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ABSTRACT

Classical neurophysiology suggests that the motor cortex (MI) has a unique role in action control. In contrast, this
review presents evidence for multiple parieto-frontal spinal command modules that can bypass MI. Five obser-
vations support this modular perspective: (i) the statistics of cortical connectivity demonstrate functionally-
related clusters of cortical areas, defining functional modules in the premotor, cingulate, and parietal cortices;
(ii) different corticospinal pathways originate from the above areas, each with a distinct range of conduction
velocities; (iii) the activation time of each module varies depending on task, and different modules can be
activated simultaneously; (iv) a modular architecture with direct motor output is faster and less metabolically
expensive than an architecture that relies on MI, given the slow connections between MI and other cortical areas;
(v) lesions of the areas composing parieto-frontal modules have different effects from lesions of MI. Here we
provide examples of six cortico-spinal modules and functions they subserve: module 1) arm reaching, tool use
and object construction; module 2) spatial navigation and locomotion; module 3) grasping and observation of
hand and mouth actions; module 4) action initiation, motor sequences, time encoding; module 5) conditional
motor association and learning, action plan switching and action inhibition; module 6) planning defensive ac-
tions. These modules can serve as a library of tools to be recombined when faced with novel tasks, and MI might
serve as a recombinatory hub. In conclusion, the availability of locally-stored information and multiple outflow
paths supports the physiological plausibility of the proposed modular perspective.

1. Introduction

if neuroscience continues to inspire machine-learning designs.

Here we propound a modular perspective, arguing that there exist
multiple parieto-frontal command modules that — depending on task
demands - bypass MI and convey motor commands directly and effi-

A pervasive perspective on brain function holds that the cerebral
cortex controls the body through a single output: the primary motor
cortex (MI; F1). This classical view goes hand in hand with a serial
processing framework, in which information flows through a unique and
unidirectional pipeline; first perception, then cognition, and finally ac-
tion. But this serial view is contradicted by a wealth of anatomical,
physiological, and clinical data and fails to account for the highly par-
allel architecture of the cerebral cortex. Then why would action control
still rely on a single output? We believe that seeing MI as the sole output
of the cortex is an outdated view which no longer fits modern neuro-
science. Maintaining this view will hamper interpretation of modern
highly complex data and might even lead to a developmental cul-de-sac

ciently to the body. This view is in line with the parallel nature of
cortical circuits, and the notion that motor commands are encoded by
distributed brain systems (Mountcastle et al., 1975; Mountcastle, 1978).
Input to each module can stem from different regions, and the resulting
outflow can follow different pathways, depending on the alignment
between task demands and properties of the brain regions constituting a
module.

This perspective explains the heterogeneity of functions of individual
cortical areas (Caminiti et al., 2015; Daitch and Parvizi, 2018), their
cortico-cortical relationships (Caminiti et al., 2015, 2017), and the ex-
istence of multiple cortico-spinal systems (Kuypers, 1960, 1962, 1964,
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Nomenclature

Abbreviation Area’s Name (Brodmann’s area)

PARIETAL

AIP anterior intraparietal area
LIP lateral intraparietal area
MIP medial intraparietal area
Opt occipital parietal transition area (7a)
PE anterior parietal area PE (5)
PEc caudal part of area PE (5)
PEip intraparietal area PE

PF IPL area PF (7b)

PFG IPL area PFG (7b)

PG IPL area PG (7a)

PGm medial parietal area PG (7 m)

PGop area PG op (parietal operculum)

SI primary somatosensory area (1,2,3)

SII secondary somatosensory area

V6 parieto-occipital visual area 6 (19)

V6A visual Area 6 A, dorsal part of parieto-occipital area (19)
VIP ventral intraparietal area

FRONTAL

10 frontopolar area 10 (10)

14 area 14

111 lateral part of area 11 (11)

121/m lateral and medial part of orbitofrontal area 12 (12)
121/m lateral and medial part of orbitofrontal area 12 (12)
13a/b  areas 13a, 13b

131 lateral part of area 13

13m medial part of area 13

45A area 45 A
46dc dorso-caudal part of area 46

46dr dorso-rostral part of area 46

46vr ventro-rostral part of area 46

8Ad antero dorsal part of area 8 (8)

8Av antero-ventral part of area 8 (8)

8B area 8B (8)

91 lateral part of area 9 (9)

9m medial part of area 9 (9)

cl2r caudal part of rostral area 12r (12)
c46ve caudal part of area 46 ventro-caudal
DO Dorsal Opercular area DO

F2 dorso-caudal premotor area (PMdc) (6)

F2preCD part of F2 around the precentral dimple (6)

F2vr ventro-rostral part of area F2 (6)

F3 Supplementary motor area (SMA) (6)

F4 Caudal ventral premotor area PMv (6)

F5 Rostral ventral anterior premotor area PMv (6)

F5a part of F5 in the postero-ventral bank of the arcuate sulcus
(area 44)

F5b part of F5 in the postero-dorsal bank of the arcuate sulcus

F5c¢ posterior part of area F5

F6 pre-Supplementary motor area, (pre-SMA) (6)

F7 dorso-rostral premotor area (PMdr) (6)

F7-SEF  Supplementary Eye Field in medial F7 (6)

GrFO Granular Frontal Opercular Area (ProM)

MI primary motor cortex (F1) (4)

i12r intermediate part of rostral area 12 (12)

PrCO Precentral Opercular area

r12r rostral part of rostral area 12 (12)

r46vce rostral part of area 46 ventro-caudal

TEMPORAL

EC Entorhinal cortex

LB2 area in the lower bank of anterior part of the temporal
sulcus

MST medial superior temporal area

MT middle temporal area

PC perirhinal cortex

STPm medial part of superior temporal posterior area

TEa/m  anterior and medial temporal areas TE

CINGULATE

CMAd  dorsal Cingulate Motor Area

CMAv ventral Cingulate Motor Area (part of 23c) (23)

24 cingulate area 24 (24)

23a part of cingulate area 23 (23)

23b part of cingulate area 23 (23)

24a part of area 24 (24)

24b part of area 24 (24)

24c part of area 24; rostral Cingulate Motor Area (CMAr) (24)

31 retrosplenial cortical (RSC) area31

mCSv macaque Cingulate Sulcus visual area, part of area 23c

PEci cingulate area PE

OCCIPITAL

A\l visual area 1, Brodmann’s area (17)

V2 visual area 2 (18)

V3 visual area 3

V4 visual area 4

1981, 1982; Kuypers and Brinkman, 1970; Toyoshima and Sakai, 1982;
Nudo and Masterton, 1990; Dumm and Strick, 1991; He et al., 1993;
Galea and Darian-Smith, 1994; He et al., 1995; Matelli et al., 1998; Rozzi
et al., 2006; for reviews see Lemon, 2008; Strick et al., 2021). It is also in
line with the notion that modules exist at most scales, from cortical
columns, through neural assemblies and to functional networks across
hemispheres (Mountcastle, 1978, 1997; Bullmore and Sporns, 2009;
Meunier et al., 2010; Innocenti et al., 2022). At each of these scales,
including the scale of cortical areas that we introduce here, the modules
can be defined and explained by principles of parallel processing,
adaptability, information redundancy, robustness to noise, algorithmic
similarity, and metabolic efficiency (Kashtan and Alon, 2005; Bullmore
and Sporns, 2009; Valencia et al., 2009; Meunier et al., 2010; Bullmore
and Sporns, 2012; Clune et al., 2013; Chen et al., 2021).

Recent studies have provided further evidence for this modular
framework, detailing the organization of parieto-premotor anatomy

(Rathelot et al., 2017; Innocenti et al., 2019; Caminiti et al., 2021), as
well as lateral (Morecraft et al., 2019) and ventral (F5; Borra et al.,
2010) premotor projections to the spinal cord. Studies have also char-
acterized axon diameter, and hence conduction velocity (Hursh, 1939),
of those cortico-spinal systems (Innocenti et al., 2019): Within the same
descending pathway, either slow or fast axons can be recruited
depending on task difficulty (Miri et al., 2017), which is ideal for a
parallel, modular architecture.

We start by discussing action timings, which provide both instructive
and solid evidence that the cortex is a parallel processor divided into
multiple communicating modules, each of which have at least one direct
outflow tract to the spinal cord.
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2. Timing of action initiation supports the modular architecture
of corticospinal commands

The amount of time necessary to transform motor intentions into
actions depends both on task difficulty and anatomo-functional con-
straints, such as functional network architecture, axon diameter, syn-
aptic efficacy, and energy costs. Therefore, the timing of motor actions is
informative of those same anatomo-functional constraints, allowing us
to infer functional network architecture.

For example, simple tasks such as reaching to a visual target are fast,
while more complex tasks like perceptual categorization take longer.
Traditionally, results from such more complex tasks were taken to
indicate a steady transformation of information from input to output,
where motor-related effects always come last, and action initiation only
occurs after a long forward serial transfer of information from primary
cortices. One example of such traditional reasoning comes from a Go/
No-Go categorization study. While the No-Go stimulus elicited a first
EEG deflection 150 ms after onset, a deflection that allegedly reflected
motor preparation only emerged at about 350 ms (Thorpe et al., 1996).
However, as we demonstrate in this section, neural signals that will
result in action initiation often bypass much of the cortex. In practice,
this means that stimulus processing and action onset largely occur in
parallel, and without necessarily involving MIL

Evidence for this view is abundant in the non-human primate liter-
ature. Freedman et al. (2001) reported single cell responses reflecting
categorical decision in the lateral prefrontal cortex (IPFC) at about 100
ms. This is surprisingly early, considering the time that would be needed
for the signal to pass through all structures traditionally involved in
analyzing visual images before the onset of hand movement (RT=
250-260 ms). This suggests that a fast feed-forward sweep of informa-
tion is taking place, starting from the retina, passing through V1, V2, V4,
posterior (PIT) and anterior (AIT) infero-temporal areas, and ending in
prefrontal cortex (Thorpe and Fabre-Thorpe, 2001). Further time is
necessary to 1) recruit PMd (F2) and the corticospinal tract originating
in MI (MI-CST) (Lu et al., 1994); 2) pass the electromechanical delay
related to hand muscle activation and movement onset (Cavanagh and
Komi, 1979; Schmid et al., 2019; Novembre et al., 2018) and, finally, 3)
overcome limb inertia. Other studies in monkeys have shown that even
such a short forward sweep is not obligatory: During visual discrimi-
nation tasks, the earliest response in V1 occurs at approximately 50 ms,
and neural activity starts predicting the animal’s choice at approxi-
mately 150 ms (Ledberg et al., 2007). The recruitment time of neural
activity in other areas, including PMd and MI, suggests that sensory
analysis and motor outflow processing mostly overlap in time.

The parallel processing view is further supported by the theoretically
shortest possible time necessary to transmit information from the retina
to the cortex and finally to the musculature: This minimal time matches
the latency of the earliest EMG activity after stimulus onset, indicating
that very fast cortical processing needs to happen before actions can be
initiated. Therefore, a full sweep across multiple cortical areas is highly
unlikely to be necessary, or even possible, before action onset. At input
stage, estimates of the retino-V1 delay range between 35 and 45 ms (see
Novak and Bullier, 1997; Lamme and Roelfsema, 2000; Pessoa and
Adolphs, 2010; Ledberg et al., 2007). The intra-cortical occipito-parietal
delay is about 20 ms (Ledberg et al., 2007), while histological studies,
that do not account for synaptic transmission, predict shorter delays
from superior parietal (SPL) areas (such as PEc) to both MI and area F2
(about 2 and 3 ms, respectively) (Innocenti et al., 2014). At output stage
there is a delay of less than 20 ms between MI and the onset of activity in
hand muscles (Fetz et al., 1989). The sum of these three delays (input,
intracortical and output) is 77-87 ms, and fits well with the earliest
onset (~80 ms) of EMG activity in the limb muscles after presentation of
a reaching target (Georgopoulos et al., 1981, 1982).
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3. The modular nature of command functions

Four lines of evidence in addition to action timing support the notion
of a modular and parallel parieto- premotor’ system: 1) anatomical
connectivity, 2) functional similarities between brain areas, 3) meta-
bolic efficiency, and 4) lesion studies. We briefly introduce each of these
lines of evidence here, and then expand on them one-by-one for each
module in the sections below.

It is important to note that while these different lines all agree that
the system is modular and parallel, not all evidence unequivocally
agrees about which regions should be grouped in a module. Indeed, any
modular definition will still entail considerable functional and physical
overlap between modules. Therefore, we have attempted to describe a
system of modules which explains as much variability in these four lines
of evidence as possible, while remaining somewhat intuitively under-
standable. Occasionally, this means that some anatomically connected
areas emerging from cluster analysis might not be considered part of the
same module, due to their divergent functional properties. Unfortu-
nately, the current state of our knowledge does not allow for irrefutably-
defined modules, consistent with every possible metric. It is even un-
likely that any such modules could be defined given perfect information
about the brain; furthermore, it can be hypothesized that modules
dynamically emerge depending on the task and their functional archi-
tecture, and interactions can be reshaped based on novel information
prompting an update of the original motor intention (more on this in the
“future perspectives” section).

3.1. Evidence # 1: anatomical connectivity

Statistical analysis of anatomical connections supports modularity.
First, it allows defining cortical clusters (Averbeck et al., 2009a; Caminiti
et al., 2015, 2017), which are not the same as modules, but do form the
basic building blocks of modules. Clusters are composed of strongly
connected cortical areas that are often spatially close (i.e., they have
short path length) and share functional properties (Sporns et al., 2000;
Hilgetag and Kaiser, 2004). Second, it shows that clusters are connected
to each other with varying strengths. Groups of strongly connected
clusters often contain at least one area that projects to the spinal cord.
This is the start of how we define a module: areas that (a) are part of
clusters strongly connected to each other, and (b) have one or more
spinal projections that (c) do not originate from MI. These areas are more
likely to be part of the same module. The criteria for labelling the
cortical areas, as well as their connectivities shown in Fig. 1, are
described in Caminiti et al., eNeuro (2017). Concerning the correspon-
dence of parietal areas between macaque monkeys and humans, we refer
to Table 1 of Caminiti et al., Neurosci and Biobehav Rev, 2015.

3.2. Evidence # 2: functional similarity

Functional similarity between areas also supports the modular or-
ganization and the definition of modules. Where statistical connectivity
between clusters defines a skeleton for which areas could be part of a
module, functional similarity allows fine tuning of the specific areas
composing a module. In this way, a module is not strictly limited to

! We define premotor areas as those that are anterior to M1, project to M1,
and additionally project directly to the spinal cord. Under this definition, some
areas that we discuss (e.g., area 46) are labelled prefrontal rather than pre-
motor. However, given that most frontal areas of interest to this work are
labelled as premotor, we will refer to the wider networks discussed in this
manuscript as parieto-premotor. We also note that the original label “premotor”
was functional rather than anatomical (Wise SP, The primate premotor cortex
fifthy years after Fulton, Behav Brain Res,1985; 18-78-88, doi:10:01166-4328
(85)90064-6). Our definition is both anatomical and functional, and mostly
based on cortical connectivity.
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Hierarchical cluster analysis
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Fig. 1. A. Hierarchical cluster analysis. Brain figurine showing the location of cortical areas on the mesial, lateral and orbito-frontal aspects of the macaque cerebral
cortex. Sulci are "opened”, to better display the location of areas buried in their banks: Principal (P); Superior (SA) and Inferior (IA) arcuate, lateral (L), intraparietal
(IP), and cingulate (CG). Sulci in the mesial aspect of the hemisphere are: parieto-occipital (PO) and fissure (Ca). In the lateral aspect of the hemisphere: Principal (P),
Lu (Lunate), Superior temporal (ST). In the orbitofrontal cortex, LO and MO indicate Lateral and Medial Orbital sulcus, respectively. Cortical areas are defined on the
basis of both architectonic and connectional criteria (see text). In both parietal and frontal cortex, colors indicate the location and topography of cortical clusters. B.
Frontal trees generated by the cluster analysis. Numbers at each branch node indicate the number of times a cluster occurred in the 100 most likely trees. The three
prefrontal (PFC) clusters, ventro-orbital (voPFC), dorsomedial (dmPFC), and posterior (pPFC) are indicated with different green shades, as in their location in the
brain figurine (A). Similarly, red indicates the cingulate (CING) cluster; orange, ventral premotor (vVPM) cluster; light blue, motor-dorsomedial premotor (MI/dmPM)
cluster. The arrows pointing downward are located below the areas of origin of a cortico-spinal tract. C. Superior (SPL) and inferior (IPL) parietal lobule clusters
generated from the 100 most likely trees of cluster analysis: red, postero-medial (pmSPL); light blue, medio-dorsal (mdSPL); magenta, anterior SPL (aSPL), green,
posterior IPL (pIPL), orange, anterior (aIPL). Conventions and symbols are the same as in A and B. Frontal and parietal clusters of corresponding colors include areas
preferentially connected through parieto-frontal and/or fronto-parietal connections.

Modified from Caminiti et al. (2017).
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entire clusters if some areas in its hypothetical constituent clusters
simply do not share sufficient functional properties with the other areas.
Similarly, it allows us to occasionally include areas from clusters that are
not statistically strongly connected, because they instead seem to
perform almost identical roles to the rest of a module.

3.3. Evidence # 3: metabolic efficiency

The third line of evidence hinges on the superior metabolic efficiency
of a modular system: motor commands do not need to travel far through
the cortex before being sent to the spinal cord. Given that fast-
descending myelinated axons are far more numerous in cortico-spinal
than in cortico-cortical projections, this modular bypass of MI saves
substantial energey costs by not utilising slow unmyelinated pathways
(Caminiti et al., 2009; Innocenti et al., 2019; Tomasi et al., 2012).
Increased metabolic costs are not only associated with transmitting in-
formation through unmyelinated axons, but also with integrating it: un-
myelinated axons convey information firing rates, rather than precise
and energy-efficient spike-timing (Wang et al., 2008). Finally, metabolic
costs are exacerbated in larger brains, given that they scale up linearly
with conduction distance (Wang et al., 2008).

3.4. Evidence # 4: lesion studies

The modular nature of command systems is finally supported by the
fact that lesions of each module have distinct effects that are consistent
within module, but not present when MI is lesioned (Krakauer and
Carmichael, 2017).

In the next sections, we will focus on command modules for which
the literature provides convincing evidence: congruence between
anatomical, physiological, functional, and lesion studies. Besides the
well-documented MI cortico-motoneuronal module devoted to hand
dexterity (see Lemon, 2008; Strick et al., 2021), we identify five
parieto-frontal modules (see Modules Synopsis), involved in various
motor command functions. These modules also target the basal ganglia
and the cerebellum, giving them a central role in action control.

4. Dorsal parieto-frontal spinal module: reaching, tool use,
object construction

The dorsal parieto-fontal spinal module, alone or in synergy with
other corticospinal modules, encodes functions related to motor inten-
tion for purposeful eye-hand operations in peripersonal space. These
include arm reaching and hand pre-shaping before grasping, tool use
and object manipulation, and construction. All these functions are
impaired after posterior parietal cortex (PPC) lesion. This module’s
operations are rooted in PPC and its distributed system involving select
frontal and cingulate areas, heavily connected to pontine nuclei and
hence the cerebellum. This module is composed of areas of the medio-
dorsal SPL cluster (PEci, PEc, MIP, PEip), the anterior IPL cluster (area
PG), and the postero-medial SPL cluster (V6A, PGm). The module heavily
interacts with the dorso-medial premotor cluster, centered on F2. The
dorsal partieto-frontal module’s core projections to the spinal cord stem
PEip, although it can also transmit information through F2.

