulations that generate in the participant 
a vivid percept of three-dimensional motion (Kovács et al., 2008). A 
comparison with Fig. 3C shows that the optical flow stimulation acti
vates a region of the POs along the sulcus, which is within the cortical 
territory of area V6+ (Pitzalis et al., 2010; Sulpizio et al., 2020a). 
However, it is worth noting that none of these previous studies have 
directly related the observed activation to the still unknown area V6, but 
have referred it to a generic medial activation around the POs. Recently, 
we found that also macaque V6, like human V6, was strongly activated 
by flow field (Pitzalis et al., 2021). 

The idea that human V6+ is an important cortical node specialized 

Fig. 2. Retinotopy of polar angle representation in macaque and human areas V6 and V6Av. A. Location and extent of area V6, together with the location of area 
V6Av, are reported on close-up of the flattened map of the cortical surface reconstruction of the left hemisphere of macaque brain. B. Location and extent of areas V6 
and V6Av are reported on both the close-up of the flattened map cortical surface reconstruction (left panel) and on the inflated reconstruction (right panel) of the left 
hemisphere of the human brain. 

V. Sulpizio et al.                                                                                                                                                                                                                                
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Fig. 3. Involvement of the posterior POs in the analysis of coherent motion. A. Flow fields: the two frames of the ON phase show the two different types of coherent 
motion (radial and rotation/spiral motion) that switched almost every 500 ms; they were compared with random motion presented during the OFF phase (see Pitzalis 
et al., 2010 for more details). The flow fields stimulus resembles the typical pattern of expanding retinal motion arising because of the observer’s forward motion (see 
panel on the bottom of Fig. 3A). B. Brain location and extent of the motion selective activity arising from the flow field stimulus in some representative participants. 
C. Brain locations of V6+ , defined by averaging individual V6+ from participants who underwent the flow field stimulus. Results are displayed on the medial folded 
representation of the left hemisphere of the template brain. D. The column plot represents the response profile of area V6+ to different types of 3D flow fields (Pitzalis 
et al., 2013). The averaged BOLD percent signal-change across subjects and hemispheres in the localizer-defined area V6 is shown for each experimental condition 
labelled as follows: TRA, translational; CIR, circular; RAD, radial; SPI, spiral; RAND, random; STA, static. E. The columns in the plot represent the averaged BOLD 
percent signal-change across subjects and hemispheres in the localizer-defined area V6 with respect to the four experimental conditions derived by the Direction 
(Forward, Backward) and Path (Linear, Curved) factorial design. **p < 0.01; * **p < 0.001. F. Portion of POs activated during optic flow stimulations that generate 
in the participant a vivid percept of three-dimensional motion. G. Location of a brain lesion in a patient showing an optic flow motion deficit characterized by altered 
motion perception (courtesy of Hassan Kesserwani -Kesserwani, 2020-). H. Activations related to wide-field radial optic flow in healthy controls (on the left) and in 
Parkinson patients (PD) without freezing of gait (PD_nFOG; on the center) and with freezing of gait (PD_FOG; on the right) are displayed. Note that V6+ (and other 
visual areas) was strongly activated in healthy control (on the left) while its activation was reduced in PD_nFOG and was absent in PD_FOG. 
(a-b) Modified from (Pitzalis et al., 2010). (c) Modified from Sulpizio et al. (2020a). (d) Modified from (Pitzalis et al., 2013d). (e) Modified from (Di Marco et al., 
2021a). (f) Modified from (Kovács et al., 2008). (g) Modified from Kesserwani, 2020. (h) Modified from van der Hoorn et al. (2014). 

V. Sulpizio et al.                                                                                                                                                                                                                                
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in the perception of self-motion (or “egomotion”; Gibson, 1950) is also 
supported by human clinical studies. For example, epileptic seizure 
localized in the paramedial part of the precuneus, very close to the 
parieto-occipital sulcus, evokes linear self-motion perception (Wiest 
et al., 2004). More recently, Kesserwani (2020) described a young pa
tient who exhibited an optic flow motion deficit characterized by slow 
self-motion of the left half of his body and slow motion of the sur
roundings (so called Zeitraffer phenomenon) after an ischemic infarct of 
the banks of the right POs. Fig. 3G (Kesserwani, 2020) shows that the 
cortical lesion in this patient is similar in location and extent to the re
gion activated by Kovács et al., (2008) (Fig. 3F), that is involved in 
generating a vivid percept of three-dimensional motion, and well cor
responds to the motion area V6+ (see Fig. 3C). 

Notably, the involvement of V6 in the analysis of the optic flow 
evoked by locomotion could explain the typical ‘freezing of gait’ 
observed in some Parkinson’s disease patients. In fMRI studies where 
healthy controls (HC) and patients with Parkinson’s disease (PD) 
watched radial expanding optic flow simulating the visual consequence 
of forward locomotion (van der Hoorn et al., 2014), the visual areas in 
the occipital pole, likely including the motion-specific areas V5 and 
V6+ besides other visual areas, were strongly activated in healthy 
control (HC; Fig. 3H, left panel) and reduced in PD patients (Fig. 3 H, 
middle and right panels). Note that in the PD patients with freezing of 
gait (Fig. 3H, right panel), the activation of V5 and other visual areas 
was strongly reduced but still present, whereas that of V6+ completely 
disappeared. We suggest that in healthy subjects, V5 and V6+ analyze 
the visual stimulation evoked by locomotion, sending their output to 
cortical areas involved in the visuomotor control of locomotion, like 
area PEc (see chapter 3.3 below). The reduction of activity of visual 
areas could be responsible for the difficulties and impairments in loco
motion typical of PD, while the absence of activity in V6+ in PD patients 
with freezing of gait (Fig. 3H, right panel) suggests that the information 
sent by V6+ to the locomotor centers may be important to start loco
motion in human, though causal evidence is still missing. 

Beyond the sensitivity to coherent visual motion simulating self- 
motion, area V6+ is also responsive to coherent local motion compat
ible with object motion. In a recent study we have observed that 
V6+ responded to complex visual stimulation in which participants not 
only had the illusion to move through a realistic virtual environment, 
but also clearly perceived an object displacement within this environ
ment (Pitzalis et al., 2020). Further neuroimaging studies have impli
cated V6+ , or the cortical territory where the area is typically located, 
in a variety of aspects of object motion processing. For example, Calabro 
et al. (2019) have found activation in the posterior bank of the 
parieto-occipital sulcus during the estimate of time-to-arrival of objects 
moving along different trajectories. Huang et al. (2015) using a virtual 
reality environment simulating a daily scenario where doors randomly 
swing outward while walking in a hallway, observed that area rV6, 
together with other high-level areas belonging to the dorsal motion 
stream, was activated not only by passive observation of forward and 
translational egomotion, but also by observation of object motion (a 
swinging door). 

Compatibly with this view, it has been demonstrated that patients 
with damage around the parieto-occipital sulcus showed deficits in a 
series of tasks including object motion perception. Vaina et al. (2014) 
tested two patients with occipital lobe lesion in a series of visual motion 
tasks. Although the perception of observer-scene motion seemed to be 
spared, the patients exhibited some deficits on motion processing, 
including detection of colliding object trajectory while they were sta
tionary. Similar impairments were also observed in a group of stroke 
patients with occipito-parietal damage (Vaina et al., 2010). In addition, 
patients lesioned in the dorsal POs (that includes V6+) lose their ability 
to detect motion direction (Blanke et al., 2003), as predicted by the 
richness of direction selective cells shown in macaque area V6 (Galletti 
et al., 1996; see Fattori et al., 2009), and showed a complete loss of 
visual depth perception (Schaadt et al., 2015), likely because of a 

magnocellular deficit (Castelo-Branco et al., 2006), because V6, at least 
in the macaque, receives direct input from the magnocellular cells of 
layer IVB of V1 (Galletti et al., 2001). 

To sum up, brain imaging and lesions studies testing visual motion 
revealed that the posterior POs, including area V6+ , is specialized in 
the analysis of visual cues coming from coherent motion and is involved 
in many aspects of visual motion processing, including perception of 
self- and object-motion. 

