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ARTICLE INFO ABSTRACT

Keywords: The macaque ventral intraparietal area (VIP) in the fundus of the intraparietal sulcus has been implicated in a

Posterior parietal cortex diverse range of sensorimotor and cognitive functions such as motion processing, multisensory integration,

;uman processing of head peripersonal space, defensive behavior, and numerosity coding. Here, we exhaustively review
acaque

Functional homology macaque VIP funct.ion, c.ytoarchitec.tonics, and anatomical connectivity and integrate it with human stud%es that
Intraparietal area have attempted to identify a potential human VIP homologue. We show that human VIP research has consistently
VIP identified three, rather than one, bilateral parietal areas that each appear to subsume some, but not all, of the
macaque area’s functionality. Available evidence suggests that this human “VIP complex” has evolved as an
expansion of the macaque area, but that some precursory specialization within macaque VIP has been previously
overlooked. The three human areas are dominated, roughly, by coding the head or self in the environment, visual
heading direction, and the peripersonal environment around the head, respectively. A unifying functional
principle may be best described as prediction in space and time, linking VIP to state estimation as a key parietal
sensorimotor function. VIP’s expansive differentiation of head and self-related processing may have been key in
the emergence of human bodily self-consciousness.

Cross-species
Cortical expansion

1. Introduction

In both humans and non-human primates, the posterior parietal
cortex (PPC) is divided into several distinct areas. In the macaque
monkey, the most-studied non-human primate in neuroscience, these
areas have been delineated based on cyto-, myelo-, and receptor-
architectonic criteria. These subdivisions coincide with specific struc-
tural connectivity patterns that have been characterized by anterograde
and retrograde tracer injection as well as effective connectivity studies
involving the combination of microstimulation and functional magnetic
resonance imaging (fMRI). The different PPC areas are characterized by
distinct functional properties as assessed with intra-cortical neuronal
recordings and functional magnetic resonance imaging (fMRI).
Together, the three criteria of i) cellular and receptor architecture; ii)

connectivity, and iii) function result in a fine-grained parcellation of
macaque PPC.

In macaques, PPC functional organization has been precisely mapped
at multiple temporal and spatial scales using single cell recordings,
fMRI, microstimulation, inactivation, and optogenetics. In addition,
cytoarchitectonic studies have characterized the structural organization
of macaque PPC. In contrast, the areal organization of PPC is presently
less clear in humans. First, data about cellular and receptor architecture
data is incomplete (Amunts et al., 2020; Niu et al., 2020). Second,
human PPC connectivity is mostly assessed with functional connectivity
methods, which do not allow us to distinguish between structural con-
nectivity and connectivity that reflects complex functional interactions.
Third, while human fMRI data is abundant, matching functional acti-
vation to anatomical regions is not straight-forward. These factors make
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a clear understanding of human PPC functional organization difficult.

One strategy in attempting to delineate human PPC parcellation has
been to assume functional homology between human and macaque PPC
when interpreting human fMRI data. This strategy has been quite suc-
cessful in describing how a human homologue of the macaque lateral
intraparietal area (LIP) has diverged into multiple functional fields that
share core properties with macaque LIP but are organized along a
posterior-to-anterior axis of increasing functional complexity (Konen
and Kastner, 2008a). Similarly, researchers have drawn parallels be-
tween many other human and macaque PPC areas, for instance the
anterior intraparietal area (AIP), (Binkofski et al., 1999; Cavina-Pratesi
etal., 2007; Culham et al., 2003; Frey et al., 2005) and area V6A (Pitzalis
et al., 2013b, 2015). Yet, homology is less evident for other regions of
PPC. The ventral intraparietal area (VIP) lies centrally in PPC, at the
fundus of the macaque intraparietal sulcus. Whereas macaque VIP is
clearly defined by the convergence of specified anatomical and func-
tional properties, the definition of a human VIP homologue has varied
across studies. This has led to a lack of consensus as to where VIP may be
located in the human brain.

In this review, we will lay out the definition and functional charac-
teristics of VIP in the macaque and the different approaches that have
attempted to define its human homologue. We will present an exhaus-
tive overview of the research into macaque and human VIP, organized
along the different functional processes with which the area has been
associated. We include a brief overview of the anatomical networks
which are thought to mediate each respective function together with
VIP. Our key finding is that not one, but three human PPC regions likely
process the functions that VIP mediates in the macaque. Based on the
integration of anatomical, functional and connectivity considerations,
we will propose a precise definition of a human putative VIP complex
with three individual areas which we term pVIP#1-#3 and discuss the
possible overarching role of this region in the larger context of PPC.

1.1. Definition of macaque area VIP

The name ventral intraparietal area (VIP) was coined by Maunsell
and van Essen (1983) who reported a projection from the macaque
middle temporal area (MT) that terminated in the fundus of the intra-
parietal sulcus (IPS). A projection from the medial superior temporal
area (MST) was also later described (Boussaoud et al., 1990). The re-
gion’s boundaries and its neighbors were subsequently defined via
cyto-architectonic mapping (Lewis and Van Essen, 2000a; see Fig. 1).
Accordingly, the definition of macaque VIP relies on a specific layer and

Progress in Neurobiology 209 (2022) 102185

cellular organization and a specific connectivity pattern with dorsal
stream extrastriate visual areas. This definition coincides with distinct
functional properties relative to neighboring parietal regions: VIP neu-
rons exhibit direction-selective responses to large field visual motion
stimuli (Colby et al., 1993), somatosensory responses to head and
shoulder stimulation, and visual responses to stimuli close to these body
parts (Duhamel et al., 1997). VIP was further divided into lateral (VIPI)
and medial (VIPm) parts based on differences regarding myelination
(Lewis and Van Essen, 2000a) and receptor profiles (Niu et al., 2020).
However, little if anything is known about the functional differences of
these two subdivisions.

1.2. An (attempted) definition of the ventral intraparietal area (VIP) in
humans

Efforts to define the human homologue of macaque VIP have focused
on circumscribed functional and cytoarchitectonic aspects acquired in
human studies to probe interspecies functional homology. Table 1 lists
the Montreal Neurological Institute (MNI) coordinates reported by
studies that have claimed to have identified a putative human VIP in
human fMRI studies. Three studies have sought a strict functional ho-
mology between monkey and human VIP. Each of them capitalized on a
unique subset of macaque VIP functional responses, and later human
studies have often used one of the three approaches to localize human
VIP for further characterization (see Fig. 2A). The first functional
approach (#1) identifies PPC activations to egomotion-consistent visual
motion as opposed to scrambled and local motion (Fig. 2A, orange, Wall
and Smith, 2008). The second approach (#2) relies on the conjunction of
brain responses to visual, tactile, and auditory motion stimuli compared
to static control stimuli (Fig. 2A, red, Bremmer et al., 2001). The third
approach (#3) is based on the topographic mapping of tactile stimuli on,
and visual stimuli close to, the face (Fig. 2A, purple, Sereno and Huang,
2006). Approaches #1 and #2 rely on large field moving stimuli,
whereas approach #3 topographically maps out tactile stimuli across the
skin using airpuffs with controlled pressure, and visual stimuli close to
the face using phase-encoded retinotopic mapping procedures that
employ natural movie stimuli. Moreover, approach #1 regards visual
information as central for VIP, whereas approaches #2 and #3 view VIP
as a multisensory area. Critically, the parietal activations of the three
localizer methods are distributed over a large extent of the human PPC.
Moreover, we will show that many putative VIP locations suggested by
other human fMRI studies cluster around the three locations defined by
experimental approaches #1-#3. Therefore, we will refer to these larger

Fig. 1. Location of macaque VIP and surround-
ing cortical areas. (A) Location of VIP (dark-blue
color) and surrounding areas as defined by
Markov et al. (2014). The white dashed contour
reflects the cyto-architecturally defined VIP
(Lewis and Van Essen, 2000a) and its sub-
divsions VIPm (bordering MIP and area 5) and
VIPl (bordering LIP). All regions were
co-registered on an inflated monkey brain using
Connectome Workbench version 1.4.2. (B) Flat
map of the intraparietal sulcus (black dashed
contour) with the same cortical areas as in A.
AS: arcuate sulcus, CS: central sulcus, LS: lateral
sulcus, STS: superior temporal sulcus, LuS:
lunate sulcus, CgS: cingulate sulcus, POS:
parieto-occipital sulcus. 2: area 2, 5: area 5, 7a:
area 7a, 7b: area 7b, 7op: opercular area 7, AIP:
anterior parietal area, DP: dorsal prelunate area,
LIP: lateral intraparietal area, MIP: medial
intraparietal area, PIP: posterior parietal area,
VIP: ventral intraparietal area, V6A: extrastriate
visual area V6A, V3A: extrastriate visual area
V3A.
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List of fMRI studies that have proposed average brain coordinates for putative human VIP (pVIP). Coordinates are given in MNI space and are illustrated in
Fig. 3a. * indicates that Talairach coordinates were given in the study, which we transformed to MNI space using the Biolmage Suite converter http://sprout022.sprout.
yale.edu/mni2tal/mni2tal.html (Lacadie et al., 2008). Note that we include studies that have named pVIP as the Intra-Parietal Sulcus motion region (IPSmot) as this
nomenclature was used due to the authors noting that a variety of locations have been defined as pVIP, and that there is an uncertainty in defining a human VIP without
directly comparing homology between macaque and human fMRI responses (Pitzalis et al., 2013a;Bartels et al., 2008;Cardini et al., 2011;Ferri et al., 2015;Pitzalis

et al., 2020;Sulpizio et al., 2020).

Study

pVIP MNI coordinates

Definition of pVIP

Study approach and VIP-related findings

Bartels et al., (2008)

Left: -4, -64, 60
Right: 6, -66, 58

A region in the medial posterior parietal cortex
that responded to global flow motion in a
natural movie stimulus.

Study investigating the responses to visual motion
during natural movie viewing. pVIP responded to
global flow motion and showed invariance to visual
contrast and connectivity with anterior V5/MT+.

Cardin and Smith, (2010)

*Left: -25, -59, 55
*Right: 25, -60, 53

Higher responses to egomotion-consistent
visual motion than egomotion- inconsistent, but
coherent, visual motion.

Study investigating the responses in visual and
vestibular regions to egomotion-consistent visual
motion compared to egomotion-inconsistent, but
coherent, visual motion.

Di Marco et al., (2021)

Left: -26, -59, 56
Right: 27, -55, 56

pVIP was termed IPSmot. Contrast of coherent
optic flow motion with random visual motion.

Study investigating the responses to visual optic flow
motion that simulated forward or backward motion
on a curved or linear path. pVIP/IPSmot showed
stronger responses to curved path visual motion as
compared to linear motion.

Field et al., (2020)

pVIP defined by functional
localizer:

Left: -34, -44, 42

Right: 38, -40, 52

pVIP defined by a whole-brain
group contrast of object-
motion > self-motion:

Left: -34, -48, 50

Right: 36, -46, 56

Functional localizer based on the method of
Bremmer et al., (2001), the conjunction of
higher responses to visual, tactile and auditory
motion as compared to static control stimuli
within each sensory modality.

Study investigating the neural responses to
simulated object-motion and self-motion visual
stimuli. pVIP showed stronger responses to object-
motion stimuli compared to self-motion stimuli.

Furlan et al., (2014)

Coordinates not reported.

Higher responses to egomotion-consistent
visual motion than egomotion- inconsistent, but
coherent, visual motion as in Cardin & Smith,
(2010); Wall & Smith, (2008).

Study investigating the neural responses to changes
in heading direction in visual egomotion stimuli. pVIP
showed stronger responses to stimuli that implied
changes in heading direction compared to control
stimuli with no heading direction change.
Furthermore, the direction of heading direction
change could be decoded from pVIP activity.

Huang et al., (2015)

*Left: -30, -46, 65
*Right: 30, -44, 60

Functional  wide-field motion localizer,
contrasting structured motion with scrambled
motion (Sereno and Huang, 2006).

Study investigating neural responses to passive and
active avoidance of obstacles. Subjects viewed a
hallway virtual reality environment and either
actively dodged obstacles using a button press or
passively observed obstacles being dodged. pVIP
showed no difference in activation during passive vs
active dodges.

Quinlan and Culham,
(2007)

*Left: -27, -56, 55
*Right: 25, -54, 58

Functional localizer, higher responses to
looming and receding visual motion of a ball
towards the face, as compared to a stationary
presented ball.

Study investigating the neural responses to near-,
mid- and far-distance visual stimuli. pVIP did not
show differences in activation to near vs far stimuli.

Pitzalis et al., (2013a)

Left: -30, -60, 45
Right: 30, -60, 45

pVIP was termed IPSmot. Higher responses to
visual motion compared to a static visual
condition.

Study investigating the responses to different kinds
of visual optic flow motion in motion-responsive
brain regions. pVIP/IPSmot showed strongest
responses to translation motion, as well as stronger
responses to spiral motion than to random motion.

Pitzalis et al., (2020)

Left: -30, -40, 49
Right: 33, -40, 49

pVIP was termed IPSmot. Higher responses to
visual motion compared to a static visual
condition.

Study investigating the responses to pure and
combined self- and object-motion conditions where
subjects viewed natural movies of a moving train.
pVIP/IPSmot showed stronger responses to
combined self- and object-motion conditions as
compared to pure self- or object-motion only
conditions.

clusters as putative VIP (pVIP) #1-#3 from hereon. Fig. 2A presents
tentative outlines for these three clusters; we emphasize that these
outlines simply represent an illustration drawn around the multiple
previously reported average locations and do not reflect anatomically or
functionally well-defined areas.

Cytoarchitectonic mapping of the human IPS and superior parietal
lobule has identified a large number of distinct regions (Richter et al.,
2019; Scheperjans et al., 2008). However, there is no consensus about
the functional correspondence of any of these regions to macaque VIP.
One study found that area 7 PC, a cytoarchitectonic region in the human
superior parietal lobule (Scheperjans et al., 2008), showed resting state
connectivity with area V5/MT, dorsal and ventral premotor cortex

(continued on next page)

(PMd, PMv) and the frontal eye fields (FEF), regions known to be con-
nected with macaque VIP (Mars et al., 2011). This suggested that human
VIP relocated from the IPS to the superior parietal lobule, consistent
with other findings that VIP’s neighboring regions, while mostly
confined to the IPS in the macaque, are found outside the IPS in the
human brain (Kastner et al., 2017), possibly due to the expansion of the
parietal cortex in the human brain (Van Essen et al., 2012a, 2012b).
However, another human cytoarchitectonic mapping study identified a
comparable number and topographical arrangement of human IPS re-
gions as in macaques. In their scheme, human VIP corresponds to human
intraparietal area 1 (hIP1), located in the anterior IPS at a location
strictly homologous to that of macaque VIP (Richter et al., 2019).


http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html
http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html
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10 Sulpizio et al., (2020) Coordinates not reported

pVIP was termed IPSmot. Contrast of coherent | Study investigating the responses to optic flow vs.
visual motion with random visual motion.

random visual motion in scene-responsive regions
and scene vs. face responses in visual motion-
responsive brain regions. pVIP/IPSmot showed no
difference in its responses to scene and face images.

11 Uesaki and Ashida, | *Left: -23, -59, 48
(2015) *Right: 19, -62, 50

Functional localizer,
coherent optic flow visual motion compared to | perception of vection during viewing of visual optic
random visual motion.

higher responses to | Study investigating the neural responses to the

flow stimuli. pVIP showed higher activation when
subjects reported perceiving vection as compared to
when they did not.

12 Wall and Smith, (2008)
*Right: 25, -51, 43 visual motion

*Left: -26, -56, 43 Higher responses to egomotion-consistent | Study investigating responses to egomotion-
compared to egomotion-
inconsistent, but coherent, visual motion.

consistent visual motion compared to egomotion-
inconsistent, but coherent, visual motion.