This module projects directly to the motor centers of the spinal cord
through cortico-spinal pathways stemming from both parietal and pre-
motor areas and is influenced by nigral afferences from the basal
ganglia. As for all other modules, this module also projects to — and
receives input from — sub-cortical areas, providing alternative routes to
the spinal cord. The sub-cortical projections of a module generally
mirror the cortico-cortical connections between areas of a given module,
and provide additional anatomical substrates for the modular affilia-
tions of nearby cortical clusters. Specifically for the dorsal parieto-
frontal module, area SI receives thalamic projections from different
components of the Ventral Posterior (VP) and from Ventral Lateral
posterior (Padberg et al., 2009) nuclei. Areas PE and PEip are targets of
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the Lateral Posterior (LP), Medial Dorsal (MD) and Lateral Pulvinar
(PuL), while the Medial Pulvinar (PuM) projects to PE (Cappe et al.,
2009). Multiple thalamic nuclei also project to AIP, including PuM, PuL,
LP, VPLc, VPLo, CL, MDmf, VPI, VLc and PCn (Clower et al., 2005).
Some of these nuclei (VLc, MDmf, CL) are targets of nigral and cerebellar
afferents (Percheron et al., 1996) and can relay information from the
substantia nigra pars reticulata (SNpr) and dentate nucleus to AIP
(Clower et al., 2005). The medial parietal areas PEci, PGm (7 m) and PEc
receive projections from a common set of thalamic nuclei: the anterior
intralaminar nuclei (AILN), dorso-caudal MDdc, LP, and Pu (Buckwalter
et al., 2008). The thalamic input to V6A stems mostly from LP and PuM
(Gamberini et al., 2016; see also Impieri et al., 2018). Finally, anterior
IPL areas (PF and PFG) are dominated by thalamic inputs from VPM and
PO (Schmahmann and Pandya, 1990). This complex pattern of thalamic,
cerebellar and basal ganglia projections suggests that a multisensory and
sensorimotor interplay must occur in the terminal parietal territories of
this module which is in keeping with a wealth of information accumu-
lated over the years by physiological studies.

4.1. Reaching

Reaching with the hand relies on complex computations spanning
multiple areas of the brain: specifying a motor plan, a trajectory,
executing and controlling the movement. The entire process aims to
nullify the so-called “motor error”: the vector difference between the
position of the hand and the target (for a review see Battaglia-Mayer
et al., 2014).

4.1.1. Anatomo-functional organization

Reaching is mostly achieved by a network involving the pmSPL,
mdSPL, and aSPL clusters. Area V6A receives visual input from V6 and
PGm and conveys visual information to all other SPL areas of this
module (PEc, MIP, PEip). Similarly, SI and PE provide somatosensory
and somatomotor information, respectively, to the same parietal areas,
although only SI projects directly to PEip. All above connections are
reciprocal and their recursive signaling is believed to subserve early
coding of eye-hand coordination and the visuomotor transformation for
reaching. Area PG (alPL cluster) also participates in early trans-
formations, due to visuomotor inputs from MIP, Opt, and, to a lesser
extent, PEc. PG also receives inputs from the dorsal dysgranular insula
(Idd; Rozzi et al., 2006). Areas PEc, MIP, and PEip receive input from
dorsal premotor cortex (F2), for example early signals of unexpected
changes in the spatial location of a target. Such signals play a crucial role
in the on-line control of reaching (Archambault et al., 2008; 2011). As
shown in Fig. 2, in parietal cortex MI is only connected (reciprocally) to
PEip, the area from which this module’s parieto-spinal projection
originates.

Many studies have shown that visual reaching in monkeys is encoded
in spatially congruent gradients encompassing visual information about
target location, as well as the position and direction of the eye and hand.
Such spatial congruence within the global tuning fields (Battaglia-Mayer
et al., 2000) ensures tight coordination in space and time, which is
particularly important because gaze lands on the target well before hand
movement onset, due to both saccade velocity and limb inertia. These
combined signals modulate neural activity in clusters of
parieto-occipital (V6A, 7m superior parietal (PEc, PEip, PE; MIP), and
frontal (PMd, MI) areas, shaping motor intentions for reaching within a
distributed network (Lacquaniti et al., 1995; Snyder et al., 1997; Mas-
caro et al., 2003; Pesaran et al., 2006). IPL areas also contribute to
reaching (Hyvarinen and Poranen, 1974; Mountcastle al, 1975). This
network operates recursively, as most connections are reciprocal
(Johnson et al., 1996; Battaglia-Mayer et al., 2000, 2001; Marconi et al.,
2001). The temporal delays in this network depend, at least in part, on
information transfer through long oligosynaptic pathways (Johnson
et al., 1996; Matelli et al., 1998) that conduct temporally dispersed ac-
tion potentials and require spatial and temporal summation to discharge
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C10 HRP
C4-C5

B 10 mm

Fig. 2. Dorsal parieto-frontal spinal module: reaching, tool use, object construction. A.Macaque brain showing the cortico-cortical and cortico-spinal projections
underlying hand reaching and tool use, as described in the text. Arrows indicate visual/visuomotor (violet) and somatosensory (cyan) inputs (mostly reciprocal) to
the reaching-related areas V6A, PEc, MIP, PEip, PG. Input-output projections from PEip and both sectors of F2 (F2pre-CD, F2vr) are in dark blue. B. Antero-posterior
distribution of the cells of origin (blue dots) of the PEip-spinal projection, after injection of a retrograde tracer (HRP) in the cervical segments (C4-C5) of the spinal
cord. The image is a 3-D reconstruction of the lateral aspect of the hemisphere in which the inferior parietal lobule, including the ventral bank of the IPS, has been
“removed” to show the location of parieto-spinal projecting cells, up to the border with area MIP. STS indicates the Superior Temporal Sulcus, other conventions as in
Fig. 1. Here and in the following figures data on conduction velocity are from Innocenti et al. (2019).

Modified from Caminiti et al. (2017); original data on the parieto-spinal projection from Matelli et al. (1998).

post-synaptic targets.

Area F2 (Pesaran et al., 2006) receives input from SPL cells (Johnson
et al., 1996), as does MI. MI therefore receives reach-related information
through F2 and/or directly from SPL (Johnson et al., 1996; Caminiti et.,
al, 2017). However, during reach-grasp-manipulate tasks, a coupled
dynamical systems model revealed that MI can drive activity in F2
(D’Aleo et al., 2022), demonstrating task-dependent interactions within
this distributed network.

Parieto-occipital areas V6A and 7 m project to lateral intraparietal
area (LIP), which in turn is linked to the frontal eye field (FEF, area 8).
The motor outflow systems of both parietal and frontal eye-hand do-
mains converges on the intermediate and deep layers of the superior
colliculus (SC) and on the mesencephalic reticular formation (MRF),
where neural activity is influenced by both eye and hand reach signals
(Werner, 1993; Werner et al., 1997a, 1997b). The SPL-IPL interplay and
the MRF projection to the spinal cord both play a crucial role in scaling
and coordinating the onset of eye and hand movements during reaching.
Additionally, the influence of wrist orientation and hand grip type in
area V6A (Fattori et al., 2009, 2010) suggests that signals about both
hand transport and pre-shaping are combined at an early stage of the
visuomotor transformation for reaching. Finally, this reach-grasping
channel seems to favor coordinating all reach-to-grasp phases (Batta-
glia-Mayer et al., 2000). In contrast, the lateral grasping system (see
section on grasping in the lateral parieto-frontal module) might be
preferentially recruited when more dexterous hand action on objects is
necessary (for a review, see Borra et al., 2017).

4.1.2. Motor output

In macaque monkeys, parieto-spinal projections have been known
for multiple decades, but several of their aspects have only recently been
studied in great detail. Those relevant to reaching originates from the
rostro-caudal extent of area PEip (a.k.a PEa; Fig. 2B) and includes a
region characterized by large populations of reaching-related neurons
(Johnson et al., 1996). The parieto-spinal axons originating from the

rostral sector of PEip are addressed to the last-order interneurons of the
spinal cord and their electrical stimulation evokes contralateral hand
and wrist movement (Rathelot et al., 2017), as also shown in prosimians
(Stepniewska et al., 2005). This function had already been described by
David Ferrier (1876), who electrically stimulated the ascending parietal
convolution and reported “individual and combined movements of the
fingers and wrist, ending in clenching of the fist. Centers for the exten-
sors and flexors of the individual digits could not be differentiated, but
the prehensile movements of the opposite hand are evidently centralized
here” (pag. 143, see fig. 29). These were not fractionated digit move-
ments, a function typical of the “new MI” (Rathelot and Strick, 2009;
Strick et al., 2021) and its monosynaptic cortico-motoneural projection,
but a combined hand-wrist movement that resembles hand pre-shaping
while reaching. This di-synaptic parieto-spinal projection therefore
likely subserves arm reaches, given that in daily life reaching is often
associated with grasping (for a review see Jeannerod et al., 1995).

This parieto-spinal projection contains axons confined to the lateral
sector of the pyramid (Innocenti et al., 2019). Many axons terminate in
small clusters in the pontine nuclei, forming one segment of the
parieto-ponto-cerebellar system underlying action control and sensori-
motor adaptation. Parieto-spinal axons in the distal internal capsule,
pons, pyramid, and cervical spinal cord have very uniform size, ranging
from 0.86 to 0.73um, with conduction velocities of about
8.79-9.58 m/s .. This parieto-spinal projection, alone or in synergy with
other descending systems, can provide timely motor outflow to the
functions of the parieto-spinal module. The disorders consequent to this
module lesions are described in Box 1.

4.2. Tool use

The parietal lobe underwent significant expansion and specialization
during human evolution (Caminiti et al., 2015; Goldring and Krubitzer,
2020; Bruner et al., 2017; Bruner, 2018), which is in part attributed to
the emergence of tool use, making, and sensing (Stout and Hecht, 2015);
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Box 1
Disorders of the Dorsal parieto-frontal spinal module: On-line control of reaching, motor intention and action perception and awareness

Reaching disorders

This module’s role in reaching is supported by a classical disorder known as optic ataxia (OA), caused by damage to parietal areas (lesions in
humans: Perenin and Vighetto, 1988;Rossetti et al., 2019; reversible inactivation in monkeys: Battaglia-Mayer et al., 2013). OA is characterized
by difficulty in accurately guiding the hand to a target and making fast online trajectory corrections when the target is displaced (Pisella et al.,
2000; Gréa et al., 2002). Instead, the hand only moves to the new target location after it has arrived at the original one. Physiological studies
further confirm the role of parietal cortex in online correction of reach trajectory (Archambault et al., 2009, 2011; Saberi-Moghadam et al.,
2016).

OA can even occur under isometric conditions (Ferrari-Toniolo et al., 2014) and not only impairs hand movements, but also eye movement,
increasing saccade RT and delaying target capture (Gaveau et al., 2008; Battaglia-Mayer et al., 2013). The breakdown of the combinatorial
operation within the global tuning field of SPL neurons might be the cause of OA, leading to the collapse of the process that allows for a spatial
and temporal match between information about target location, eye/hand position, and movement direction (Battaglia-Mayer and Caminiti,
2002; Mascaro et al., 2003).

In contrast to PPC lesion, reaching is not significantly affected by MI lesion (IMcNeal et al., 2010), and reach impairment after PMd inactivation
occurs only for internally, memory-based reach sequences (Ohbayashi et al., 2016). This “resiliency” of reaching to MI lesion therefore probably
rests on the parieto-spinal system stemming from intraparietal area PEip (Matelli et al., 1998; Innocenti et al., 2019; Caminiti et al., 2021), as
well as the elaborate and distributed representation of reaching in the cortex (see Caminiti et al., 2017).

Motor intention disorders

The dorsal parieto-frontal module is also thought to play a role in the implicit mechanisms of motor intention. A recent cell recording study
conducted on tetraplegic patients (Aflalo et al., 2022) used a variant of the Libet task (Libet et al., 1983) to examine the preconscious initiation of
action: there was a sharp increase of neural activity in the superior parietal cortex hundreds of milliseconds before subjects reported an urge to
move in a self-paced task. Contrary to Libet’s view, Aflalo interpreted the early parietal population activity as the outcome of internal action
planning operations which commence as soon as subjects decide to perform the task. This process would occur before awareness. Thus, the early
parietal activity would shape an effector specific motor plan rather than an abstract motor intention (see Travers and Haggard, 2021; Travers
et al., 2021). This activity is sufficient to guide patients’ movement through a brain-computer interface before a subject intends to act. The
construction of subjective experience, now decoupled from implicit motor planning, would rest on the neural dynamics of other areas of the
parietal lobe, such as caudal IPL (Sirigu and Desmurget, 2020; Igelstrom and Graziano, 2017). Thus, the failure of parietal patients to predict
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their own actions would depend on the lack of an internal model to initiate movement.

no other species possess those capabilities to the extent humans do
(Osiurak et al., 2010). Nonetheless, monkey studies have been instru-
mental in clarifying the neurophysiological basis of tool use.

4.2.1. Anatomo-functional organization

A foundational study by Iriki et al. (1996) described bimodal neurons
with spatially congruent tactile (tRF) and visual (vRF) receptive fields on
the arm and hand, in a parietal region encompassing areas PE and PEip.
vRFs were anchored to tRFs, so that when the arm moved, the vRFs
moved with it. When a monkey used a rake to retrieve food, the vRFs
expanded to incorporate the rake. Neural activity related to the use of
pliers has also been observed in grasping-related cells of vPM (Umilta
etal., 2008), and a set of MI corticospinal spinal neurons is also activated
by tool use (Quallo et al., 2012). Finally, IPL neurons encode instanta-
neous force increments at the population level, providing a putative
input for controlling dynamic hand force during tool use and object
construction (Ferrari-Toniolo et al., 2015). This result is in keeping with
the defective control of hand force in parietal patients (Ferrari-Toniolo
etal., 2014), and with the involvement of anterior intraparietal cortex in
the control of fine (3.8 N), rather than of large (16.6 N) fingertip forces
during object manipulation (Ehrsson et al., 2001).

In humans, tool-related planning and execution activated a shared
network, spanning the superior temporal, inferior frontal and ventral
premotor cortex, the anterior and posterior sectors of the supramarginal
gyrus, and the angular gyrus (Johnson-Frey et al., 2005). Only dorso-
lateral prefrontal cortex was activated uniquely during planning.
Another set of studies found that a common network activates in humans
and monkey when observing tool use: a bilateral system including
occipitoparietal, intraparietal and ventral premotor areas. Additional
tool-related activation was observed in the anterior SMG in humans only
(Peeters et al., 2009; Peeters et al., 2013).

4.2.2. Motor output

Overall, these results suggest that the parieto-frontal spinal module
plays a crucial role in tool use, given that it is based in the parietal lobe,
and its spinal output stems from area PEip. This view is further
strengthened by the lack of evidence for tool apraxia in monkeys or
humans after MI lesion (see also Krakauer and Carmichael, 2017).

4.3. Object construction

Object construction is made possible by tool use (Hansell and Rux-
ton, 2008), and is a hallmark of human evolution (Bruner et al., 2023).
Only humans are able to construct complex objects with causal under-
standing of the underlying process, while natural multifunctional con-
structions are the outcome of stereotyped action sequences, such as
chimpanzee (Povinelli, 2000) and bird nests (Collias, 1964; Hansell,
2000, 2005), as well as spider webs and termite mounds (Gould and
Gould, 2012).

4.3.1. Anatomo-functional organization

Two main processes underlie the ability to assemble complex objects:
analysising the object’s structure, and specifiying the necessary move-
ment sequences (Lashley, 1951). Crowe and colleagues exploited this
perspective, and elegantly demonstrated that parietal activity specif-
ically reflects spatial analysis of object structure for construction. They
recorded neural activity from inferior parietal area 7a (PG; Opt) (Chafee
et al., 2005, 2007) of monkeys trained to visually explore a copy-model.
The monkeys were next presented with the same model but missing a
component. They then had to replace it in a choice sequence by pressing
a key when the correct missing component was highlighted. Parietal
activity varied in relation to the missing component, reflecting the
spatial analysis necessary to guide reconstruction. The researchers were
also able to identify two neural assemblies, one encoding the missing
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component in eye-centered, another in object-centered coordinates. The
former lead the latter in time, indicating that parietal cortex can trans-
form coordinates to be more appropriate for construction (Crowe et al.,
2008).

Cell activity related to object construction has also been recorded
and compared in dIPFC and PPC in a task where monkeys copied
geometrical shapes that were drawn as sequences of movement seg-
ments (Averbeck et al., 2002; 2009b). The task involved cognitive fac-
tors related to shape analysis and segment position, as well as movement
factors like hand position, direction, and speed. Both cognitive and
motor variables modulated cell activity more in parietal than in dIPFC.
Activation timing revealed that the sensorimotor representation in PPC
was more balanced than in dIPFC: in PPC an equal number of cells lead
or lagged the onset of hand velocity changes, while in dIPFC more cells
lagged. Finally, while figure shape was more strongly represented in
parietal than in dIPFC, both areas encoded shape, position sequence,
direction, and segment length, revealing the combinatorial power of
their neural activity.

There are no neural recording studies during 3D object construction
in humans, but the field has been complemented by fMRI studies of
drawing tasks. Despite the many differences between paradigms, most
drawing tasks activate a core network that is remarkably similar to that
inferred from 3D construction in macaques: BA6 (likely corresponding
to F2 and SMA), BA7 (SPL), and BA40 (IPL and IPS) (Makuuchi et al.,
2003; Gainotti and Trojano, 2018; Raimo et al., 2021). The IPL is
particularly strongly activated during drawing as opposed to similar but
non-constructional tasks such as writing (Yuan and Brown, 2015).
Therefore macaque area 7a (PG; Opt) is considered the homologue of
area PGa in humans (clusters 4 and 5; Mars et al., 2011), located in the
posterior part of the SMG (Brodmann’s area 40), and corresponding to
the posterior IPL cluster PGa/PGp of Caspers et al. (2013). Lesions in this
region result in constructional apraxia, as do prefrontal lesions (see Box
2).

4.3.2. Motor output

In contrast to lesions of IPL, no deficits of constructional abilities
have been reported after MI lesion (Krakauer and Carmichael, 2017).
This suggests that the various clusters of the SMG and potential rostral
corticospinal projections might be the outflow system for IPL operations
underlying constructional abilities, although these spinal outflow
pathways in humans remain to be discovered.
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5. Hippocampo-parieto-cingulate spinal module: spatial
navigation and locomotion

The hippocampo-parieto-cingulate spinal module controls spatial
navigation and locomotion, that require the transformation of spatial
information between allocentric (world-centred) and egocentric (self-
centred) reference frames. This module is rooted on the postero-medial
SPL cluster (PGm; 7m) including also retrosplenial area 31. This serves as
an interface between the hippocampal formation and enthorinal cortex on
the one side, and the cingulate cluster (CMAd/v), as well as the anterior
IPL cluster (PG; 7a) on the other. The module’s core projection to the
spinal cord stems from a sub-section of CMAv (the macaque Cingulate
Sulcus visual area; mCSv). This complex organization is shown in Fig. 3.

5.1. Anatomo-functional organization

The two respective poles of the transformation between ego- and
allocentric reference frames are the postero-medial parietal cortex on
the one hand, and the entorhinal-hippocampal cortex on the other hand
(Whitlock et al., 2008, 2012). The two-way transformations between
these nodes likely occur in the brain areas that compose the
hippocampo-parieto-cingulate system (Kravitz et al., 2011).

Sugiura et al. (2005) identified one particularly interesting inter-
mediate region in humans: in the posterior cingulate and retrosplenial
cortex (RSC), the ventral part of area 31 is strongly activated during
exposure to familiar places over objects, while dorsal 31 is most active
during presentation of familiar rather than unfamiliar objects and pla-
ces. The RSC is also activated during autobiographical memory, pro-
spective thinking, and navigation tasks (Vann et al., 2009). Human
active spatial navigation is accompanied by theta oscillations in the RSC,
with theta power reflecting heading changes rather than translational
movement (Do et al, 2021). fMRI confirms such encoding of
head-direction information in the RSC (Shine et al., 2016), which is
reminiscent of similar observations in rodents: rat head-direction cells —
which fire when the animal’s head points in a specific direction — have
been described there (Chen et al., 1994; Muller et al., 1996; Cho and
Sharp, 2001). There are also head-direction cells outside of RSC, in
parahyppocampal regions that are anatomically connected with RSC
(Boccara et al., 2010; Sugar et al., 2011), and are targets of CAl and
subiculum, which are both involved in spatial navigation (O’Keefe and
Dostrovsky, 1971; Sharp and Green, 1994).

Monkey RSC (area 31) has similar properties: it is also involved in
visuomotor processing, since its neurons respond to large visual scenes
(Dean et al., 2004), contraversive gaze shifts (Olson et al., 1996; Dean
et al., 2004) and monitor eye movement and eye-position (Olson et al.,

Box 2

Tool use and object construction disorders

represented in different hemispheres (Chechlacz et al., 2014).

Disorders of the Dorsal parieto-frontal spinal module: Tool use and object construction

The neural substrates of tool use and object construction were first revealed through disorders in brain-damaged patients, referred to as Tool
Apraxia (TA) and Constructional Apraxia (CA), respectively (Wilson, 1909; Strauss, 1924; Kleist, 1934; Mayer Gross, 1935; Critchley, 1953;
Hécaen and Assal, 1970). Patients with TA misused common tools, while those with CA were unable to produce faithful copies of model objects.
Despite these impairments, patients displayed no deficits in sensory processing nor in general motor control. Therefore, apraxias are likely
disorders of the cognitive aspects of motor behavior (Goldenberg, 2014; Krakauer and Carmichael, 2017). Crucially, both disorders are con-
sequences of damage to a neural system centered on the IPL, consistent with the parieto-spinal module. For extended analysis and discussion of
TA and CA, refer to Maravita and Romano (2018) and Gainotti and Trojano (2018) respectively.