3.1.2. “Real” motion detection: 
Another important function ascribed to the dorsal part of the parieto- 

occipital cortex is the “real motion” detection. This function has been 
widely described in the monkey, where V6, V3A, and also earlier visual 
areas contain the “real-motion”cells, i.e., cells activated by the actual 
movement of an object in the visual field, but not by the movement of its 
retinal image self-induced by the eye movements (Galletti et al., 1984, 
1988, 1990; see Galletti and Fattori, 2003 for a review). V6 and V3A are 
the areas that host the higher percentage of real-motion cells. Recent 
fMRI data suggest that also the human V6+ and V3A contain 
real-motion cells since they are involved in discarding self-induced 
retinal motion in order to infer the “real” motion. Specifically, Fischer 
and co-workers (2012; see Fig. 4A), by using fMRI paradigm combining 
physical planar motion with pursuit in a way that retinal motion could 
be either induced or cancelled by pursuit, demonstrated that V6+
(together with V3A) contributes to perceptual stability during pursuit 
eye movements, especially when a forward flow component simulating 
egomotion in depth was presented to participants. By using a similar 
task, Nau and co-workers (2018, see Fig. 4B) showed that areas V6+ and 
V3A are able to differentiate between distinct velocities of objective 
motion during pursuit, thus supporting the integration between the di
rection of retinal motion and that of eye movements. Nau and 
co-workers (2018) also demonstrated that not only higher-level motion 
regions such as V3A and V6+ , but also early visual areas like V1, V2, 
and V3 signaled the velocity of objective motion, though with less ef
ficacy. Interestingly, the efficiency in integrating retinal with 
non-retinal signals, higher in areas V3A and V6+ and weaker in early 
visual areas, mimicked the incidence of real-motion cells in the homo
logue macaque visual areas (Galletti and Fattori, 2003). More recently, 
an air pressure-based head-stabilization system (Fig. 4C), allowing 
subjects to move their head during fMRI scanning by exploiting the 
delay of several seconds between neural processing and blood oxygen 
level dependent (BOLD) signal, has been introduced to further explore 
the role of the visual system in compensating for self-induced head 
movements (Schindler and Bartels, 2018a). Thanks to this innovative 
setup, it was provided the first evidence for the integration of retinotopic 
representations and voluntary head-movement signals in the human 
homologue of area V6. This area, indeed, exhibited a significant differ
ence between congruent and incongruent combinations of visual and 
extra-retinal signals in both univariate and multivariate analyses 
(Schindler and Bartels, 2018b, see Fig. 4C). 

Taken together, these studies have provided evidence on the 
important role of V6+ (and V3A) in discounting extraretinal signals 
from retinal visual motion, and thus in the real motion perception, well 
in line with the high percentages of real-motion cells discovered in areas 
V6 and V3A in the macaque (Galletti and Fattori, 2003). 

Further support to this view comes from lesion studies. A lesion of 
the human extrastriate cortex, likely including areas V3A, V6+ , MT/V5, 
and MST, produced very selective impairment in motion detection 
(Haarmeier et al., 1997), with the patient unable to judge whether a 
retinal slip was self-induced by the eye movement or was caused by an 
actual movement of an object. Additionally, lesions or electrical stimu
lation of the POs produce motion-related visual disturbance (e.g., Heide 
et al., 1990; Richer et al., 1991; Blanke et al., 2003). Yet in agreement 
with this view, the lesion of patients exhibiting preserved awareness for 
moving but not stationary stimuli (Riddoch phenomenon) involves the 
occipitotemporal cortex, but spares the cortical territory likely including 
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Fig. 4. Involvement of the posterior POs in “real” motion detection. A. Illustration of the 3D expansion/contraction flow used in Fischer et al. (2012). The focus of 
expansion (FOE) of the flow corresponding to the fixation disc was both locked to objective planar motion (objective motion without retinal motion -OM-) or moving 
over the static background (retinal motion without objective motion -RM-). The plot shows the activation profile of area V6 (across subjects and hemispheres) to both 
objective and retinal motion conditions. B. Top: Illustration of visual stimuli used in Nau et al. (2018). At two different pursuit speeds (2◦/ s and 3◦/s), objective 
motion could be 1◦/s slower (slower condition), matched (matched condition) or 1◦/s faster (faster condition) relative to pursuit (see table below). Bottom: 
Whole-brain activation map related to the faster > slower contrast reveals the involvement of area V6+ and other visual areas. C. Experimental procedure used by 
Schindler and Bartels (2018a); b): subjects performed voluntary head rotations while being approached by a simulated 3D dot cloud in both congruent and 
incongruent conditions. Head rotations in the congruent condition led to cloud rotation in opposite direction (-α) to the observer’s head (α), as would be experienced 
when moving forward in a stable environment and looking around. In the incongruent condition, the cloud and head rotated in the same direction (α), resulting in 
perceptually arbitrary motion of the environment. Note that retinal flow as well as head motion were matched in both conditions. The plots show the response profile 
of areas V3A and V6 during the congruent vs. incongruent comparison as reveled by both univariate and multivariate analyses. + p < 0.05, uncorrected; *p < 0.05, 
FWE corrected; * * p < 0.005; FWE corrected. D. Motion conditions and results from Pitzalis et al. (2020). Left: Example of the 3 s movie types for the four motion 
conditions (Offboard- red, Onboard-blue, Joint-yellow, and Disjoint-green) and static frames (Black) are shown. Right: The overlap of all the individual V6+ ROIs, as 
defined by the flow field localizer, are displayed on the medial folded representation of the left hemisphere of the template brain. Plots represent the averaged BOLD 
percent signal changes in the localizer-defined area V6+ as a function of the experimental conditions. Notice that the area shows a preference for complex motion 
conditions, including both self- and object-motion, even when the images remain still (on the screen) because of self-movement. Significant comparisons are also 
reported. *p < 0.05; * *p < 0.01; * **p < 0.001. 
(a) Modified from Fischer et al. (2012). (b) Modified from Nau et al. (2018). (c) Modified from Schindler and Bartels (2018a). (d) Modified from Pitzalis et al. (2020). 
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areas V6+ and MT/V5 (Arcaro et al., 2019), the two ‘motion areas’ of 
the human brain (Pitzalis et al., 2010). Given that detecting 
object-motion can be accomplished also when the observer’s self-motion 
evokes plenty of confounding retinal image movements (optic flow), it 
has been proposed that area V6+ is involved in “subtracting out” 
self-motion signals across the whole visual field and in providing in
formation about moving objects (Galletti et al., 2003; Galletti and Fat
tori, 2018). With this respect, a prominent hypothesis (flow parsing 
hypothesis) states that the brain identifies and subtracts the optic flow 
associated with the observer movement in order to isolate retinal motion 
arising from movement of objects within the scene (Warren and Rush
ton, 2008). Despite this account is largely accepted (see also Arnoldus
sen et al., 2013; Cardin et al., 2012a; Fischer et al., 2012), very few 
studies have focused on how the human brain accomplishes this 
mechanism using visual optic flow only. One recent study by our lab 
(Pitzalis et al., 2020; see Fig. 4D) took advantage of virtual reality and 
wide-field stimulation to compare visually induced self- and 
object-motion, in conditions of natural vision (free scanning). We 
observed that some motion-sensitive areas (including V6+) are able to 
extract object-motion information from the overall motion, recognizing 

the real movement of a target object (i.e., a train) even when the images 
remain still (on the screen) because of self-movement. In other words, 
the sensitivity to self-motion compatible optic flow observed in these 
regions could be useful to ‘parsing’ the retinal motion information into 
self-motion and object-motion components. For this reason, we pro
posed V6+ as a good candidate for the “flow parsing” mechanism (Pit
zalis et al., 2020). 