13 Zajac et al., (2019) Right: 18, -62, 60

Higher responses to coherent visual motion | Study investigating the connectivity between optic
compared to scrambled visual motion.

flow responsive regions and the retrosplenial cortex
and hippocampus when subjects performed visual
path integration and turn counting tasks. There was
an inverse relation between self-reported
navigational ability and functional connectivity
strength between pVIP and the retrosplenial cortex,
intracalcarine cortex and lingual gyrus during the
turn counting task.

14 Zajacand Killiany, (2021) | Left: -22, -62, 62
Right: 22, -60, 62

Higher responses to coherent visual motion | Study investigating the responses during visual path
compared to scrambled visual motion.

integration and turn counting tasks in optic-flow
responsive brain regions of young and aged adults.
There was that stronger activity in pVIP during the
visual path integration task was associated with
greater visual path integration accuracy in aged
adults.

15 Konen and Kastner, | *Left: -35, -54, 45

(2008a) *Right: 34, -55, 46 as pVIP.

Retinotopic mapping, where IPS5 was defined | The authors defined six topographically organized

posterior parietal regions (IPS1-5, & SPL1) using a
memory-guided saccade paradigm. They then tested
the responses of these regions to eye movements
(saccades and smooth pursuit) and optic flow motion
stimuli. IPS5 (pVIP) responded to smooth pursuit eye
movements and optic flow patterns.

16 Konen et al., (2005) 1.
(OKN) > baseline

*Left: -29, -50, 44

*Right: 27, -47, 35

2. smooth pursuit eye
movements (SPEM) > baseline
*Left: -36, -47, 37

*Right: 29, -50, 36

3. unpredictable SPEM >
baseline

*Right: 37, -51, 40

optokinetic nystagmus | Functional responses in the intraparietal sulcus | Study investigating the neural responses to
to eye movements compared to baseline, in | optokinetic nystagmus (OKN) and smooth pursuit
whole-brain analyses.

eye movements (SPEM). pVIP activation was evident
in contrasts comparing OKN and SPEM to baseline
fixation conditions.

17 Huang and
(2007) separately for face and lip | face.
tactile activations for one
subject. pVIP coordinates
below are the average of
these two sets of coordinates.
*Left: -26, -45, 54

*Right: 31, -57, 68

Tactile

Sereno, | Coordinates  were  given | Topographic mapping of tactile stimuli on the | Study demonstrating the use of an MR-compatible

system to deliver air puff stimuli to multiple points
on the face and fingers. The region that responded to
tactile stimuli on the face was suggested as pVIP.

Fig. 2B illustrates the overlap of the three pVIP clusters with human
cytoarchitectonic regions. Activations identified with approach #1
overlapped with areas 7A, hIP3 and hIP1 in both hemispheres, with area
7P in the right hemisphere and hIP6 in the left hemisphere. Activations
evoked by approach #2 overlapped with area 7PC bilaterally, with hIP2
and area 2 in the left hemisphere and 7A and hIP3 in the right hemi-
sphere. Activations identified with approach #3 overlapped with area
7A bilaterally, with area 2 in the left hemisphere and area 7PC in the
right hemisphere. Notably, pVIP#2 and #3 showed overlap with area
7PC, the cytoarchitectonically defined VIP in the superior parietal sulcus
(Mars et al., 2011; Scheperjans et al., 2008) and only pVIP#1 showed a
small overlap with hIP1, the proposed cytoarchitectonically defined VIP
in the IPS (Richter et al, 2019). For all three approaches, the
cytoarchitectonic-functional match was inconsistent across hemi-
spheres. These differences may be primarily driven by the known dif-
ferences in the cytoarchitectonic maps of PPC across hemispheres
(Scheperjans et al., 2008). The functional relevance of these hemispheric
differences is not currently known.

(continued on next page)

The picture becomes even more complex when we consider proposed
human VIP locations defined by less stringent functional criteria or by
higher order cognitive tasks that have not been investigated in monkeys
(see list of studies in Table 1; Fig. 3). Pooling these reported locations
does not identify a human putative VIP hotspot; rather, proposed VIP
loci spread all over human anterior IPS. Some of them lie close to the
cytoarchitectonically defined VIP in the superior parietal sulcus (Mars
et al., 2011; Scheperjans et al., 2008; see Fig. 3, yellow star symbol).
Others lie close to the cytoarchitectonically defined VIP in the anterior
fundus of the IPS (Richter et al., 2019; see Fig. 3, yellow pentagon
symbol) and areas hIP3 (Fig. 3, yellow diamond) and 7A (Fig. 3, yellow
triangle). Yet again others are near neither location.

In sum, there is no firm knowledge about the potential homology of
monkey VIP with a human PPC region. In an attempt to synthetize and
clarify our current view of human VIP, the next section will provide a
systematic functional comparison between monkey and human VIP
studies.
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o 18 Fasold et al., (2008) *Left: -32, -48, 43 Higher responses to neck muscle stimulation | Study investigating neural responses during neck
§ *Right: 40, -42, 51 than superficial skin vibration control stimulus. | muscle stimulation, which was used to simulate
= - proprioceptive input during changes in head
&.c', 2 position.
19 Cardini et al., (2011) Left: -40, -36, 36 Higher activity to any of the 6 experimental | Study investigating the integration of viewing
Right: 32, -52, 44 conditions of a 3 (viewing own face, other | touches to the face with tactile stimuli on the
person’s face or object) x 2 (viewing a touch, | subject’s face. pVIP showed higher activity when
paired with a tactile stimulus on the subject’s | subjects viewed a touch and received a tactile
face vs. viewing a hand approaching, but not | stimulus compared to when they did not view a
touching, and no tactile stimulus) factorial | touch or receive a tactile stimulus.
design, compared to a fixation baseline.
20 Huang et al., (2017) Mean coordinates across | Topographic mapping of tactile stimuli on the | Study that topographically mapped tactile stimuli
% subjects for experiment 1 | face (experiment 1) and both topographic | around the face and visual stimuli close to the face,
§ (tactile only): mapping of tactile stimuli on the face and | using high-resolution imaging.
g *Left: -24, -43, 58 looming visual stimuli close to the face
Z *Right: 27, -44, 64 (experiment 2).
Mean coordinates across
subjects for experiment 2
(tactile and visual):
*Right: 28, -44, 69
21 Sereno and Huang, | *Left: -28,-50, 64 Topographic mapping of tactile stimuli on the | Topographic mapping study.
(2006) *Right: 29, -48, 66 face and visual stimuli close to the face.
22 Aedo-Jury et al., (2020) | *Left: -45, -43, 40 Functional localizer, higher responses to | Study investigating responses to vestibular
*Right: 40, -51, 43 egomotion-consistent visual motion compared | stimulation in brain regions that respond to
to egomotion- inconsistent, but coherent, visual | egomotion-consistent visual stimuli. pVIP responded
= motion (Wall and Smith, 2008). to antero-posterior galvanic vestibular stimulation
% (GVS).
.g 23 Billington and Smith, | Coordinates not stated. Functional localizer, higher responses to | Study investigating neural responses to visual motion
§ (2015) egomotion-consistent visual motion compared | and artificial vestibular stimulation based on visual
g to egomotion- inconsistent, but coherent, visual | stimulations emulating natural head roll. The phase
~‘>£ motion (Wall and Smith, 2008). of visual and vestibular motion could be decoded
from pVIP.
24 Schindler and Bartels, | Coordinates not stated. Functional localizer, comparing coherent vs. | Study investigating responses to natural head
(2018) random visual motion (Wall and Smith, 2008). In | motion paired with congruent or incongruent visual
addition, a dorsal pVIP was identified in a whole | flow stimuli. pVIP defined as a functional ROI did not
brain analysis by its responses to congruent | show a difference in responses to congruent and
visual flow and head motion. incongruent conditions but did show higher
activation to head movement compared to when the
head was static. A whole brain analysis comparing
congruent and incongruent conditions identified
activity in pVIP.
25 Bremmer et al., (2001) *Left: -40, -43, 45 Conjunction of higher responses to visual, | Study investigating the conjunction of multisensory
*Right: 37, -48, 50 tactile, and auditory motion stimuli compared | responses. For visual stimulation, coherent moving
% > to static control stimuli. dots were compared to static random dots. For
& 9 tactile stimulation, air flow over the forehead was
g S compared to no tactile stimulation. For auditory
§ S stimulation, auditory stimuli producing an illusion of
sound motion was compared to no auditory stimuli
except for scanner noise.
26 Ferri et al., (2015) Left: -30, -52, 62 pVIP was termed a dorsal part of the dorsal | Study investigating responses to observation of
3 intraparietal  sulcus  anterior.  Stronger | upper-limb actions with different motor goals
E responses to interpersonal actions compared to | (object-related, skin-displacing and interpersonal).
§' object-related and skin-displacing actions, and | pVIP showed higher responses to interpersonal
= its anatomical location close to previously | actions as compared to object-related and skin-
g proposed coordinates for pVIP (Cardin and | displacing actions.
s Smith, 2010; Sereno and Huang, 2006).
.= |27 Serra et al., (2019) Left: -25, -57, 56 Higher responses to coherent than random | This study investigated responses to leg movements
% 'f% Right: 29, =52, 55 visual motion (Cardin and Smith, 2010). similar to those made during walking in brain regions
E g that responded to egomotion-consistent visual
S -.3 motion. pVIP did not show responses to leg
.§ E movements.
S
> 28 Eger et al., (2015) Left: -33, -49, 57 Functional localizer, conjunction of higher | Study investigating the neural coding of numerosity.
'g Right: 29, -49, 54 responses to tactile stimulation on the face vs. | The numerosity of sets of dots stimuli could be
) static dots baseline, and higher responses to | decoded from pVIP and could be cross-decoded
5 expanding/receding visual dots motion vs. static | across different visual field locations.
= dots baseline.

2

putative human VIP

This section provides a systematic comparison of all monkey and
human VIP studies we identified via keyword searches in PubMed and
Google Scholar. Table 2 summarizes the plethora of functions that have
been associated with VIP in macaques and humans. In Section 2.1, we
cover the processing of multiple sensory modalities — vision, vestibular

Functional comparison between macaque monkey and

sensation, proprioception, touch, and audition — in VIP. Already in these

passages, it will become evident that VIP performs complex integrative
functions. For clarity, we separately address multisensory functionality

in Section 2.2. Section 2.3 addresses VIP’s potential (sensori)motor
functions, and we address the reference frames used by VIP in Section
2.4. Finally, the functions provided by VIP are likely also exploited for
“higher” cognition, and we turn to these properties in Section 2.5.

Not all VIP functions have been probed in both species due to
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Fig. 2. Proposed locations of putative human VIP (pVIP) as defined using the three most common methods; (pVIP#1 - orange) higher activation by egomotion-
consistent visual motion compared to scrambled motion (Wall and Smith, 2008), (pVIP#2 - red) the conjunction of responses to visual motion, tactile motion
and auditory motion stimuli compared to static control stimuli (Bremmer et al., 2001), and (pVIP#3 - purple) topographic mapping of tactile stimuli on the face and
visual stimuli close to the face (Sereno and Huang, 2006). (A) Each sphere shows the locations of pVIP coordinates in MNI space that are defined using one of the
three methods and the number label refers to the study number given in Table 1. The outlines show the separation between the three pVIP clusters and were
arbitrarily drawn to surround the locations reported in this figure, and we have excluded study 22 in both hemispheres and study 28 on the left hemisphere as these
coordinates appear to be outliers. As comparison points, we show mean locations of putative human LIP (Konen and Kastner, 2008a, 2008b; Medendorp et al., 2003;
Sereno et al., 2001), AIP (Frey et al., 2005) and MIP (Grefkes et al., 2004; Prado et al., 2005), with each mean coordinate generated by averaging over the reported
locations in these studies. (B) Locations of the three pVIP clusters in comparison to cytoarchitectonic regions in the intraparietal and superior parietal cortex (Amunts
et al., 2020; Richter et al., 2019; Scheperjans et al., 2008). Code and data used to generate the figure is available at: https://osf.io/nce7x/.

methodological limitations. For example, single neuron responses have
been exclusively explored in macaques, but embodiment and body
ownership has been almost exclusively investigated in humans. Unsur-
prisingly, macaque studies have mostly focused on low-level functional
properties, whereas human studies have more often tried to associate
VIP with higher order functions. With the current lack of consensus
about the existence and/or location of human VIP, we use the term
“putative VIP” (pVIP) to denote the presently preliminary name
assignment. Moreover, we will relate previous work to pVIP#1, pVIP#2,
and pVIP#3 (see Fig. 2) whenever possible. When we refer to all three
regions together, we will use the name “pVIP complex”.

2.1. Unimodal sensory modalities

2.1.1. Vision

2.1.1.1. Over-representation of central near visual space. Once identified
through connectivity, VIP was physiologically characterized as exhib-
iting strong selectivity for both the direction and speed of moving visual
stimuli in single neuron responses (Colby et al., 1993). In addition, some
VIP neurons are selective for the distance at which a stimulus is pre-
sented (Cléry et al., 2018; Colby et al., 1993), and some neurons respond
best to movement toward the animal regardless of absolute direction
(Bremmer et al., 2013; Cléry et al., 2017; Colby et al., 1993). Therefore,
the receptive fields (RFs) of VIP neurons should be viewed as a 3D,
rather than a 2D, property. Overall, VIP RFs over-represent central vi-
sual space, although they also cover the periphery of the visual field
(Viswanathan and Nieder, 2017a), including the far periphery

(Bremmer et al., 2002a; Duhamel et al., 1997). Specifically, RFs extend
up to 54 ° laterally, with a peak in eccentricity at 20 °, however their
average center of mass is ~10 ° (Ben Hamed, 1999), as they globally
over-represent near space, despite responding to both far and near
stimuli (Bremmer et al., 2013; Cléry et al., 2018; Colby et al., 1993).

Regarding macroscopic organization, VIP visual RFs are not orga-
nized along a clear topographic map, contrary to striate and extrastriate
visual areas. This is consistent with the proposition that local retinotopic
topography vanishes with hierarchical distance from visual cortical
input (Viswanathan and Nieder, 2017b). In addition, the lack of any
obvious visual-topographical organization fits the visuo-spatial tuning
of VIP neurons, which ranges from retinotopic to craniotopic (Duhamel
et al., 1997).

In humans, visual stimulation close to the face identifies a cortical
region that shares some of the core sensory properties of macaque VIP
(Huang et al., 2017; Sereno and Huang, 2006). This finding has led to
the proposal that the corresponding region, pVIP#3 (see Fig. 2), is the
human VIP homologue (Sereno and Huang, 2014). We will discuss this
work further in the section on peripersonal space. Here, we note that this
research has uncovered orderly, tactile and visual maps in the putative
human VIP - a finding that implies that neurons are grossly arranged
according to their (tactile or visual) spatial characteristics. Analogous
fMRI mapping experiments have not yet been undertaken in macaques.

2.1.1.2. Sensitivity to optic flow stimuli. Despite the relative dominance
of central space in VIP, the area responds to large field optic flow stimuli.
Optic flow motion patterns on the retina often result from self-motion, so
VIP has been associated with the detection of egomotion cued by optic
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Fig. 3. Locations of putative human VIP (pVIP) coordinates and other activations that may correspond to pVIP. (A) Proposed locations of pVIP coordinates (in MNI
space) given in all studies we identified that explicitly proposed a human homologue VIP region (see Table 1; number labels refer to the study number in left-most
column). The color of each sphere refers to the sensory modality/modalities or functional process that was investigated in the respective study. For comparison, we
include the three pVIP cluster outlines from Fig. 2, yellow stars to show the position of area 7 PC, yellow triangles to show the position of 7A, yellow pentagons to
show the position of hIP1 and yellow diamonds to show the position of hIP3. (B) Locations of coordinates (in MNI space) that may correspond to pVIP. Green spheres
show the conjunction of responses to peripersonal space and body ownership from a meta-analysis (Grivaz et al., 2017) and cyan spheres show responses to number

changes in auditory sequences (Wang et al., 2015).

flow. In line with this idea, VIP receives dense inputs from the dorsal
part of the medial superior temporal area (MSTd), an area sensitive to
first-order translation, divergence, convergence and rotation optic flow
components (Duffy and Wurtz, 1991; Lagae et al., 1994). VIP neurons
are particularly sensitive to expansion, the dominant optic flow
component that arises from active whole body displacement (Schaafsma
and Duysens, 1996). During natural motion, expansion cues depend on
body motion direction as well as on head position relative to the body.
Indeed, VIP neurons are strongly modulated by the experimental
manipulation of cues that reflect head-on-body posture, for instance by
shifting the center of the optic flow (Bremmer et al., 2002a; Zhang and
Britten, 2010, 2011). In addition, VIP neural responses differ depending
on whether motion patterns can or cannot be produced by egomotion

(Cottereau et al., 2017; Pitzalis et al., 2021). From a computational point
of view, VIP neurons are sufficiently sensitive to support heading
judgement (Zhang and Britten, 2010), as is the case for area MSTd (Ben
Hamed et al., 2003). All these findings support a putative involvement of
VIP in egomotion perception.