The core lesion responsible for TA lies in the anterior part of the left SMG (Brodmann area 40), as evidenced by numerous fMRI studies (Orban
and Caruana, 2014; Maravita and Romano, 2018). The network responsible for constructional abilities seems more distributed than the un-
derlying one for tool use, and it also includes dIPFC (Possin et al., 2011). The reason might be that evolution of the motor system in humans has
been characterized by an increased ability to construct new complex artifacts, rather than just using tools as an extended prosthetic arm. It also
still remains debated whether CA is the result of left or right IPL lesion, since different aspects of constructional abilities and copying seem to be
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Fig. 3. Hippocampo-parietal-cingulate spinal module: Spatial Navigation and
Locomotion. The core nodes of this module reside in the RSC area 31 and
hippocampal formation, which includes the hippocampus, the dentate gyrus,
the subiculum, presubiculum, parasubiculum, and the entorhinal cortex. RSC
area 31 is recripocally connected with the hippocampal formation, the peri-
rhinal cortex, and PGm. Major RSC projections are addressed to prefrontal areas
9, 10, 11, and 46. Additional projections are addressed to parietal area PG (7a).
Area 31 and PGm project to CMAv, located in the posterior part of area 23c.
CMAv, in addition to MI, projects directly to the spinal cord. The range of axon
diameters, hence conduction velocities, of this cingulate-spinal projection re-
mains to be studied. EC: entorinal cortex; PC: perirhinal cortex, Sub: subiculum
preSub: presubilumum; CA1-3: hyppocampal fields; DG: dentate gyrus; Hi:
hilus; RS: rhinal sulcus.

1996), the latter probably used to generate a map of the head in space.
Some of these properties are shared with area 23, and suggest a rela-
tionship to the saliency of objects or locations for orienting attention,
preferentially in allocentric coordinates (Dean and Platt, 2006). There-
fore, area 31 might serve as an intermediate node in the transformation
from allocentric maps in the hippocampus to egocentric ones in parietal
cortex (Vogt et al., 1992). However, this transformation is not complete
at this node, as there are neuronal populations encoding visual events in
both retinocentric and egocentric coordinates (Dean and Platt, 2006).
Area 31, which belongs to the pmSPL cluster together with PGm, receives
afferents from the hippocampal formation, including the entorhinal
cortex, subiculum, presubiculum and parasubiculum (Kobayashi and
Amaral, 2003), as well as from parahyppocampal and perirhinal cortex.
These projections are reciprocal (Kobayashi and Amaral (2007). Major
RSC projections are also addressed to prefrontal areas 46 and 9, in the
posterior prefrontal cluster (pPFC), to area 10 (dorso-medial prefrontal
cluster, dmPFC) and 11(ventral orbitofrontal cluster voPFC). Additional
projections are addressed to parietal area PG (7a; anterior IPL cluster).
The anatomical relationships of the enthorinal cortex with hippocam-
pus, subiculum, presubiculum, and parasubiculum in the monkey have
beed studied in detail by Witter and Amaral (2021), who have outlined,
among other features, a common plan of organization with nonprimate
species.

Another region of interest is the mesial parietal region encompassing
area PGm (7 m): it contains neurons related to virtual active navigation,
and their acivity is selective for the route that monkeys track (Sato et al.,
2006).
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Regarding parietal maps that are used for navigation, multiple
studies point to the involvement of IPL area 7a (PG). For example, Crowe
etal. (2004, 2005) showed that when monkeys mentally followed a path
in a maze, the neural population vector in 7a pointed towards the exit of
a maze during fixation, despite no movements being made and no
changes in visual input. Visual signals in 7a are in fact generally refer-
enced to the world rather than the body (Snyder et al., 1998). Merchant
et al. (2003) demonstrated a predominance of expansion over other
types of visual motion, which is expected in egocentric processing of
visual information for locomotion. 7a is also more responsive to changes
in eye position towards extrapersonal locations than rostral IPL (Rozzi
et al., 2008). Recently, Noel et al. (2022) reported this area’s involve-
ment in navigation in a closed-loop virtual navigation task aimed at
studying the neural bases of the recurrent action-perception loop typical
of our interaction with the environment. Neurons in area 7a encoded a
mix of sensorimotor (e.g., velocity and acceleration) and latent (e.g.,
travelled distance and angle) variables necessary to perform the task,
although 7a over-represented sensorimotor variables relative to other
recorded areas (dIPFC and MSTd). 7a also predominantly coded for lo-
cations near the origin or the target of movement, further suggesting
that it is involved in egocentric state transitions during navigation.

Therefore, like neural activity in the construction task, parietal cor-
tex also contributes to covert analysis of visual input during navigation,
extracting the spatial information necessary to achieve behavioural
goals. All the above studies in different animal species indicate that
spatial navigation is supported by a distributed system of which parietal
cortex is an essential node.

Regarding the hippocampal formation, a recent study on freely
moving primates during free foraging (Mao et al., 2021) demonstrated
many hippocampal neurons are influenced by a broader set of spatial
variables than those affecting traditional place and grid cells. Signals
related to head orientation and tilt were predominant over signals
concerning the animal’s position and were the most realiable predictors
of single neuron activity. Eye movements also strongly influenced neural
activity.

These findings compliment earlier studies of the hippocampus and
parahippocampal gyrus in freely moving macaques (Rolls, 1999). Those
studies did not identify place cells, but instead large populations of
spatial view cells, strongly influenced by visual input and the animal’s
direction of gaze. Rather than interpreting such activity in terms of to-
pological maps, it was seen as encoding landmark locations, facilitating
navigation from one landmark to another (see also Rolls, 2021, 2023).
Importantly, the presence of eye and head postural variables does not
negate the existence of topological maps in the hippocampal and
enthorinal cortex. They are instead posited as essential components that
modulate hippocampal activity, facilitating active sensing to guide
navigation through varying environments — some requiring abstract
representation, others relying on visuo-spatial information.

In all, the manner in which the transformation between allocentric
and egocentric representations for spatial navigation occurs in primates
remains to be fully resolved. To delve deeper, further recording exper-
iments in freely moving macaques will be essential, during which sen-
sory and postural variables should be quantitatively assessed. This
approach might bridge the dichotomy between the representation of
pure spatial maps in the hippocampus and egocentric maps in posterior
parietal and retrosplenial cortex (for a review, see Zhu et al., 2023).

5.2. Motor output

This module’s outflow to the motor periphery is likely to be the
caudal part of area 23c (Morecraft et al., 2004), which is in part coex-
tensive with the cingulate motor area CMAv (see Picard and Strick,
1996). In fact, this region receives significant projections from RSC area
31, and PGm (Morecraft et al., 2004).

Cingulate area CMAvV is where recent studies (reviewed in Smith,
2021) locate a visually-related area, referred to as macaque Cingulate
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Sulcus visual area (mCSv; Cottereau et al., 2017), whose functional
properties and connectivity suggest a role in the control of locomotion.
For example, mCSv activity is sensitive to optic flow and vestibular in-
formation, both of which are signals relevant to ego-motion and both
probably stem from PIVC and from PEc afferents. The optic-flow inputs
are selective for the focus of expansion, which is instrumental for
building an invariant visual space representation during locomotion
(Battaglia-Mayer et al., 2001; Raffi et al., 2002; Raffi et al., 2010).
Furthermore, PEc is a potential source of somatosensory (Battaglia--
Mayer et al., 2001; Breveglieri et al., 2006) and somatomotor signals
(Battaglia-Mayer et al., 2001) to mCSv. Much of the module’s output to
mCSv probably flows through area 31 first, given their substantial
interconnections.

Interestingly, mCSv is in the caudal part of CMAv, therefore within
the boundaries of the leg representation, and electrical stimulation of
CMAvV (and CMAd) evokes not only forelimb but also hindlimb move-
ments at relatively low threshold (Luppino et al., 1991). This is in
keeping with the strong projections addressed by these areas to the
spinal cord (He et al., 1995). Therefore, the signals relevant to loco-
motion encoded by mCSv can be conveyed to the locomotor center of the
spinal cord directly by the CMAv corticospinal projection. This conclu-
sion is further supported by the observation that control of locomotion
mostly rests on the rhythmic activity of spinal locomotor centers, and
that cortical control is mostly dependent on willful decisions to initiate
and/or modify walking, as typical in spatial navigation (for a review see
Nielsen, 2001). The conduction velocity of the CMAv-spinal projection
remains to be determined. Finally, CMAvV projects to motor cortex and
such input might be a source of the optic flow sensitivity of MI (Mer-
chant et al., 2001; Box 3).

6. Lateral parieto-frontal spinal module: grasping and
observation of hand and mouth actions

This parieto-fontal spinal module is heavily involved in grasping,
observing grasping, and observing mouth and hand-to-mouth actions, as
well as in non-verbal communication. The module’s operations are
rooted in the parietal areas AIP and PFG, and the ventral premotor area
F5a-c-p. It is further composed of the ventral Premotor cluster (GrFO),
anterior IPL cluster (SII), and the ventro-orbitofrontal cluster voPFC (il2r,
r46vc), as well as infero-temporal area LB2. This module projects to the
spinal cord through one pathway from PFG, and another from F5c. There
is emerging evidence that the module can additionally project through
AIP.

6.1. Hand grasping

Grasping serves the purpose of interacting with daily objects and is
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based on complex mechanisms involving parietal, frontal, prefrontal,
temporal, and insular areas.

6.1.1. Anatomo-functional organization

Grasping is encoded by a distributed system centered on inferior
parietal areas AIP, PFG, and SII, all belonging to the anterior IPL cluster.
These areas are connected to all subdivisions of ventral premotor area F5
in the vPM cluster, as well as prefrontal areas of the voPFC (Fig. 1A, C).

Parietal areas AIP and PFG are intricately connected to ventral pre-
motor areas F5a, F5p and F5c, forming the core of a network that also
includes ventral prefrontal areas (r46vc, i12r and GrFO from the voPFC
cluster), inferior temporal areas (TEa/m) and the insular area Id. This
network is central to hand grasping, often being referred to as the lateral
grasping system (Bonini et al., 2010, 2011, 2012, 2014c; Borra et al.,
2017). It also subserves mirror processes for hand and facial commu-
nicative actions, due to its visual inputs that can relay action observa-
tion: LIP and several superior temporal areas project to PFG (UB1, STPm,
MSTd) and AIP (mostly LB2). Of these, only STPm and LB2 display
consistent action observation modulation, while the others likely
contribute to building such modulation in other areas without display-
ing it themselves. Therefore, in the mirror system for hand action
observation, two main functional paths link the superior temporal area
to F5, one through PFG carrying agent-related information, the other via
AIP, conveying object-related signals.

F5 is also under cerebellar influence via the thalamic nuclei that
target it, and are part of the cerebello-thalamic pathway: area X, the
VPLo-VLc complex (Matelli et al., 1989), as well as the intralaminar
nuclei and MD. Thalamic projections to AIP and PFG originate from the
PuA, PuM, and LP nuclei, while SII receives projections from VPi, VPs,
and PuA (Disbrow et al., 2003; Mayer et al., 2019).

Borra et al. (2017) recently proposed a model of the recursive op-
erations occurring in the lateral grasping system. AIP and F5p extract
object affordances, with F5p encoding potential action goals under the
control of dorsoventral prefrontal area r46vc. Input from areas TEa/m to
AIP provides information about object identity, given that TEa/m
encode 3D object shape. Input from SII is essential for haptic coding of
object properties, facilitating the formation of sensorimotor memories in
area i12r. The distributed nature of insular input to the network (Evrard,
2019) suggests a profound influence of internal states on the grasping
system.

Recent studies provide more support for this perspective, investi-
gating the coding of grasping at network level by simultaneously
recording neural activity from AIP, MI and F5. In one study (Dann et al.,
2016), monkeys grasped a handle with either a precision or a power
grip. The task recruited functional neural hubs of cells, strongly con-
nected as in small-world networks (Watts and Strogatz, 1998). In a
second study (Schaffelhofer and Scherberger, 2016), monkeys grasped

Box 3

Spatial navigation is impaired by parietal disorders

(Lavenex et al., 2006; Rueckemann and Buffalo, 2017).

Disorders of the Hippocampo-parieto-cingulate spinal module: spatial navigation

In monkeys, muscimol inactivation of area PGm (7m) causes route specific navigation disorders (Sato et al., 2006). In humans, navigation tasks
(Vann et al., 2009) are impaired after RSC lesion (Maguire, 2001). In rats, lesion of RSC impairs a set of tasks related to spatial memory
(Sutherland et al., 1988), allocentric working memory (Vann and Aggleton, 2004), and egocentric memory (Cooper and Mizumori, 1999;
Whishaw et al., 2001). Hippocampal lesions in monkeys seem to only affect allocentric navigation, leaving egocentric navigation unharmed

In contrast, MI lesion does not impede the spinal cord’s central pattern generators, which are responsible for basic locomotor rhythms.
Consequently, these patients exhibit no deficits in automatic walking or spatial navigation and orientation. Although cortical control is
important for voluntary modifications of locomotion, it does not solely depend on ML Instead, it depends on a constellation of inputs that convey
optic-flow, vestibular and postural information. This reinforces the notion that the motor outputs resulting from computations underlying
spatial navigation predominantly flow through the cingulate-spinal projections. Moreover, the cingulate input may drive the motivation un-
derlying intentional choices to navigate different routes during locomotion.
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either objects that looked identical but required different grasp postures,
or objects that looked different but required similar hand configurations.
This method dissociated visual object coding from motor grasp coding.
Cells preferentially tuned to visual object properties were most preva-
lent in AIP, reflecting early planning of grasping. In contrast, cells
related to actual motor grasping predominated in F5 and MI, reflecting
later computations that execute hand movement.

Stereognosis is another function that is strongly related to grasping,
defined as “the use of the moving hand to explore and identify the
location, surface microstructure, size and three-dimensional form of
objects” (Mountcastle, 2005; Sobinov and Bensmaia, 2021; Davare et al.,
2011). Stereognosis is likely subserved by AIP, thanks to its selectivity
for object shape, size and orientation (Murata et al., 2000; Durand et al.,
2007; Srivastava et al., 2009).

6.1.2. Motor output

Dum and Strick (1991) originally described a projection from ventral
premotor cortex to the pyramidal tract and demonstrated that MI con-
tributes about ten times more to the descending output than F5. A later
detailed tracing analysis showed that the F5-hand area projects to both
brain stem and spinal cord (Borra et al., 2010). Axons to the brain stem
terminate in the intermediate and deep layers of the superior colliculus,
and in regions of the mesencephalic, pontine, and bulbar reticular for-
mation, which in turn project to spinal cord. Direct F5 projections to the
lateral part of the intermediate zone of the spinal cord were weaker and
more focused than those addressed to its mid-dorsal region at C2-C5
levels. This region is a site of origin of a propriospinal system, which
can directly control the hand motoneurons (Isa et al., 2007). Indeed,
microstimulation of the F5 sector in area F5c elicits hand movements
(Gentilucci et al., 1988; Cerri et al., 2003; Umilta et al., 2007; Schmidlin
et al., 2008). Substantial amounts of information can flow through this
spinal projection: F5 has been implicated in the remarkable recovery of
hand dexterity after lesions confined to MI (Sasaki et al., 2004; Nishi-
mura et al., 2007).

Therefore, the outcome of the computations underlying grasping and
object manipulation is likely conveyed to the motor periphery through
different parallel pathways: one direct, albeit slow pathway from F5,
and an indirect albeit faster one through MI. Furthermore, a recent study
has shown a corticospinal projection from AIP, which might provide
early signaling about object properties to the spinal circuitry (Ribeiro
Gomes et al., 2020) (Box 4).

6.2. Observation of hand actions
Action observation allows the recognition of another agent’s actions

and intentions. This function is encoded by the distributed mirror
system.
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6.2.1. Anatomo-functional organization

Mirror neurons discharge during both action execution and obser-
vation. They have been found in a widespread network that overlaps
with the lateral parieto-frontal module and includes ventral premotor
area F5 (Bonini et al., 2014c,b; Caggiano et al., 2016; di Pellegrino et al.,
1992; Gallese et al., 1996; Kraskov et al., 2009; Papadourakis and Raos,
2017; Rizzolatti et al., 1996), IPL areas AIP and PFG (Fogassi et al.,
2005; Bonini et al., 2011; Pani et al., 2014; Maeda et al., 2015), MI
(Kraskov et al., 2009; Dushanova and Donoghue, 2010; Vigneswaran
et al., 2013), PMd (F2; Papadourakis and Raos, 2017; 2019), ventral
prefrontal cortex (Falcone et al., 2016), STPm (Nelissen et al., 2011),
and infero-temporal area LB2 (Tea/m) (Rizzolatti et al., 2014; Bonini,
2017).

This mirror system influences the peripheral motor apparatus.
Fadiga et al. (1995) showed a facilitation of hand motor evoked po-
tentials (MEPs) while observing a grasping movement performed by
another individual. The MEP pattern resembled muscle activity recor-
ded when participants performed the observed actions themselves. This
effect might depend on both activation of MI by F5 through
cortico-cortical connections, and on direct F5 projections to the spinal
cord.

6.2.2. Motor output

The two routes through which the mirror system can affect motor
output during action observation might serve different purposes, given
their different characteristics. Firstly, MI projects directly to the hand
motor neurons, while F5 does not. Instead, it exerts a powerful facili-
tation on the hand MI cortico-spinal output, which is initially reduced
and then abolished after muscimol injection in MI, suggesting that it
depends on the F5-MI interaction occurring within MI itself (Shimazu
et al., 2004).

A second difference is that the MI-spinal descending system is faster
than the F5 one (Fig. 3), as demonstrated by two studies of mirror py-
ramidal tract neurons (mPTNs) projecting from F5 (Kraskov et al., 2009)
and MI (Vigneswaran et al., 2013). While mPTNs represented about half
of the total population studied in both areas, MI mPTNs had a much
shorter activation latency (median: 1.1 ms) compared to F5 mPTNs
(median: 2.6 ms).

A third difference is the proportion of suppression-type mPTNs:
while most mPTNs increased their firing rate upon action observation,
25% of F5 mPTNS and 41% of MI mPTNS decreased or even ceased
firing during action observation. This suppression might inhibit self-
movement while observing others’ actions, which is in line with the
reduction of spinal glucose consumption during action observation
(Stamos et al., 2010). Accordingly, action observation reduced MI mPTN
activity by as much as 45 spikes/sec (Vigneswaran et al., 2013), while
there was no difference in F5 facilitatory activity.

Finally, the corticospinal projection from PFG (Rozzi et al., 2006)
might also be related to action observation, but no study has yet

Box 4

Grasping disorders

Astereognosia

Disorders of the Lateral parieto-frontal spinal module: Grasping and manual exploration of objects

Inactivation of both AIP and F5p — core nodes of the lateral parieto-frontal module — produces severe grasping disorders (Gallese et al., 1994;
Fogassi et al., 2001). Reversible muscimol inactivation of areas 45B, F5a, and especially F5p also results in a significant increase of grasping
time. Neurons in these regions responded to various object properties during grasping, and fMRI showed that two of these three areas (F5a and
45B) were activated by electrical microstimulation of 3-D shape sensitive clusters in area AIP (Caprara and Janssen, 2021).

Astereognosia is the inability to haptically explore and identify objects, and it is caused by anterior parietal lesion (Binkofski et al., 2001). This
mostly perceptual disorder is frequently associated with tactile apraxia, a disturbance of hand movements for use and interaction with objects,
which illustrates the importance of encoding combined perceptual and action variables in the parietal lobe (Freund, 2003).
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characterized the physiological properties of PFG-spinal projecting
neurons. Because PFG seems to be involved in understanding others’
intentions (Fogassi et al., 2005; Bonini et al., 2011), it is possible that the
PFG-spinal projection could help plan responses to others’ expected
behavior.

6.3. Observation of oral actions

An extended view of this system has been proposed based on studies
about the recognition of oral actions related to communicative behavior.