3.1.3. Visual control of navigation: 
Recent pieces of evidence suggest that the caudalmost part of the 

medial parieto-occipital cortex (namely, areas V6+ and V3A) is also 
important for the analysis of visual motion cues useful for navigation. 
According to recent models of visuo-spatial processing, anatomical 
connectivity findings in primates suggest that the parieto-medial tem
poral pathway, known to be specialized in spatial navigation, originates 
from the caudal part of the inferior parietal lobule, which in turn re
ceives a set of projections from temporal and parieto-occipital areas, 
including area V6+ (Kravitz et al., 2011). Beyond anatomical connec
tions, also functional connectivity findings in human support this view. 
For example, Tosoni and co-workers (2015) observed that area 

Fig. 5. Involvement of the posterior POs in the visual control of navigation. A. Navigation task used by Sherrill et al. (2015). Participants were first presented a 
survey map of the environment with their start location and orientation (yellow arrow), and goal location (yellow dot) clearly marked. After a delay period, par
ticipants were required to actively navigate, both in first-person and in survey perspective, to the goal location (which was not present anymore). The whole-brain 
connectivity map, overlaid on the sagittal and coronal images of the brain, shown on the bottom revealed that area V6 is functionally connected with navigationally 
relevant regions as RSC and the hippocampus (HC) during the first-person navigational condition. B. Examples of stimuli used to localize scene-selective regions, 
inspired from the original paradigm by Epstein and Kanwisher (1998) and described in detail in Sulpizio et al. (2013). The whole-brain activation map shown on the 
bottom resulting from the scenes > faces contrast revealed that, beyond the typical scene-selective regions, also area V6+ shows a preference for navigationally 
relevant stimuli, being stronger activated by pictures of scenes than by pictures of faces. C. The whole-brain activation map (overlaid on the sagittal image of the 
brain) obtained from the study by Collignon et al. (2011). The specific contrast used to test the sensitivity to the spatial processing of sounds in blind subjects revealed 
an activation peak around a cortical region that likely included area V6+ . The plot shows the mean BOLD estimates associated with the processing of pitch (blue) or 
spatial (position in azimuth, red) attributes of sounds in both sighted and blind groups. *p < 0.05. 
(a) Modified from Sherrill et al. (2015). (b) Modified from Sulpizio et al. (2020a). (c) Modified from Collignon et al. (2011). 
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V6+ showed strong resting-state functional connectivity with the 
scene-selective regions parahippocampal place area (PPA, Epstein and 
Kanwisher, 1998) and retrosplenial complex (RSC, Epstein, 2008), 
which are known to be activated by navigationally-relevant stimuli. In a 
similar vein, both PPA and RSC showed strong resting-state functional 
connections with V6+ (Boccia et al., 2017). Notably, Sherrill et al. 
(2015)see Fig. 5A) observed that the functional connectivity between 
V6+ and some navigationally relevant regions as RSC and the hippo
campus (HC), increased during a first-person navigational task. The 
authors proposed that this functional link might reflect the ability to 
update representations of spatial positions based on self-motion cues 
inferred from first-person navigation perspective. By using a similar 
analysis, Schindler and Bartels (2016) showed an optic flow-dependent 
increase of functional connectivity between the early visual cortex and a 
network of motion areas including MT/V5, V3A, V6+ , the cingulate 
sulcus visual area (CSv) and precuneus (Pc) and a decrease of functional 
connectivity between the early visual cortex and navigationally-relevant 
areas such as the entorhinal and the retrosplenial cortices. 

Although the direct involvement of V6+ in spatial processing has not 
yet been established, several studies have found BOLD activation in 
correspondence of V6+ during spatial tasks such as first-person 
perspective visual virtual navigation (Ghaem et al., 1997; Grön et al., 
2000; Spiers and Maguire, 2007; Vann et al., 2009; Boccia et al., 2014). 
It should be noticed that this area was typically broadly referred as 
“posterior-parietal”, “dorsal precuneus” and the “parieto-occipital sul
cus” in the literature on spatial navigation. Only recently a direct 
involvement of both human areas V6+ and V3A in spatial processing has 
been demonstrated. In particular, we recently demonstrated that these 
egomotion-selective areas showed a stronger BOLD response to pictures 
of places (internal and external views of buildings) as compared to 
pictures of faces (Sulpizio et al., 2020a, see Fig. 5B), thus indicating that 
the mere exposure to static, but navigationally relevant, scenes is able to 
trigger the activity of these dorsal motion areas. The view of an 
involvement of V6+ in spatial navigation has been also supported by 
studies on congenitally blind participants. For example, Collignon et al. 
(2011) (see Fig. 5C) measured the BOLD responses of both congenitally 
blind and sighted participants while they processed either the identity 
(pitch) or the spatial (position in azimuth) attributes of exactly the same 
sounds. The authors found that some regions of the right dorsal occipital 
stream, likely including V6+ and V3A, are recruited during 
auditory-spatial navigation, but only in the congenitally blind group. 
Taken together, both connectivity data and navigationally-based func
tional data collected on both sighted and blind participants support the 
view that motion processing is important not only on its own, but also in 
support to other higher-level functions such as the control of spatial 
navigation in a structured environment (Cardin and Smith, 2011; Pit
zalis et al., 2013b; Sulpizio et al., 2020a), likely performed by more 
anterior regions of the SPL (see below). 

3.2. Functional properties of the anterior POs/dorsal-posterior precuneate 
cortex 

In human, the anterior bank of the dorsal part of POs, and the cor
responding part of the dorsal-posterior precuneate cortex, host the 
human homolog of monkey visuomotor areas V6Av and V6Ad (Fig. 1B). 

After the retinotopic identification of the human area V6, we used 
the same wide-field retinotopic stimuli to reveal the presence of an 
additional area, V6Av, responding only to the lower visual field and 
separated from the lower field in V6 by a vertical meridian (Pitzalis 
et al., 2013a). The location and retinotopic organization of area V6Av 
are shown in Fig. 2B, where the position and borders of V6Av are 
indicated by a dotted white outline in the flat map in the left panel and 
by a blue outline in the three-dimensional reconstruction of the brain in 
the right panel. The lower field-only representation of V6Av is located 
on the dorsalmost part of the POs, anterior to the lower-field represen
tation of V6 (yellow outline in Fig. 2B) and medial to the peripheral 

lower field representation of area V3A. In contrast to human V6, human 
V6Av lacks a representation of the center of gaze and responds only to 
the very far periphery (starting from 30◦). The retinotopic description of 
this new region is similar to that observed in the macaque V6Av, where 
Gamberini et al. (2011) described a clear overrepresentation of the pe
riphery as well as of the lower visual field adjoining posteriorly the 
lower visual field of V6. Thus, although the anatomical position of V6Av 
across the two species is not exactly the same (i.e., ventral in macaque 
and posterior in human with respect to the other part of V6A) we 
maintained the same name ‘V6Av, ventral V6A’ for the human coun
terpart in respect of the analogies observed along the other main di
mensions (i.e., retinotopy and neighboring relationships). 

Anterior to V6Av, the visual topography becomes markedly incon
sistent across subjects. Thus, in Tosoni et al. (2015) we identified the 
human homologue of macaque area V6Ad (the dorsal part of V6A) using 
not a retinotopic mapping but a combined approach of task-evoked 
activity and resting-state fcMRI. Based on a combination of a visual 
motion task (the flowfields stimulus which we have previously proposed 
as a functional localizer for human V6, Pitzalis et al., 2010) and a 
visuomotor task (pointing vs. saccadic movements, Fig. 6A) we defined 
an area, V6Ad, immediately anterior to V6Av with different functional 
properties with respect to the neighboring retinotopic V6 and V6Av 
(Tosoni et al., 2015). Indeed, human V6Ad shows strong selectivity for 
the execution of pointing movements involving wrist rotation and 
significantly weaker responses to visual motion than rV6 and rV6Av 
(Fig. 6B), results that are consistent with monkey neurophysiological 
findings (Galletti et al., 2003; Fattori et al., 2005, 2009; Gamberini et al., 
2011). 

These findings demonstrate a gradient of functional specialization in 
the POs that follows a posterior-to-anterior axis, with V6, localized 
posteriorly, specialized for the visual analysis of coherent motion (Pit
zalis et al., 2010; see also chapter 3.1); the putative V6Ad region, 
localized anteriorly (and dorsally), specialized in the execution of 
pointing movements (vs. saccadic eye movements) mirroring the func
tional profile of the macaque V6Ad (Fattori et al., 2017; Hadjidimitrakis 
et al., 2014, 2017; Bosco et al., 2019); and the rV6Av region, spatially 
interposed between the two regions, with both significant but not se
lective visual and motor responses. This topographical arrangement of 
functional specialization exactly mirrors that observed in the macaque 
(Gamberini et al., 2011). 