However, local reversible inactivation of area VIP did not result in
observable deficits in perceptual heading thresholds (Chen et al., 2016),
whereas MSTd inactivation did (Gu et al., 2012). This result may suggest
that VIP receives copies of egomotion signals for some yet undefined
purpose, but is not itself involved in their computation — reminiscent of a
long-standing debate about the neighboring area LIP, which shows
strong evidence of accumulation signals during perceptual decisions, but
whose inactivation leaves decision behavior largely unaffected (Katz
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Assessment of the functional properties that have been investigated in VIP. The first column refers to the review section in which we discuss the respective
topic. The second column shows the eight functional properties discussed in Section 2. The background coloring matches that of Fig. 4, in which we present the
functional networks of which VIP is a part, and that broadly match the functions listed here. For each function, we list subtopics with the employed experimental
methods. For monkeys, the most commonly used methods are single-unit recordings (neuronal) and functional magnetic resonance imaging (fMRI), but micro-
stimulation (MS) and inactivation (In) have also been applied. For humans, the most commonly used method is fMR], including meta-analysis of fMRI data (MA), but
transcranial magnetic stimulation (TMS) and positron emission tomography (PET) have also been applied.

Species Monkey Human
Recording method Single neurons fMRI fMRI others
Moving stimulus (mapping of RFs) X
Near vs. far visual space X X X
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2 Egomotion  vs.  non-
S & . X X
. egomotion
Egomotion - -
Egomotion vs. object "
motion
5 Tuning to head velocity X X
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g 5
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(7}
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(%]
motor ) .
functions Reaching/feeding X
< ]
~N O n
5 § g Eye, head and/or body centered reference « y ™S
s L © frames
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B go 2| Working memory X X
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etal., 2016). It is important to note that neural responses to optic flow in
area VIP differ during active and passive contexts. The preferred di-
rections of neurons differ during active eye movements, such as smooth
pursuit, and static fixation (Gabel et al., 2002). More so, VIP micro-
stimulation causally changes heading perception, and this effect is

stronger during active eye smooth pursuit than fixation (Zhang and
Britten, 2011). Surprisingly, however, the amplitude of neuronal activ-
ity during externally induced motion stimulation was larger than when
self-induced (Churan et al., 2021). The above-mentioned inactivation
study tested perceptual heading thresholds under fixation, and different
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Fig. 4. Selected anatomical links highlighting eight of the different functional aspects associated with VIP that are described in Section 2. (A) Areas directly linked to
VIP, arranged by relative anatomical location. Areas are colored according to eight functional categories: visual motion, eye movement, vestibular, tactile, pro-
prioception, auditory, peripersonal space and numerosity/working memory. Striped background colors show the overlap of multiple functional categories in one
area. (B) Visual motion and eye movement areas displayed on a flat map. (C) Vestibular, tactile and proprioceptive areas. (D) Auditory and peripersonal space areas.
(E) Numerosity/working memory areas. (B-E) Areas are colored according to the functional category color in (A). Areas without an outline are from the Markov et al.
atlas (2014) and areas with a black outline are from the Paxinos et al. atlas (1999). PFG is the rostral part of 7a. 7m: medial part of area 7, AIP: anterior intraparietal
area, FEF: frontal eye field, FST: fundus of the superior temporal sulcus area, LIP: lateral intraparietal area, IPFC: lateral prefrontal cortex, M1: primary motor cortex,
MIP: medial intraparietal area, MST: medial superior temporal area, MT: middle temporal area, PIVC: parieto-insular vestibular cortex, S2: second somatosensory
area, SEF: supplementary eye field, STP: superior temporal polysensory area, Tpt: temporoparietal area, V2: second visual area, V3: third visual area, VIP: ventral
intraparietal area.
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results may be obtained under other experimental protocols (Chen et al.,
2016).

The distinction of active and passive situations is critical for
perceiving motion: when movement occurs while the animal is passive,
the movement usually signals that impact from an external object is
imminent. Accordingly, animals usually respond with fast, reflexive
defensive movements. In contrast, such reflexive responses must often
be suppressed when the perceived movement originates from the ani-
mal’s own movement, rather than from that of an external threat.
Therefore, the modulatory role of active movement, such as smooth
pursuit, indicates that macaque VIP may be central to sensory-motor
transformation and decision-making and, accordingly, be at the inter-
section of perception and action — a role often assigned to PPC also more
globally (Batista et al., 1999; Medendorp and Heed, 2019; Zhang and
Barash, 2000). We will return to this notion again later in Section 2.3.

In humans, area pVIP#1 separates between egomotion and non-
egomotion optic flow patterns, evident in fMRI activation differences
between the two contexts (Wall and Smith, 2008). Furthermore pVIP#2
dissociates object-motion from egomotion (Field et al., 2020). As in the
macaque, pVIP (defined using approach #1, but exact coordinates not
specified) encoded changes in heading direction from visual flow cues
(Furlan et al., 2014).

In natural situations, visual egomotion cues usually coincide with
vestibular cues. When human participants view isolated visual optic
flow cues in experiments, they often report experiencing vection. Many
people know the perceptual experience of vection from an illusion that
occurs when looking out of a standing train onto a moving one: it feels as
if it is the own train, rather than the other, that is moving. Vection, thus,
is the experience of self-motion induced purely visually. pVIP#1 is one
of several areas that were consistently modulated by experiencing vec-
tion (Uesaki and Ashida, 2015).

The relevance of active vs. passive egomotion has been addressed
with fMRI for human pVIP#3. Participants visually experienced heading
changes in a virtual environment in which they were either passively
moved or, instead actively navigated (though virtually, Huang et al.,
2015). The two conditions did not result in any significant activation
differences. Discrepancies between the two species, such as those dis-
cussed last, may reflect methodological differences between studies, or
they may indicate that pVIP#3 does not process egomotion. Active vs.
passive egomotion has not been explicitly tested in pVIP#1/#2, and so
this particular example serves to illustrate one difficulty that we deem
critical in understanding VIP: every human study discussed here tar-
geted a human VIP homologue based on one of several functional or
anatomical definitions. Accordingly, we have learned bits and pieces
about each of the three areas of the pVIP complex but cannot truly infer
functional homology for any of them.

In macaques, the two core visual properties of near-space and large-
field flow-field coding partially co-localize within the macaque IPS, as
assessed with macaque fMRI (Cléry et al., 2015b). A part of the macaque
IPS fundus preferentially coded for visual stimuli near the face (Cléry
et al., 2018). This region was fully encompassed by a large activation
along the IPS fundus in response to large field optic flow and trans-
lational stimuli (Guipponi et al., 2013). Whether individual single
neurons partake in both visual functions has not been tested.

In contrast, near-face and optic flow stimulation evoked peak acti-
vations at distinct parietal locations in humans. Near-face activations
were located just dorsal to the IPS in the superior parietal cortex
(pVIP#3, see Fig. 2A, near-face visual stimuli Sereno and Huang, 2006:
purple spheres, number 21). Most egomotion-related activations were
located within the IPS, in the more posterior pVIP#1 (see Fig. 2A, Cardin
and Smith, 2010; Di Marco et al., 2021; Serra et al., 2019; Uesaki and
Ashida, 2015; Wall and Smith, 2008; Zajac et al., 2019; Zajac and Kill-
iany, 2021: orange spheres, numbers 2, 3,11, 12, 13, 14 & 27), with the
exception of one study in which optic flow clustered together with
near-face activations (Huang et al., 2015: purple sphere, number 6).

Viewed from a higher perspective, how might heading and self-
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motion perception relate to a generalized functional role of VIP? Both
functions imply that movement consequences of the own body and of
objects in the environment must be predicted in space and time. Thus,
VIP may compute predictions and/or prediction errors. Indeed, ma-
caque VIP exhibits anticipatory (i.e., predictive) responses when an
expected self-motion stimulus is delayed (Churan et al., 2021) and when
true self-motion direction is different from that predicted by visual cues
(Schmitt et al., 2021). Such predictive processing is likely to contribute
to very fast responses to unexpected sensory input.

2.1.1.3. VIP belongs to a motion detection network (Fig. 4). The “motion
detection” VIP network starts with V2 (Fig. 4A, B), the earliest area in
which motion direction can be decoded (Levitt et al., 1994). V2, V3, and
MT are considered early or intermediate visual areas; they feature small-
to medium-sized RFs and relatively simple, linear directional preference
(Albright, 1984; Gattass et al., 1988). Another highly direction-selective
area in the network is V6 (Galletti et al., 1991), which is connected to
most areas in the network (Galletti et al., 2001). VIP and MST can be
considered higher order areas and process more complex information of
whole-field optic flow, such as translational motion and rotation (Duffy
and Wurtz, 1991; Gu et al., 2006). In computational modelling of visual
hierarchical organization, VIP and MST are consistently assigned the
same hierarchical level (Hilgetag et al., 1996). Both areas project to area
7a and to superior temporal polysensory area (STP), the roles of which
within the motion detection network are yet to be discovered. Despite
their similarities, several aspects differentiate VIP from MST (Britten,
2008). First, the over-representation of central near visual space and,
accordingly, a role in near-field motion analysis is unique to VIP. Sec-
ond, greater attentional effects in VIP than MST for motion detection
suggest that VIP is more closely associated with behavior (Cook and
Maunsell, 2002a, 2002b) — consistent with our conclusion of a dedicated
sensorimotor role for VIP that is derived from its characteristics in
egomotion processing. Finally, eye position modulates VIP RFs, and VIP
neurons’ reference frames are often intermediate between eye- and
head-centered, whereas neurons in MST exhibit strictly eye-centered
visual coding (Avillac et al., 2007, 2005; Duhamel et al., 1997).

2.1.2. Vestibulation

2.1.2.1. VIP encodes head velocity. In ecological conditions, egomotion
perception relies on a combination of low-level visual, vestibular, and
proprioceptive sensory cues. In macaque VIP, about a third of neurons
respond to horizontal rotation (Bremmer et al., 2002b). These vestibular
responses are typically in phase with head velocity, and sometimes
signal head acceleration or head position (Klam and Graf, 2003).
Notably, neurons’ preferred response direction during horizontal head
rotations differs depending on whether the monkey actively turns its
head or the head is turned passively (Klam and Graf, 2006). This dif-
ference between active vs. passive conditions is reminiscent of the visual
egomotion coding discussed above.

2.1.2.2. Reference frames in VIP vary across neurons. The preferred
vestibular heading direction of single VIP neurons is independent of eye
and head position (Chen et al., 2013). Moreover, when gaze is fixed relative
to the body, VIP vestibular heading tuning is egocentric and body-centered.
In contrast, when gaze is fixed relative to the world, tuning is intermediate
between body- and world-centered reference frames (Chen et al., 2018),
though the experimental procedures of this experiment did not further
distinguish between body-centered and head-centered frames of reference.
VIP’s vestibular coding contrasts with the eye to head-centered reference
frame coding it expresses for vision (Duhamel et al., 1997). However, VIP
neurons do also encode eye and head position for vestibular signals by way
of gain fields, that is, position-dependent modulation of their firing rate.
Thus, vestibular and visual VIP responses reflect eye and head position
through different mechanisms.
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2.1.2.3. VIP belongs to a vestibular network. The core areas of vestibular
processing (Fig. 4A, C) are the parieto-insular vestibular cortex (PIVC,
overlapping with retro-insular area Ri in Lewis and Van Essen, 2000a),
areas 2 'V, 3a (Gu, 2018; Guldin and Griisser, 1998), and 7a (Avila et al.,
2019). MST (Gu et al., 2007; Ugolini et al., 2019), FEF (Gu et al., 2016)
and potentially ventral LIP (Ugolini et al., 2019) are also part of the
vestibular network. The flow of information across the vestibular system
is currently unknown, although neuronal response latencies suggest a
hierarchy from PIVC to VIP to MSTd, with the shortest vestibular re-
sponses in PIVC (Chen et al., 2011).

2.1.2.4. Location of human IPS vestibular activations. Investigating
vestibular stimulation is challenging in the MR environment, with the
head highly constrained in the scanner’s head coil. One study analyzed
fMRI responses shortly after participants made head movements, with
the head stabilized, benefitting from the slow dynamics of the BOLD
signal (Schindler and Bartels, 2018). The study identified pVIP with
approach #1 and reported its activation by active head motion. Another
study applied binaural monopolar galvanic vestibular stimulation
(GVS), that is, application of small electric currents to the ears’ vestib-
ular nerves (Aedo-Jury et al., 2020). This study identified pVIP with
approach #1, but the resulting activation appears to have been located
closer to our pVIP#2 cluster (see Fig. 3). GVS that evokes
antero-posterior vestibular sensations activated pVIP, but GVS that
evokes lateral sensations did not. Note the contrast with macaque single
neuron preferences for lateral signals during true translational and
rotational head movements (Chen et al., 2011).

2.1.3. Proprioception

Proprioception is important for dynamic tracking of gaze informa-
tion: together with other sensory input, proprioception contributes to
encoding eye position in the head and head position relative to the
trunk. The combination of eye position with visual (retinal) information
allows VIP to derive head-centered visual representations, both in single
cells and at the population level (Bremmer et al., 2002a; Duhamel et al.,
1997).

2.1.3.1. Eye proprioceptive signals. VIP neurons’ responses to optic flow
are gain-modulated by eye position, independently of whether the ani-
mal is currently planning an eye movement or not (Bremmer et al.,
2002a; Duhamel et al., 1997). During planning, eye position may be
derived from an efference copy, but in other cases eye position must be
determined from proprioception. It has been suggested (but never
actually demonstrated) that such proprioceptive eye position informa-
tion originates from the eye region of primary somatosensory cortex and
represents eye position in the orbit (Wang et al., 2007). However, in the
time around an eye movement, final eye position is decodable from VIP
neurons both before the movement as well as after (Morris et al., 2016,
2013, 2012). At that time, proprioception cannot have signaled the final
eye position that would result from the impending saccade. This result,
therefore, argues for the relevance of the efference copy in eye position
information. Yet, this conjecture remains to be confirmed
experimentally.

Eye position coding has been related to pVIP only indirectly in
humans. One study characterized saccade-related topographic maps
along a large portion of PPC including the entire pVIP complex. Par-
ticipants performed memory-guided saccades from varying starting
points relative to the head/torso to targets at eccentric locations around
the visual field (Connolly et al., 2015). Topographic maps showed subtle
changes as a function of gaze start point throughout the PPC, leading the
authors to suggest that they were dominated by head- or body-centered
coding.

2.1.3.2. Neck proprioceptive signals. Proprioceptive input from neck
muscle spindle receptors contributes to the perception of how the head is

11

Progress in Neurobiology 209 (2022) 102185

positioned on the torso. Real head motion elicits both proprioceptive
and vestibular signals concurrently, so a separation of the two types of
information in neural coding is not possible under natural conditions. To
our knowledge, neck proprioceptive responses have not been assessed in
macaque VIP. However, neck velocity signals have been described in a
subregion of the FEF responsible for smooth pursuit, using direct muscle
spindle stimulation (Fukushima et al., 2010). This region is connected
with area VIP (Lewis and Van Essen, 2000b), suggesting neck velocity
signals may also exist in VIP.