6.3.1. Anatomo-function organization

In addition to hand actions, mirror neurons in F5c respond to mouth
actions and communicative gestures, as do neurons in DO and GrFO
(Ferrari et al., 2003; Maranesi et al., 2012). Some F5 and DO neurons are
also modulated when monkeys vocalize (Coudé et al., 2011; Hage and
Nieder, 2013). In the lateral part of area F5, populations of neurons
modulated by hand and mouth actions intermingle, providing a mech-
anism for coordinated behavior such as eating (Gentilucci et al., 1998;
Maranesi et al., 2012). The anatomical connections of this part of the
mirror system, studied in detail by Gerbella et al. (2016), and reviewed
by Ferrari et al. (2017), point to a network which integrates information
about oral actions, facial emotions, social context, and reward.

In brief, the F5¢c mouth mirror region is strongly connected to the
face/mouth regions of F4, and with different areas related to oral
function: DO performs oral motor control, GrFO performs intraoral
gustatory processing, while PrCO, PF, area 2, pre-SMA/SMA, and the
mouth regions of SII perform intraoral somatosensory processing (Kru-
bitzer et al., 1995; Rozzi et al., 2008).

Areas DO and F5c are similarly connected cortico-cortically (ventral
F4, PrCo, GrFO). However, DO lacks connections with prefrontal and
parietal cortex and, in contrast to F5c, it is connected with the agranular
insula, allowing it to integrate oral actions with visceromotor signals.
GrFO is strongly connected with area DO and PrCO, as well as with
prefrontal areas 121, 46 v and i12r, which are involved in the condi-
tional control of hand and mouth actions. Finally, DO can receive inputs
about emotions associated with facial expression, subjective value of
stimuli, and reward from several orbitofrontal areas (11, 120, 12 m), the
agranular and disgranular insular sectors, and agranular cingulate area
24.

The insula can also relay social information to the lateral parieto-
frontal module through F5 (Gerbella et al., 2011), 46 vc (Gerbella
etal., 2012), and pre-SMA (Luppino et al., 1993). These areas all connect
to the mound and ventral dysgranular insula (Idm and Idv), which
contribute to social functions (Evrard, 2019) such as approach (Jezzini
etal., 2012), aggression (Rilling et al., 2004), and vocalization (Ku et al.,
2011). The amygdala is involved in such social computations as well: it
projects to GrFO from its basal nucleus, providing (inferotemporal
input) information about others’ gaze, facial identity, and expressions
(Gothard et al., 2007), detection of gaze, and when a subject gazes at the
eyes of a conspecific (Tazumi, 2010).

The cortical sector hosting mouth mirror neurons receives thalamic
projection from VA, area X and MD, which is also a main target of
prefrontal areas (46v, 12) hosting cells combining hand and mouth ac-
tions and observation (Simone et al., 2017).

6.3.2. Motor output

Some descending projections from F5c are addressed to the face/
mouth zone of the motor putamen (Alexander and DeLong, 1985), as
well as to a more rostral region involved in planning and selection of
actions (Schultz and Romo, 1992) and in cognitive and motivational
functions (Tremblay et al., 2015), probably related to motivational as-
pects of crucial forms of behavior such as foraging. The F5 descending
projection is also addressed to the facial, trigeminal, and solitary tract
nuclei (Morecraft et al., 2001), for the coordination of facial expression
with the larynx (Jiirgens, and Ehrenreich, 2007) and the respiratory
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nuclei. Altogether, this connectivity pattern seems ideal for the selection
of appropriate hand and mouth actions by ventral premotor areas
(Gerbella et al., 2016) (Box 5).

7. Medial premotor spinal module: action initiation, motor
sequences, time encoding

The existence of a medial Premotor spinal module aligns with the
gradually emerging realization among neurophysiologists that the
medial premotor system centered on SMA is fundamentally different
from the dorso-lateral one centered on dorsal premotor cortex (Schell
and Strick, 1984). After all, SMA is involved in establishing probabilistic
models of future action based on internal models of the world stored
from past experience (Bernstein, 1967), rather than on explicit external
inputs and their arbitrary association to motor outputs, which instead
characterizes the dorso-lateral premotor system. Over the years, this
distinction was progressively clarified through the study of
anatomo-functional relationships, evolutionary considerations on
cortical architecture (Sanides, 1964), and the consequences of brain
lesion (see Goldberg, 1985, 1987; Nachev et. al, 2008; Passingham,
2010).

The medial premotor-spinal module is heavily involved in perform-
ing self-initiated and memorized actions and, to a lesser extent, in
generating sensory-triggered movements. It is also involved in two other
functions: 1) encoding the spatial and temporal aspects of serial
behavior (e.g., specifying action sequences, coordinating bimanual
movements, and determining action timing), and 2) encoding time
during various cognitive and sensorimotor events (e.g., estimating
elapsed and remaining time, and categorizing relative event durations).
The central nodes of this module are SMA and pre-SMA, and its spinal
projection stems from SMA. The module is also composed of selected
areas of the dorso-medial Prefrontal cluster (F7, F7-SEF) and the cingulate
cluster (CMAr and CMAv/d). It receives inputs from parietal (PEci) areas,
as well as from the medio-dorsal Superior Parietal Lobule cluster (MIP,
PEip, PEc), anterior SPL cluster (SI), and ventral Premotor cluster (F4, F5).

7.1. Anatomo-functional organization

The medial premotor spinal module is centered on SMA (F3) and pre-
SMA (F6) (Fig. 1A) (Matelli et al., 1985; Matelli et al., 1991). Both
belong to the frontal cluster (MI-dmPM) (Fig. 1B), which also contains
many other areas of this module: PMdr (F7), F2v-preCD, F2-vr (i.e., the
two subdivisions of PMdc, F2), and MI. Within this cluster, further
structure is evident at a lower hierarchical level, distinguishing the
premotor areas projecting to MI (F3, F2), from those lacking such pro-
jections (F7, F6), which instead are connected with F3, F2 and some
prefrontal areas (Luppino et al., 1993). This module also includes
movement-related areas in the mesial wall: dorsal (CMAd, 23c), ventral
(CMAv, 23c), and rostral (CMAr, 24c) cingulate motor areas (Picard and
Strick, 1996) (Fig. 1 A-B). The medial premotor module is connected to
the insular areas Idd (through SMA and F5) and Idm/Idv (through
pre-SMA and F5).

SMA communicates mostly with the premotor areas of its own
cluster, including MI, and it is significantly influenced by the cingulate
cluster. Specifically, strong frontal projections target SMA from CMAr,
moderate projections from CMAv, MI, both subdivisions of F2, F4 and
F5p, and weak projections arrive from pre-SMA, F7, F5a-c. Parietal
projections are of moderate strength from PEci but weak from most
other parietal areas.

Thalamic projection to SMA stem from VLo, and the VPLo/VLc
complex, whereas those to pre-SMA stem from the nucleus ventral
anterior parvocellularis (VApc) and area X of Olzewski. F7 receives
thalamic input from VApc, area X, VLc and the VPLo/VLc complex; the
supplementary eye field (dorsal part of F7) receives thalamic input from
area X, VApc, VA, and VAmc (Matelli and Luppino, 1996). All above
areas receive projections from the medial dorsal nucleus (MD).
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Box 5
Disorders of the mirror system

So far there are no monkey studies on defects in understanding others’ actions and intentions after inactivation of the mirror system. However,
evidence is available from humans.

The development of the mirror system is likely impaired in Autism Spectrum Disorders (ASD). Typically developing (TD) children differ from
ASD children in their cortical dynamics during action observation, execution, and imitation. These alterations depend on various factors such as
the familiarity of the agent performing the action, which have been discussed in comprehensive reviews covering the mirror system disorder
hypothesis of autism (Rizzolatti and Craighero, 2004; Iacoboni and Dapretto, 2006; Rizzolatti et al., 2014). Here, we will refer only to repre-
sentative results in this field.

First, ASD children seem to have difficulty in recognizing the final goal of long action chains, which is crucial to understanding another’s
intention. For example, ASD children do not show typical mirror effects at the beginning of an action chain (Cattaneo et al., 2007). This study
investigated EMG activity of a muscle (mylohyoideus, MH) involved in mouth opening, during observation and execution of two different action
chains. The first chain involved grasping a piece of chocolate and bringing it to the mouth, while the second involved grasping a piece of paper
and placing it in a mouth-height container. In the first action chain, MH activated at the very beginning of the observed action in TD but not in
ASD children. The same muscle was also active when observing eating in TD, but not in ASD children. This impairment in observing early
planning during action chains might be responsible for the challenges that ASD children’s face understanding others’ intentions: while they can
report what an action is (e.g., touch vs hold), they have difficulty in deciphering the why of actions (e.g., use vs move), which is often only
explicitly apparent at the end of an action sequence (Boria et al., 2009). Given that early recognition of an ultimate goal might be subserved by
parietal mirror neurons in area PFG (Fogassi et al., 2005), ASD might involve impaired neural dynamics of action planning in IPL, and by
extension the lateral parieto-frontal module and its cortical outflows: PFG, and F5c.

Second, fMRI showed that during imitation and observation of emotional expressions, the pars opercularis of IFG was less active in ASD than in
TD children (Dapretto et al., 2006). The pars opercularis is the frontal node of the human mirror system, and its level of activation was inversely
related to the severity of social ASD symptoms.

Third, cortico-spinal excitability depends on autism trait severity. In one study, MEPs of low ASD trait participants were larger during action
observation than during static observation, while in high ASD trait participants, no difference in MEPs was observed (Puzzo et al., 2009).
Another study showed a different type of corticospinal effect by eliciting MEPs either 300 ms or 500 ms after action onset (Amoruso et al., 2018).
Early MEPs were facilitated when an observed motor act was congruent with the environment, while late MEPs were inhibited when the motor
act was incongruent with the environment. Only the strength of the late inhibition correlated with ASD traits: participants with worse social
skills and more attention to detail showed less inhibition.

Finally, it must be noted that the “broken mirror theory” of autism — in which the mirror system is dysfunctional in autism — has been
contentious. Critics have judged it to be premature and not supported by a solid cognitive model of social behavior (Southgate and Hamilton,
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2008). The field is open for future research and debate.

Additionally, both SMA and pre-SMA project to the striatum, and receive
disynaptic projections from the cerebellar dentate nucleus and from Gpi
(Akkal et al., 2007). The Gpi projections to SMA stem from the senso-
rimotor region of the nucleus, while those to pre-SMA from its
non-motor, “associative” domain, a pattern that is repeated in the or-
ganization of the cerebellar dentate projections to the cerebral cortex
(Dum and Strick, 2003). Therefore, the activity of both pre-SMA and
SMA are primarily determined by basal ganglia, rather than by cere-
bellar input. Finally, Gpi projects to the subthalamic nucleus (STN)
through the hyperdirect path, thus shaping a potential substrate in the
cortico-basal ganglia loop for interruption of ongoing movement by
these areas (Frank et al., 2007).

It is worth stressing that SMA and pre-SMA, once considered a single
cortical area, were first distinguished on the basis of cytochrome-oxidase
staining (Matelli et al., 1985) and cortico-cortical connectivity (Luppino
et al., 1993). This distinction reflects their different functional proper-
ties. Therefore, in discussing SMA we will often refer to pre-SMA as well,
to better understand how certain functions are distributed in the medial
premotor areas.

7.1.1. Motor output

Depending on task demands, this module can convey relevant in-
formation to the spinal cord directly from SMA, from pre-SMA, or
through the Cingulate premotor areas of the mesial wall. A recent study
also documented some cortico-spinal projections stemming from F7
(Innocenti et al., 2019). SMA projects heavily, in part monosynaptically,
to the spinal cord (He et al., 1995; Wise et al., 1996) (Fig. 4), through
axons with mean axon diameters of 1.05 ym (median 0.87 pm) and
mean conduction velocities of 10.7 m/s ' (median 8.89 ms™") (Innocenti
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et al., 2019). Therefore, the SMA-spinal projection is the second fastest
corticospinal path, after that stemming from MI (15 m/s1). The SMA
synaptic boutons (mean 0.88 um, median 0.87 um) are smaller than
those of MI (mean 1.07 ym, median 1.02 um), but larger than in any
other corticospinal path. SMA microstimulation at low intensities elicits
somatotopically organized forelimb, orofacial and hindlimb movements
along its antero-posterior extent. In contrast, pre-SMA projects weakly to
the spinal cord and evokes movement only at high intensities (Luppino
et al.,, 1991). CMAr and CMAd also project strongly to both MI and to
spinal cord. Accordingly, electrical stimulation of these regions evokes
forelimb and hindlimb movements at relatively low intensities (Luppino
et al., 1991).

7.2. The self-generated vs. externally-driven movement dichotomy

The medial premotor module likely enacts both self-generated and
externally driven actions. Over the years, there has been considerable
debate on the exact balance between these two sources of action gen-
eration. Even how to distinguish between them experimentally is con-
tended: some argue that asking a subject to perform a self-generated
movement could already create a conflict between potential action
choices, making it difficult to determine whether the task reflects con-
flict monitoring or self-paced decisions to act (Botvinick et al., 2004).
However, as recently discussed by Seghezzi and Haggard (2023), “there
is no unique property that demarcates voluntary actions from other
actions. Rather, there appear to be a set of features, none of which are
necessary, but of which some combination may be sufficient, to make an
action voluntary. These include that the action be internally generated
rather than externally triggered, that the action be more than merely
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Fig. 4. Lateral parieto-frontal spinal module: grasping and observation of hand and mouth actions. The central nodes of the grasping networks are the parietal areas
AIP and PFG and the ventral premotor area F5a-c-p, which are linked by reciprocal cortico-cortical connections (light blue). Both parietal areas are also target of
somatosensory projections from SII and insular inputs from area Id, and project/receive from areas r46vc and i12r; F5a is also target of area GrFO. F5c projects to the
medial premotor complex (SMA/pre-SMA). This network is also the core of the mirror system, which benefits from visual input stemming from LIP (gray), superior
temporal area STPm and anterior temporal area TEa/m(LB2), both activated by action observation. The cortico-spinal projections concerning grasping and action
observation can be addressed to the spinal cord through slow F5 and/or fast MI axons (see latency of antidromic activation) (modified from Kraskov et al., 2014).
Signals about intention understanding can be addressed to the motor periphery through the PFG-spinal projection. Emerging evidence suggests an additional
projection stemming from area AIP (not shown). See text for more details. To date, no studies specify the range of axon diameters, and hence conduction velocities, of
the F5-spinal projection. As a surrogate, we include a histogram of the latency differences obtained by recording from MI and F5 after antidromic stimulation of the
bulbar pyramids (bottom left inset). The shortest latency of MI response predicts bigger and faster cortico-spinal axons, therefore shorter conduction delays from MI
than from F5.
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Fig. 5. Medial premotor spinal module: action initiation, motor sequences, time encoding. The central nodes of this module are SMA and pre-SMA. SMA is the target
of strong projections from MI and premotor areas CMAr, CMAv, F2, F4, F5. Moderate strength input comes from F7. Parietal projections are strong from PEci,
moderate from most of the SPL reaching-related areas (PEc, MIP, PEip and PE), as well as from SI. The corticospinal tract of this module stems from SMA. Left and
right brain figurines illustrate the medial and lateral aspects of the macaque monkey left hemisphere. The color shading of the arrows indicates the strength of
connectivity. Conventions and symbols as in previous figures.
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habitual, that the action be goal-directed reasons-responsive, and that the
action be under conscious control, or at least veto control [...]. In
internally generated actions participants freely generate and choose the
parameters for the action, e.g., which action to perform or when to make
it, in stimulus driven actions the same parameters are instructed by an
external stimulus" (Haggard, 2019).

Using this definition, the medial premotor module undeniably helps
initiate internally generated actions. Early research already suggested
that the medial premotor complex encodes actions based on internal
drives: an EEG study in humans showed a build-up of neural activity
about 1 s before spontaneous or self-initiated movement onset. This
negative and fast-rising potential, centered over SMA/pre-SMA (Bereit-
schaftspotential, or readiness potential, RP; Deecke and Kornhuber,
1978), was larger before self-generated than externally-triggered
movements. It was interpreted as a biomarker for motor preparation
and was accordingly reduced in patients with Parkinson’s disease (PD;
Jahanshahi et al., 1995).

However, recent work has challenged this view and proposed that
the RP emerges from performing a movement-time-locked average of
subthreshold random fluctuations (Schurger et al., 2012, 2021), that
would trigger movement when a decision threshold is crossed, as in a
stochastic leaky-accumulator model. Another set of experiments pro-
vides a more nuanced view: they suggest that SMA injects stochastic
noise into a deterministic action timing signal. In other words, SMA
transforms a deterministic bias into the actual — more stochastic — choice
(Murakami et al., 2014, 2017). These experiments showed that cellular
activity in rat M2 (corresponding to macaque SMA) fluctuated sto-
chastically across trials, and this fluctuation was correlated with waiting
time. However, M2 activity was not entirely stochastic: it also included a
deterministic waiting time bias (tendency to wait short or longer) that it
likely received from mPFC input. Accordingly, muscimol inactivation
showed that both areas affected waiting time, but the deterministic bias
was transient in M2 (SMA) and more sustained in mPFC, where it even
spanned intertrial intervals. In all, current views undermine both the
relevance of the RP in studies concerning movement initiation, as well as
its use as a marker of unconscious initiation of action, as claimed in
Libet’s classical experiment (Seghezzi and Haggard, 2023).

Cell recording studies in monkeys also support the idea of a privi-
leged role of the medial premotor module in self-initiated movements:
activity in these areas can precede arm/hand movement onset (Brink-
man and Porter, 1979; Tanji and Kurata, 1982) by up to 2 s. However, in
addition to self-initiated tasks, monkey studies also show that the medial
premotor module contributes to stimulus-cued tasks. Mushiake et al.
(1991) studied cell activity in monkeys before both self- and
stimulus-cued motor sequences. They found SMA cells that preceded
movement onset in both memorized and visually cued trials, although
their proportion was higher in the former than in the latter. PMd showed
the opposite pattern (Romo and Schultz, 1987; Kurata and Wise, 1988).
Romo and Schultz (1987) and Okano and Tanji (1987) also described
cells firing during both self-initiated and sensory-driven movements in
both SMA and PMd, although those preferring the self-driven conditions
were more common in SMA. Other studies have shown that neural ac-
tivities during preparatory delay-periods predominate in the anterior
part of SMA, while those time-locked to movement onset are more
common in its posterior part (Alexander and Crutcher, 1990; Rizzolatti
et al., 1990; Matsuzaka et al., 1992). A similar predominance of cells
modulated long before the onset of self-initiated movement was found in
CMAr (Shima et al., 1991).

Taken together, these studies suggest that the dichotomy between
internally generated and externally-triggered actions should not be
considered absolute, especially because the triggers for action are more
complex and elusive in the former than in the latter case (see Nachev et.
al, 2008). This view has been contended by Passingham et al. (2010) but
reaffirmed by Nachev and Husain (2010).
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7.3. SMA, pre-SMA and the “Action Syntax” problem

The “action syntax” problem, which refers to the ability to link
movements into appropriate spatial and temporal sequences, was first
defined by Lashley in 1951. Since then, numerous studies have estab-
lished that the sequential ordering of movements relies on a distributed
system involving the cerebral cortex, basal ganglia, and cerebellum
(Tanji, 2001; Hikosaka et al., 1998, 1999, 2000; Nachev et al., 2008;
Passingham et al., 2010).

The medial premotor module appears to play an important role in the
action syntax problem, given that many of its areas encode the temporal
structure of motor behavior. For example, some neurons in SMA fire
exclusively before specific sequences of button presses, remaining silent
for other sequences (Mushiake et al., 1990). More than 50% of SMA cells
also prefer memorized movement sequences over visually-guided ones,
while in PMd roughly 50% of cells instead prefer visually-guided se-
quences. In MI, neural activity is not affected by either sequence
(Mushiake et al., 1991). Tanji and Shima (1994) also found cells in SMA,
but not in MI, that were only modulated by movement sequences ar-
ranged in a specific order. In pre-SMA, a large population of cells up-
dates motor plans for subsequent actions sequences, while such cells are
uncommon in SMA and absent in MI (Shima et al., 1996). Shima and
Tanji (2000) also described more SMA and pre-SMA cells that fired
before the execution of specific movement sequences, and in some cases
in the interval between specific individual movements. This neural ac-
tivity reflected selectivity for the chronological rank-order within the
sequence. Interval-selective neural activity predominated in SMA, while
rank-order selective activity was more frequent in pre-SMA.