A similar gradient of functional specialization was also found in the 
functional connectivity data (Fig. 6C, D; Tosoni et al., 2015). Indeed, 
while V6 is connected mainly posteriorly with early retinotopic visual 
and motion areas (data not shown), V6Av is connected with some higher 
order visual areas (V3A, V7, V6) and extends more anteriorly involving 
regions along the intraparietal sulcus (IPS1–4, VIP). In contrast, V6Ad 
has no connections with early retinotopic ventral and dorsal visual areas 
(with the only exception of V6 and V6Av). Laterally, it is more exten
sively connected to IPS regions including area LIP and it is the only POs 
region that shows connectivity with dorsal premotor and ventrolateral 
prefrontal cortex (areas 6 and 46, respectively). Overall, the functional 
connectivity data highlighted that these regions belonged to partially 
separate networks and that the differences in the pattern of connections 
observed between these regions mirror the differences observed in the 
task-evoked activity. The functional connectivity maps confirmed also 
that rV6Av behaves as a ‘middle-earth’ cortical region in between areas 
rV6 and V6Ad, which are instead dominated by visual and visuo-motor 
responses, respectively. 

The portion of cortex hosting the visuomotor area V6A has received 
particular attention in many neuroimaging studies. These studies 
revealed that the region is especially involved in three related processes: 
1) visuomotor control of hand-related movements, 2) visuomotor con
trol of navigation, 3) shift of the focus of attention. 

3.2.1. Visuomotor control of hand-related movements: 
Many studies have observed broad activations in response to arm 
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pointing in cortical regions approximately equivalent to the human 
homolog of macaque area V6A (parietal reach region or PRR, Connolly 
et al., 2003; superior POs or sPOs, Filimon et al., 2009; parieto-occipital 
junction or POJ, Bernier and Grafton, 2010; superior parietal occipital 
sulcus or SPOC, Cavina-Pratesi et al., 2010; Gallivan et al., 2011; 
Monaco et al., 2011), as well as to reaching and grasping movements 
(Astafiev et al., 2003; Filimon et al., 2007, 2009; Beurze et al., 2009; 
Cavina-Pratesi et al., 2010; Vesia et al., 2010; Galati et al., 2011; Gut
teling et al., 2015; Monaco et al., 2011; Gallivan, 2011). Specifically, 
Connolly and colleagues (2003) observed a large swath of activation in 
the medial aspect of the posterior parietal cortex, in SPL, for 
goal-directed, arm-related movements (Fig. 7A). According to these 
authors, this cortical region would include the homolog of monkey area 
PRR/MIP (parietal reach region/medial intraparietal region), a region 
showing activity related to arm movements in animals (Andersen et al., 
1997; Colby et al., 1988; Colby and Duhamel, 1997; Snyder et al., 1997). 
By comparing Fig. 7A with Fig. 1B it appears that this swath of activation 
includes V6Av in the anterior wall of the dorsal part of POs, V6Ad in the 
dorsal-posterior precuneate cortex, and PEc more anteriorly in the 
dorsal-anterior precuneate cortex. Other studies have reported an 
extended fucus of activation for both pointing and reaching movements 
in the anterior POs (Beurze et al., 2007; Beurze et al., 2009; Filimon 
et al., 2009; Tosoni et al., 2008; Cavina-Pratesi et al., 2010; Galati et al., 

2011). This focus of activation likely corresponds to the superior 
parieto-occipital cortex (SPOC, as indicated by the Culham’s group). 
SPOC is implicated in the guidance of arm movements (Cavina-Pratesi 
et al., 2010; Gallivan et al., 2011; Monaco et al., 2011), especially when 
these movements are directed towards targets located in the portion of 
near space rather than the far one (Quinlan and Culham, 2007; Rossit 
et al., 2013; Gallivan et al., 2009). This region showed adaptation for 
repeated hand orientation rather than for repeated object orientation 
(Monaco et al., 2010), and for repeated action-relevant features of the 
object (such as grasp-relevant dimension) rather than for repeated visual 
size during grasping (Monaco et al., 2014). All these pieces of evidence 
suggest that this portion of cortex is implicated in processing hand 
orientation and grip type during reach-to-grasp movements. Further 
evidence obtained by using decoding techniques from activation pat
terns (Gallivan et al., 2011; Fig. 7B) confirmed that this cortical region, 
likely including the human homolog of macaque area V6A, plays a role 
in processing wrist orientation and grip formation. Notably, however, all 
these studies described such dorsomedial activations elicited by 
reach-to-grasp movements in terms of whole-brain neural circuits, not 
ascribed to specific dorsomedial parietal areas. Only recently, a human 
fMRI study (see Fig. 7C) tested the sensitivity of both ventral and dorsal 
divisions of V6A, (i.e., V6Av and V6Ad) to both a pantomimed and an 
imagined grasping action (Sulpizio et al., 2020b). This study revealed 

Fig. 6. Visuomotor task and whole-brain connectivity of V6A. A. Pointing/saccade task used to probe the visuomotor properties of areas V6 and V6A. In this task, 
subjects alternated blocks of memory delayed saccadic eye or hand pointing movements to peripheral visual targets with passive fixation blocks (see also Tosoni 
et al., 2015). B. BOLD percent signal change for blocks of flowfields stimulation, saccadic eye movements and hand pointing in the three neighboring areas rV6, 
rV6Av, and V6Ad. C. Whole-brain connectivity associated with the retinotopically defined V6Av superimposed over flatted representation of the left hemisphere of 
Conte69 surface-based atlas. D. Whole-brain connectivity associated with the functionally defined V6Ad. 
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that V6Ad is activated by both real and imagined grasping actions while 
the nearby V6Av is completely unresponsive to these conditions, thus 
suggesting that the dorsal but not the ventral portion of the area is 
involved in the control of grasping and in implementing all the visuo
motor transformations needed to create an abstract representation of the 
object-directed action. This is in line with a recent report that used a 
multivariate pattern analysis approach of functional magnetic resonance 
imaging data (Turella et al., 2020). The authors asked participants to 
perform a grasping movement with different grip types (precision grip, 
whole hand grip), different wrist orientations (canonical, rotated), using 
either the left or right hand. This kind of paradigm was designed to 
disentangle three different levels of abstraction, i.e., concrete action, 
effector-dependent goal (invariant to wrist orientation), and 
effector-independent goal (invariant to effector and wrist orientation). 
Results from this study revealed the existence, in the cortical territory 
hosting V6Ad, of a convergence of action representations, ranging from 
the representation of hand-specific actions to the representation of 
effector-independent goals (Fig. 7D; Turella et al., 2020). These findings 
indicate that some visuomotor association areas are organized based on 
abstract action functions independent of specific sensorimotor parame
ters. The concept that the area V6Ad might represent not only concrete 
aspects of hand actions but also more abstract information is compatible 
with a recent human fMRI study exploring haptically guided grasping 
movements (Styrkowiec et al., 2019). The study revealed not only that 

the portion of cortex including V6Ad is sensitive to a sensory modality 
different from the visual one, but also that the area is activated by both 
haptic exploration and planning of haptically guided grasp of both tools 
and no-tools, thus supporting its involvement in the most abstract levels 
of hand-based action planning. A convincing demonstration that human 
brain hosts a modality-independent representation also comes from 
experiments by Levy-Tzedek et al. (2012). In these experiments, visual 
sensory substitution devices use sound or touch to convey information 
that is normally perceived by vision. Participants were asked to make 
fast reaching movements to targets presented by this device. After only a 
short practice session, blindfolded sighted participants performed fast 
and accurate movements to presented targets, which did not differ 
significantly from movements performed with visual feedback in terms 
of movement time, peak speed, and path length. 