Isolating proprioceptive head movement information has been ach-
ieved in humans by applying vibration to the posterior neck muscles
while the head remains fixed (Goodwin et al., 1972). This manipulation
creates a continuous kinesthetic illusion of head tilt and head rotation,
along with corresponding illusory visual motion. It evoked fMRI acti-
vation close to the junction of the IPS and the postcentral sulcus (PCS), a
location within pVIP#2 (Fasold et al., 2008; see Fig. 3). In contrast, no
IPS activation was reported during static variations of head to trunk
angle (Paschke et al., 2019).

2.1.3.3. The VIP proprioceptive network. The core cortical propriocep-
tive regions are the primary somatosensory areas 3a, 3b, 1, 2, and 5
(Padberg et al., 2009; see Fig. 4A, C). The proprioceptive VIP network
extends to PIVC (Griisser et al., 1990), LIP (Snyder et al., 1998), primary
motor cortex (M1) (Hatsopoulos and Suminski, 2011), F4 in the PMv
(Graziano et al., 1997a; Graziano, 1999) and the FEF (Sun and Goldberg,
2016; Thura et al., 2008). This network appears to be specialized for
processing head and neck proprioception information for eye move-
ments, possibly to maintain a visually stable image during movement
(Griisser et al., 1990; Snyder et al., 1998; Sun and Goldberg, 2016).

2.1.4. Tactile & somatosensory sensation

About 70 % of VIP neurons respond to touch (Duhamel et al., 1998).
Notably, all tactually responsive neurons also respond to visual stimu-
lation, whereas the reverse is not true and not all visual neurons exhibit
tactile responses. Tactile and visual RFs are aligned when gaze is
straight-ahead and exhibit comparable spatial characteristics across the
two modalities (Avillac et al., 2005; Duhamel et al., 1998). For example,
small tactile RFs on the muzzle are paired with small foveal visual RFs,
and larger tactile RFs on the side of the head and body coincide with
larger peripheral visual RFs.

Notably, however, ~85 % of VIP RFs are on the head (Duhamel et al.,
1998), and macaque fMRI experiments have confirmed this somato-
sensory over-representation of the head (Wardak et al., 2016). Lips and
mouth cover a large area in the primate homunculus, and one might
consider this region a tactile fovea. A fovea-like, tactile role of the snout
fits well with VIP’s focus on near-central visual space close to the eyes
and head. Similarly, VIP’s responses to optic flow heading cues predict
impact to the head and face, again fitting well with the detailed tactile
face representation. Notably, tactile fMRI activation was restricted to
small portions of the anatomically defined macaque VIP, suggesting that
VIP contains (modality-)specialized subregions (Guipponi et al., 2013) —
a point we will return to in Section 3.

The matched tactile-visual properties are a unique feature of ma-
caque VIP, compared to the rest of PPC. Therefore, several attempts to
characterize human pVIP using fMRI have focused on this feature. One
study located pVIP#2 in the fundus of the human IPS based on the
conjunction of activation to tactile, auditory, and visual motion
(Bremmer et al., 2001; see Fig. 2). PVIP#2 was also activated by large
field visual egomotion flow-fields (Field et al., 2020), suggesting a close
functional match with macaque VIP. Yet, another set of studies has
located pVIP#3 at the intersection between the IPS and the post-central
gyrus based on fMRI high resolution mapping of face somatosensory
responses, as well as high resolution mapping of near-face visual space
(Huang and Sereno, 2007; Sereno and Huang, 2014, 2006; see Fig. 2). In
fact, tactile and visual topographic maps were roughly aligned. This
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result suggests that neurons in this human PPC area show similar,
matched visuo-tactile RFs as those of macaques, even if the area-wide
macro-organizational overlap in fMRI cannot provide conclusive evi-
dence about single neuron RF properties.

From a connectivity perspective, the tactile and proprioceptive
cortical networks are quite intermingled because their respective
thalamic projections to cortex are highly convergent. Indeed, both
ventroposterior nucleus — the thalamus relay for cutaneous inputs — and
ventroposterior superior nucleus — the thalamus relay for proprioceptive
inputs — project to areas 3a, 3b, 1, 2, and 5, albeit with different strength
(Padberg et al., 2009). The core cortical tactile and proprioceptive re-
gions are the primary somatosensory areas 3a, 3b, 1 and 2 in anterior
parietal cortex. This core tactile/proprioceptive network then roughly
divides into two somatosensory streams: a ventral stream that includes
at its early stages the secondary somatosensory area (S2) and the pari-
etal ventral area (PV) and has been linked to cognitive functions such as
decision-making and attention, and a dorsal stream that includes at its
early stages areas 5 and 7b and has been linked to motor behaviors such
as reaching and grasping (Delhaye et al., 2018). VIP receives direct
projections from S2 and possibly from PV, as well as from areas 5 and 7b
(Fig. 4A, C, Lewis and Van Essen, 2000a). It is thus connected with both
somatosensory streams.

2.1.5. Audition

2.1.5.1. Basic auditory responses. Fewer studies have focused on the
auditory modality than on touch and vision in VIP. Nonetheless, 80 %
percent of macaque VIP neurons responded to illusory motion created
through binaural stimulation, demonstrating that VIP is a truly multi-
sensory area. Reminiscent of the matching RFs in vision and touch, vi-
sual and auditory RFs also exhibited significant overlap (Schlack et al.,
2005). Moreover, fMRI activations were maximal for complex auditory
stimuli that produced a percept of coherent movement closely around
the head (Guipponi et al., 2013) — a feature, thus, that we have
encountered consistently for all modalities, and that suggests that the
overarching function of VIP must be supra-modal. Notably, however,
auditory motion responses were restricted to small portions of the
anatomically defined macaque VIP, suggesting that VIP contains (mo-
dality-)specialized subregions (Guipponi et al., 2013) — a point already
mentioned for touch and which we will return to in Section 3.

In humans, illusory auditory motion created through binaural stim-
ulation, similar to that used in some macaque experiments, elicited fMRI
activation in pVIP#2, and the activated region overlapped with (and
was encompassed by) those responding to tactile air flow and visual flow
fields (Bremmer et al., 2001). This study based its conclusion that
pVIP#2 was the homologue of macaque VIP on the tri-modal respon-
siveness of macaque VIP and the human PPC region identified here.

2.1.5.2. Auditory sequence coding. Although the VIP responses to audi-
tory motion fit well with its response to touch and vision, macaque VIP
auditory responses are not restricted to motion. For instance, fMRI ac-
tivations were evident in VIP when macaques heard rare sounds that
violated auditory sequences (Uhrig et al., 2014; Wang et al., 2015). The
human brain also exhibits fMRI activation to such manipulations; in fact,
these activations appear roughly compatible with putative pVIP#1 in
the left hemisphere and pVIP#2 in the right hemisphere (Wang et al.,
2015; see Fig. 3b). If the human brain processes auditory sequences in
two pVIP clusters, the underlying functionality may in fact rely on
combining several specialized core functions housed by VIP. However,
hemispheric specialization has not received any attention for macaque
or human VIP; moreover, recall that there were inconsistencies between
the two hemispheres with respect to matching VIP to cytoarchitectoni-
cally defined regions. We will return to possible specializations of the
different pVIP clusters in Section 3.

12

Progress in Neurobiology 209 (2022) 102185

2.1.5.3. Vocalization. The fundus of macaque IPS is activated by com-
plex sounds including own-species calls (Ortiz-Rios et al., 2015) and
responds to human and monkey vocalizations (although not selectively,
Joly et al., 2011, 2012a, 2012b). Anatomically, these macaque fMRI
activations correspond to VIP. When social visual stimuli are presented
together with vocalizations, the fundus of the IPS responds selectively to
vocalizations that are congruent with the visual stimuli in meaning
(Froesel et al., 2021). This finding opens the possibility that VIP is
involved in highly complex social behavior based, in part, on its
near-space spatial characteristics. This idea has already been proposed
based on a very different research direction, namely VIP’s role in elic-
iting defensive movements (Graziano and Cooke, 2006; see Section
2.3.2) and modulation of visuo-tactile processing in humans in collab-
orative task settings (Heed et al, 2010). To our knowledge,
voice-associated responses have not been reported for human IPS.
However, it is unclear whether this is a genuine functional difference
between the two species, or whether such responses could be uncovered
in humans by manipulating the proximity of stimuli to the body.

2.1.5.4. VIP is part of an auditory cortical network. Multiple areas within
and around the auditory cortex link to VIP (Lewis and Van Essen,
2000b). However, there is no consensus about the organization of
auditory cortex (Brewer and Barton, 2016), and this makes it difficult to
match neurophysiological findings with tract-tracing connectivity
studies. With this cautionary note in mind, VIP is strongly connected
with the temporoparietal area (Tpt) in the “parabelt” of auditory cortex
(Fig. 4A, D, Lewis and Van Essen, 2000a; Rauschecker, 2013). Tpt re-
sponds to pure auditory tones under anesthetized condition (Hikosaka
et al., 1988) but to somatosensory and visual stimuli in awake monkeys
(Leinonen et al., 1980), suggesting that the sensory convergence evident
in VIP assembles across multiple areas. Auditory information reaches the
prefrontal cortex, including FEF and area 46 of the lateral prefrontal
cortex, through direct projections from VIP (Romanski et al., 1999). The
selectivity of VIP for near-head auditory stimuli would place VIP in the
auditory equivalent of the dorsal visual stream (Bizley and Cohen, 2013;
Rauschecker, 2011). More research is needed here.

2.1.6. Summary

This section reviewed unimodal sensory responses of VIP. We would
like to emphasize three points. First, most of the properties described in
macaque VIP have been reproduced in human pVIP, but different
properties usually activate one or two of the three distinct pVIP#1/#2/
#3. Second, these multiple sensory signals collectively coincide with the
coding of body, or head, posture and movement relative to the (dy-
namic) environment, with a particular emphasis on the space close to
the head (Cléry and Ben Hamed, 2018). These characteristics are clas-
sically interpreted as indicating a role of VIP in coding peripersonal
space and egomotion. Third, the additional presence of voice-related
responses as well as face mirroring properties (see below, Section
2.5.4), may point towards an involvement of VIP in social functions. In
any case, the function of VIP does not reveal itself from any single one of
the many relevant sensory cues independently, but rather from their
combination and integration. We will discuss these aspects in detail
next.

2.2. Multisensory processing

Section 2.1 has demonstrated a key property of VIP for both humans
and monkeys: it receives information from multiple sensory modalities.
Moreover, the orderly overlap of spatial RFs suggests that VIP purposely
integrates information across modalities. From a neurophysiological
point of view, and in contrast with multisensory convergence, multi-
sensory integration implies that neuronal responses to the combined
input of several modalities differs from the sum of responses to each
modality presented individually (Avillac et al., 2007; Cléry et al., 2015b;
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Driver and Noesselt, 2008; Stein and Stanford, 2008). The predominant
view is that the combination of information from multiple sensory mo-
dalities improves behavioral response precision and efficiency (Chen
et al., 2018; Ernst and Banks, 2002; Ernst and Biilthoff, 2004; Sunkara
et al., 2015). In the following, we will address multisensory convergence
and integration in the context of peripersonal space and egomotion
processing. These multisensory processes are most probably also
involved in other contexts such as body ownership and social cognition
(see Section 2.5). However, corresponding empirical VIP data for these
scientific themes is lacking.

2.2.1. Multisensory processing and peripersonal space

2.2.1.1. Multisensory processing. In VIP neurons that respond to several
modalities, responses to bimodal stimuli are either enhanced or
depressed relative to the sum of their unimodal responses, reflecting
nonlinear super- or sub-additive integrative mechanisms (Avillac et al.,
2007). Bimodal responses are sometimes also evident in neurons that
show unimodal responses only to one modality (Avillac et al., 2007).
Although both visual-tactile and visual-auditory RFs are systematically
aligned, the different modalities appear to be processed with diverging
spatial reference frames. Tactile RFs appear encoded in a consistent
somatotopic, head-centered reference frame (as most RFs are on the
face), whereas visual RFs are intermediate between eye- and
head-centered coding, with large variation from neuron to neuron
(Avillac et al., 2005; Duhamel et al., 1997). Auditory RFs also vary be-
tween eye- to head-centered coding, and their coding is mostly consis-
tent with the neuron’s visual RFs coding (Schlack et al., 2005). This
difference in visuo-tactile and visuo-auditory integration schemes might
be related to vision and audition being “far” senses that typically encode
external information, whereas somatosensation is inseparably bound to
the body surface (Graziano, 2018). Moreover, note that RF mapping has
relied on unisensory stimulation, and RF coding of one modality during
concurrent stimulation of another has not been tested. Such experiments
might shed new light on how multisensory information is integrated in
space.

Convergence of all three — tactile, visual and auditory — modalities in
the IPS is best investigated with fMRI. In macaque IPS, multisensory
convergence is patchy: visual responses to large-field dynamic stimuli
activate the entire VIP and surrounding cortex, whereas tactile face
stimulation and auditory near-head stimulation elicit co-localized acti-
vations in one or two circumscribed sub-portions of VIP in each indi-
vidual macaque (Guipponi et al., 2013). The presence of two patches in
some animals implies that they have a duplicated face representation. In
humans, group analysis of visuo-tactile-auditory convergence identifies
one continuous activation in pVIP#2 (Bremmer et al., 2001, see Fig. 2),
though single participant maps of this study show multiple maxima and
patches in some participants; whether these represent duplicate maps
cannot be determined from the published figures. In contrast, topo-
graphic maps identified with phase-encoded visual and tactile
face/near-face stimulation result in duplicate maps in pVIP#3 of some
human participants (Sereno and Huang, 2006). We will pick up this
point again in Section 3.

2.2.1.2. Face/head peripersonal space. The preference of VIP for stimuli
near the body in all modalities has led to the proposal that VIP plays a
role as part of a network of brain regions that encode peripersonal space,
the region of space immediately surrounding the body (Cléry et al.,
2015b; di Pellegrino and Ladavas, 2015; Graziano and Cooke, 2006).
This preference was originally established based on the RF properties of
single neurons, but macaque fMRI confirms the prioritization of near
space for the entire region by showing that VIP activation evoked by 3D
objects is stronger when these objects are near, rather than far, from the
animal, even when retinal object size is controlled for (Cléry et al.,
2018).
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Yet, VIP favors stimuli near the face in all modalities. Therefore, it
has been proposed that VIP specifically represents the peripersonal head
space (Brozzoli et al., 2012b; Guipponi et al., 2013) by binding multi-
sensory near-face cues either passively through multisensory conver-
gence or actively through multisensory integration. This suggestion
receives further support from a macaque fMRI study in which strong
activity was evoked in VIP by a looming visual stimulus that predicted a
touch to the cheek (Cléry et al., 2017), matching the psychophysical
observation that such stimuli enhance the cheek’s tactile-perceptual
thresholds (Cléry et al., 2015a). Note, that these findings again point
towards prediction as a potential overarching function of VIP, with
impact prediction of stimuli looming towards the face requiring both
spatial and temporal integration (Cléry et al., 2017).

In humans, potential representations of peripersonal space have
often been described based on experiments that involved the hands or
did not specify the reference point of the experiment’s stimulation. Near
stimuli result in higher IPS activations than far stimuli during an active
line-bisection task with a laser pointer (Weiss et al., 2003, 2000).
Similarly, anterior and posterior PPC exhibit fMRI activation when a 3D
object is moved near vs. far from participants’ hands (Brozzoli et al.,
2011). Moreover, transcranial magnetic stimulation (TMS) applied to
the right PPC impedes visual search in near but not far space, suggesting
a causal involvement of PPC in near-space processing (Lane et al., 2013).