Clower and Alexander (1998) found that SMA and pre-SMA also
encode the numerical order of a motor-component in a sequence,
regardless of which movements precede or follow. In a more complex
experiment, Sohn and Lee (2007) varied the number of movements in a
sequence across trials, dissociating the ordinal position of a movement
from the number of remaining movements before reward. Neurons in
both pre-SMA and SMA were more often modulated by the number of
remaining movements, and therefore by the timing of expected reward.
This effect was stronger in pre-SMA than in SMA. Activity in pre-SMA
was also modulated more by trial parity than in SMA. Nakajima et al.
(2022) recently affirmed that pre-SMA coordinates the temporal order of
a motor sequence, and further disentangled the roles of pre-SMA and
PMd by taking the expected reward into consideration. While pre-SMA
activity was modulated when switching actions within sequences,
PMd activity was modulated by a movement’s proximity in time to a
reward (see also Shanechi et al., 2012). Such reward proximity was
interpreted as the behavioral goal,. based on previous studies showing
that directionally tuned cells in PMd are modulated by the reward
associated with their preferred target direction (Pastor-Bernier and
Cisek, 2011), and encode reach motor goals beyond the immediate
movement (Berger et al., 2020).

The roles of pre-SMA, SMA, and SEF in performance monitoring
(Bonini et al., 2014a; Scangos et al., 2013), switching motor plans, and
switching task rules have also been linked to the functions of anterior
cingulate cortex (ACC). This complex region is regarded as a new
specialization of the neocortex due to its structure and connectivity, and
it plays a critical role as an interface between emotion and cognition
(Allman et al., 2001), in translating motor intentions into action (Paus,
2001), in conflict monitoring and decision-making (Botvinick, 2007;
Nachev et al., 2008), and in reward-guided decisions and learning
(Rushworth et al., 2011). Comprehensive information comparing the
ACC and the medial premotor module in their differential roles in motor
cognition can be found in the above reviews, as well as more recent ones
(Heilbronner and Hayden, 2016; Rolls, 2019), but such detailed com-
parison is out of the scope of this work.

All this motor-information about timings and sequences in the
medial premotor module suggests that the module might also encode
time more generally (for a review see Cona and Semenza, 2017). In the
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Box 6
Disorders of the Medial premotor-spinal module: action sequences, time encoding, speech

Lesion and inactivation studies

The consequences of accidental SMA lesion have inspired both physiological investigations in humans and NHPs, as well as experiments on
lesion and reversible inactivation in monkeys. Such studies paint a coherent picture of the core function of this medial premotor system in motor
behavior. The literature on this issue is extensive (see Goldberg, 1985; Nachev et al., 2008; Passingham et al., 2010; Potgieser et al., 2014). Here
we will recapitulate some key observations.In monkeys, several studies have investigated the behavioral consequences of lesion or reversible
inactivation of SMA and or pre-SMA Theseinclude deficits in self-paced versus externally triggered actions, learning, motor sequences, and time
estimation.

Brinkmann (1984) first reported that monkeys with SMA lesions had difficulty retrieving food from narrow slots in a transparent platform, when
using the index finger and thumb in an ordered motor sequence. One year after surgery the bimanual problem remained, despite normal general
motor behavior and only modest bilateral clumsiness of forelimb movements. However, the two hands behaved similarly instead of coordinating
with each other. Callosal section abolished the deficit by preventing the inter-manual conflict. This suggests that inter-manual transfer of in-
formation depends on callosal messages between SMA of the two hemispheres. There are indeed dense callosal connections between the hand
representation of SMA (Rouiller et al., 1994). None of the above deficits were observed after lesion of the dorsal and ventral premotor cortex in
another animal.

Consistent with the medial premotor module’s role in self-generated movements, monkeys with bilateral removal of SMA (Thaler et al., 1995)
showed a paucity of self-initiated actions but no impairment of externally-triggered movements. Lesions of pre-SMA and SMA also impaired
learning of motor sequences (Halsband, 1987; Passingham, 1987). Interestingly, SMA lesion generally does not impair conditional sensorimotor
association tasks, as is the case after PMd lesion (see next section).

However, inactivation of SMA or pre-SMA by injecting the GABA-A agonist muscimol paints a subtly different picture about learning. Only
unilateral pre-SMA inactivation, but not inactivation of SMA, caused errors when learning novel motor sequences (Nakamura et al., 1999),
implying that pre-SMA plays a stronger role in the acquisition of action sequences. These results are consistent with physiological studies on the
function of these areas in learning sequential procedures (Nakamura et al. (1998).

Bilateral inactivation impairs memorized motor sequences, but not when guided by visual cues (Shima and Tanji, 1998). Muscimol inactivation
also does not negatively affect self-paced or sensory guided-reaching movements, suggesting that SMA inactivation specifically disrupts motor
sequences, and not single movements. This has also been documented for self-paced sequential bimanual drawer pulling and grasping tasks
(Kermadi et al., 1997).

Nonetheless, a complex experiment by Tanji et al. (1985) cannot be easily reconciled with such a lack of consequences of SMA lesion on
conditional sensorimotor learning. The authors rapidly inactivated the medial surface of the hemisphere over SMA by cooling, while monkeys
performed a Go-NoGo conditional task. On some trials an auditory tone of 300 Hz called for a hand movement (key press), if followed by a
second tone of different frequency, or to withhold the movement when followed by a tactile stimulus. On other trials, a different 100 Hz tone
indicated a reversal of the stimulus-response strategy: a tactile stimulus now called for hand movement, while a 300 Hz tone called for with-
holding movement. An overall deterioration of performance affecting reaction-times, force output and errors was observed after medial
hemisphere inactivation. Interestingly, both omission and commission errors were made, as observed in human patients.

Finally, isochronous rhythmic tapping is disrupted in monkeys by systemic injections in SMA of quinpirole, a Dopamine 2-like agonist (Yc et al.,
2019). This also suggests a role of the D2 system in the control of temporal precision.This summary of key results on experimental lesion and
reversible perturbation of activity in the medial premotor module is consistent with the outcomes of physiological studies, and closely resembles
the picture offered by clinical reports in humans.

Clinical studies in humans

In humans, ’SMA syndrome’ often occurs after tumor resection or cortical softening due to stroke. It is characterized by a constellation of
symptoms that often resolve within weeks or months, most notably global akinesia (a dramatic reduction of spontaneous movement), also
referred to as motor neglect (Laplane et al. (1977) in the contralateral limb, but with normal muscle tone, strength, and reflex activity.

The main persisting deficit is an impairment in alternating hand movement, which is more severe without visual guidance. This was also
documented after experimental SMA lesion in monkeys (Brinkman, 1984). Other symptoms of SMA syndrome are variable. For instance, Luria’s
(1966) patient CH showed great difficulty with spontaneous speech but promptly replied to questions. He was also unable to perform ordered
sequences of limb movements and bimanual coordination, with a strong tendency to produce symmetrical mirror movements, “as if my hands do
not belong to me [...] and they do not do what they should”. Such difficulty in performing sequential limb movement has also been documented
by Laplane et al. (1977) and Dick et al. (1986), for saccades related to complex motor programs such as head and body movement, and by
Pierrot-Deseilligny et al. (1995) after SEF lesion. Similarly, a severe impairment in rhythm reproduction with alternate hand movements, in the
absence of impairments in rhythm discrimination or manual dexterity, was documented by Halsband et al. (1993) in patients with SMA lesion
sparing the dorso-lateral premotor cortex. Patients seemed severely impaired only when producing rhythms from memory but had no problem
reproducing recently-heard rhythms.

In the language domain, SMA lesion can result in transcortical motor aphasia, characterized by reduction of self-initiated speech, involuntary
vocalization, paraphasia, stuttering, speech rate changes, and agrammatical output, while language comprehension is unaffected. Most of these
effects are in line with the temporal control functions of the medial premotor module. This condition should not be conflated with akinetic
mutism, which results from lesion of the anterior cingulate cortex (Bangs, 1956; Barris and Schuman, 1953; for a discussion see Guenther, 2016).

Patients with SMA lesions can also experience alien-limb syndrome, in which they make unwanted movements with their contralateral hand
(Della Sala et al., 1991; Feinberg et al., 1992). They often experience conflict between the alien and the healthy hand, such as when the alien
hand closes an object that has just been opened by the unaffected hand. Other patients suffer from utilization behavior: a strong tendency to use
nearby visible objects without any apparent purpose or need, such as putting on multiple pairs of glasses, or repeatedly pouring water into a
glass and drinking it despite not being thirsty, as if visual affordances cannot be suppressed (Lhermitte, 1981, 1983).

The largest frontal lobe study on action suppression analyzed 43 patients performing the Go/NoGo task (Picton et al., 2007). It found that
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cortex, including the IFG.

et al., 2003).

right-handed commission errors were significantly higher in patients with lesions in areas 6a and 8 (including SMA and pre-SMA), or in left
dorsal premotor cortex, as compared to patients with other frontal lesions. By contrast, no effect was found after lesion to the right ventrolateral

Two rare patients with small lesions centered on SEF (J.R.) and SEF plus SMA (C.B.) showed disruptions in automatic effector-specific motor
inhibition (Sumner et al. (2007)), which conflicts with the view that SMA plays a role in volition. Another patient with bilateral SMA softening
due to stroke was unable to modulate or suppress unwanted actions in both hands (Boccardi et al., 2002).

Finally, patients with pre-SMA lesion have difficulty switching tasks (Nachev et al., 2007), but not in action stopping (Roberts and Husain
(2015). A specific deficit related to response conflict but not in error monitoring was found in a patient with very selective lesion of SEF (Husain

A combined fMRI/rTMS study performed in healthy volunteers (Rushworth et al., 2002) offers an important caveat to interpreting activity in
SMA and pre-SMA. The experiment involved response switching and activated the anterior and posterior cingulate zones and pre-SMA. Then,
rTMS inactivation of pre-SMA transiently impaired motor switch only at the moment of behavioral switching. In contrast, rTMS over the
SMA/pre-SMA border region, which was also activated during response switching, did not impair performance, suggesting that the activation of
a cortical area in different tasks does not per se imply that it exerts a crucial role in both of them.

Importantly, none of these consequences of lesion resembles those observed after lesion of MI or posterior parietal cortex. This supports the idea
that the outflow of neural operations of the medial premotor module primarily address the motor periphery through the SMA-spinal pathways.
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next section, we discuss this possibility.

7.4. Time encoding

The medial premotor module has been found to play a crucial role in
the perception and estimation of time, necessary for the execution of
movement sequences with tight temporal structure, such as playing
music. This function is supported by modelling work showing remark-
ably similar temporal encoding schemes.

Merchant et al. (2011) first demonstrated temporal encoding in
pre-SMA in monkeys, using a synchronization-continuation tapping task
(SCT), where tapping was first synchronized with a metronome, and
then continued after the metronome was turned off. Some neurons
increased their activity as a function of the amount of time left until the
next tap, while others increased activity as a function of time elapsed
since the last tap. Thus, the time until the start of a new tap might
depend on the interplay between two different neural chronometers. In
another SCT study, Crowe et al. (2014) found that inter-tap duration and
tap serial order are encoded in pre-SMA through neural trajectories:
small neuronal assemblies are activated in rapid succession, passing
information about the intended rhythmic behaviour between them.
These neural trajectories are similar, although not identical, in subse-
quent inter-tap-intervals (Merchant et al., 2015). Such time-encoding
trajectories were also observed in artificial recurrent neural networks,
trained to perform time-dependent tasks: during stimulus presentation,
artificial population activity travelled along stereotypical trajectories,
and the distance along the trajectory encoded time since stimulus pre-
sentation (Bi and Zhou, 2020). SMA cells are also tuned to a preferred
ordinal rhythmic structure. Some SMA cells were even almost invari-
antly tuned to the interval duration between taps, being unaffected by
the number of produced intervals or the modality used to drive tapping
(Merchant et al., 2013).

The medial premotor module also seems to be involved in more
abstract temporal phenomena, such as judging the passage of time, and
categorizing it as short or long. While categorizing time intervals re-
cruits a widely distributed system involving putamen, medial premotor,
intraparietal, and inferior parietal areas, the firing rate of a large pop-
ulation of pre-SMA neurons (Mendoza et al., 2018) peaked close to the
subjective boundary limit between long and short, and the time at which
this peak was reached predicted the categorical boundary decision.
These cells’ activity also reflected the selected category and the result of
the decision. A resetting-drift diffusion computation model replicated
the main behavioral and neural features of this rhythmic time encoding,
in line with decision bound theory (Ashby and Maddox, 2005; Merchant
and Averbeck, 2017). The model showed both the experimentally
observed linear relations between mean and standard deviation of the
interval produced by monkeys during SCT, as well as a neural
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population code of the elapsed time between taps.

7.4.1. Time to act

The medial premotor module also seems crucial for deciding when to
act. Studies in humans suggested that pre-SMA is preferentially involved
in selecting and suppressing stimulus-driven action. In contrast, SMA is
more involved in initiating self-paced behavior (Coull et al., 2016). In
monkeys, cells in both pre-SMA and SMA signal action initiation in a
time-selective fashion (Mita et al., 2009). Population activity in the
medial frontal cortex (which includes SMA and pre-SMA) and caudate
controls the timing of motor output by altering the speed of neural
population dynamics, and such speed-varying population dynamics
were reproduced in a neural network model (Wang et al., 2018a), as well
as in the earlier mentioned artificial neural networks of Bi and Zhou
(2020). Those artificial networks additionally showed increased ampli-
tude of their neural trajectories when producing later movements, which
is remarkably reminiscent of the biological neural trajectories in ma-
caque SMA and pre-SMA during synchronized tapping tasks (Gamez
et al., 2019). Finally, the speed of these neural population dynamics in
dorsal SMA and pre-SMA can in turn be controlled by adjusting the
initial conditions and inputs to those brain regions (Remington et al.,
2018).

During reaching, population dynamics in SMA also explicitly reflect
cues concerning movement initiation timing (Lara et al., 2018), but MI
dynamics do not. In fact, while population activities in both SMA and MI
track progress through an extended task, they do so with distinct ge-
ometries, suggestive of different underlying computations (Russo et al.,
2020) despite their mutual connections. These results align with the
proposal that SMA exerts proactive control by establishing the response
threshold for initiating an action (Chen et al., 2010a), and participates in
performance monitoring (Scangos et al., 2013; Stuphorn and Emeric,
2012).

However, an elegant study in monkeys (Khalighinejad et al., 2020)
has challenged this idea, showing that a distributed basal
forebrain-cingulate system is instead responsible for decisions on
whether and when to act. Disrupting this system with transcranial ul-
trasound changes decisions about when to act. We also note that another
important factor about the time of the next action is the timing of past
ones (Murakami et al., 2014, 2017).

The above findings about temporal processing have interesting im-
plications from an evolutionary perspective. They suggest that the
medial premotor also participates in complex auditory-motor processing
and imagery, necessary for functions such as speech, vocalizations, and
music (see Mendoza and Merchant, 2014; Lima et al., 2016). Music for
example, a traditionally ‘higher order’ domain, has been studied across
species (Hoeschele et al., 2015), including both non-human primates
and humans (Merchant et al., 2015). More recent studies confirm that
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macaques and humans share common mechanisms for maintaining in-
ternal rhythms without sensory stimuli or motor action (Garcia-Garibay
et al., 2016), as well for encoding the periodicity of complex sounds
(Ayala et al., 2017).

7.5. Social cognition

The medial premotor module is also implicated in social cognition,
particularly in processing other people’s actions and intentions. In pre-
SMA, some cells selectively encode others’ actions, while other cells are
modulated by a task-partner’s errors (Yoshida et al., 2011; Yoshida
et al., 2012). Livi et al. (2019) described pre-SMA neurons that encode
not only a monkey’s own actions, but also another agent’s actions, as
well as neurons related to the intention, either from the self or another,
to grasp an object. By analyzing population activity over time, they
found that pre-SMA neurons may encode a shared agent-based repre-
sentation of objects and actions during action performance, which de-
pends on their location in the space near the observer’s body. This
suggests an “object-mirroring” mechanism that allows observers to
predict others’ impending actions (Box 6).

8. Dorsal premotor spinal module: conditional motor
association and learning, action plan switching and inhibition

The Dorsal premotor-spinal module is central to conditional motor
learning and behavior. It plays a key role in online movement control,
action switching, and inhibiting ongoing movements, both voluntarily
and when externally instructed. This module has also been implicated in
reward-based decision making about action initiation and suppression,
as well as in encoding choice difficulty during logical decisions. Finally,
this module is recruited when observing and rehearsing familiar actions,

from
pre-SMA,
CMAr

Spinal
Cord

Fig. 6. Dorsal premotor spinal module: conditional motor association and
learning, action plan switching and inhibition. The central node of this module
is dorsolateral premotor area F2, with both its components (F2-preCD and F2-
vr). Cortical projections to both components are shown at their putative border
and stem for the reaching-related visuomotor areas PEc, MIP, PEip, from pre-
SMA, CMAr, and from 24a-b. Projections addressed only to F2vr stem from
V6A, F5p, and F7; weaker projections come from prefrontal area 46dc; the input
from SMA, ventral premotor area F4 and MI are addressed only to F2-preCD.
This dorsal premotor module projects directly to the last-order interneurons
of the spinal cord. Intensity of color shading illustrates strength of connectivity.
Conventions and symbols as in previous figures.
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Fig. 7. Ventral premotor spinal module: binding features for defensive
behaviour. The central nodes of this module are the parietal area VIP and the
ventral promotor area F4, which are strongly and reciprocally connected in a
direct fashion, as well as indirectly through area PF. The main inputs to VIP
come from the vestibular (PIVC, VPS) and motion-related (MST) areas. Strong
projections also stem for the visuomotor areas V6A, PGm, MIP, as well as from
the visual and eye-movement related area LIP. Area F4 receives strong inputs
from SII, PF, from F5c and MI. The reciprocal F4 to MI projection is weak.
Additional weak inputs come from dorso-medial (CMAr, SMA) and dorsolateral
(F2vr) premotor areas. The cortico-spinal projection of this module originates
from F4 and consists of small and slow conducting axons. Conventions and
symbols as in previous figures.

when estimating time duration, and in social cognition. It is important to
note that the functions of this module, as well as the consequences of its
breakdown, are distinct from those of MI. This module’s core area is F2
of the dorso-medial premotor cluster, from which it projects to the spinal
cord. The module is strongly connected to areas of the dorso-medial
premotor cluster (F7, SMA), the cingulate cluster (CMAr, 24a-b), ventral
premotor cluster (F4, F5), medio-dorsal SPL cluster (PEc, MIP, PEip), and
postero-medial SPL cluster (V6A).

8.1. Anatomo-functional organization

The central hub of the dorsal premotor-spinal module is the dorsal
premotor area F2, which belongs to the MI-dmPM cluster (Fig. 1B). F2 is
subdivided into a dorsal region around the precentral dimple (F2-preCD)
and a more ventral one closer to the spur of the arcuate sulcus (F2vr),
based on the differential local and long cortico-cortical connectivity. The
two F2 subdivisions are strongly interconnected. They share most of
their external connections with other cingulate, frontal, and parietal
areas, although with different strengths. Connections to only one sub-
division are very rare.

The strongest frontal inputs to F2 stem from cingulate areas 24a/b,
medial premotor areas CMAr, SMA, ventral premotor areas F4 and F5,
pre-SMA, and dorso-rostral premotor area F7. A moderate input origi-
nates from MI. The premotor areas generally send a strong connection to
one of the F2 subdivisions and a weaker one (not shown in Fig. 5) to the
other. Prefrontal area 46dc, and cingulate areas 23a/b provide weak
inputs to F2 vr (not shown in the figure). There are also strong parietal
projections to F2, originating from reaching-related SPL areas V6A, PEc,
MIP, and PEip.

Dorso-rostral premotor area F7 (Fig. 1A) is also relatively important
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to the dorsal premotor module and belongs to a different branch of the
MI-dmPM cluster, when compared to F2 (Fig. 1B). Unlike F2, F7 is not
connected to MI, while it is strongly linked to pre-SMA, CMAr, F2vr,
46dc, and F7-SEF. F7-SEF is the F7 subdivision receiving strong inputs
from FEF, area 45a/b and 8B, and LIP, all devoted to the control of eye
movement. F7 has strong connections with parietal areas V6A, PGm and
31, all belonging to the pmSPL cluster. The F7 connections are not shown
in Fig. 5.