Several studies have argued that the area within the dorsomedial 
stream roughly corresponding to the V6Ad plays a role in the planning 
phase of effector movements. For example, Vesia and co-workers (2017) 
used a dual-site, paired-pulse transcranial magnetic stimulation (TMS) 
paradigm to investigate functional connectivity between left SPOC and 
ipsilateral primary motor cortex (M1) during the planning of three 
different actions with the right hand, i.e., 1) a precision grip to grasp a 
small object, 2) a whole-hand grip to grasp a large object and, 3) a 
reach-to-touch movement with no hand shaping. The main finding of 
this study is that preparatory response amplitudes in the SPOC-M1 

Fig. 7. Involvement of the anterior POs in the visuomotor control of hand-related movements. A. The whole-brain activation map (overlaid on the medial view of an 
inflated brain) shows a swath of activation along the anterior POs during memory-delay trials in which the subject planned to point to a specific location as compared 
to trials in which the subject planned to make a saccade to that same location (Connolly et al., 2003). B. Cortical areas that exhibited significant decoding accuracies 
for upcoming object-directed grasp and reach movements with respect to 50% chance. C. Schematic representation of the grasping task (real and imagined) used by 
Sulpizio et al. (2020b). The plot shows the average of BOLD signal change as a function of both real and imagined grasping in the cortical regions specialized in 
controlling limb movements (rV6Av, V6Ad, PEc). Only area V6Ad is activated by both real and imagined grasping movements, suggesting its role in creating a more 
abstract representation of object-directed actions. *p < 0.05 FDR-corrected. D. Schematic representation of the decoding procedure used in Turella et al. (2020) to 
reveal the existence of an effector-independent (across effector and hand orientation) neural representation. The whole-brain map (overlaid on the medial and lateral 
views of an inflated brain) reveals that the portion of cortex near the anterior POs shows a significant effector-independent goal decoding. 
(a) Modified from (Connolly et al., 2003). (b) Modified from Gallivan et al. (2011). (c) Modified from Sulpizio et al. (2020b). (d) Modified from Turella et al. (2020). 
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circuit of different hand muscles were selectively modulated early in the 
motor plan for different types of grasps, thus suggesting that SPOC 
specifies handgrip parameters in the early motor plan of an upcoming 
reach-to-grasp action. The involvement of human V6Ad in planning 
grasping movements is also confirmed by Breveglieri et al. (2022) who 
showed that TMS stimulations disrupted the re-programming of both 
grip aperture and wrist orientation, again documenting the causal role of 
V6Ad in the control of wrist orientation and grip formation during 
planning of grasping, paralleling monkey single cell recordings (Fattori 
et al., 2009, 2010). 

Beyond grasping, converging evidence suggests the involvement of 
V6Ad also in the more proximal component of hand movements, such as 
reaching movements. Even in this case, the V6Ad activity seems to be 
more related with the planning phase of hand-related movements rather 
than with the execution phase. For example, Breveglieri et al. (2021) 
used a single-pulse TMS over a cortical territory that likely included 
V6Ad while participants were engaged in planning immediate, visually 
guided reaching movements by using different eye-hand configurations. 
The authors observed that when the TMS was delivered over V6Ad 
during reaction time (200 ms after the Go signal, before the movement 
onset), the accuracy of reaching movements decreased for targets 
located farther from the gazed location, but only if they were also 
located farther from the body. It should be noted that the coordinates of 
the stimulated area are similar to those used in other two TMS studies on 
V6Ad (Vesia et al., 2010; Ciavarro et al., 2013), both showing that a 
train of repetitive TMS applied over a cortical territory that likely 
included the V6Ad during reach planning causes a misreaching that 
resemble optic ataxia deficits, i.e., a deviation of memorized reaching 
endpoint toward the position of visual fixation. Notice that different 
from Ciavarro et al. (2013) and Vesia et al. (2010), Breveglieri and 
co-workers (2021) have tested reaching movements in depth and used a 
single pulse TMS, less efficient than a repetitive stimulation. Further 
support to the idea that the dorsomedial SPL is causally involved in the 
planning rather than in the execution of reaching movements comes 
from a recent TMS study, requiring participants to plan and execute 
reaching movements with both hand and foot effectors (Marigold et al., 
2019). The authors observed the absence of a TMS modulation during 
action execution in IPS1 (likely including area V6Ad) when the visual 
target to be reached changed in position, likely indicating that the area is 
involved in planning, rather than execution and online control, of 
goal-directed limb movements. 

Note that, although this corpus of TMS evidence suggests a causal 
role of V6A on the visuomotor control of hand-related movements, the 
limit in spatial location of such technique does not allow to attribute the 
observed dysfunctions specifically to V6Ad, but rather to a cortical 
territory around the stimulated region that likely included the V6Ad (see 
also the General considerations paragraph). 

Taken together, both fMRI and TMS data on human demonstrate a 
causal role of dorsomedial SPL in the control of both grasping and 
reaching movements, well in agreement with the functional properties 
of the monkey V6A neurons (Gamberini et al., 2011; Fattori et al., 2017). 
Indeed, as reported above, the neural activity of V6A neurons is 
modulated by a number of factors all related to grasping and reaching 
movements: the orientation of the wrist/hand while grasping (Fattori 
et al., 2009), the grip used by the animal to grasp the object (Fattori 
et al., 2012; Fattori et al., 2010), the direction of arm movement (Fattori 
et al., 2005; Diomedi at el, 2020), and the distance reached by the hand 
(Hadjidimitrakis et al., 2014; Hadjidimitrakis et al., 2015). In addition, 
both imaging and TMS studies support the view that the cortical terri
tory including area V6Ad plays a role in the planning rather than 
execution of arm movement, again a view well in agreement with the 
functional properties of the monkey V6Ad neurons (Santandrea et al., 
2018). 

3.2.2. Visuomotor control of navigation: 
The V6Ad has been found to be activated in several neuroimaging 

experiments where participants were engaged in tasks requiring a 
visuomotor control of hand actions aimed at guiding self-displacements 
(driving) through a patterned environment. In the fMRI study of Field 
et al. (2007), for instance, participants drove on a ground plane holding 
down left/right buttons to indicate the direction of their curved trajec
tories in two conditions: ‘flow’ and’ road’ (Fig. 8A, left panels). In the 
flow condition, ground plane optic flow specified instantaneous curved 
heading, but future path information was not available. In the road 
condition, the same information was available, plus information about 
upcoming changes to heading from the road edges (future path). For 
effective steering, it is necessary to perceive an appropriate future path 
and then perform the required changes to heading to be rapid and 
efficient in changing the direction of movement. Field and co-workers 
(2007) found that a superior parietal region involving the posterior 
part of Brodmann area 7, likely including V6Ad, was activated by the 
perception of future path (Fig. 8A, right panel). Interestingly, the ante
rior part of this region proved to be critical for processing error signals 
during self-motion. In a more recent fMRI experiment (Choi et al., 2020) 
participants used a driving simulator (Fig. 8B, left panel). The subjects 
controlled a wheel with both hands and an accelerator and brake pedal 
with the right foot. Among the brain areas activated by driving, there 
was a precuneate region that likely included the human area V6Ad 
(Fig. 8B, right panel). 

The above reported data suggest that V6A and neighboring areas of 
the dorsal stream host a spatial map of the environment used in navi
gation. There are data in literature showing that visual areas of the 
dorsal stream host spatial maps for navigation that are active even when 
no visual inputs are available. We have recalled above, in chapter 1.3, 
that Collignon and co-workers (2011) reported that V3A and V6 are 
recruited during auditory-spatial navigation in the congenitally blind 
group. More recent data have reported that blindfolded and congenitally 
blind individuals showed a strong brain activation in correspondence of 
areas V3A, V6 and V6A during a virtual maze navigation task performed 
with an auditory navigation aid (EyeCane) for non-visual navigation 
(Maidenbaum et al., 2018; Aggius-Vella et al., 2023). This evidence 
suggests that these important nodes of the dorsal visual stream are 
innately equipped for processing space independently of the type of 
sensory experience, and of the sensory developmental experience. In 
other words, they seem to host a spatial map of the environment to be 
used to interact with objects in the peripersonal space. 

3.2.3. Shift of the focus of attention: 
Goal-directed behaviors, such as grasping and reaching movements, 

but also any type of interaction with the external world, including 
visuomotor control of steering during navigation (driving), depend on 
the ability to flexibly adapt the motor plan in response to unexpected 
changes of target location. Such a flexible behavior depends on the 
ability to shift attention to a new location (attentional reorienting), with 
(overt) or without (covert) concomitant eye movements. It is well 
known that the allocation of spatial attention involves, among other 
different brain regions, the caudal part of the superior parietal lobule, 
anteriorly to the parieto-occipital sulcus (the so-called “dorsal” attention 
network; Corbetta and Shulman, 2002; Corbetta et al., 1998, 2008; 
Bisley and Goldberg, 2003, 2010; Petersen and Posner, 2012; Fiebelkorn 
et al., 2020). The involvement of single cells of the anterior POs in covert 
shifts of attention has been reported in area V6A of macaque monkeys 
(Galletti et al., 2010), where neurons discharged whenever the animal 
covertly directed its spotlight of attention towards particular parts of its 
field of view. Ciavarro and co-workers (2013) confirmed on humans the 
effect of V6A on covert attentional shifts in attentional reorienting 
(Fig. 9A). They used on-line rTMS over a cortical territory that likely 
includes the human V6Ad during a perceptive and reaching task 
requiring covert shifts of attention and planning of reaching movements, 
respectively, towards cued targets in space. The authors observed that in 
both tasks the TMS induced a significantly increase above the control 
level of response time when the cue did not correctly predict the target 
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location (invalid trials), but not when the cue correctly predicted target 
location with 75% of probability (valid trials). This means that TMS was 
effective on both attentional and reaching reaction times, but only when 
it was concomitant with a shift of attentional spotlight. This points to
wards a causal role of V6Ad in attentional reorienting, i.e., when 
attention is disengaged from one peripheral location and redirected to 
another peripheral location. A similar pattern of results was observed in 
another TMS study targeting a portion of the medial SPL (mSPL) likely 
including V6Ad (Capotosto et al., 2013). This study, which implied a 
target discrimination task after a shift of attention, revealed selective 
impairments during covert spatial attention shifts, but not during simple 
contralateral orienting. 