It is of note that none of these studies implicate the PPC in a specific
role for representing the head and the space around it. Rather, the
concept of peripersonal space is often regarded as applying to the body
in general, or to the hands in particular. Early evidence for a brain region
that preferentially codes peripersonal space centered on the face in
humans came from human brain-lesioned patients. Some individuals
show selective deficits in processing tactile stimuli on the contralesional
side of the face; these deficits are modulated by visual stimuli on the
ipsilesional side of the face, whereas visual stimuli distant from the face
have much weaker modulatory effects (Ladavas et al., 1998). A direct
investigation of the brain regions involved in face peripersonal space
coding and visuo-tactile convergence in humans has led to contrasting
observations. Tactile near-space topographic mapping of the face and
corresponding, close-up, visual stimuli around the face reveal congruent
visual and tactile maps in pVIP#3 (Huang et al., 2017; Sereno and
Huang, 2014, 2006). This area also shows activation when face-looming
visual stimuli are paired with tactile stimuli on the same side of the face
(Huang et al., 2018). Another fMRI study explicitly identified pVIP by
contrasting a face-looming vs. static visual stimuli, found activation in
pVIP#1 (Quinlan and Culham, 2007). Thus, two different experimental
protocols have led to two different localizations of pVIP, although both
were based on VIP’s role in face peripersonal space.

2.2.1.3. VIP does not code hand peripersonal space. Human pVIP has
sometimes been associated with processing of tactile stimuli on the
hands, and in particular with a process referred to as tactile remapping:
the transformation of tactile stimuli from an anatomical to an external-
spatial reference frame (Driver and Spence, 1998). This association is
based on the characteristic tactile-visual RFs of VIP neurons, combined
with many, often behavioral, findings about human peripersonal spatial
processing that do not highlight a particular specialization of PPC for the
face, and the anatomical observation that VIP is connected with many
hand tactile regions (Lewis and Van Essen, 2000b). Moreover, VIP is
connected with the ventral premotor cortex, a region in which neurons
also show near-space, tactile-visual integration, for all of head, hands,
arms, and torso (Graziano et al., 1997a; Graziano, 1999). On this sci-
entific background, an influential fMRI study reported that a
touch-responsive anterior PPC area combined arm posture and visual
information (Lloyd et al., 2003). Specifically, when vision was available,
touch to an arm crossed over to the other side of the body evoked PPC
activation contralateral to the hand’s anatomical position, whereas ac-
tivity was ipsilateral to the anatomical position when the eyes were
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closed. Although macaque VIP appears to do the opposite — neurons
flexibly map the visual RF to a fixed tactile RF, not vice versa —, the
respective area was suggested to be the human VIP homologue.
Furthermore, a macaque study on hand-centered visual coding in PPC
(Obayashi et al., 2000), cited as support, neither reported to have tar-
geted VIP, nor are the reported recording sites in the depth of the
anterior or medial bank of the IPS compatible with this area; rather, the
respective study likely recorded from macaque MIP, the neurons of
which are involved in reaching (Colby, 1998). Subsequent studies that
have attributed fMRI activation evoked by touch on the hands to pVIP
have often cited the above human fMRI study as the basis for this
assignment (e.g., Takahashi et al., 2013). Moreover, several human TMS
studies have used the respective fMRI coordinates to disrupt either the
remapping of tactile stimuli on the hands into external space (Azanon
et al., 2010; Bolognini and Maravita, 2007; Renzi et al., 2013) or the
visual enhancement of touch on the hand (Beck et al., 2015). Thus, TMS
studies provide strong evidence that PPC is involved in processing tactile
stimuli on the hands, their localization in space, and the matching be-
tween visual and tactile space. However, these functions most probably
do not depend on pVIP, and it is likely that hand-related functions are
mediated by neighboring regions.

2.2.1.4. VIP belongs to a cortical peripersonal space network. The peri-
personal space stimuli around the face activate multiple cortical areas
that can be grouped into four fronto-parietal functional sub-networks
based on their main function (Cléry et al., 2015b; see Fig. 4A, D): the
first subnetwork contains MIP/V6A and is involved in reaching (Batta-
glia-Mayer et al., 2003; Fattori et al., 2017; Gamberini et al., 2009). The
second subnetwork contains 7b/F5/AIP and is specialized in grasping
(Menz et al., 2015; Michaels and Scherberger, 2018; Salimi et al., 1999).
The third subnetwork contains F4/VIP which has been associated with
self-defense (Cooke et al., 2003; Graziano and Cooke, 2006). The fourth
subnetwork is FEF/LIP, which plays a central role in oculomotor control
(Ben Hamed and Duhamel, 2002; Brincat et al., 2018; Hart and Huk,
2020; Wardak et al., 2012, 2011). In addition to being co-activated with
these multiple cortical areas, VIP is also connected to area 5 and PFG,
which has been proposed to contribute to the sense of body ownership
(Murata and Ishida, 2007) and to the sense of agency (Fogassi et al.,
2005), respectively (see Section 3.4. for further discussion). Addition-
ally, part of this network also belongs to the mirror neuron system
(Ferrari et al., 2017; Kilner and Lemon, 2013), where mirror neurons in
sensorimotor areas F5 (Gallese et al., 1996), PFG (Fogassi et al., 2005)
and VIP (Ishida et al., 2010) are likely involved in recognizing actions of
others (Murata and Ishida, 2008), as discussed further in Section 2.5.3.

2.2.2. Multisensory processing and egomotion

VIP neurons jointly encode translational and rotational visual mo-
tion components in a multiplicatively separable fashion, such that a
rotation-invariant heading representation can be computed based solely
on these visual cues (Sunkara et al., 2016, 2015). This strongly suggests
multisensory integration between visual and vestibular information in
macaques. Vestibular and visual directional responses of VIP neurons
are in register, either in the same or in opposite direction (Bremmer
et al., 2002b; Schlack et al., 2002). For neurons with common visual and
vestibular direction, discrimination thresholds improve during bimodal
stimulation. In contrast, neurons that respond to opposite directions
show reduced sensitivity during bimodal stimulation (Chen et al., 2013).
The presence of bimodal congruent neurons suggests integration of
signals for optimal self-motion encoding, while the presence of bimodal
opposite neurons could be used for discounting retinal motion that arises
from perceptually irrelevant head motion (Billington and Smith, 2015).
In addition to preferred direction, velocity and acceleration are also
coded differently for the two modalities. VIP’s vestibular responses
reflect balanced contributions of velocity and acceleration, whereas vi-
sual responses are dominated by velocity (Chen et al., 2011). Quite
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interestingly, neural networks that contain both congruent and incon-
gruent neurons have recently been described as well suited for solving
causal inference, i.e., deciding whether multiple signals are produced by
the same or different events (Badde et al., 2021; Rideaux et al., 2021). In
the context of egomotion processing, such neurons would allow
self-movement and external movement to be dissociated.

Spatial codes themselves also appear to depend on the stimulation
context. Earlier reports described that VIP neurons encode visual in-
formation in a continuum of eye-centered to head centered reference
frames (Duhamel et al., 1997). However, the majority of neurons are
eye-centered when macaques view full-field optic flow stimuli, whereas
head-centered neurons are more often observed when they see single
moving bar stimuli (Chen et al., 2014). These changes in the encoded
reference frames involve the integration of proprioceptive eye signals
with visual signals (see Section 2.1.3) and suggest that multisensory
integration is task- and context-dependent.

Recall that local, reversible inactivation of area VIP did not elicit any
observable deficits in heading perceptual thresholds (Chen et al., 2016).
This finding contrasts with those for MSTd, where inactivation did bias
heading perception (Gu et al., 2012) and suggests that VIP processes
heading for sensorimotor transformation, and not for perceptual pur-
poses. This is particularly intriguing because the neuronal activity of VIP
is a better predictor of perceptual decisions than that of MSTd (Chen
et al., 2013; Gu et al., 2008, 2007). This distinctive pattern of the two
regions suggests that choice signals in VIP do not only arise from
bottom-up sensory signals that determine the heading percept (in
response to heading sensory cues), but also from top-down decision
signals that are independent from the perceived heading. In line with
this suggestion, and although some VIP neurons predicted perceptual
decisions, a large part of choice signals in VIP were uncorrelated with
sensory signals when the monkey had to make decisions about heading
direction (Zaidel et al., 2017).

In humans, the convergence of visual and vestibular signals in VIP
has been tested with fMRI by presenting visual flow that was congruent
or incongruent with an instructed head turn (Schindler and Bartels,
2018). Visual-vestibular congruency activated a region that possibly
matches pVIP#3, though coordinates were not provided.

Other sensory cues, such as neck or trunk proprioceptive informa-
tion, should also contribute to the estimation and prediction of heading
direction and decisions that involve heading, but no experiments have
been conducted to test this so far.

2.3. Sensorimotor processing

Whereas we have so far focused on sensory processing, PPC is usually
conceptualized as a sensorimotor interface (Culham et al., 2006; Culham
and Valyear, 2006; Gallivan and Culham, 2015; Medendorp and Heed,
2019). We turn to this aspect next.

2.3.1. Oculomotor function

It surprises us that the oculomotor function of VIP is mostly over-
looked. Compensating for eye movements is crucial for estimating
heading direction, because they alter visual motion cues on the retina
(Galletti and Fattori, 2018). For instance, a moving object moves across
the retina when we fixate, and the background is still. But when we
visually follow the object, the object is fixed on the retina, and the
background moves. VIP does not exhibit pre-saccadic activity, as is
typically described for LIP (Morris et al., 2012). Still, an fMRI study in
monkeys found activation in the ventral part of LIP and VIP during the
generation of saccadic eye movements (Koyama et al., 2004). This
result, however, is not confirmed by single cell recording studies,
therefore fMRI activations might reflect horizontal input of LIP to VIP
(Fig. 4A). Such lateral connectivity might account for the remarkable
stability of VIP’s neuronal tuning curves in the presence of eye move-
ments (Kaminiarz et al., 2014; Zhang et al., 2004). This stability appears
to be achieved by a reduction of visual sensitivity before eye
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movements, and this process is specifically tuned to the planned saccade
(Bremmer et al., 2009, 2017; Herrington et al., 2009; Morris et al.,
2012). This finding implies that VIP has access to saccade timing and
direction, either through local computations or direct input from LIP
(Colby et al., 1993; Dowiasch et al., 2016; Schlack et al., 2003).

Whereas saccade-related activity appears to reach VIP indirectly, VIP
is directly connected with the smooth pursuit region of the FEF (Lewis
and Van Essen, 2000b; Schlag and Schlag-Rey, 2002). In line with these
structural connections, the response of macaque VIP neurons is modu-
lated by smooth pursuit and variation in current eye position (Schlack
etal., 2003). On average, eye-position decoded from neuronal responses
during pursuit is ahead of the true movement (Dowiasch et al., 2016),
suggesting that VIP is predicting, rather than merely tracking, sensory
events. In agreement with these macaque neurophysiological studies,
human fMRI studies reveal that pVIP#1 and pVIP#2 (see Fig. 3) are
specifically involved in slow eye movements, including optokinetic
nystagmus and smooth pursuit eye movement (Konen et al., 2005;
Konen and Kastner, 2008a).

VIP belongs to an eye movement network

Although VIP is not classically listed among the areas important for
eye movements, it is anatomically connected to most cortical eye
movement regions for both saccades and smooth pursuit (Lewis and Van
Essen, 2000b; Schlag and Schlag-Rey, 2002). The core areas of the “eye
movement VIP network” (Fig. 4A, B) are area MST for pursuit (Newsome
et al., 1988) and FEF for both saccades (Bruce et al., 1985; Peel et al.,
2014) and pursuit (Fukushima et al., 2010; Rosano et al., 2002). Both
MST and FEF are connected to LIP, a node for both visual and saccade
processing (Goldberg et al., 2006). VIP is also connected to the posterior
subdivision of area 46 (Lewis and Van Essen, 2000b), an area that is
thought to be in the highest level in the frontal-visual hierarchy (Schall,
2015). This oculomotor network includes additional areas, mainly
through connections with FEF and LIP. The specific function of VIP in
this network is unclear.

2.3.2. Whole body motor functions

We have already encountered several characteristics that are unique
to area VIP. Yet another unique VIP feature is that its electrical stimu-
lation can evoke complex, coordinated movements in macaques. Pro-
longed microstimulation of several hundred milliseconds induces a
variety of movements that are best subsumed under head defense; these
include eye closure, face grimacing, head withdrawal and movement of
the hand close to the head and largely resemble natural defensive
movements such as those evoked by air puffs (Cooke et al., 2003; Gra-
ziano, 2016). If stimulation continues beyond the end of the evoked
movement, the animal freezes in the end posture until stimulation
subsides. If stimulation is stopped prematurely, the evoked movement
stops midway. Microstimulation experiments with prosimian galagos
have also identified an IPS patch that evokes movements specifically
associated with defense of the face, suggesting that VIP exists in other
primate species besides macaques and humans (Stepniewska et al.,
2005).

Notably, the motor responses evoked by microstimulation of VIP
included movements of the shoulder, arm, head, and face (Cooke et al.,
2003). Thus, whereas VIP’s sensory input strongly favors the face, the
motor repertoire it is associated with includes interactions with the face
and head, rather than just actions of these body parts. These charac-
teristics have led to the proposal that VIP has a sensorimotor function
related to coordinating complex whole body defensive behaviors to
protect the head from objects near or approaching the face (Cooke et al.,
2003; Graziano and Cooke, 2006). The combination of egomotion,
heading direction, and defense make it plausible that VIP is involved in
obstacle avoidance during locomotion (Graziano and Cooke, 2006). In
other words, VIP may mediate defense and collision avoidance both
when objects approach the passive animal (Cléry et al., 2017) and when
the animal actively approaches objects. This idea resonates with
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multiple aspects we have already discussed, including differential cod-
ing of active and passive egomotion, relevance of top-down information,
and the predictive character of some of VIP’s computations.

In humans, there is some, albeit less direct, evidence of a motor role
of pVIP. When participants make movements with different body parts,
a subregion of the topographically identified pVIP#3 is activated by
reaching movements with the arm (Huang and Sereno, 2018; Sood and
Sereno, 2016). However, arm movement evokes activity in an overall
much larger region, and the entire topographically mapped area cannot
be matched to one specific pVIP cluster. Surprisingly, the study does not
assign face movements to pVIP#3 (Huang and Sereno, 2018). However,
topographic mapping is based on assigning each MRI voxel a color based
on the one single condition that most strongly activated it. Therefore,
there could be sub-peak responses to other body parts that are over-
looked by this method.

pVIP, and particularly pVIP#3, has been proposed to play a role in
defensive movements based on the findings in macaques and the many
matching findings between the two species (Huang and Sereno, 2018),
but this proposal has not yet been directly tested in humans. It has also
been proposed that pVIP#3 may be involved in coordinating
hand-to-mouth eating movements in concert with neighboring AIP,
which is central for grasping (Huang and Sereno, 2018). Supporting
such a cooperative functional role of VIP, an experiment that directly
investigated the neural responses during a natural hand-to-mouth eating
movement cycle found that pVIP#3 was activated when participants’
reached to grasp food (Chen et al., 2019).

2.4. Spatial coding and frames of reference

VIP receives information from multiple sensory modalities, which
are all encoded by downstream sensory regions in their own reference
frame that is defined by the type and layout of the modality’s sensors.
For example, visual information is encoded in a retinotopic reference
frame in visual cortex and many higher vision-related areas. A given
neuron will always respond to visual stimuli at a fixed location on the
retina, and when the eye moves across a stationary scene, different
objects will fall onto a given RF.

In contrast, auditory, vestibular, and somatosensory input is inde-
pendent of the retina, and these modalities’ primary cortices accordingly
use coding schemes that are (at least often) incompatible with that of
retinal input. For example, the location of an auditory stimulus will
excite the cochlea in the same way, no matter where the eyes are
directed. The spatially aligned RFs seen in VIP that match the tactile,
visual, and auditory space, therefore require transformations between
the respective reference frames. These transformations must take into
account aspects such as eye position in the head, head posture relative to
the torso and ground, and potentially the posture of other body parts.
Reference frames and their transformations have been a research focus
in many areas of sensorimotor neuroscience; therefore, we will briefly
summarize this aspect here, although it has already surfaced in some of
the previous subsections.