The dorsal premotor module has multiple connections with the
insular mound and ventral disgranular areas (Idm and Idv): areas 24a/b,
F5 and pre-SMA (Evrard, 2019). In terms of sub-cortical connections,
PMdc (F2) receives most of its thalamic afferents from the VPLo/VLc
complex, VLc and VLo (Matelli and Luppino, 1996; Kurata, 1994). The
thalamic input from VLo can be a source of pallidal influences (Schell
and Strick, 1984), contrasting that of ventral premotor cortex (area X,
VPLo), which is dominated by cerebellar afferents. PMdr (F7) is target of
the VApc, VLc, the VPLo/VLc complex, and area X. F7-SEF is target
mostly of VApc, area X and the VPLo/VL complex. The mediodorsal
nuclus (MD) projects heavily to all above areas. Therefore, F2 is target of
the motor basal ganglia circuit and of cerebellar afferents from
dorso-rostral sectors of the dentate and interpositus nuclei. In contrast,
F7 receives input from the basal ganglia complex circuit and from the
dentate (Matelli and Luppino, 1996).

8.2. Motor output

The dorsal premotor-spinal module conveys information to the spi-
nal cord through a disynaptic F2 projection to the last order in-
terneurons of the intermediate zone (Fig. 5; Dum and Strick, 1991; He
et al., 1993; Strick, 2021). The projections arising at the F2/F7 border
conduct action potentials at about 9.80 msec’! (Innocenti et al., 2019).
Information transfer along this pathway is context-dependent, since
profound modulations of neural activity have been described in PMd in
absence of muscle activity (Tanji et al., 1988), and this is at odds with
what is commonly observed in MI. Accordingly, electric stimulation of
PMd does evoke limb movements, but at higher thresholds than MI
(Wise, 1996). The operations encoded by the Dorsal Premotor-Spinal
Module can influence the motor periphery through this pathway,
alone or in association with MI.

8.3. Conditional visuomotor association and learning

Conditional visuomotor association and learning refers to linking
non-spatial visual cues to action, which can be observed in everyday
situations such as stopping at a red traffic light and proceeding at a green
light. This type of association is also known as conditional motor
behavior, or arbitrary visuomotor mapping (Passingham, 1993; Wise
et al., 1997; Wise and Murray, 2000).

The ability to perform conditional motor behavior relies on a
distributed network, including PMd (Wise et al., 1997), prefrontal cortex
(Asaad et al., 1998), the hippocampal formation, and striatum (Petrides,
1982, 1985; Gaffan and Harrison, 1988, 1989; Toni and Passingham,
1999; Wise and Murray, 2000; Makino et al., 2016). During learning,
activity in the different nodes of this network changes in a graded
manner, with an increase of learning-dependent activity and a decrease
of learning-selective activity (Mitz et al., 1991; Cahusac et al., 1993;
Asaad et al., 1998; Tremblay et al., 1998; Xiang and Brown, 1999; for a
review see Wise and Murray, 2000). In this interplay, the striatum forms
early arbitrary associations, prefrontal neural circuits monitor the evo-
lution of training, and the hippocampus is responsible for long-term
memory storage and recall of new associations (Pasupathy and Miller,
2005).

In neurophysiological monkey studies, PMd neurons show activity
that depends on the motor significance of non-spatial visual signals
(Boussaoud and Wise, 1993; Kermadi and Boussaoud, 1995), and re-
flects the learning stage of arbitrary stimulus-response associations
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(Mitz et al., 1991). The instructional value of a stimulus can also influ-
ence PMd activity (di Pellegrino and Wise, 1993), both at single cell and
population level (Wise et al., 1996). For example, cue location signals
that instruct an animal whether to reach toward a stimulus or away from
it, also influence early neural activity in PMd (Crammond and Kalaska
(1994). During reach-selection tasks in which two potential reach di-
rections are possible, neural activity in PMd specifies both directions
simultaneously, until a non-spatial cue indicates the correct choice
(Cisek and Kalaska, 2005). When the correct choice is specified, its PMd
encoding strength increases, while neural activity related to the
non-selected direction is suppressed. These results have been interpreted
as neural competitions between affordances, whose outcome is biased
by prefrontal influences (Cisek, 2006, 2007).

PMd activity also reflects the level of difficulty of memory tasks,
which are important for forming arbitrary visuomotor associations. This
was shown in a study based on transitive inference (Mione et al., 2020),
requiring subjects to create a mental number line (e.g.,
A>B>C>D>E > F) by using fragmented information (e.g., A>B, B>C,
C>D, D>E, E > F) learned and stored independently. As task difficulty
increased, so did PMd activity (see Moyer and Landauer, 1967).

However, it must be stressed that neural activity in PMd is also
modulated by self-initiated movements, even in the absence of external
cues (Romo and Schultz, 1987; Kurata and Wise, 1988). The extent to
which PMd activity reflects strictly stimulus-driven visuomotor associ-
ations over the internal decision to move is therefore not always clear.

Other studies have shown PMd’s involvement in mental rehearsal of
familiar action during observation, thanks to the similarity of neural
activity during action observation and execution (Cisek and Kalaska,
2004).

8.4. Time perception

While temporal encoding in PMd seems more conditional than that
in SMA (see section 7.4 above), certain temporal mechanisms have been
found in PMd, using a duration-discrimination task (Genovesio et al.,
2009). Two stimuli were presented, followed by two delays periods, and
the animals compared stimulus durations. PMd encoded both the
duration of individual stimuli and their relative duration. The encoding
of stimulus duration depended on stimulus features and order of pre-
sentation, while the encoding of relative duration mostly indicated
which stimulus was shorter or longer. Relative encoding also only
emerged from population activity as the time of behavioral report
approached, suggesting that the short-term temporal information in
PMd might work in synergy with the intermediate-term temporal coding
of the hippocampus, to also support episodic memory.

8.5. Social cognition

PMd is involved in mechanisms of social cognition related to
between-subject action coordination (Ferrari-Toniolo et al., 2019).
Populations of “joint-action cells” in PMd fire only or preferentially
when two monkeys coordinate their hand actions in a common task,
compared to when they perform the same task individually. PMd’s role
in both solo and joint action is further highlighted by the fact that neural
dynamics are similar during solo, joint-action and observation of the
partner’s action (Pezzulo et al., 2022). In this study, the largest com-
ponents of the population dynamics, traditionally attributed to the
transition from action planning to execution (Churchland et al., 2012),
actually encoded the covert representation (Jeannerod, 2006) of actions
and goals, shared across contexts in which a movement is either required
(solo and joint-action) or not (action observation). Despite this overall
shared representation of action goals, there exists a minority of PMd
neurons that encode what others will do in tasks where the monkeys
observe an experimenter choosing between two targets (Falcone et al.,
2016). The key role of dorsal premotor cortex (PMd) in guiding move-
ment when acting with others is also suggested by a TMs study in
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Box 7
Disorders of the Dorsal premotor spinal module: conditional visuomotor association and learning, action suppression

Lesion and inactivation studies.

In monkeys, lesion and inactivation of prefrontal cortex and PMd severely impairs the use of non-spatial visual information for action control
(Gaffan and Harrison, 1988; Petrides, 1982; Passingham, 1993; Kurata and Hoffman, 1994). In contrast, MI and PPC lesions cause no such
effects. Moreover, reversible inactivation of PMd neurons which were active during both visually-guided and memorized movement sequences,
impairs only internally generated sequences, suggesting that arbitrary motor-to-motor mapping might also be encoded in PMd (Ohbayashi et al.,
2016). This conclusion is consistent with a meta-analysis of motor learning studies in humans (Hardwick et al., 2013).

Lesion of PMd also results in an increased frequency of impulsive and uncontrolled reaching movements (Moll and Kuypers, 1977), which is in
keeping with the impaired ability to withhold movements after muscimol inactivation (Sawaguchi et al., 1996). LFPs recorded from dorsal
prefrontal cortex and its rostro-ventral corner also showed that these two regions are involved in action inhibition during Go/No-Go tasks
(Sasaki and Gemba, 1986). Given that pre-SMA neurons suppress ongoing automatic and unwanted actions when switching to desired and
controlled ones (Isoda and Hikosaka, 2007), a frontal network including prefrontal cortex, PMd and pre-SMA likely inhibits potential actions.
Lesions to this entire network can impair action control, resulting in commission errors (for a review see Battaglia-Mayer et al., 2014).

In humans, defective conditional visuomotor learning can occur after lesions of the distributed PMd system. For example, PMd-lesion patients
were unable to learn associations between simple sensory stimuli and arm movements but had no issues associating spatial cues with those same
arm movements (Halsband and Freund, 1990).

As mentioned when discussing action stopping, Picton et al. (2007) showed that right-handed commission errors were significantly higher after
either lesion of SMA and pre-SMA, or of left dorsal premotor cortex. In contrast, no effect was found after lesion to the right ventrolateral
prefrontal cortex, including the IFG.

Finally, decreased motor inhibition has been reported in children with attentional disorders (Nigg, 2001), with substance abuse disorders
(Zhang et al., 2018; Wang et al., 2018b), and in aging adults (Hu et al., 2019;Yang et al., 2019; Hsieh and Lin, 2017a,b; Lee and Hsieh, 2017).
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Such conditions are all associated with impaired PMd function.

humans, which showed that PMd modulates stopping performance
during joint action (Cardellicchio et al., 2021).

8.6. Action suppression

The premotor-spinal module also plays an important role in action
suppression, which involves halting a movement either deliberately or
in response to an unexpected event. Such inhibitory control is an
important function thas been studied through two main paradigms: the
Go/No-Go task and the Stop-task (i.e., countermanding; for a review see
Battaglia-Mayer et al., 2014), which explore different aspects of explicit
action suppression, both producing commission errors. The Go/No-Go
paradigm requires subjects to stop a potential action which has not
yet started, while the Stop-task requires halting an ongoing action and
measures the so-called Stop Signal Reaction Time (SSRT; Logan and
Cowan, 1984; Schall and Godlove, 2012), i.e., the speed of the action
interruption process.

PMd’s involvement in action stopping is supported by the effects of
inactivating PMd. For example, monkeys with PMd lesion suffer from
impulsive and uncontrolled reaching (Moll and Kuypers, 1977). In-
jections of the GABA-A antagonist muscimol in PMd also reduce mon-
keys’ ability to withhold movements (Sawaguchi et al., 1996). For more
effects of inactivations, see Box 7. This stopping can emerge from the
outcome of two independent neural events: action execution and sup-
pression (Boucher et al., 2007; Salinas and Stanford, 2013; Verbruggen
and Logan, 2009).

There are several possible neurophysiological mechanisms underly-
ing suppression of movement, which all involve PMd. First, PMd cells
projecting to MI might convey feed-forward intracortical inhibition to
MI (Ghosh and Porter, 1988; Tokuno and Nambu, 2000; Coxon et al.,
2006), either directly or through selective targeting of interneurons
(Ghosh and Porter, 1988; Tokuno and Nambu, 2000). Second, PMd
corticospinal projections could target inhibitory interneurons at the
level of the spinal cord (Dum and Strick, 1991; Johnson et al., 1996;
Johnson and Ferraina, 1996; Innocenti et al., 2019) thanks to their
disynaptic connection with motoneurons. This could also occur at
movement onset (Reynolds and Ashby, 1999). Both these views are
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supported by the modulation of activity of two different neural assem-
blies in PMd, one for which activity decreases during stop trials, and the
other whose activity increases (Mirabella et al., 2011). This scheme is
compatible with the interactive race model proposed for the inhibitory
control of eye movements (Boucher et al., 2007), where Go and Stop
processes are non-independent.

A more elaborate view proposes that the source of action lies in
cortical attractor dynamics of neural populations (Mattia et al., 2013;
Shenoy et al., 2013). In this view, motor plans are metastable states of
activity that evolve into overt action when external controllers are
released. Therefore, if neural variability is high before movement, re-
action times will be long, because the population is unlikely to be near
the attractor state from which movement can start. This has been shown
to be the case: recent task history influences both the monkey’s behav-
ioural performance and neural variability in PMd, with reaction times
correlating to neural variability (Marcos et al., 2013). During and before
movement tasks, two subspaces can even be identified in the dynamics
of cell populations: a first one for position holding and active inhibition,
and a second, orthogonal space in which transitions from the first sub-
space can form the final motor plan if neural activity passes a threshold
(Pani et al., 2022). Therefore, this view is compatible with the interac-
tive race model, but moves it into the more detailed framework of
attractor dynamics.

The neural substrates of action suppression have been a topic of great
interest in cognitive control of executive functions (Aron, 2007; Logan
et al., 2014; Logan and Cowan, 1984). Early fMRI studies showed that
the inferior prefrontal gyrus (IFG, consisting of areas F5a (area 44) — a
node of this dorsal premotor module — and 45) is activated during action
inhibition (Konishi et al., 1998, 1999; Garavan et al., 1999; Rubia et al.,
1999 Menon et al., 2001; Bunge et al., 2002). Congruent with these
results, in a foundational neuropsychological study, Aron et al. (2003)
showed that lesions in the same region disrupt action stop signalling,
particularly in the pars triangularis (Brodmann area 45). Aron and Pol-
drack (2006) also suggested the involvement of the STN in silencing the
“direct” fronto-striatal pathway, that is physiologically activated by
action initiation. Since then, neuropsychological studies on action sup-
pression have been controversial, due to the limited number of patients
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studied and variability of lesion size. A large frontal lobe study analyzed
43 patients performing the Go/NoGo task (Picton et al., 2007), and
showed that right-handed commission errors were significantly higher
after either lesions of areas 6a and 8 (including SMA and pre-SMA), or
lesions of left dorsal premotor cortex, than in patients with other frontal
lesions. By contrast, no effect was found after lesion to the right
ventrolateral cortex, including the IFG. Hampshire et al. (2010) simi-
larly showed that the right IFG was always recruited when salient cues
were detected, regardless of whether inhibition, generation, or no motor
response at all followed. Then again, Cai et al. (2014) showed that both
the IFG and the insula participate in action suppression, with the latter
more involved in saliency detection, the former in inhibitory control. In
their survey of the field, Aron et al. (2014) offered an updated theory on
the role of the right IFG in pausing or inhibiting motor responses under
different contexts, that is after salient external stimuli, or internal in-
tentions, also discussing the disruption of action inhibition in brain
damaged patients. This theory was reaffirmed in a rebuttal to the criti-
cisms raised by two different studies (Swick and Chatham, 2014;
Erika-Florence et al., 2014).

However, there are more factors to consider when assessing action
inhibition. Besides salient stimuli and internal intentions, PMd activity
can also influence and halt motor programs based on the motivational
value of cues. Giamundo et al. (2021) varied the rewards offered for
correctly moving or stopping across trials in a countermanding task.
They showed that PMd activity reflected those rewards, and appropri-
ately updated motor plans to maximise expected reward. Furthermore,
other methods of analysis imply that even larger networks are involved
in action stopping. For example, Hsu et al. (2020) used resting state fMRI
analysis and graph-theoretical approaches in a very large cohort of
subjects performing a stop-signal task. They found significant correla-
tions with connectivity in the dorsal and ventral attention and saliency
networks, together with interactions with the frontal, cingulate and
parietal areas.

Given the many open issues in understanding action inhibition, it
comes as little surprise that the entire field has recently been reassessed
by Hannah and Aron (2021). While stressing the central role of the
prefrontal-basal ganglia circuits, they have combined information
gained from different neuroscience disciplines. They offered an
extended view of the action stopping scenario, by including tasks of
increasing “real-worldness”, moving beyond the classic laboratory ac-
tion stopping paradigms, which were mostly based on the analysis of the
Stop Signal Reaction Time (Verbruggen and Gordon, 2008). In this new
view, automatic forms of movement — such as postural control, gait,
balance, and verbal communication — can be temporarily brought under
voluntary control, and also inhibited. The relevance of these studies for
movement abnormalities, such as shuddering, tics, freezing of gait, are
also discussed. An interesting new arena for discussion has opened for
this decade of studies on action stopping.

8.7. Motor output

The motor output for action suppression mostly resembles the
default outflow of the Dorsal Premotor-Spinal Module: either through a
direct pathway from F2 to spinal cord, or through a circuit additionally
involving the basal ganglia and MI. Indeed, the action stopping function
of PMd is supported by observations that the PMd projection to the STN
in monkeys is stronger than that of MI (Borgognon et al., 2020). This
opens a window on the possibility of a dorsal premotor influence on the
hyperdirect cortical-basal ganglia pathway. Interestingly, the ventral
portion of the STN in monkeys seems to be related to rapid
action-stopping (Pasquereau and Turner, 2017).

In humans, the cortical outflow allowing action stopping might be
subtly expanded. The model by Hannah and Aron discussed above
predicts that action stopping signals would additionally be addressed by
pre-SMA to the rIFG, where the stop-unit is located. This excites the STN,
whose output in turn excites the GPi/SNr when movement suppression
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is required. The net results will be an augmented inhibition of the
thalamic tonic excitatory influence on MI, which would reduce the
probability of action initiation. This model also tentatively predicts an
involvement of the “hyperdirect” pathway in action stopping, inter-
preted as an emergency-system that stops ongoing actions in a global
fashion.

9. Ventral premotor spinal module: binding features for
defensive behaviour

The Ventral Premotor Spinal module, centered on parietal area VIP
and ventral premotor area F4, receives somatosensory, visual, auditory,
and vestibular signals from parietal, temporal and frontal areas. Some
neurons in this module display body-part centered receptive fields to
visual or auditory stimuli. These peripersonal response fields, have been
implicated in impact prediction and threat avoidance. This module has
also been suggested to be involved in estimating numerosity, which can
be relevant to approach or avoidance behavior. There is some evidence
that the module might contribute to bodily ownership. The corticospinal
tract of this module originates in ventral premotor area F4, which is a
central node of the module, together with VIP. This module further
communicates with the posterior IPL cluster (LIP, MST), the ventral Pre-
motor cluster (F5c), the anterior IPL cluster (PF, SII), the postero-medial SPL
cluster (V6A, PGm), the medio-dorsal SPL cluster (MIP), as well as
vestibular areas (PIVC, VPS) that fall outside of our pre-defined parieto-
premotor clusters.

9.1. Anatomo-functional organization

This module is rooted on a complex distributed system of parietal
and frontal areas, whose core nodes are the ventral intraparietal area
(VIP; Fig. 1a), which belongs to the posterior IPL cluster (pIPL; Fig. 1C),
and ventral premotor area F4 in the ventral premotor cluster (vPM;
Fig. 1B).

F4 receives its strongest frontal inputs from MI, and ventral premotor
area F5p. Weaker inputs originate from SMA, CMAr, F2vr, and F5a/c. F4
also receives strong afferents from parietal areas VIP, PF, and SII. VIP
receives strong frontal projections from F4, modest input from MI,
dorsal premotor F2vr, and CMAr. VIP is also target of strong parietal
visuomotor inputs from eye (LIP), and reach (V6A, PGm, VIP) related
areas, the motion sensitive area MST, the visual parietal Sylvian area
(VPS), the parietoinsular vestibular area (PIVC), as well as from IPL area
PF.

VIP is a classical multisensory area (i.e., an area containing neurons
responding to stimuli of more than one sensory modality, even when
presented in isolation) generally related to the processing of visual
stimuli moving relative to the head and face (Colby et al., 1993;
Duhamel et al., 1998; for a recent review see Foster et al., 2022). VIP’s
bimodal neurons integrate visual motion inputs, originating in the su-
perior temporal area MT/MST, with tactile signals from the head and
face, probably stemming from PF and PFG. In addition, VIP receives
visuomotor information from PGm and V6/V6A. VIP also receives
vestibular input from PIVC (Griisser et al., 1990) and combined optic
flow/vestibular information from VPS (Chen et al., 2011). This
convergence of information creates multiple reference frames that are
simultaneously available in VIP (Foster et al., 2022).

Ventral premotor area F4 shares some crucial functional properties
with VIP. These include bimodal neurons with 3-D visual and tactile
receptive fields located on the face and head (Fogassi et al., 1996;
Gentilucci et al., 1988). Another feature shared with VIP, is that
long-lasting electrical stimulation of F4 results in complex movement
sequences resembling defensive actions (see Graziano, 2006). Beyond
shaping defensing behavior, some authors proposed that this
cortico-cortical network is recruited for other ethologically relevant
actions, such as reaching for and bringing food to the mouth (Fogassi
et al.,, 1996; Gentilucci et al.,, 1988). Interestingly, after electrical
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stimulation in the monkey, D. Ferrier (1876) described “in the ascending
frontal convolution, at the bend or knee of the anterior parietal sulcus
(that is, central sulcus), supination and flexion of the forearm, by which
the hand is raised to the mouth” (pag 143; see his Fig. 29, stimulation
site 6). Ethologically critical actions, resembling self-feeding, have been
elicited after electrical stimulation of similar sensory-motor regions in
humans (Desmurget et al., 2014). However, other authors reported a
possibly surprising lack of VIP activation during reaching (Graziano,
2017).