Although the activation of the mSPL during shifts of covert attention 
in humans is well established (Vandenberghe et al., 2001; Tosoni et al., 
2013; de Haan et al., 2008; Vossel et al., 2009; Kelley et al., 2008; 
Molenberghs et al., 2007; Serences and Yantis, 2006; Yantis et al., 2002; 
Wojciulik and Kanwisher, 1999), it is unclear whether the human 
shift-selective mSPL corresponds to the monkey area V6A. Caspari et al. 
(2018) in a comparative fMRI study on humans and monkeys used an 
interspecies beta-correlation method whereby task-related beta-values 
obtained from the shift-selective attention region in human mSPL were 
correlated to the corresponding beta-values of each voxel in monkeys. 
The main finding of this study was that the shift-selective human mSPL 
mainly correlated with monkey area V6A, thus indicating a good cor
respondence between the shift-selective regions of the two species. 

Interestingly, de Haan et al. (2008) observed that within the post
eromedial portion of the human SPL, a small region just anterior to the 
POs, likely including area V6Ad, is activated by both covert and overt 
shift of spatial attention (yellow area in Fig. 9B, left panel). This region is 
involved in attentional shifts rather than in sustained attention, with no 
difference between covert and overt shifting (Fig. 9B, middle panel; 
Vandenberghe et al., 2001). More specifically, it seems clear that what 
really matters to this cortical region is shifting attention towards a 
spatial location, regardless of what triggers the spatial shift. Molen
berghs and co-workers (2007) observed that mSPL is preferentially 
activated in all conditions requiring a spatial displacement towards the 

location of the target (or distractor), independently of the origin of the 
spatial shift (exogenous or endogenous). Fig. 9B shows that the small 
cortical region specifically activated by covert shifts of attention 
(colored in yellow in the left panel and in red in the middle panel), 
located just anterior to the POs, is the same cortical region implicated in 
coding target and background information in terms of spatial (egocen
tric) coordinates (see SPL activation in the right panel of Fig. 9B; 
Uchimura et al., 2015), that is the same coordinates used to direct the 
spotlight of attention. In support to this view, Schindler and Bartels 
(2013) found prominent evidence for egocentric space encoding in a 
posterior precuneate region that likely encompasses V6Ad (see Fig. 9C, 
left panel), and Leplaideur et al. (2021) found that the evaluation of 
egocentric space activates, among others, a region of the anterior POs 
where V6d is typically located (see Fig. 9C, central panel). We suggest 
that this cortical region hosts an egocentric spatial map of the envi
ronment that receives spatial information useful for navigation from 
areas V3A and V6, as described in the above chapter 3.1.3, and for 
directing the limbs in reach-to-grasp movements, as suggested in the 
above chapter 3.2.1, particularly towards moving objects and during 
self-motion (see Pitzalis et al., 2015; Galletti and Fattori, 2018; Galletti 
et al., 2022). Notably, Schindler and Bartels (2013) highlighted that the 
posterior precuneate region they found activated (Fig. 9C, left panel) 
showed a decoding performance strongly associated with visual covert 
attention and reaching. Pellijeff et al. (2006) found that a similar pre
cuneate region (Fig. 9C, right panels) was activated when participants 
executed a reaching movement so as to bring their index finger to 
contact the point of the chin, varying the hand starting position at each 
movement across trials. The same activation was observed when instead 
of reaching a fixed target position (the chin) from a variable starting 
position, participants were required to reach from a fixed starting po
sition to a target position that was defined posturally, and which varied 
across trials. It is clear that the activation of the cortical area depended 
on the actions performed by participants but did not depend on the di
rection of these actions, nor on the posture of the arm. Since reaching 
movements were performed without vision, we can postulate that the 
focus of attention of participants guided the limb movements across 

Fig. 8. Involvement of the anterior POs in the visuo
motor control of navigation. A. Still frames from 
animated stimuli used by Field et al. (2007). In the flow 
condition, ground plane optic flow specified instanta
neous curved heading, but future path information was 
not available. In the road condition, the same infor
mation was available, plus information about up
coming changes to heading from the road edges (future 
path). The whole-brain activation map (overlaid on the 
coronal image of the brain) resulting from the road 
> flow shows a spot of activation along the anterior 
POs. B. Examples of stimuli and experimental set-up 
(the MR-compatible driving simulator) used by Choi 
et al. (2020). Participants were instructed to actively 
drive by using wheel and pedals (accelerator and 
brake). Whole-brain activation map (overlaid on the 
axial image of the brain) revealed that a wide network 
of brain regions, including the anterior POs, is activated 
during driving. 
(a) Modified from Field et al. (2007). (b) Modified 
from Choi et al. (2020).   
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trials by shifting from the starting to the final positions of them, and as 
we have seen above, this is a strong way to activate the V6Ad. 

The causal role of mSPL/V6A in shifting attention is also confirmed 
by lesion studies. In particular, Gillebert et al. (2011) (see Fig. 9D) 
observed that a lesion of the exposed surface of the caudal SPL, likely 
including area V6Ad, resulted in a shifting attention deficit since the 

patient (HH) was impaired in discriminating invalidly (compared with 
validly) cued trials for both left- and right-sided target (see also Van
denberghe et al., 2012 for a review). It is worth noting that the patient 
HH in Gillebert et al. (2011) had a small lesion in the caudal SPL just 
anterior to the POs (Fig. 9D, left panel) that almost matched the region 
activated by both the covert and the overt shifts of spatial attention in de 

Fig. 9. Involvement of the anterior POs in shift
ing the focus of attention. A. Stimulation site on a 
sagittal T1-weighted MRI (left panel) and the 
rTMS effects (right panel) during an attention and 
a reaching task requiring covert shifts of attention 
and planning of reaching movements toward cued 
targets in space. The plots show that rTMS on a 
cortical region likely including area V6Ad 
increased RTs to invalidly cued but not to validly 
cued targets during both the attention and 
reaching task. *p < 0.05; (Ciavarro et al., 2013). 
B. Activation maps showing that the anterior POs 
is involved in several attentional tasks: it responds 
to both covert and overt shift of spatial attention 
(de Haan et al., 2008), during shifting of attention 
rather than during sustaining attention (Vanden
berghe et al., 2001), and it shows an adaptation 
effect for repeated presentations of a frame in 
terms of the egocentric coordinates (correspond
ing to the endogenous attentional coordinates; 
Uchimura et al., 2015). C. Activation maps 
showing how the anterior POs is associated with 
the representation of the egocentric unseen space 
(left panel, Schindler and Bartels, 2013), 
egocentric demands toward the extracorporal 
space (central panel, Leplaideur et al., 2021) and 
egocentric reaching movements regardless the 
direction of the movement (right panel, Pellijeff 
et al., 2006), all activities requiring a shift of the 
attentional focus. D. Left: Lesion of patient H.H. 
described by Gillebert et al. (2011) overlaid on 
the folded surface-based reconstruction of the 
brain (dorsal, medial and lateral views). Right: 
The plot shows the patient’s performance (as 
compared to that of healthy controls) reflecting 
the pathological increase of the invalidity effect 
when invalid/single trials were compared with 
valid/single trials for contralesional targets, and 
the increase of impairment when multiple shifts 
of the spotlight of attention were required (val
id/double). 
(a) Modified from Ciavarro et al. (2013). (b) 
Modified from de Haan et al. (2008), Vanden
berghe et al. (2001), Uchimura et al. (2015). (c) 
Modified from Schindler and Bartels, (2013), 
Leplaideur et al. (2021), Pellijeff et al. (2006). (d) 
Modified from Gillebert et al. (2011).   