First, VIP encodes sensory information not only in distinct reference
frames for each modality, but for some modalities, each neuron uses its
own coding. These individual schemes can be described as weighted
mixtures between different reference frames. For instance, a neuron’s
tuning function - the distribution of its firing rate in response to stim-
ulation from different spatial locations - may be almost, but not fully,
fixed to the head, and may be only slightly modulated by eye position.
Thus, such a neuron might respond best to a stimulus at 45 ° to the left of
the head when the eyes look straight, but at 43 °© when the eyes are
directed 10 ° to the right; in other words, the tuning function is only
partly rather than fully shifted in the direction of eye position. A
network of neurons with different reference frame weights (or tuning
functions shifts) can effectively implement coordinate transformation
between the two involved reference frames (Pouget et al., 2000). The net
effect of these computations is that visual (Duhamel et al., 1997) and
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auditory information (Schlack et al., 2005) can be retrieved either in
retinotopic or head-centered reference frames. Notably, even if a neu-
ron’s spatial tuning — the spatial location it best responds to — is unaf-
fected by eye position, its firing is often modulated by an additive
increase of the firing rate that is itself modulated by eye position. Thus,
the neuron’s reference frame is then, for example, head-centered, but an
additive component, the so-termed gain field, additionally encodes eye
position. Across multiple neurons, this additive coding allows informa-
tion to be recovered in multiple reference frames (Snyder, 2000).
Therefore, VIP appears to contain all sensory information in eye-, head-
and possibly body-centered spatial codes.

Second, the weighting of different reference frames appears to
change dynamically with context, suggesting that the distributed, multi-
referenced coding has additional functions beyond merely computing
between spatial codes and depends on the current behavioral goal. For
instance, tuning functions for vestibular information are typically in-
termediate between body- and world-centered when the eyes fixate
while the monkey is moved - a situation in which the vestibular-ocular
reflex must be actively suppressed (Chen et al., 2018). In contrast, so-
matosensory (Avillac et al., 2005, 2004) and vestibular tuning functions
(Chen et al., 2013) are head-centered when fixation is not required.

The reference frames underlying spatial coding in PPC have also
sparked much interest in human studies, but we are not aware of studies
that have been specifically dedicated to exploring pVIP. Human studies
often implicate larger regions of PPC (Beurze et al., 2007; Heed et al.,
2011), and matching such extended activations to homologues of ma-
caque intraparietal regions is often difficult or impossible. For the lack of
being able to probe single neurons, research has relied on subtle activity
changes across experimental conditions in fMRI. The experimental ma-
nipulations for such experiments resemble those in macaque single
neuron studies: stimuli are presented at different locations relative to
eye, head, and/or body, and it is then assessed whether changes in the
fMRI signal depend on stimulus position changes in one or the other
reference frame. With this approach, for example, both activation dif-
ferences (Bernier and Grafton, 2010) and activation patterns across
small groups of voxels (Leoné et al., 2015) in anterior PPC reflect
eye-centered coding of visual reach targets, but body-centered coding of
proprioceptive reach targets. These findings reiterate, for the human
PPC, the task-dependence we have highlighted for macaque VIP. A third
approach has been to vary the visual space during topographic mapping:
maps are created for visual targets around a central fixation point, but in
different runs, the fixation point is to the left, in the center, or to the right
of the participant’s midline. Topographic maps differ across these con-
ditions, although visual input and saccade metrics are identical in all of
them - only the general area in which stimuli and saccades take place
differ—, suggesting that head or body-centered coding plays a role in a
large part of PPC, including all pVIP clusters (Connolly et al., 2015).

Other studies have explored the transformation, or remapping, of
sensory stimuli from one reference frame to another. Such studies
typically present stimuli on the hands, which makes it unclear whether
their findings can inform us of reference frame coding in pVIP (see
Section 2.2.1). Nevertheless, several PPC regions exhibit stronger re-
sponses to visual stimuli close to the hand compared to visual stimuli
further away from the hand, or when the hand is not visible (Brozzoli
et al., 2012a, 2011; Makin et al., 2007). These results suggest that PPC
remaps visual information to match tactile location, which is consistent
with the finding of macaque VIP encoding visual stimuli in a
head-centered anatomical reference frame. We note that the opposite
function has also been proposed as a function of PPC, with evidence of
PPC being involved in remapping of tactile stimuli from an anatomical
to external-spatial reference frame (Azanon et al., 2010; Lloyd et al.,
2003).

Human research has also employed TMS to demonstrate changes in
the spatial integration of sensory information when parietal processing
is disrupted. For instance, magnetically induced phosphenes are usually
more readily perceived after a touch to a hand on the same side of space
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— either the right or left hand, held in the space in which the phosphene
is induced. In contrast, after disrupting PPC through repetitive TMS,
phosphene detection is facilitated only by the touched hand’s body side
(e.g., left hand for left phosphene), no matter whether that hand is
placed in the left or right space (Bolognini and Maravita, 2007). Thus,
PPC matches the external (or visual) spatial location of a touch with
input from other modalities, suggesting that human PPC contains
eye-centered reference frames — a conclusion further corroborated by
several other TMS studies (Azanon et al., 2010; Renzi et al., 2013; also
see Section 2.2.1). Yet, as discussed in Section 2.2.1, these studies most
likely targeted other, neighboring regions and not VIP in the human
brain.

In sum, experimental work on reference frame coding and trans-
formation in the human brain is abundant but has not targeted pVIP.
Therefore, many results from human studies demonstrate close simi-
larities between macaque and human parietal function, but the
regional/anatomical matching between the two species has often
remained at a coarse level.

2.5. Higher cognitive functions

As is the case for the PPC in general (see, e.g., Chafee and Crowe,
2013; Chivukula et al., 2019; Freedman and Assad, 2011; Freedman and
Ibos, 2018; Stoet and Snyder, 2004) VIP is also involved in higher
cognitive functions. So far, VIP has been found to play a role in the
processing of numerosity, auditory sequences, and working memory. We
suspect that VIP is additionally associated with other cognitive func-
tions, especially in relation to social cognition as well as self and body
awareness. We will turn to these currently unexplored topics in Section
3.

2.5.1. Numerosity and enumeration

Electrophysiological recordings in macaques demonstrate that VIP
neurons respond to specific numerosities when macaques view sets of
dots (Nieder et al., 2006; Nieder and Miller, 2004; Ramirez-Cardenas
etal., 2016; Vallentin et al., 2012; Viswanathan and Nieder, 2015, 2013)
and can even encode empty sets as a null quantity (Ramirez-Cardenas
et al., 2016). VIP has a higher proportion of numerosity-selective neu-
rons than neighboring regions, (Nieder and Miller, 2004) and its
numerosity responses occur spontaneously, even when monkeys are not
trained in the respective tasks (Viswanathan and Nieder, 2013). In fact,
training does not increase the decodability of numerosity from VIP
(Viswanathan and Nieder, 2015). VIP neurons also appear to carry nu-
merical information when macaques must switch between two
number-related tasks (Vallentin et al., 2012), hinting at a role for VIP in
higher-level executive functions. At first sight, numerosity may seem
unrelated to all other functions that characterize VIP; however, we will
suggest in Section 3 that numerosity coding can be conceptualized in a
spatial prediction error framework, which may naturally link numer-
osity with VIP’s remaining functions.

In humans, the IPS is active when participants have to detect target
numbers among other numbers, as compared to letters and colors, for
both visual and auditory stimulus presentation (Eger et al., 2003). The
IPS also exhibits habituation effects for visual dot displays that scale
with the difference in dot number of the test stimulus from the habitu-
ation stimulus (Piazza et al., 2004). Thus, parietal number representa-
tions are accessed automatically in the absence of any explicit numerical
comparison, reminiscent of the independence of macaque VIP numer-
osity responses from task and training. Although the reported activa-
tions are compatible with our pVIP complex, a specific association with
pVIP#1, #2, or #3 is not possible based on the available reports. Yet,
when pVIP is explicitly defined with the trimodal method of pVIP#2, the
identified area represents numerosity independent of spatial location,
evident in multi-voxel pattern decoding of dot number for arrays dis-
played at different screen locations (Eger et al., 2015).

Besides VIP, numerosity coding occurs in lateral prefrontal cortex
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(IPFC) (Fig. 4A, E). Three physiological parameters suggest that VIP is
hierarchically below IPFC. First, number-related responses arise earlier
in VIP than IPFC (Nieder and Miller, 2004; Viswanathan and Nieder,
2013). Second, co-varying sensory features modulate neurons more in
VIP than IPFC (Nieder and Miller, 2004), suggesting a higher level of
abstraction in 1PFC than VIP. Third, individual VIP neurons respond
either to visual or auditory numbers, but not both, whereas IPFC neurons
respond to both modalities (Nieder, 2012), again suggesting stronger
abstraction in IPFC.

VIP neurons not only keep track of concurrently visible items; they
also integrate item numbers in visual and auditory stimulus sequences,
such as the total number of sequentially presented dots (Nieder et al.,
2006). Furthermore, tonal sequences that violate an expected sequence
pattern activate a frontoparietal network that includes VIP in macaques
(Uhrig et al., 2014) if violations concern tone numbers, but not when
they concern pitch (Wang et al., 2015). Thus, VIP is involved in visual
and auditory enumeration, and sensitivity to sequences implies that VIP
performs temporal prediction (see Section 3).

2.5.2. Working memory

VIP’s ability to count sequential items implies that the region in-
tegrates information over time. This, in turn, requires encoding and
upholding information in working memory (Baddeley, 2003). Macaque
VIP neurons maintain numerosity responses during a delay period
(Jacob and Nieder, 2014; Ramirez-Cardenas and Nieder, 2019) and are
less affected by distractor stimuli during the delay than dIPFC neurons
(Jacob and Nieder, 2014). Whether these working memory capabilities
are specific to the context of numerosity, or whether they generalize to
other cognitive contexts — for instance, holding a goal heading direction
or a peripersonal location in memory - is presently unknown. Such
abilities are important when animals must withhold an action until a
moving target is in the right place, and when they navigate in cluttered
environments where potentially harmful objects are temporarily hidden
from view and change location due to their own, or the animal’s,
movement. In fact, PMv, which is directly connected with VIP (Fig. 4A,
E) and whose neurons also exhibit peripersonal-spatial characteristics,
maintains the location of visual objects after the room has turned dark
(Graziano et al., 1997b). However, to our knowledge it is not clear
whether PMv receives this continued information from VIP, or whether
it independently upholds this information after VIP ceases forwarding
visual information.

2.5.3. Body ownership and bodily self-consciousness

Body ownership is the awareness that our body and its different parts
belong to us. It is thought to be one of the main correlates of subjective
experience, the process by which one binds external and internal
experience to one’s own self (Blanke and Metzinger, 2009; Gallagher,
2000). Ownership over hands, face, and body relies on the integration of
multiple bodily signals, including tactile, proprioceptive, visual and
auditory signals (Blanke et al., 2015; Ehrsson et al., 2004; Makin et al.,
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2008; Serino et al., 2013; Tsakiris, 2008). These findings have led to
proposals of a direct link between the neural mechanisms underlying
body ownership and peripersonal space (Blanke, 2012; Blanke et al.,
2015; Cléry and Ben Hamed, 2018; Makin et al., 2008). A recent
coordinate-based meta-analysis of human functional neuroimaging
studies identified the cortical regions that likely contribute to these two
processes (Grivaz et al., 2017). A conjunction analysis revealed two
parietal regions that are activated across both peripersonal space and
body ownership studies. At closer inspection, these activations can be
associated with the area between pVIP#2 and #3 and a cortical region
anterior to it (see Fig. 3B, green spheres). While some aspects of body
representation have been addressed in macaques, for instance using the
rubber hand illusion (Fang et al., 2019; Graziano et al., 2000), we are not
aware that body ownership has been addressed in macaque VIP.

2.5.4. Social cognition

Recent research has demonstrated that peripersonal space has a
strong social component in its dynamics (Cléry et al., 2015b; Cléry and
Ben Hamed, 2020, 2018). For example, the presence of an observer and
the nature of her/his interaction with oneself reshapes the peripersonal
space of human participants (Heed et al., 2010; Pellencin et al., 2018;
Teneggi et al., 2013). Such findings have led to the hypothesis that the
brain encodes a shared, inter-personal peripersonal space. Indeed,
events that take place near another person’s face improve the salience of
stimuli occurring in one’s own peripersonal space (Maister et al., 2015).
Likewise, the detection of tactile stimuli on human participants’ own
hands are faster when a visual stimulus approaches the hand of another
person (Teramoto, 2018).

Macaque VIP contains some neurons that respond to tactile stimu-
lation of both their own face and the face of the experimenter (Ishida
etal., 2010). The same study reported that some VIP neurons respond to
visual stimulation near the monkey’s face, i.e., in its peripersonal space,
as well as near to the experimenter’s face.

We will expand on the possible relevance of these, and potentially
other, unexplored social aspects for understanding VIP in Section 3.

3. Evidence-based definition of human hVIP: synthesis and
suggestions for future research

We have now assembled an overview over past research on macaque
VIP and the attempts to define its possible human homologue. It is
evident that the region is involved in a plethora of sensorimotor and
higher cognitive functions in the macaque, but a function-to-region
mapping is difficult for the human brain. In this section, we will draw
together these diverse findings. We will first argue that the three human
PPC regions that are commonly identified as putative human VIP ho-
mologues together form the human VIP homologue that we now term
“hVIP complex”. Its three composing clusters will accordingly be called
hVIP#1, hVIP#2 and hVIP3. We will then discuss evidence that suggests
that this complex is not one large area but, instead, has specialized from

Fig. 5. (A) Locations of the three hVIP clusters
on a partially inflated brain. The base line of the
triangle (solid line) illustrates the positioning of
hVIP#1 (orange) and #2 (red), which are shif-
ted medially and rotated approximately 45
relative to the fundus of the IPS. The dashed
lines of the triangle illustrate the proposed
expansion of hVIP#3 (purple) into the lateral
bank of the PCS. The dotted lines mark the IPS
and PCS. The locations of LIP (green), AIP
(blue) and MIP (yellow) illustrate the layout of
VIP within the larger organization of PPC. (B)
Regions expressing functional visuo-tactile
convergence (red outlines) in fMRI for two

macaques, projected onto the cytoarchitectonically defined VIPl and VIPm subdivisions (Lewis and Van Essen, 2000a). One monkey has two visuo-tactile conver-
gence zones in VIP, referred to as vtVIPa and vtVIPp (top). The other monkey has only one convergence zone, referred to as vtVIP (bottom).
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a single multifunctional area into three separate areas in the human
brain during primate brain evolution. Along the way, we will present
some speculative ideas and suggest some routes for future research.

3.1. The human hVIP complex

Several findings have suggested that the overall regional organiza-
tion of human PPC is largely preserved compared to the PPC of ma-
caques. Homologues have been suggested for macaque IPS regions AIP,
LIP, and posterior intraparietal area (PIP) based on functional similar-
ities and anatomical considerations (Orban, 2016). Similarly, homo-
logues have been suggested for macaque regions V6, V6A, PEc and PE
(also termed area 5), which are all located in a posterior-to-anterior strip
medial of IPS in both macaques and humans (Gamberini et al., 2020;
Pitzalis et al., 2019). These widespread similarities between the two
species make it probable that homologies also exist for PPC regions that
have not yet been unambiguously matched. At the same time, many
parts of the human cortex have significantly expanded relative to those
of the macaque (Chaplin et al., 2013; Hill et al., 2010; Orban et al., 2004;
see also discussion in Gamberini et al., 2020), including PPC and the IPS
in particular (Orban et al., 2004). For instance, VIP’s neighbor LIP has
probably diversified into three distinct regions in human PPC (termed
IPS1-3; Kastner et al., 2017), evident in multiple retino-topographic
maps along the IPS (Konen and Kastner, 2008a, 2008b; Schluppeck
et al., 2005; Sereno et al., 2001; Silver et al., 2005). So what about
human VIP?