The egocentric and multisensory response properties that prevail in
the ventral premotor module are also reflected in its insular connectiv-
ity: the module makes connections with the dorsal dysgranular area Idd
through SII and F5 (Mesulam and Mufson, 1982; Friedman et al., 1986;
Gerbella et al., 2011), and Idd is highly involved in processing infor-
mation about one’s own body (Evrard, 2019). PIVC meanwhile is con-
nected to the posterior Granular insula (Ig; Mesulam and Mufson, 1982;
Friedman et al., 1986; Guldin et al., 1992), which integrates vestibular,
proprioceptive, visual motion, and auditory inputs (Chen et al., 2010b;
Schinder and Newlands, 2014), all of which are necessary to create
egocentric responses.

Finally, F4 receives strong thalamic input from VLo, and additional
projections from area X and VPLo-VLc complex. The intralaminar nuclei,
posterior thalamus and MD also project to F4 (Matelli et al., 1989;
Kurata, 1994). Because VLo receives pallidal input, and area X and
VPLo-VLc receive cerebellar input, F4 is under the influence of both
basal ganglia and cerebellum. The thalamic input to VIP has not yet been
studied in detail.

9.2. Motor output

The ventral premotor module likely conveys information to the spi-
nal cord through F4. Defensive movements can be elicited by electrical
stimulation of F4, and at much lower intensities than those necessary to
elicit movements from VIP (see below). One would after all expect the
region closest to the motor outflow to be the most easily and consistently
excitable. In this view, the spinal projection from F4 might be used to
predominantly pass defensive motor signals to the periphery.

However, given the short path length of the fibers connecting F4 and
MI and the faster corticospinal projections from MI (Innocenti et al.,
2019), it is plausible that fast reactions for defensive behavior, which
generally rely on parieto-frontal interactions (Cooke et al., 2003; Gra-
ziano and Cooke, 2006; Kaas and Stepniewska, 2016), might involve MI
(Cooke and Graziano, 2004; Kaas and Stepniewska, 2016). The F4
descending projection might then (additionally) play an auxiliary role in
more complex decisions on how to act in the face of threatening stimuli.
It can likely maintain neural dynamics in the output-null space typical of
action preparation and freezing responses. Subsequently, it could bias
activity towards the output-potent space when action must be taken.
Such dynamics have been postulated for both motor and premotor
cortex (Kaufman et al., 2013, 2014).

9.3. Defensive behavior as a binding feature for diverse module function

We have previously proposed (Caminiti et al., 2019) that VIP, F4,
and their connections might be the substrates of a system for threat
avoidance (Bufacchi and Iannetti, 2018; Battaglia-Mayer and Caminiti,
2019). Many body-part centered receptive fields in F4 and VIP likely
indicate the value of performing defensive actions: when objects are
nearer to body parts, defensive actions become more important, and so
neurons that code for defensive actions will display body-part centered,
or peripersonal fields (Bufacchi et al., 2022).

In this section, we will first present evidence for the defensive
functions of the ventral premotor module (see Cléry et al., 2015 for a
more expansive breakdown). In the following sub-sections, we will then
argue that the other functional properties of this module emerge from
encoding of defensive or avoidance behavior.
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9.3.1. Defense

The strongest evidence for the defensive nature of this module comes
from chemical manipulation and electrical activation. Defensive actions
are more likely to occur when either VIP or F4 are more active (Gra-
ziano, 2006). Specifically, bicuculine activation of area F4 increased
defensive response strength and probability, while inactivation with
muscimol decreased them (Cooke and Graziano, 2004; for more details,
see Box 9). Similarly, long-lasting electrical stimulation of both F4 and
VIP evokes a constellation of movements resembling defensive actions
aimed at protecting the head and upper body (Graziano et al., 2002;
Cooke et al., 2003). Both areas elicit ear folding, eye closing, grimacing,
shoulder shrugging, retracting of the face from contralateral space, and
raising the contralateral arm so as to protect the head. F4 stimulation
can also elicit retraction of the hand. Such movements are in line with
the predominant receptive fields of F4 and VIP neurons: they are pri-
marily centered around the head and the face, although F4 also shows
more receptive fields around the hands and upper limbs than VIP
(Gentilucci et al., 1983; Colby et al., 1993; Graziano et al., 1994; Fogassi
et al., 1996; Duhamel et al., 1998). These results are not exclusive to
macaques: similar types of defensive movements can be elicited from the
fundus of the IPS in prosimian galagos (Stepniewska et al., 2005). VIP
neurons are also part of a distributed network devoted to the estimation
of numerosity in the visual scene (Nieder and Miller, 2004; Nieder and
Dehaene, Nieder, 2009, 2016), which might be related to the need for
different approaching and defensive reactions when faced with different
numbers of threats (Caminiti et al., 2019).

Additional support for the existence and function of the ventral
premotor-spinal module can be gleaned from several interesting differ-
ences between defensive movements elicited from VIP and F4 (Graziano
and Cooke, 2006). First, the electrical thresholds for eliciting move-
ments from F4 (~20 pA) are substantially lower than those for VIP
(~100 pA). Second, motor responses elicited from VIP are more strongly
inhibited by anesthesia than those elicited from F4. Third, while actions
elicited from both areas interrupt behavior, after stimulation of F4 fin-
ishes, the ongoing behavior is usually resumed without delay. In
contrast, after stimulation of VIP ends, the elicited movements often
continue. Finally, VIP habituates to stimulation more strongly than F4
does. Taken together, these differences suggest that VIP might constitute
a more flexible, context-dependent part of the defensive module, which
may also be more involved in constructing environmental perception.
F4, meanwhile, seems more related to enacting, modulating, and
delaying fast motor responses aimed at immediately defending the body
(Cléry et al., 2015).

9.3.2. Impact prediction and visuo-tactile integration

Defensive actions implicitly take into account the probability that a
stimulus might contact the body: Defending oneself is meaningless if the
body is unlikely to be damaged. If VIP and F4 are indeed hubs of
defensive action, it should then come as no surprise that they have also
frequently been linked to impact prediction (Cléry et al., 2015, 2017,
2018). We have recently demonstrated this emergent property of the
need for defense: the neural network controlling an artificial agent to
defend itself will also implicitly encode impact prediction (Bufacchi
etal., 2022). Such a network will also perform visuo-tactile multisensory
integration — another property often associated with F4 and VIP
(Ladavas and Farne, 2004; Dijkerman and Medendorp, 2021) — because
both multisensory integration and impact prediction entail the same
computation: they both use visual or auditory input to compute the
probability of touch, but the prediction occurs at different timescales
(Bufacchi and Iannetti, 2021).

Neural correlates of time to contact have in fact been found in many
species and have often been related to defensive function. For example,
locusts (Schlotterer, 1977; Rind and Simmons, 1992; Gabbiani et al.,
1999) and flies (de Vries and Clandin, 2012) both have neurons that are
tuned to looming objects on a collision course and are important for
efficiently initiating escapes. Similarly, neurons in the pingeon’s nucleus
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rotundus activate at specific times before predicted collision, regardless
of stimulus size and velocity (Wang and Frost, 1992). While various
other features of impending impact are also encoded by these neurons,
their fixed-time discharge initiates avoidance responses (Wu et al.,
2005). Zebrafish larvae also have loom-sensitive retinal-ganglion cells
which are causally involved initiating escape responses (Temizer et al.,
2015). Activity of all these neurons can be approximated using only
velocity information, without acceleration.

However, we know from human experiments that at least one type of
acceleration is taken into account when estimating time to impact:
gravitational cues. Gravity is probably the only consistently predictable
form of acceleration in the natural world. Consequently, humans use an
internal model of gravity to catch objects (McIntyre et al., 2001), and
even modulate some defensive reflexes (Bufacchi and Iannetti, 2016). In
contrast, humans do not properly account for non-gravitational accel-
erations (Delle Monache et al., 2021). Furthermore, astronauts only
partially un-learn their gravitational model while in space: even after a
long time in orbit, they still catch objects as if there were some gravi-
tational influences (MclIntyre et al., 2001). These facts are useful func-
tional tools to identify areas involved in impact prediction and object
interception: such areas should also combine gravitational cues from
vestibular and visual signals. Indeed, experiments in monkeys suggest
that a distributed network contributes to intercepting objects (Merchant
et al., 2004) and judging impact, in part because position history and
current velocity seem to affect object interception differently (Merchant
et al., 2003). The vestibular network (Indovina et al., 2020; Delle
Monache et al., 2021) is similar in humans and monkeys, with core
nodes in VIP, VPS and PIVC (and their human homologues), all of which
are part of the Ventral Premotor Module. Accordingly, lesions to the
human homologues of VPS and PIVC often cause vestibular symptoms
like vertigo, dizziness, and postural instability (Marsden et al., 2005;
Eguchi et al., 2019; Di Stefano et al., 2021). Damage to the wider area
surrounding those regions prevents detecting mismatches between
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sensory gravitational cues and stored models of gravity (Maffei et al.,
2016).

Therefore, the Ventral Premotor Module underlying defensive action
naturally overlaps with a network involved in impact prediction and
time to collision judgement. While impact prediction can be an emer-
gent property of the need for defense, this second network might
contribute to both appetitive and defensive actions, as we explain in the
section below.

9.3.3. Egocentric spatial coding

The fact that impact prediction is implicitly encoded in a network
performing defensive action suggests that such a network has a second
emergent property: it can provide a statistical model of the world near
the body. Specifically, we recently suggested (Bufacchi et al., 2022) that
if a simple in silico agent is taught to avoid a stimulus by moving its
limbs, it can effectively ‘recycle’ the value functions that it learns: if the
agent has learned enough ways to avoid a stimulus, that set of action
values can be used as building blocks, predictive features, of how the
world near the agent works in general. When the agent is then exposed
to a novel situation in which there is an appetitive stimulus instead of a
threatening one, the agent can re-use its collection of defensive value
functions to appropriately grab the appetitive stimulus. Therefore, the
representation (and even perception) of the environment space near the
body might be partially built up of defensive motor schemata in VIP and
F4 (Graziano and Cooke, 2006; Rizzolatti et al., 1997; Berthoz, 2000;
Colby, 1998). In line with this notion, VIP neurons also encode heading
direction (Schlack et al., 2002, 2005; Britten, 2008; Chen et al., 2011,
2013, 2016).

However, we do not see this ventral premotor module as the main
hub for allocentric navigation (a function assigned to the separate
hippocampo-parieto-cingulate module), because the self-motion infor-
mation in VIP does not causally contribute to heading perception (Chen
et al., 2016). Nonetheless, egocentric-to-allocentric transformations

Box 8

Lesion and inactivation studies

Disorders of the Ventral premotor spinal module: defensive behaviour, body ownership

There exists a limited literature concerning impairments of defensive behavior in monkeys and/or humans after brain lesions. In monkeys, only
one study has addressed the problem by chemical manipulation of the ventral premotor-spinal module.

Cooke and Graziano (2004) altered defensive behavior by enhancing and depressing neural activity in ventral premotor area F4 with the GABA
antagonist bicuculline and the GABA agonist muscimol respectively. After bicuculine injection, the monkey reacted in an exaggerated manner to
air puffs delivered to the contralateral cheek. The enhanced movements were typical of defensive reactions to threatening stimuli moving
toward the face: a facial squint and blink, which are considered the most reliable signs of defensive reactions across species (Strauss, 1929;
Landis and Hunt, 1939; Schiff et al., 1962; King et al., 1992). In contrast, after muscimol injection, an opposite and reduced effect was observed
in the contralateral side of the face. In both cases, the observed effects depended on modulating the motor output of F4 neurons, rather than on
sensory modulation or sensory neglect, because sensory modulation would affect contralateral sensory processing, and so also influence
defensive behavior ipsilateral to the modulation.

Studies in humans.

Somatoparaphrenia is a condition of relevance to studying disorders of defensive behavior. It involves a sense of disownership towards con-
tralesional paralyzed body parts of brain damaged patients, and is characterized by delusional belief that one’s body part belongs to someone
else (for reviews seeVallar and Ronchi, 2009; Gandola et al., 2012; Vallar and Calzolari, 2018; Ronchi et al., 2018). This condition is mostly
associated with spatial neglect and right parieto-temporal lesions, but it can also occur with inferior frontal lesions, as well as with lesion of a
large subcortical network including thalamus, basal ganglia, and the posterior limb of the internal capsule (Romano et al., 2014).

Romano et al. (2014) showed that somatoparaphrenia might be associated with an impairment of the network responsible for defensive
behavior. They measured the skin conductance response to noxious stimuli approaching either the affected or the unaffected hand, using two
possible stimuli: a painful needle and a neutral cotton swab; both stimuli could either touch the hand or stop just before contact, creating an
anticipatory response. The anticipatory responses were significantly reduced when stimuli were directed toward the contralesional affected
hand, as compared to the ipsilesional one. Skin conductance responses were not reduced in control subjects, nor in patients with anosognosia for
the somatosensory deficit and in patients with motor neglect. However, it should be noted that the two stimuli differed along many dimensions,
making it difficult to ascribe the observed effect purely to differences in the threatening value of the stimuli (see Mouraux and Iannetti, 2018 for
a discussion on this topic).
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involving some other PPC areas must causally contribute to allocentric
spatial navigation (Whitlock et al., 2008; Gramann et al., 2010; Wilber
et al., 2014; Wang et al., 2020). Therefore, while this module contains
egocentric information that could be used to create allocentric naviga-
tional maps, the egocentric information that is actually used for allo-
centric navigation likely stems from the PPC areas of the
hippocampo-parieto-cingulate module. Indeed, VIP encodes a
task-dependent reference frame (Sasaki et al., 2020), which seems un-
suitable for robust navigation.

9.3.4. Bodily ownership

Peripersonal fields and neural activity in VIP and F4 have also been
tentatively linked, albeit inconclusively, to the perception of ownership
and location of body parts, and even the whole body (Blanke et al., 2015;
Noel et al., 2015; Guterstam et al., 2019). The reasoning behind this link
often follows roughly the following steps: first, tactile input defines an
interaction with one’s body. Second, vision defines one’s environment.
Third, one can only define the self and ownership of body parts in
relation to the things that are not the self. Fourth, since VIP and F4
integrate touch with vision, they can contrast and integrate sensations
which must come from the self (via the touch), with those coming from
the environment (through vision). Hence VIP and F4 might contribute to
one’s perception of ownership and location of body parts in the world.
This line of reasoning often draws on the rubber-hand-illusion literature
(Serino, 2019; Bertoni et al., 2021), although the direct links between
that literature and VIP/F4 activity remain up for debate (e.g., Graziano
and Cooke, 2001). Perhaps more convincingly, lesions to the ventral
premotor module and the surrounding white matter result in both
reduced feelings of ownership and diminished defensive responses (see
Box 8 below).

We propose an alternative, although non-mutually exclusive,
perspective on the link between this module and the feeling of body-part
ownership. This speculative link relies on defensive function: the value
of defensive actions can be an excellent indicator of ownership over a
body part. Specifically, and from an entropic perspective, defensive
actions are those which counteract a very fast, very large increase in an
animal’s entropy (Friston et al., 2022): they prevent the body from
becoming quickly and extremely disordered, i.e., damaged or dismem-
bered. Such actions differ from others, which instead either stave off a
gradual increase in entropy, or simply reduce entropy, such as eating,
foraging, seeking shelter, urinating etc. In other words, if the brain aims
to determine what ‘belongs to the body’, it could identify actions that
prevent a sharp increase of entropy, and associate ownership to the areas
which would experience that increase. This possibility is especially
appealing, given that interrupting the outflow of information from VIP
by damaging the surrounding gray matter prevents feelings of owner-
ship over body parts (see Box 9 below). Furthermore, a recent fMRI
study showed neural representations of body ownership in IPS and PMv
that are equally active whether participants are being touched or are
themselves moving (Sonobe et al., 2023). This indicates that VIPs rela-
tionship to bodily ownership is probably not purely visuo-tactile.

10. Summary and future perspectives
10.1. Summary

The existence of several cortico-spinal systems has long been known.
However, no systematic attempts have been made to discuss their or-
ganization nor potential functions within a coherent conceptual frame-
work. This was our goal. Several lines of evidence, not available few
years ago, now indicate that different cortico-spinal modules underlie
different forms of motor behavior. These modules are composed of
clusters of parietal and frontal areas that share functional properties,
afferent connectivity, and corticofugal pathways. Such modular archi-
tecture is supported by (1) the statistics of parieto-frontal connectivity,
(2) the similar functional properties of neurons across the clusters of
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each module, (3) energy saving considerations, and (4) the effects of
clinical and experimental lesions of different modules.

Modules can directly target the motor periphery, with or without the
involvement of MI. This avoids the use of long oligosynaptic, and
energetically expensive, unmyelinated cortico-cortical connections.
Such unmyelinated axons, instead, more likely play modulatory roles
during learning and when performing new tasks (Battaglia-Mayer and
Caminiti, 2019; Innocenti et al., 2022). In this view, each module targets
spinal interneurons and motoneurons privately, using fewer and faster
descending myelinated axons. Such axons transfer information more
accurately through precise spike-timing rather than only using
spike-rate. The efficiency of bypassing MI in this way is further sup-
ported by 1) the different ranges of axon diameters available to
cortico-cortical vs. corticospinal communication, and by 2) the fact that
metabolic costs scale-up linearly with conduction distance and therefore
become prohibitive in the primate brain. The fact that the size of
recruited corticospinal axons depends on task demand and difficulty
(Miri et al., 2017) suggests that the accurate selection of heterogeneous
axons is a major result of evolution.

Here we posited the existence of at least six corticospinal modules by
combining anatomical, histological, physiological, metabolic, and clin-
ical information. The cortico-spinal modules and functions discussed
here include modules for: 1) arm reaching, tool use and object con-
struction; 2) spatial navigation and locomotion; 3) grasping and obser-
vation of hand and mouth actions; 4) action initiation, motor sequences,
time encoding; 5) conditional, arbitrary sensorimotor association and
learning, action plan switching and action inhibition, social cognition;
6) defensive actions.

10.2. Future perspectives

10.2.1. Across-module interactions in novel tasks, and the role of MI

We now face the challenge of understanding the interaction between
modules in novel tasks. Current computational research — most recently
on hierarchical reinforcement learning — suggests that modules offer a
library of tools that can be dynamically recombined to solve novel tasks
(Kashtan and Alon, 2005; Barreto et al., 2017, 2018, 2020). As an agent
progresses in learning a new task, such rough re-combinations of activity
from separate modules could slowly be replaced by more task-dedicated,
cross-module networks. Recent work in rodents supports this hypothe-
sis: mice that learned two hierarchical sub-tasks were able to quickly
recombine the neural activity underlying both, to effectively learn a new
composite task. Their performance was substantially better than the
mice who had not learned the sub-tasks, and importantly, the neural
activity supporting each sub-task was localized to separate
parieto-premotor module-like networks (Makino, 2023). After the mice
gained more experience with the composite task, the neural activity in
the original networks became less distinguishable, indicating that a new
task-specific functional sub-network was formed.

Another set of studies showed similar results, and even suggested
where the early binding of modules might take place: while MI inacti-
vation impaired forelimb movements during early and middle stages of
motor learning, it had no effect in the late stage (Hwang et al., 2019). In
fact, MI disengagement positively correlated with task performance
after learning: the less MI was involved in a task, the better the task was
performed (Kawai et al., 2015; Hwang et al., 2021). A similar effect is
seen in humans: MI activity contralateral to the used hand decreases as
fast learning progresses, as does activity in the dorsal pole and ipsilateral
dIPFC (Kami et al. 1995; Floyer-Lea and Matthews, 2004, 2005).
Meanwhile, activity in the premotor cortex, SMA, PPC, and cerebellum
increases Floyer-Lea and Matthews (2004, 2005), indicating the shaping
of more task-specific networks.