V. Sulpizio et al.                                                                                                                                                                                                                                



Neuroscience and Biobehavioral Reviews 153 (2023) 105357

14

Haan et al. (2008) experiments (the yellow area in Fig. 9B, left panel), 
which in turn matches the area V6Ad. Patient HH was particularly 
impaired in the presence of distractors (double valid trials; Fig. 9D, right 
panel), that is when repeated shifts of spatial attention were required. As 
a further support to this view, the Balint’s syndrome (Balint, 1909), that 
is typically associated with bilateral damage of the mSPL extending into 
the occipito-parietal cortex (Karnath and Perenin, 2005), is character
ized by ocular apraxia, i.e., a deficit in the control of voluntary, pur
poseful eye movements, and by simultagnosia, the inability to perceive 
more than one object at a time (Ptak and Muri, 2013). Both these deficits 
have been interpreted as reflecting a breakdown of the attentional shift 
mechanisms (Vandenberghe et al., 2012). 

To sum up, shifts of spatial attention typically activate a portion of 
cortex of the caudal SPL which involves the cortex anterior to the POs, 
where the human homolog of area V6Ad is located. As previously 

hypothesized in monkeys (Galletti et al., 2010, 2022), such attentional 
modulation is helpful in guiding the hand during reach-to-grasp move
ments, especially when acting in motion and in a dynamic environment. 

3.3. Functional properties of the anterior part of the caudal SPL 

The rostralmost part of the caudal SPL, which includes the dorsal- 
anterior precuneate cortex, hosts the newly defined multisensory area 
PEc (Fig. 1B; Pitzalis et al., 2019). Although only a few studies have been 
conducted to specifically investigate the functional role of this region in 
humans, there is strong evidence in literature for an important role of 
this region, and more specifically of the region likely hosting area PEc, in 
a set of multisensory processes. Beyond sharing some properties with the 
nearby area V6Ad, such as response to hand-related movements (i.e., 
pointing: Pitzalis et al., 2019; grasping: Sulpizio et al., 2020b), and to 

Fig. 10. Involvement of the dorsal-anterior precuneate 
cortex in leg-related responses. A. Schematic representa
tion of the somatomotor task used by Pitzalis et al. (2019) 
to elicit leg-related activation in the dorsal portion of the 
anterior precuneate cortex. Subjects alternated blocks of 
leg or arm movements with passive fixation blocks. 3D 
manikins indicate the kinematic of up and down limb 
movements. The plot shows the BOLD response of area PEc 
to both arm and leg movements. B. Top: Frames taken from 
videos of the 3 action types (hand actions, locomotion, 
climbing) used by Abdollahi et al. (2013). Bottom: 
Whole-brain activation map overlaid on the folded 
surface-based reconstruction of the brain (medial view of 
both hemispheres) as resulted by the observation of 
climbing actions. The dorsal-anterior precuneate cortex, 
which includes area PEc, is clearly activated during 
observation of climbing. C. Schematic representation of the 
experimental paradigm used by Di Marco et al., (2021b). 
Participants performed a long-range movement using their 
right leg while observing an optic flow visual stimulus 
simulating a direction of self-motion that could be either 
congruent or incongruent with that of leg movement. A 
repetition suppression paradigm was used to probe the 
neural sensitivity to the repeated presentation of these 
bimodal trials. The plot shows that the adaptation effect 
(stronger BOLD activation for no-repeated as compared to 
repeated trials) in area PEc was significantly different for 
congruent and incongruent trials, suggesting the role of the 
area in integrating visual and motor signals coming from 
locomotion. 
(a) Modified from Sulpizio et al. (2022).*p < 0.05; Modi
fied from Pitzalis et al. (2019). (b) Modified from Abdollahi 
et al. (2013). (c) *p < 0.05; modified from Marco et al. 
(2021b).   
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shifts of focus of attention (Simon et al., 2002; Molenberghs et al., 2007; 
Spreng et al., 2013; Caspari et al., 2018), PEc seems to be particularly 
sensitive to two sources of somatomotor and visual stimulations tightly 
intertwined with the visually-guided locomotion: 1) leg-related move
ments and 2) egomotion-compatible optic flow. 

3.3.1. Leg-related response: 
In macaque, area PEc shows functional properties very similar to 

those of area V6Ad (Gamberini et al., 2018) but, differently from V6Ad, 
the PEc also represents the legs, besides the arms. We reasoned that the 
leg representation could be the signature of area PEc also in humans. In 
the attempt to identify a possible human homolog of macaque area PEc, 
we have used an innovative set-up allowing participants to perform a 
pure motor task requiring controlled leg movements during fMRI scan
ning (Pitzalis et al., 2019, Sulpizio et al., 2022; see Fig. 10A). In this way 
we identified the caudalmost station for leg representation in the dorsal 
precuneate cortex and proposed this region as the human homolog of 
macaque area PEc (Pitzalis et al., 2019). Notice that human PEc is 
activated by both arm and leg movements (Fig. 10A), well in line with 
the somatomotor properties observed in the macaque PEc (Breveglieri 
et al., 2006, 2008; Gamberini et al., 2018, 2020). 

Additional evidence indicating a lower limb preference in the dorsal- 
anterior precunate cortex comes from a series of fMRI studies of other 
laboratories testing memory guided eye, hand, and foot movements 
towards peripherical visual targets (Heed et al., 2011, 2016; Leone et al., 
2014; Pitzalis et al., 2019; Medendorp and Heed, 2019; Maltempo et al., 
2021). These studies revealed distributed networks of activations 
following a lateral-to-medial hand-to-foot gradient, with overlapping 
activations mainly located along the IPS and in the medial aspects of the 
dorsal SPL (Heed et al., 2011; Huang et al., 2012; Leone et al., 2014; 
Pitzalis et al., 2019). By using a regional approach, we specifically found 
that area PEc showed reliable responses to both hand and foot pointing, 
with a preference for the latter (Pitzalis et al., 2019; see Fig. 10A). Such a 
visuomotor property suggests a role in the control of limb interaction 
with the environment, likely with the aim of guiding locomotion. 
Compatibly with this view, Maltempo et al. (2021) observed that PEc is 
strongly activated by limb movements directed towards visual targets 
located in the lower compared to the upper VF, well in line with the 
higher distribution of receptive fields in the lower VF observed in the 
macaque PEc (Gamberini et al., 2018, 2020). The involvement of area 
PEc in a range of body-to-environment interactions, including locomo
tion, is further supported by an fMRI study by Abdollahi et al. (2013) in 
which different movies reproducing human actions implying limb 
interaction with the environment were presented during fMRI scanning 
(Fig. 10B). The authors reported that the observation of locomotion and 
climbing evoked activity in dorsal SPL, in a region clearly including the 
PEc (Fig. 10B, bottom). 

A recent TMS study (Altomare et al., 2021) has demonstrated that 
the stimulation of the dorsal portion of the anterior precuneus produced 
a significant reduction of a previously described behavioral advantage 
for footstep execution (vs. simple release) in response to stimuli located 
in the far vs. near extrapersonal space (Di Marco et al., 2019). This result 
emphasizes the role of this portion of cortex in processing spatial fea
tures (i.e., distance) for the purpose of walking-related locomotion 
(Altomare et al., 2021). A more direct link between foot/leg related 
actions and locomotion can be established based on results by Di Marco 
et al. (2021b); (see Fig. 10C). In this study, somatomotor inputs from 
lower limbs were combined with egomotion-compatible visual stimu
lations in a way that the direction of leg movements could be either 
compatible (congruent trials) or not (incongruent trials) with that of 
visual self-motion. One of the main findings of the study is that PEc 
showed the capability to integrate between these two inputs, with a 
preference for incongruent combinations of them (see plots in Fig. 10C) 
likely to signal a mismatch between these multisensory signals with the 
aim of promoting adjustments in lower limb movements during loco
motion (Di Marco et al., 2021b). 