3.1.1. A large human hVIP complex as the functional homologue of monkey
VIP

Research on macaque VIP has mostly focused on low-level functions,
whereas human VIP research has often aimed at higher-level cognitive
functions. Nonetheless, our review has identified three functional clus-
ters in human anterior PPC that each share some functional properties
with macaque VIP. Two of these clusters, hVIP#1 and hVIP#2, are
located in the middle third of the IPS fundus (see Fig. 5). The third
cluster, hVIP#3, lies medially of the IPS, on the lateral bank of the PCS
(see Fig. 5). Together, these three clusters encompass the functional
properties of macaque VIP, but importantly, none of them appears to
match all functions of macaque VIP on its own. Therefore, we propose
that the three hVIP clusters together form the human hVIP complex.

Macaque VIP is cytoarchitectonically well-defined (see Fig. 1), and
the regions that surround it are all involved in key sensorimotor func-
tions. Medially, VIP borders MIP and area 5, both predominantly
involved in reach planning and arm-eye coordination. Laterally, it bor-
ders LIP, an area predominantly involved in eye movement coordina-
tion. Anteriorly, it borders AIP, thought to be predominantly involved in
grasping. Finally, posteriorly it borders the posterior intraparietal area
(PIP), which is predominantly specialized in 3D object coding.

It is far beyond our scope here to critically review all of these PPC
regions in detail. We have thus based their estimated locations on

hVIP#3
Multisensory head
representation,
peripersonal space
and defence

left hemisphere right hemisphere

hVIP#2

Body/self-oriented;
environment related
to body

hVIP#1
Body/self in relation
to environment

Fig. 6. Proposed functions of the three components of the human VIP complex.
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reference studies that have relied on low-level sensorimotor tasks (see
Fig. 5). A comparison of these presumed locations together with those of
our hVIP#1-3 regions suggests that the vicinity of the human hVIP
complex and its surrounding putative homologues of MIP, LIP and AIP
preserve the macaque PPC’s functionally specified regional organiza-
tion. Strikingly, the hVIP cluster appears to partly co-localize with the
peak activations reported for LIP, MIP, and AIP, respectively (Fig. 2,
especially the left hemisphere). This overlap may, in part, be due to
variability in the reported locations of the different regions: studies
usually report a single voxel as the center of the respective regions of
interest, and the precise location of such a core voxel varies with indi-
vidual anatomy, employed statistical procedures, etc. Alternatively, the
regional overlap may reflect uncertainty about the underlying functions
thought to be central for localizing the respective areas in the human
brain. In other words, previous studies may have misnamed areas
because — just like in the case of VIP — consensus about the experimental
manipulation(s) adequate to identify the core function of a given region
is lacking. Both possibilities — variability across studies and uncertainty
about relevant functions - call for meta-analysis of human functional
data that integrates knowledge beyond individual areas. Moreover, it
may be advantageous to purposely combine multiple experimental
manipulations thought to be central to different areas in one experiment
to test for potential functional overlap.

Although the regional organization of human IPS appears largely
preserved compared to macaques, the layout of the hVIP complex
relative to the IPS fundus appears shifted medially, as well as rotated by
roughly 45 ° in humans, so that it covers both the fundus and a sub-
stantial part of the medial bank of the IPS, as well as part of the lateral
bank of the PCS (see Fig. 5). Notably, the proposed shift and rotation
relative to the IPS is compatible with the observation that cortical
expansion in humans relative to macaques has been more prominent
around the temporo-parietal junction (TPJ) and the inferior PPC than in
medial PPC (Chaplin et al., 2013; Hill et al., 2010): the expanding
inferior PPC would have pushed lateral regions to more medial loca-
tions. From a functional perspective, it has been pointed out that the
weaker expansion of human medial areas such as area 5 predicts larger
functional overlap across the two species in superior than in inferior
parietal cortex (Gamberini et al., 2020). In contrast, the function of the
TPJ is considered highly specific to human cognition, given its massive
expansion during evolution [although a homologue of human TPJ has
been proposed in the macaque temporal sulcus, (Mars et al., 2013)]. We
suggest that the cortex in the region of the hVIP complex shows an in-
termediate level of expansion relative to the low-expansion area 5 and
high-expansion inferior parietal cortex. According to this argument, the
human hVIP complex should share important common functions with
macaque VIP but should also exhibit human-specific functions. As of yet,
evidence in this respect is sparse, but we will pick up this idea again at
the end of this review.

If the three pVIP clusters reflect an expanded VIP, then what does the
cortex between these three clusters do? In our review, we have relied on
reported coordinates, that is, single voxels that summarize a reported
region’s location, usually the peak activation or the center of gravity of a
patch determined with fMRI. Accordingly, Fig. 3 summarizes point es-
timates over multiple human VIP studies, and the actual reported acti-
vations extended around these points, possibly encompassing the cortex
inbetween the three hVIP clusters and, potentially, exhibiting overlap.
Given the distribution of functions across the three clusters, each
reviewed study identifies part of the computations implemented by the
illustrated patch, but the individual experimental conditions may not
reflect the clusters’ predominant function(s). Moreover, we re-iterate
that the outlines shown in Fig. 2A merely reflect illustrative, visually-
estimated summaries of the previously reported average locations and
are not based on anatomical or functional delineations — in fact, those
entries in Fig. 2A that seem to be outliers may actually indicate func-
tional overlap rather than error variance. This open point leads to our
next question, namely whether the proposed human hVIP complex
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corresponds to a unique functional area, or whether it has diversified
into three distinct functional subregions.

3.1.2. Functional specialization within the human hVIP complex

Fig. 6 illustrates a tentative specification of the overarching func-
tional specialization of each hVIP cluster. This attempt of functional
separation could guide systematic exploration in future experiments.

The most posterior cluster, hVIP#1, has a border with LIP and,
fittingly, exhibits predominantly visual functions. It was activated in
studies that involved large field optic flow and extraction of self-
movement from retinal input. Thus, hVIP#1 likely contributes to
deducing heading perception from vision (see Fig. 6). The most lateral
cluster, hVIP#2, borders with AIP. It is activated by neck proprioceptive
stimulation and tasks that involve dissociating self- and object-motion.
Responses to smooth pursuit eye movements and optic nystagmus
have been found in-between hVIP#1 and #2. These properties suggest
that hVIP#2 participates in coding the relative position of the individual
(or its head) with respect to the environment, irrespective of the sensory
modality (see Section 2 and Fig. 6). Yet, vestibular activation has been
reported anterior to, and not within, hVIP#2 (Fig. 3A, sphere number
22). Whether the region activated by vestibular stimulation is an inde-
pendent functional region, or an extended part of hVIP#1 or #2, re-
mains to be explored. Studies that have investigated body ownership
have often found activation in between hVIP#2 and #3, suggesting that
this region may also contribute to our sense of ownership of our face/
head and our conscious perception of where it is relative to the rest of
our body and surroundings.

Finally, hVIP#3 has an appreciable topographical organization of
both a face tactile map and a near to the face visual map. It is also
activated during active head movement. This suggests that it partici-
pates in the sensory representation of the head and the peripersonal
space around it (see Fig. 6).

3.1.3. Functional specialization within macaque VIP

The idea of specialized subregions within a larger VIP complex
would receive significant support if a comparable functional speciali-
zation also existed in macaques. Firm conclusions in this regard are
difficult: VIP-centered functional imaging studies in macaques are rare,
and single cell studies often do not reconstruct their recording locations
precisely relative to the IPS. Nonetheless, two independent lines of
research lend support to the idea of a functional specialization within
macaque VIP similar to that we have suggested above for human hVIP.

The first is the cytoarchitectonic separation of macaque VIP into
medial and lateral regions, VIPm and VIPl (Lewis and Van Essen,
2000a). To date, no functional specialization has been associated with
these two subsections. The two strips are so thin that standard fMRI
protocols with a voxel size of 1-1.5 mm?® are too coarse to reliably
capture functional differences. Single cell recordings might provide in-
sights if neuronal responses are precisely mapped — an endeavor that has
not yet been undertaken. Even though the functional significance of this
division has not been explored, it is conceivable that it has served as a
basis for the medio-lateral expansion of VIP in the human brain. Second,
macaque fMRI supports the existence of a functional gradient in the
antero-posterior direction (see Fig. 5B) — that is, orthogonal to the
cytoarchitectonically identified medio-lateral split (Guipponi et al.,
2015, 2013; Wardak et al., 2016). Along the anterior-posterior axis, only
a small, anterior part of VIP showed both visuo-tactile properties and
face preference, just like the human anterior-lateral hVIP#2. In contrast,
posterior VIP was activated by visual large-field dynamic stimuli,
reminiscent of the human posterior hVIP#1. Thus, a previously over-
looked functional specialization may exist within macaque VIP that
precedes the more obvious specialization of the human hVIP complex.

What’s more, recall that visuo-tactile convergence patterns in VIP
varied between individual macaques, with some individuals exhibiting
one, and others two, multisensory convergence zones in VIP (Guipponi
et al., 2013; see Section 2.2.1, regions vtVIPa and vtVIPp). In
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topographic mapping some, but not all, human participants also had
duplicate face maps in hVIP#3, and one of them extended towards the
IPS fundus (Huang et al., 2017). One could map the two-zone VIP
monkey pattern with the human hVIP complex layout by assigning
anterior macaque vtVIPa to human hVIP#2 and posterior macaque
vtVIPp to human hVIP#3. In fact, functional considerations support this
assignment: vtVIPp showed stronger selectivity for near-face stimuli
(Cléry et al., 2018) and predicted impact to the face better (Cléry et al.,
2017) than vtVIPa, consistent with visuotactile face maps located in
hVIP#3. Moreover, this scheme could be complemented by the visually
responsive posterior portion of macaque VIP beyond vtVIPp as a match
for the visually-focused human hVIP#1. Notably, this scheme makes the
(currently untested) prediction that macaque vtVIPa should respond to
neck proprioception, and vtVIPp should possibly exhibit face mirroring
responses. These ideas are speculative but outline a roadmap for further
exploring the functional specialization, areal organization, and homol-
ogy of macaque and human VIP.

3.2. hVIP: one or multiple functional areas

So far, we have highlighted the functional organization of VIP under
a perspective of regional expansion, with a focus on assessing homology
between macaque and human. An alternative (non-exclusive) possibility
to regional preservation is that the splitting of one VIP in macaques into
three regions in humans reflects the emergence of new, distinct func-
tional areas that have developed under distinct species-specific evolu-
tionary pressure to provide qualitatively distinct abilities. The
classification of a cortical region as distinct can be based on at least four
different aspects (Orban, 2016; Orban et al., 2004): (i) cyto- and mye-
loarchitectonics, (ii) anatomical connectivity with other areas, (iii)
topographic organization with respect to the surrounding areas, and (iv)
functional properties. We discuss macaque VIP and the three hVIP areas
under these four criteria.

3.2.1. Cytoarchitectonic delineation of VIP

Human cytoarchitectonic studies of PPC are still sparse (Amunts
et al., 2020; Richter et al., 2019; Scheperjans et al., 2008; see Section 1
and Fig. 2B). Merging the functionally identified hVIP clusters with a
cytoarchitectonically-based parcellation of PPC is not straightforward.
Our hVIP clusters are currently tentative and defined only visually. On
the other hand, both cytoarchitectonic and fMRI studies rely on a small
number of individual brains or participants and inevitably exhibit
idiosyncratic variability. Moreover, whereas the hVIP clusters are rela-
tively symmetric across hemispheres, human PPC cytoarchitectonic
maps are not (Richter et al., 2019; Scheperjans et al., 2008). Nonethe-
less, when we align the functionally-based hVIP cluster outlines with the
available cytoarchitectonic PPC parcellation, each hVIP cluster falls into
distinct cytoarchitectonic region(s), indicating that the -clusters’
neuronal substrate probably differs, possibly pointing toward diversifi-
cation into cortical areas rather than functional specialization within a
common area. However, functional hVIP#1 overlaps with multiple
cytoarchitectonic areas (7A, hIP3, hIP1, 7P, hIP6; see Section 1), which
is difficult to reconcile with a function-to-anatomy-matching approach.
Similar reservations exist for hVIP#2 and #3. In sum, alignment of
available functional and anatomical maps does not render a consistent
parcellation, and the reliability of the cytoarchitectonic-to-functional
correspondence is unclear. Nonetheless, mapping is consistent with
each hVIP cluster comprising a distinct anatomical substrate.

3.2.2. Anatomical and functional connectivity of VIP

Both anatomical and functional connectivity patterns are informa-
tive about a region’s functional role (Gamberini et al., 2020; Mars et al.,
2018; Vijayakumar et al., 2018) and cross-species functional homology
(Orban, 2016). Our review of macaque anatomical VIP connectivity has
revealed detailed knowledge of multiple functionally distinct networks,
but equivalent data is non-existent for human hVIP. One study has
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parcellated the human brain based on connectivity as assessed with
diffusion-weighted tensor imaging (DTI). This approach divided PPC
into 5 large regions, one of which overlapped with hVIP#3 (Mars et al.,
2011) but extended well beyond our outline. Therefore, it may match
our entire hVIP complex, or it may correspond to only one or two
clusters, which would suggest a (partly) independent parcellation
scheme.

Contrary to the sparse data on human anatomical connectivity, there
is rich functional human data that indirectly identifies larger networks
that co-activate with human hVIP through task-based fMRI studies (see
Section 2). Ideally, new research should address the anatomical con-
nectivity of VIP in humans and its functional connectivity in the ma-
caque. The latter effort is already ongoing (for examples, see Cléry et al.,
2018, 2017; Guipponi et al., 2015) and will likely increase thanks to data
sharing initiatives such as the international Prime-DRE consortium on
non-human primate neuroimaging (Milham et al., 2020, 2018) and use
of common localizers (Russ et al., 2021). Given the difficulty and scope
of assessing multi-subject cytoarchitectonics in humans (Amunts et al.,
2020), functional connectivity is probably more promising than
anatomical connectivity for investigating VIP homology.

One approach to characterize functional connectivity is to system-
atically observe which areas co-activate with hVIP for specific (sub-)
functions. Yet, few human studies have specifically focused on hVIP in
this regard. Instead, hVIP has usually been identified as one region
among many involved in a given functional context. A region-specific
focus will provide stronger grounds for understanding the functional
specificity of each hVIP cluster. At the same time, it will direct macaque
research towards precisely investigating possible regional specialization
within monkey VIP. This goal will critically depend on systematic,
strictly comparative approaches that employ task-based fMRI with
identical experimental conditions across macaque and human.

Besides a task-based approach, connectivity could be characterized
through high resolution resting state fMRI functional connectivity.
Previous work has parcellated cortex through clustering of functional
resting state data in both humans (Glasser et al., 2016) and macaques
(Vijayakumar et al., 2018). The human study integrated multiple
anatomical and functional criteria, combining architectural, functional,
connectivity and topographical data. The human VIP that resulted from
this integrative approach, however, does not agree with any of the
clusters we have described. In macaques, resting state parcellation
revealed two small clusters that overlaid VIP (Vijayakumar et al., 2018).
Notably, the aim of clustering approaches is to reduce complexity by
uncovering similarities and ignoring small differences of neighboring
pieces of cortex (e.g., MRI voxels). We propose that, alternatively, dif-
ferences, rather than commonalities, in connectivity profiles could be
exploited to characterize regional specialization. Public availability of
resting state and DTI datasets make these kinds of MR-based approaches
promising for characterizing macaque-human homology.

3.2.3. Functional topographic mapping and functional specificity

Given VIP’s multisensory and sensorimotor properties, functional
maps and topographical organization could be explored from multiple
perspectives: visual, somatosensory, vestibular, auditory, propriocep-
tive, oculomotor, hand-motor, and likely more. To date, the potential
topographical organization of area VIP, or of PPC including VIP, has
been investigated for only some of these properties. Interestingly, this
functional mapping seems to support a dissociation of the human hVIP
clusters into independent functional maps.