Therefore, MI might be a major hub that brings parallel modules
together, in the specific context of novel tasks. Once an animal is
exposed to a particular task for long enough, a dedicated network is
formed that bypasses MI. This would be reflected in the increased
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activity of the other motor areas, and simultaneous decrease in coupling
with MI. Functional connectivity in humans shows exactly that pattern:
dPMC, SMA and pre-SMA are more strongly coupled to MI during early
rather than late sequence learning (Sun et al., 2007). Other studies
confirm that during early learning a circuit focused on MI progressively
decreases its activity (MI-premotor-parietal-cerebellar), while another
circuit - not including MI — becomes more active (PPC-premotor)
(Hikosaka et al., 2002; Kincses et al., 2008). As dedicated networks form
for similar tasks, we can then imagine how modules might originate.
Even sleep-dependent improvements of early learning coincide with
decreases in BOLD MI activity (Fischer et al., 2005). This suggests that
the recombinatory pattern learned in MI is used to consolidate the
MI-bypassing network during sleep, weakening the MI representation in
the process. Such a mechanism parallels the way hippocampal sequences
are used to consolidate memories into the cortex, while simultaneously
weakening the sequence in the hippocampus (Klinzing et al., 2019). The
concept of MI functioning as an early recombinatory hub also aligns
with the faster conduction velocities of its spinal tract: Given that
transmitting and recombining the activity from other modules are
time-consuming processes, MI's recombined signals must ‘catch up’ with
those sent to the spinal cord along other cortico-spinal tracts. This en-
sures that more coherent commands are delivered to the muscles.

However, the role of MI cannot purely be one of early recombination:
the classical view of MI function has considerable empirical support,
emphasizing its role in the control and recovery of fine finger move-
ments and hand dexterity (Passingham et al., 1983; Rouiller et al., 1998;
Liu and Rouiller, 1999; Rouiller and Olivier, 2004; Kaeser et al., 2010;
Bashir et al., 2012; Hoogewoud et al., 2013; Murata et al., 2008; Lemon,
2008; Darling et al., 2021; Strick et al., 2021), as well as its contribution
to other tasks such as reaching and locomotion (Georgopoulos and
Grillner, 1989; Nielsen, 2001). These traditional functions of MI are
more in line with slow learning of motor skills, especially sequences of
finger movements: after the decrease in MI activity during fast learning,
MI activity actually progressively increases over the course of weeks to
months, specifically for dextrous movements (Kami et al., 1995; Kleim
et al., 2004; Floyer-Lea and Matthews, 2005).

Therefore, we envision a dual role for MI in the recombination and
reshaping of parieto-premotor modules. First, during early learning in
novel situations, MI acts as a recombinatory hub, sticking together ac-
tivity from multiple modules to create a decent action policy on the fly.
As this early learning continues, the importance of MI decreases and a
more task-specific network starts to form and take over. Second, once
early learning has progressed, more fine-grained alterations can be made
to the new task-specific network. In this second stage, MI can be re-
incorporated into the network, if the task demands are suited to the spe-
cialties of MI. In other words, MI plays a permissive role only for dextrous
learned behaviors, while it plays an instructive role in the early acqui-
sition of new motor skills and in adapting subcortical networks to meet
behavioral demands (Grillner and Wallén, 2004). Given the direct
cortical control that (human) MI has over finger movements, we should
therefore see MI re-emerge as an important node in many of the
finger-based tasks performed in human experiments. The slow,
fine-grained alterations to task-specific networks that we envision also
have considerable empirical support: long-term learning increases both
gray and white matter volume in regions specific to the learned task
(Draganski et al., 2004; Bengtsson et al., 2005; Bermudez and Zatorre,
2005; Cannonieri et al., 2007; Han et al., 2009; Scholz et al., 2009).
Interestingly, the magnitude and timing of changes in gray and white
matter show little correlation. They might therefore represent different
stages in the recombination-to-refinement trajectory that we have out-
lined here. We consider this an important and interesting direction for
future studies. We also note that our view of slow learning is subtly
different from the traditional views in which motor control progres-
sively moves from frontal to parietal areas: we instead claim that the
refined task-specific networks will utilize the brain regions which have
most efficient access to the information necessary for the task.
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Therefore, over the course of a lifetime, we can end up with the modules
described in this work, which are biased to frontal or parietal areas,
depending on the functions that they subserve.

Finally, we do not claim that MI should be the only or ultimate
recombiner of modular activity in novel environments. For example,
while we postulate that control over complex actions moves from MI to
parieto-premotor modules, in mice the basal ganglia often end up con-
trolling the detailed kinematics of learned motor skills somewhat inde-
pendently of cortex (Dhawale et al., 2021). Sub-cortical structures in
primates inarguably also have considerable roles in shaping motor re-
sponses. In fact, it seems like the associative striatum could perform a
complementary role to what we propose for MI during early learning,
recombining activity from multiple modules (Albouy et al., 2008; Ashby
et al., 2010). The sensorimotor striatum meanwhile seems like it would
be the outflow for the consolidated task-specific networks (Ashby et al.,
2010). Other cortical regions might contribute to the reweighting as
well, although probably not as gatekeepers to direct spinal access. For
example, the orbitofrontal and prefrontal cortex provide information
about reward and decision variables, such as the comparative reward
offered by objects (see Schultz, 2015, 2016 for reviews). Such infor-
mation is crucial for estimating the weight with which to combine
modules (Barreto et al., 2018).

10.2.2. Modular interactions that are stable across tasks

We must also look for consistencies in how modules interact across
tasks and timescales. Subcortical regions such as the brainstem, basal
ganglia and thalamus probably play a role in coordinating information
from and to parallel modules. For example, the dorsal striatum combines
information from various cortical sources in order to act and make de-
cisions (Balleine et al., 2007). It could therefore, as mentioned above,
integrate motor commands from the parallel parieto-premotor modules.
The thalamus on the other hand shares rather than integrates informa-
tion between modules, possibly improving coordination and preventing
competition (Sherman, 2016; Halassa and Kastner, 2017). For example,
the cortico-thalamic projections from parietal areas PE and PEip (PEa)
project both to nucleus LP territories from which they receive infor-
mation, as well as to LP territories that in turn project to dorsal premotor
cortex (PMd; F2; Cappe et al., 2009). This provides a trans-thalamic loop
(Guillery and Sherman, 2002) for between-module coordination (see
Battaglia-Mayer and Caminiti, 2009). Cortically, the insula might play a
similar role in concert with the ACC, sharing information across mod-
ules, albeit at substantially higher levels of abstraction than the thal-
amus (Dosenbach et al., 2006; Menon and Uddin, 2010; Uddin, 2015;
Evrard, 2019). The insula is after all strongly interconnected with all
considered modules. The cerebellum, finally, could both integrate and
share task-relevant information across modules, including information
arriving directly from the sensory peripehery, thanks to the
cortico-ponto-cereballar pathways and the reentrant
cerebello-thalamo-cortical systems. Such systems confer the
parieto-frontal modules additional sensorimotor adaptation and flexi-
bility (see Areshenkoff et al., 2022).

However, explicit regulatory hubs might not always be necessary to
balance between-module dynamics. Artificial modular neural networks
display the characteristic robustness and coordination of biological
modular networks as emergent properties, without requiring a dedi-
cated coordination module (Chen et al., 2021). Similarly, artificial
agents trained to intercept certain objects and avoid others automati-
cally form sub-networks dedicated to responding to the different object
types. These sub-networks have an inherent dynamic balance between
them, given that the agent responds appropriately to different stimuli,
with different sub-networks varying their activation as appropriate
(Bufacchi et al., 2022). Much of the dynamic balance between modules
might therefore be regulated by the interconnections between the
modules themselves, possibly through inter-module communication in
output-null spaces (Kaufman et al., 2014).
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10.2.3. Cross-module functions

A third challenge is posed by functions which feature prominently in
more than one module, such as social cognition and time estimation. A
possible explanation is that these cross-module functions are in some
ways closer to world states than specific tasks: social considerations can
be important in almost any environment and for any action, as is keeping
track of time. Despite the experiments in which social or time-keeping
tasks are carefully designed to isolate exactly these elements, there are
likely few situations or tasks in real life which would shape time- or
social- specific modules.

If so, the particular aspects of social cognition and time encoding
should vary between modules, in line with the broader function of the
module. We argue that this is precisely what we observe, and take social
cognition as an example. The lateral parieto-frontal module encodes
facial emotions of others, as well as social context, which is in line with
its ability to perform movements that require coordination between the
hand and the face. The medial premotor module instead seems to
contain more information about the intentions of others, including
whether their actions match those intentions. Such functions are in line
with the module’s emphasis on longer-term goals and intentions, and
the sequences of actions necessary to achieve them. The dorsal premotor
module finally is more involved in joint action and coordination. These
are functions for which one needs to be able to form arbitrary associa-
tions between stimuli and action, as well as appropriately inhibit one’s
own actions: precisely the type of operations with which this module is
concerned.

In this view, actions conveying important social information should
be controlled by a cross-module network involving the modules
mentioned here. That is in fact the case, and we provide the example of
facial expressions (for recent reviews see Miiri, 2016; Ferrari et al., 2017;
Cattaneo and Pavesi, 2014). In macaque monkeys, at least five cortical
regions are involved in producing these expressions, which all project to
the facial nucleus of the pons: MI, dorso-lateral and ventrolateral pre-
motor cortex, and two regions of the cingulate gyrus: one in area 24, the
M3 of Morecraft et al. (2001), probably including CMAr, and a second,
more posterior area (M4), likely encompassing CMAd/v. In the same
vein, the amygdala and its distributed connections provide a substrate
for social perception, since neural activity in monkeys is tuned to spe-
cific parts of faces and in humans to the internal states evoked by
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viewing faces (Rutishauser et al., 2015). These areas are part of the
dorsal premotor, ventral premotor, medial premotor and dorsal
parieto-frontal modules, constituting a cross-module network. The ex-
istence of certain cross-module functions is therefore not a counterpoint
to the perspective that we propose, although there is clearly more
ground for investigating and defining a firmer distinction between inter-
and intra-modular functions.

10.2.4. Clinical implications

An important final question is whether the modularity of command
systems can provide an anatomical substrate and physiological mecha-
nism for facilitating the recovery of cognitive-motor functions after le-
sions in parieto-frontal areas, or their descending systems. There is
indeed evidence that the dorsal premotor spinal module participates in
the recovery of motor functions in patients with stroke or focal lesion
affecting the MI-CST (Johansen-Berg et al., 2002; Fridman et al., 2004;
Darling et al., 2011), and that spike-timing dependent plasticity of
non-MI descending projections can attenuate the clinical consequences
of lesions affecting the MI descending outflow (Bunday and Perez, 2012;
see also commentary by Lemon, 2012). Moreover, the F5 spinal pro-
jection has been implicated in the remarkable recovery of hand dexterity
after lesion limited to the hand area of MI (Sasaki et al., 2004; Nishimura
et al., 2007), thanks to its influence on the C3-C4 propriospinal system
stemming from the mid-dorsal sector of the intermediate zone (Isa et al.,
2006). These phenomena can be interpreted within the context of the
homeostatic plasticity and regulation of cortical networks (Turrigiano,
1999; Marder and Goaillard, 2006; Keck et al., 2013) and convey an
important evolutionary implication, since they mitigate the dramatic
consequences of brain lesions.

Only a sustained research effort integrating basic neurophysiology,
neuropsychology, and computational modelling can answer these
questions. Modelling approaches now benefit from extensive knowledge
on axon diameters and conduction velocities of cortico-cortical and
cortico-spinal systems and can thereby help analyze how conduction
delays influence the temporal dynamics of cortical networks. This also
has translational value, given that different brain diseases can result
from the preferential impairment of axons of a particular diameter.

MODULES SYNOPSIS.

Motor output

Lesions

Function Anatomy
DORSAL PARIETO- This module encodes functions The module’s core areas are
FRONTAL including arm reaching (Mountcastle  intraparietal areas PEip and MIP.
SPINAL MODULE et al., 1975; Johnson et al., 1996; The module further consists of
Snyder et al., 1997;Battaglia-Mayer clusters of parietal areas of the
et al., 2000) and its online control ( medio-dorsal (areas PEci, PEc),
Archambault et al., 2009, 2011), postero-medial (V6A, PGm, area
eye-hand coordination ( 31), and inferior parietal (area PG)
Battaglia-Mayer et al., 2000, 2001; clusters. Beyond PPC, this
Marconi et al., 2001), tool use (Iriki module’s operations depend on a
et al., 1996; Peeters et al., 2013), and distributed system of premotor
object construction (Chafee et al., (F2) and cingulate areas, and on
2005). subcortical relations with pontine
nuclei and, therefore, cerebellum.
HIPPOCAMPO- This module underpins spatial The two poles of this circuit are the
PARIETO- navigation and locomotion through hippocampal formation on one
CINGULATE multisensory and sensorimotor side (O’Keefe and Dostrovsky
SPINAL MODULE integration, transforming spatial (1971); Fyhn et al., 2004; Moser

information between allocentric
(world-centered) and egocentric
(self-centred) reference frames.

et al., 2008) and on the other side
retrosplenial (area 31;Vann et al.,
2009), postero-medial area PGm (
Sato et al., 2006), and inferior
parietal area PG (7a);Crowe et al.
(2004);Noel et al. (2022)).

26

The spinal output of his module
stems from superior parietal area
PEip (Rathelot et al., 2017;
Innocenti et al., 2019), although it
can also transmit information
through F2.

Motor commands from this
module likely reach the periphery
through the strong direct cortico-
spinal pathway stemming from
the cingulate motor area CMAv (
He et al., 1995; Luppino et al.,
1991), which in turn receives
from area 31 (Picard and Strick,
1996), and PGm (Morecraft et al.,
2004)

Posterior parietal lesions of this module
result in optic ataxia, which includes
impaired online control of hand
reaching, tool apraxia and
constructional apraxia.

See Boxs 1-2.

Lesions of these hippocampal,
retrosplenial and parietal areas impair
various forms of spatial navigation and
memory, across species (rodents,
macaques and humans;Maguire, 2001;
Sutherland et al., 1988; Lavenex et al.,
2006; Rueckemann and Buffalo, 2017)
See Box 3.

(continued on next page)
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(continued)
Function Anatomy Motor output Lesions
LATERAL This module encodes observation ( This module’s core areas are AIP, The module projects directly to Some alterations of the mirror system
PARIETO- Rizzolatti et al., 2014), and planning ~ PFG, and F5a-c-p. The module the spinal cord through two have been related to the Autism
FRONTAL and execution of grasping ( consists also of areas of the ventral ~ pathways. The first stems from Spectrum Disorder (Rizzolatti et al.,

SPINAL MODULE

MEDIAL
PREMOTOR
SPINAL MODULE

DORSAL
PREMOTOR
SPINAL
MODULE:

VENTRAL
PREMOTOR
SPINAL MODULE

Mountcastle et al., 1975; Jeannerod
et al., 1995; Dann et al., 2016;
Schaffelhofer and Scherberger, 2016;
Borra et al., 2017), as well as
extended functions involving mouth
and hand-to-mouth actions, and
communicative gestures (Ferrari

et al., 2003; Maranesi et al., 2012).

This module encodes self-initiated (
Brinkman and Porter, 1979; Tanji
and Kurata, 1982), and memorized
actions (Roland, 1987; 1980), to a
lesser extent, sensory-triggered
movements (Romo and Schultz,
1987). It has two additional major
functions: 1) encoding the spatial
and temporal aspects of serial order
of behavior (Lashley, 1951), in
concert with basal ganglia and
cerebellum (Tanji, 2001; Hikosaka
et al., 1998, 2000), and 2) encoding
time during various cognitive and
sensorimotor events (e.g., estimating
elapsed and remaining time, and
categorizing relative event
durations, temporal decision
making; Mlta et al., 2009; Merchant
etal., 2011, 2013; Bi and Zou, 2020).
This module is central to conditional
motor learning and behavior (
Passingham, 1993; Wise et al., 1997;
Wise and Murray, 2000).The module
also participates in the online control
of reaching (Archambault et al.,
2011), reach-direction selection (
Cisek and Kalaska, 2005),
reward-based decision making about
action initiation and suppression (
Schultz et al., 2015;Giamundo et al.,
2021), encoding choice difficulty
during logical decisions (Mione

et al., 2020), and switching and
inhibiting ongoing movements (
Mirabella et al., 2011). Finally, the
module is recruited when observing
and rehearsing familiar actions (
Cisek and Kalaska, 2004), and during
social cognition concerning
joint-action with another agent (
Ferrari-Toniolo et al., 2019; Pezzulo
et al., 2022).

This module is involved in defense of
the body (Graziano, 2006; Cléry

et al., 2015; Bufacchi et al., 2022),
impact prediction (Cléry et al., 2017,
2018; Bertoni et al., 2021),
visuo-tactile multisensory
integration (Ladavas and Farne,
2004; Dijkerman and Medendorp,
2021), egocentric spatial coding (
Colby, 1998; Chen et al., 2011;
Foster et al., 2022) and bodily
ownership (Blanke et al., 2015; Noel
et al., 2015; Guterstam et al., 2019;
Serino, 2019; Bertoni et al., 2021).

premotor (GrFO), anterior IPL (SII),
and ventro-orbitofrontal (i12r,
r46vc) clusters, as well as infero-
temporal area LB2. The module’s
inputs from the insula and inner
perisylvian regions contribute to
high-level social functions
(approach, aggression,
vocalization; Evrard, 2019;
Jezzini et al., 2012), while those
from amygdala contribute to more
basic social computations (i.e.,
information from other’s gaze,
facial identity and expressions).

The central nodes of this module
are SMA and pre-SMA. The module
is further composed of the dorso-
medial Premotor (F7, F7-SEF), and
cingulate (CMAr and CMAv/d)
clusters. It receives input from the
medio-dorsal SPL cluster (MIP, PEip,
PEc), ventral premomotor vPM
cluster (F4, F5), and from parietal
area PEci.

This module’s core area is F2 of the
the dorso-medial premotor cluster,
The module is strongly connected
to other areas at different
hierarchical level of the same
cluster (F7, SMA), and to parts of
the cingulate (CMAr, 24a-b), ventral
premotor (F4, F5), medio-dorsal SPL
(PEc, MIP, PEip), and postero-
medial SPL (V6A) clusters.

The module’s core areas are VIP
and F4. It further communicates
with areas of the posterior IPL
cluster (LIP, MST), ventral
Premotor cluster (F5c¢), anterior
IPL cluster (PF, SII), postero-
medial SPL cluster (V6A, PGm),
medio-dorsal SPL cluster (MIP),
and parieto-vestibular areas PIVC
and VPS.

area PFG (Rozzi et al., 2006), and
probably pre-informs the spinal
centers about others’ intentions
and potential actions. The second
originates from F5c and includes
mirror pyramidal tract neurons (
Kraskov et al., 2009), which
might suppress one’s own actions
during action observation. The F5
descending projection to the
facial, trigeminal, and solitary
tract nuclei (Morecraft et al.,
2001) underlies the selection of
combined hand and mouth
actions by ventral premotor areas
(Gerbella et al., 2016).

This module’s spinal projection
stems from SMA, which has
monosynaptic connections with
spinal motoneurons (He et al.,
1995; Innocenti et al., 2019).

The module’s motor output to the
spinal cord stems from area F2 (
Dum and Strick, 1991; He et al.,
1993; Innocenti et al., 2019;
Strick, 2021)

The module’s spinal projections
stem from F4. The short path
length from F4 to MI suggests that
MI might also be actively involved
in fast, short-latency defensive
reactions to sudden stimuli.

2014).
See Boxs 4-5.

Lesions of this module are associated
with various deficits, including
impaired self-generated movements,
learningccccceef and remembering
motor sequences, sequential limb and
eye movements problems (SMA and SEF
respectively), increased omission and
commission errors, and improper
isochronous tapping. Clinical studies in
humans confirm such findings, with
additional phenomena such as alien
hand syndrome, reduction of self-
initiated speech, involuntary
vocalization, changes in speech rate,
agrammatical output, impairments in
producing rhythms from memory, and
difficulty in task switching.

See Box 6.

Lesions and inactivation of prefrontal
cortex and PMd in monkeys impair
action suppression, the use of non-
spatial cues for movement control (
Gaffan and Harrison, 1988; Petrides,
1982; Passingham, 1993; Kurata and
Hoffman, 1994), and
internally-generated memorized motor
sequences (Ohbayashi et al., 2016).
This is consistent with a meta-analysis
of motor learning studies in humans (
Hardwick et al., 2013). inactivation of
PMd aPMd lesionesion here results in
commission errors (Picton et al., 2007).
Decreased motor inhibition, dependent
on PMd impairment, has been
documented in children with
attentional disorders (Nig, 2001), and
substance abuse disorders (Zang et al.,
2018,Wang et al., 2018Db).

See Box 7.

Lesion studies of the module are
limited. Chemical suppression of F4
results in decreased defensive
responses, while activation of F4
strengthens defensive reactions (Cooke
and Graziano, 2004). In humans,
damage to areas of this module can
result in somatoparaphrenia, a
condition characterized by the belief
that one’s body part belongs to
someone else (Ronchi et al., 2018). This
condition seems to be associated with
impaired defensive behaviour (Romano
et al., 2014).

See Box 8.
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