3.3.2. Sensitivity to egomotion-compatible optic flow: 
Similarly to what observed in the macaque area PEc (Battaglia-

Mayer et al., 2001; Raffi et al., 2002, 2010, 2011, 2014), also the human 
counterpart is involved in visual motion and optic flow processing 
(Pitzalis et al., 2019; Pitzalis et al., 2020; Di Marco et al., 2021a). Besides 
responding to an abstract pattern of coherent optic flow, such as the flow 
field stimulus (Fig. 11A; Pitzalis et al., 2019), PEc has a reliable pref
erence for simulated self-motion through a virtual environment (Pitzalis 
et al., 2020), indicating a more strictly sensitivity to visual stimulation 
reproducing self-displacements in ecologic environments. Although 
many previous studies on humans did not specifically refer to PEc as a 
motion sensitive area, several pieces of evidence support the idea that 
the dorsalmost portion of the anterior precuneate cortex (or aPCu), that 
likely includes the PEc, responds to egomotion-compatible stimuli. For 
example, Huang et al. (2015) (see Fig. 11B) observed a wide strip of 
activation, extending along the dorsal portion of the anterior precuneate 
cortex so that to likely include area PEc, during passive observation of 
both forward and translation egomotion within a virtual environment 
simulating daily life experiences such as avoiding obstacles while 
walking. Similarly, part of the dorsal-anterior precuneus was activated 
by more abstract egomotion-compatible stimuli, such as clouds of 
moving dots (Cardin and Smith, 2010; Uesaki and Ashida, 2015; Pitzalis 
et al., 2019). Compatibly with this view, this portion of the precuneus 
has been implicated in a variety of processes such as proprioception, 
imagined egomotion and vestibular processing (Filimon et al., 2009; 
Cardin and Smith, 2010; Huang et al., 2012; Huang and Sereno, 2013). 
In a recent study (Di Marco et al., 2021a; see Fig. 11C) we observed that, 
when the visual motion stimulus simulated a change in the self-motion 
direction, area PEc showed stronger activation as compared to visual 
stimulus simulating linear path (see plots in Fig. 11C), thus indicating a 
more advanced role of the area in monitoring heading changes. It should 
be noted that such ability to monitor continuous changes in heading 
direction is an essential requisite to permit an accurate control of 
locomotion. 

4. General considerations 

A potential limitation of the current review is that evidence from 
humans cannot be compared to the level of precision and cytoarchi
tectonic specificity characterizing the primate research. A large corpus 
of imaging evidence reviewed here has used a combination of advanced 
brain mapping procedures (i.e., retinotopy, surface-based mapping, 
resting-state functional connectivity) to identify, at the individual level, 
the human homologues of a series of macaque areas (V6: Pitzalis et al., 
2006, 2010; V6Av: Pitzalis et al., 2013a; V6Ad: Tosoni et al., 2015; PEc: 
Pitzalis et al., 2019). However, some of the human imaging studies 
reviewed here did not directly assess the role of SPL and its functional 
subdivisions, since they generally rely on methods that have limited 
spatio-temporal resolution, and anatomical precision is often severely 
reduced by spatial smoothing, inter-subject spatial normalization, and 
reliance on group analysis, all of which could obscure the anatomical 
localization of functional responses of subregions discussed here. Thus, 
rather than attributing isolated functions to strictly segregated sub
regions of the SPL, in the current review we mainly tried to better 
characterize the functional properties of the caudal SPL in humans, 
based on the most recent evidence available in literature. 

A second limitation concerns the contribution of lesion studies we 
reviewed here. Most of these studies (Kesserwani, 2020; Vaina et al., 
2014; Blanke et al., 2003; Haarmeier et al., 1997; Gillebert et al., 2011) 
described focal brain damage after stroke affecting the caudal portion of 
the SPL. However, the causal effect of these lesions on the specific 
function we described cannot be attributed to the isolated region since 
brain damages often include several cortical neighboring regions. In a 
similar vein, TMS studies, that cause temporary “virtual lesion” of a 
cortical target do not affect a specific (cytoarchitectonic) region, but 
rather a wider cortical territory likely including that specific region. 
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Thus, the contribution of these studies in characterizing the functional 
properties of different portions of human SPL should be interpreted with 
caution, considering the limits of such approaches in targeting delimited 
brain regions. 

5. Conclusions 

Research in the last decades have demonstrated that the caudal 
portion of the human SPL includes several areas with different 

Fig. 11. Involvement of the dorsal-anterior precuneate 
cortex in the analysis of egomotion-compatible optic flow. 
A. Whole-brain activation map overlaid on the folded 
surface-based reconstruction of the left hemisphere (post
eromedial view) resulting from the coherent > random 
motion contrast of the flow field stimulus. Beyond the well- 
known high-level egomotion regions, the flow field-related 
activation map includes the dorsalmost portion of the 
anterior precuneate cortex, where the PEc is located. B. The 
whole-brain activation map as resulting from the observa
tion of passive dodges during egomotion is shown overlaid 
on the medial view of the folded surface-based recon
struction of the left hemisphere (Huang et al., 2015). The 
map shows the involvement, among others, of the anterior 
portion of the dorsal precuneate cortex, in correspondence 
and around area PEc. C. Schematic representation of the 
four coherent motion conditions organized according to a 
2 × 2 factorial design (Direction -forward, backward- by 
Path -linear, curved-) used in Di Marco et al. (2021a). The 
plot shows the BOLD response estimated in area PEc 
revealing the main effect of Path (curved > linear). 
(a) Modified from Pitzalis et al. (2019). (b) Modified from 
Huang et al. (2015). (c) Modified from Di Marco et al. 
(2021a).   

Fig. 12. Schematic representation of the functional specialization along the posterior POs (A), the anterior POs and the corresponding part of the dorsal-posterior 
precuneate cortex (B), and the dorsal-anterior precuneate cortex (C). A. The posterior POs, including area V6+ , is mainly involved in the analysis of visual motion 
cues with the aim of promoting self- and object-motion recognition and visual control of navigation. B. The anterior POs, and area V6A in particular, is mainly 
devoted to the visuomotor control of hand actions directed towards the external world (including navigation) and in using the spotlight of attention to guide these 
goal-directed arm/hand actions. C. The dorsal-anterior precuneate cortex, and area PEc in particular, is mainly dedicated to the analysis of visual and somatomotor 
signals related to egomotion, with the aim of visually guiding leg-related actions as locomotion. 
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anatomical structure and functional properties. Although human 
research on SPL lacks the anatomical accuracy characterizing the 
decennial animal research in this brain region, in this review we have 
highlighted different pieces of evidence showing a functional and 
anatomical organization of human caudal SPL that somehow resembles 
that observed in the macaque caudal SPL. For instance, the more pos
terior part of human caudal SPL (posterior POs) is mainly dedicated to 
the analysis of visual motion suitable for real motion detection and 
spatial navigation, while the more anterior parts, i.e., the anterior POs 
and the posterior and anterior portions of the dorsal precunate cortex, 
are more concerned with planning and execution of limb interaction 
with the environment (reach-to-grasp movements, climbing, locomo
tion), with the analysis of visual signals related to egomotion, and with 
the control/detection of shift of the focus of attention, as schematically 
represented in Fig. 12. We suggest that the analysis of visual motion 
information performed by the posterior part of SPL allows to infer self- 
and object motion in dynamic contexts and is a prerequisite for the 
skilled visually guided behaviors supported by more anterior parts of the 
SPL. 

For the scientific community, the current review might provide a 
significant value by furthering the knowledge of the functional organi
zation of the human caudal SPL and it might provide a solid basis for 
future investigations. Challenges for the future include investigating 
how these regions might interact during such visually guided complex 
actions, like locomotion, and cooperate in the context of larger brain 
networks. At a more applicative level, one relevant future direction 
would be to take advantage of the available evidence on neural signals 
from human SPL with the aim of using neural interfacing techniques, i. 
e., brain-machine interface, to guide neural prosthetics in tetraplegic 
patients during such as skilled actions. In addition, all the findings 
reviewed here might be relevant for expanding the current application 
of virtual reality tool for gait rehabilitation. A novel therapeutic strategy 
may approach gait impairment from a perceptual point of view by 
employing locomotion-compatible optic flow stimuli by means of 
immersive virtual reality. This could be relevant in Parkinson’s disease 
(Canning et al., 2020), which also manifests deficits in optic flow 
perception that can affect locomotion control (Halperin et al., 2020). 
The findings summarized here might be relevant also for the assessment 
of rehabilitation protocols, identifying the neurobiological correlates of 
the therapeutic actions (i.e., significant clinical improvements). This 
makes recommendations for future research using a virtual-reality fMRI 
task on locomotion in such clinical populations with the aim of testing 
how gait/balance rehabilitation is able to evoke brain function changes. 
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