When assessed with phase-encoded mapping (Sereno et al., 2001),
both executing and planning saccades to neighboring locations on the
retina (and, thus, neighboring locations in space while the eyes fixate)
reveal orderly maps in multiple areas of PPC, suggesting that neigh-
boring neurons respond to neighboring spatial locations during eye
movements. PPC exhibits at least 5 retinotopic maps along the
posterior-to-anterior axis of PPC (Konen and Kastner, 2008a). Visual
comparison of these mapping results with our Fig. 2 suggests that
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functional cluster hVIP#2 overlaps with the so-defined IPS5, while
functional cluster hVIP#1 appears to overlap with IPS4, supporting the
idea that the hVIP clusters are functionally distinct cortical areas.
Notably, phase-encoded mapping identified the retinotopic organization
of IPS4/hVIP#1 both when static and motion visual stimuli were used,
whereas retinotopy in IPS5/hVIP#2 was evident only with motion
stimuli (Konen and Kastner, 2008a, 2008b; Sereno et al., 2001; Sereno
and Huang, 2006). Phase-encoded mapping has also been used to
explore cortical organization with respect to motor functions (Huang
and Sereno, 2018). Saccade-related and smooth pursuit maps seem to
exist in IPS4/hVIP#1 and IPS5/hVIP#2, but not in hVIP#3 (Konen
et al., 2005).

Classical phase-encoded, retinotopic visual and saccade mapping did
not identify a topographical map at the location of our functional
hVIP#3 cluster (Konen and Kastner, 2008a, 2008b). In an attempt to
match human and macaque PPC regions, this region was subsequently
defined as the human parietal grasp region (hPGR; Kastner et al., 2017),
that is, the homologue of macaque area AIP. However, phase-encoded
visual retinotopic mapping did identify a topographically organized
representation of the contralateral visual field in hVIP#3 when stimuli
were presented near the face (Huang et al., 2017). Thus, each of the
three hVIP clusters appears topographically organized, though for
different stimulus characteristics. Also note, that matching topographic
maps to otherwise defined regions is not always straight-forward, and
the very close vicinity of AIP and hVIP (see Fig. 2A) is evident here when
near-space topographic mapping is compared to grasping responses.

Somatosensory responses have also been explored with phase-
encoded mapping in humans (Chen et al., 2017; Huang et al., 2018,
2012; Huang and Sereno, 2018). Tactile stimuli were applied by airpuffs
delivered to multiple body parts, or to multiple locations on the face.
Face stimulation revealed a contralateral map which precisely matched
the topographic maps obtained through visual near-face stimulation,
including inter-individual variability in size and map duplication
(Huang et al., 2017). Somatosensory maps were evident only in hVIP#3,
but not in hVIP#1 and hVIP#2, thus singling out hVIP#3 as a
tactile-visual convergence zone. When applying phase-encoding map-
ping across the whole body (Huang et al., 2012), pVIP#3 was found to
be part of a larger whole-body homunculus, where finger responses were
found directly anterior to hVIP#2, and shoulder, leg and foot responses
were found medial to hVIP#3. Thus pVIP#3 is part of a topographically
mapped whole body strip that lies anterior to the rest of the hVIP
complex. fMRI-based somatosensory phase-encoded mapping has not
been applied in macaques. However, tactile and visual RFs of single
neurons in macaque area 5 have been mapped in anesthetized macaques
(Seelke et al., 2012). In this area, which includes the medial bank of the
IPS that neighbors VIP, the dominant body part is the hand, in strong
contrast to the face-dominant VIP. The human topographic maps predict
that neurons in macaque VIP should also be organized in an orderly
manner with respect to tactile and visual response properties. Yet,
single-cell recordings have not so far revealed any identifiable organi-
zation of neuronal tuning (Duhamel et al., 1998).

Overall, phase-encoded functional mapping of PPC identifies
distinct, topographically organized maps for several sensory modalities
and motor functions for hVIP#1, #2, and #3, consistent with functional
dissociations between them. This method would principally be well-
suited for use in macaques. Furthermore, the combination of fMRI-
and electrophysiology-based methods could enhance our understanding
of PPC topographic organization across multiple spatial scales.

Functional, connectional, cytoarchitectonic, and macro-
organizational mapping all provide evidence for a separation of the
three hVIP clusters, even if not all evidence is unequivocal. Viewed in
sum, the three human hVIP clusters are probably each distinct areas that
have evolved as an expansion of the single area VIP in macaques. The
areas surrounding VIP/hVIP are similar in humans and macaques, sug-
gesting that VIP and the three hVIPs, respectively, also have similar
functionality across the two species. Yet, the three hVIPs exhibit
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functional specialization, a feature that may already be detectable along
the main axis of macaque VIP.

3.3. An evolutionary perspective on VIP

The macaque monkey has been the prime non-human primate model
in neuroscience for decades. However, a larger view across the evolu-
tionary landscape can often aid a more complete understanding of how,
and possibly why, the human brain has developed its current organi-
zation (Krubitzer, 2009; Krubitzer and Disbrow, 2008; Krubitzer and
Prescott, 2018). Primate evolution is thought to have branched 3 times
between our common primate ancestor and today’s human race: the
earliest split-off are the Prosimians, such as the prosimian galago. The
second split-off are the New World monkeys, such as the common
marmoset. The third split separates the Old World monkeys, including
the Old World macaque that is neuroscience’s most important primate
species, from the Great Apes and Hominids. Some of VIP’s functions
appear critical for all primate species, for example the processing of
visual motion and the prioritized processing of peripersonal space in
connection with defensive behaviors and self-feeding. Have these
functions been pooled in a specialized area in primates from an early
evolutionary time point, and might a comparative view of such a re-
gion’s development give us an indication of the functions it provides in
the human brain today?

It is unclear whether a cortical region with core VIP-like properties
exists in the lissencephalic prosimian species such as marmoset mon-
keys. In New World marmoset monkeys, histology-based reference
atlases do not identify a homologue of macaque area VIP, and the ho-
mologue of area LIP is directly medial to the homologue of MIP (Paxinos
etal., 2011). An fMRI study presented marmoset monkeys with looming
visual stimuli, which would reliably activate VIP in macaques. Mar-
mosets showed activations in the LIP homologue, but not in MIP and
V6A (Cléry et al., 2017). A direct contrast between looming and receding
visual stimuli revealed only a small cortical region at the border between
marmoset LIP and MIP (i.e., at the expected location of VIP), and only in
the right hemisphere.

Taken together, this evidence seems to suggest that VIP may not exist
in New World marmosets. However, electrical microstimulation in
anterior PPC evoked defensive movements in prosimian galagos — a
lineage that split off earlier from the remaining species than New World
monkeys. Microstimulation evoked defensive movements with the face
for lateral stimulation sites, and with the forelimb for more medial
stimulation sites (Kaas and Stepniewska, 2016), proving the existence of
(some) VIP-like functionality in this species. If there is indeed a VIP
homologue in this species, then we see VIP-like regional organization in
the oldest and newest evolutionary lineages, and would accordingly
expect that VIP exists also in New World marmosets. Attempting to
trigger defensive movements via microstimulation might be a better
functional marker of core VIP across species than the response to
looming visual stimuli.

Overall, these findings point towards a preserved core cortical area
across species that perceives imminent physical threat and protects the
body, although a direct test of this highly specialized VIP function has
not been performed in humans (Huang and Sereno, 2018). VIP’s over-
representation of the head also appears consistent from this perspective:
arguably, the head is the most important part of any primate body. It
contains the brain and almost all sensory organs — especially those
relevant to perceiving distant objects (vision, audition) and the body in
the world (vision, vestibular sensation). It also contains the mouth,
which is not only the point of food intake, but is also central for primate
vocal communication. The evolutionary pressure to achieve effective
protection of this body part must be high, and may be higher than for
other body parts. In fact, if this line of thought bears truth, a core VIP
should be identifiable in other mammals.

Although there is currently no evidence for a dedicated representa-
tion of peripersonal space around body parts other than the head in
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macaque PPC, peripersonal visual-tactile RFs at least on the arms and
torso do exist in premotor cortex, which is directly connected with VIP
(Graziano et al., 1997a, 1994). Furthermore, human topographic map-
ping of tactile responses has suggested that hVIP#3 may be part of a
much larger strip of anterior PPC that responds to touch and vision
(Sereno and Huang, 2014). Thus, future research may uncover peri-
personal responses for the rest of the body in PPC as well. Of course, VIP
does a lot more than coding peripersonal head space and defensive ac-
tions, and thus the focus on the head may also be driven by other factors
beyond merely the higher value of the head relative to the remaining
body.

3.4. Conclusions and outlook: what does VIP really do?

As we draw our exploration of macaque and human VIP to a close,
does a conclusive and integrated picture emerge from the many different
aspects and viewpoints we have addressed?

Throughout the paper, we have mentioned conclusions and specu-
lations related to specific points. During this discourse, we have cleared
up two apparently widespread misconceptions about the human VIP
homologue. First and foremost, hVIP is not an area that, in its entirety,
can be defined by just a subset of the functions that have been identified
in the macaque: all methods that have been frequently used to identify
the human VIP homologue reliably identify one of three clusters that
cover the complete functionality of the macaque area only in combi-
nation. Second, hVIP is not an area that remaps skin input into 3D space
for the entire body. VIP’s capabilities in representing and transforming
between multiple spatial reference frames support this idea, albeit spe-
cifically related to the head and face.

A review that viewed PPC from a perspective of providing state
estimation of the body and world to enable motor action has suggested
that the PPC exhibits a gradient-like organization between linking the
world to the body and, vice versa, projecting the body into the world
(Medendorp and Heed, 2019). These two poles enable different senso-
rimotor and cognitive functionalities that focus either on abstract action
planning towards objects in the environment or on concrete action
implementation and body control. In this framework, hVIP appears to do
both (see Fig. 6). Furthermore, a key property of macaque VIP neurons is
the flexible binding of visual space onto fixed, tactile RFs for the face and
head. Thus, the region appears to link visual space to the skin (rather
than projecting touch into space). However, the proposed dual role of
VIP in both protecting the body and navigating it through the environ-
ment would require both knowledge about the world and body action.
These two-poled requirements may be at the core of the individuation of
the more anterior, tactile-visual hVIP#3 from the posterior, visual and
motion-focused hVIP#1.

The expansion into multiple areas and, accordingly, a more dedi-
cated specialization towards the body and world poles, may have laid
the basis for at least some of the presumed higher functions of the human
hVIP complex, perhaps similar to the suspected emergence of fine-
grained tool use abilities with that of a specialized anterior-lateral PPC
area in humans (Kastner et al., 2017). We will raise several
non-exclusive possibilities here.

First, enhanced facial-peripersonal spatial processing may have been
important for social and cooperative behavior. This hypothesis has been
previously proposed (Graziano and Cooke, 2006), with the suggestion
that the coding of peripersonal space may be instrumental in defining
the distance between individuals in different social contexts and
signaling trust by presenting vulnerable body parts, such as the belly
area in dogs. This general suggestion is corroborated by VIP’s facial
mirror properties which are likely critical to empathic interpretation of
other’s emotional experiences and a crucial aspect of human commu-
nication skills. Recall further, that VIP also responds to social vocali-
zation, which adds yet further evidence that it probably plays a role in
social behavior.

Second, the central role of the head in navigation and action may
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have promoted the development of perceiving a self. The activation of
the area between hVIP#2 and #3 during tasks that involve body
awareness (Grivaz et al., 2017) indicates that this seemingly complex
function ultimately relies on basic sensorimotor processing. This
consideration is also supported by the central role of multisensory
integration for body ownership (Blanke et al., 2015), another function in
which hVIP#2 and #3 are involved. Bodily self-consciousness and
awareness, in particular of the head and face, have been demonstrated in
humans and apes (Kaneko and Tomonaga, 2012, 2011; Kopp et al.,
2021), but are yet unexplored in other primate species. Moreover, when
human participants point towards themselves (which other species
never do), they aim with a bias to the head away from the body’s center
of gravity (Alsmith and Longo, 2014; van der Veer et al., 2018), possibly
reflecting an implicit bias that emerges from the prominent spatial
representation of the head.

Third, a focus on the head as the hub of the self may have promoted
other social behaviors expressed by humans. Humanity has put partic-
ular emphasis on the head and face from very early on in cultural
development, in the form of haircuts, face painting and make-up, hats
etc., either for aesthetic, communicative, or protective purposes. In
addition to these behaviors that purposely enhance awareness of the
head and face, humans have developed a large range of head-directed
hand gestures that support implicit communication; for example, we
hide the mouth with the hand when we lie and touch our hair when we
are insecure, to name just two examples. The neurobiological origin of
these head-face gestures is unclear and can already be observed in some
apes. For example, chimpanzees are anecdotally described to wipe their
nose with the back of their hand at moments of peak uncertainty
(Catherine Crockford, personal communication). Gorillas are also re-
ported to place their hands in front of their face to conceal their face and
thus hide their mood, for example, to hide a playface (Tanner and Byrne,
1993). We have discussed the strong connections of VIP with hand
motor regions that is involved with protection of the head with the
hands. This same connectivity could also support oral communication
and the use of the hands in communicative gestures, connecting with the
social and communicative aspects we have discussed above.

Lastly, in humans the dramatic expansion of a substantial part of PPC
has been associated with tool use (Kastner et al., 2017). In monkeys,
morphological and anatomical changes in the medial bank of the IPS,
covered by areas MIP and AIP, have been associated with tool use
(Hihara et al., 2006; Obayashi et al., 2001, 2000; Quallo et al., 2009).
This suggests that some neurons in macaque PPC usually responsible for
the hands can also respond to tools after training (Iriki et al., 1996). VIP
has also been associated with tool-use ability (Graziano, 2018), and
many human behavioral, neuropsychological, and neuroimaging studies
have emphasized a relationship between tool-use, peripersonal space
and body representation (Maravita and Iriki, 2004; Maravita and
Romano, 2018; Martel et al., 2019; Serino, 2019). Yet, it is unclear
whether the respective changes in structure and function include VIP. If
so, there are two non-mutually exclusive possibilities for how tool-use
may have modulated VIP differentiation and expansion in humans.
First, humans are generally capable of learning to control tools with the
mouth, as is impressively demonstrated by people who were born
without hands. But even when the hands are normally developed,
humans use straws to drink with and master musical instruments
through complex mouth-to-object interaction. Thus, VIP may take over
such mouth-related tool-use. Second, humans often use the mouth in
support of hand actions, for instance, to crush, grip, or tear, or to aid tool
use in activities such as sewing. Here, VIP would be relevant due to its
putative role in hand-to-face coordinated behavior. However, these
ideas are currently purely speculative.

Amongst all the functional properties associated with VIP, numer-
osity and enumeration stand out and seem difficult to relate to the low-
level sensory properties of this area. We think that it is possible to bind
the seemingly diverse functions of VIP, such as impact prediction,
sequence violation, and numerosity, as a signature of specific neuronal
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computations related to prediction. Indeed, impact prediction and
sequence violation can be considered as two faces of the same coin: the
former involves the confirmation of predictive coding and the latter
consists of the representation of a prediction error. In addition, one in-
volves temporal prediction (sequence violation) while the other involves
spatial and temporal prediction, both for impact prediction to the body
and heading estimation. Moreover, assessing the number of objects in
the immediate environment may be important for determining an
adequate response, such as whether to make a defensive arm movement
vs. a ducking movement vs. turning and fleeing. Based on these con-
siderations, numerosity can be viewed in the context of spatial predic-
tion, and enumeration in the context of temporal prediction. One way to
approach this idea could be to model whether neurons tuned to spatial
prediction are able to perform temporal prediction, and whether such
neurons contain information about numerosity.

Clearly, many of this section’s suggestions are far from hard evi-
dence. Not all of them may turn out true. Nonetheless, we hope that by
placing VIP in contexts in which it has not previously been implicated
will inspire future research in humans as well as across species.

To summarize, we have assembled multiple lines of evidence that all
suggest that macaque area VIP has developed into three areas in the
human brain, which we have termed the hVIP complex. Each of these
areas performs a subset of macaque VIP’s functions, though precursors
of a functional division may already be present in that species. Although
VIP and hVIP are involved in many sensorimotor and cognitive func-
tions, we have outlined some possible overarching themes. Determining
which, if any, of these proposals are correct awaits dedicated
investigation.
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