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ARTICLE INFO ABSTRACT

Keywords: Limb apraxia is a motor disorder frequently observed following a stroke. Apraxic deficits are classically assessed
Apraxia with four tasks: tool use, pantomime of tool use, imitation, and gesture understanding. These tasks are supported by
action understanding several cognitive processes represented in a left-lateralized brain network including inferior frontal gyrus,
t(::ts:ime inferior parietal lobe (IPL), and lateral occipito-temporal cortex (LOTC). For the past twenty years, voxel-wise
?mitation lesion symptom mapping (VLSM) studies have been used to unravel the neural correlates associated with
stroke apraxia, but none of them has proposed a comprehensive view of the topic. In the present work, we proposed to
VLSM fill this gap by performing a systematic Anatomic Likelihood Estimation meta-analysis of VLSM studies which

included tasks traditionally used to assess apraxia. We found that the IPL was crucial for all the tasks. Moreover,
lesions within the LOTC were more associated with imitation deficits than tool use or pantomime, confirming its
important role in higher visual processing. Our results questioned traditional neurocognitive models on apraxia
and may have important clinical implications.

1. Introduction traditionally explored with four tasks: familiar tool use, pantomime of

tool use, imitation, and gesture understanding. Neuroimaging and

Apraxia is a disorder affecting voluntary skilled and learnt move-
ment, which cannot be attributed to sensorimotor or comprehensive
deficits (de Renzi et al., 1989). Several forms of apraxia have been
described in the literature, particularly limb apraxia that was first
described by Liepmann (1908, 1920). As reported in a recent review of
the literature (Gowda and Kolton Schneider, 2023), limb apraxia is a
frequent deficit observed in various neurological disorders, as in
neurodegenerative diseases (90%), sclerosis (25%), left stroke (50-80%
of patients), and right stroke (30-50% of patients). Limb apraxia is

neuropsychological studies have revealed that these tasks are calling
upon several neuro-cognitive processes distributed in a left-lateralized
brain network, encompassing three critical hubs, namely, the inferior
frontal gyrus (IFG), the inferior parietal lobule (IPL) and the lateral
occipital temporal cortex (LOTC; Ishibashi et al., 2016; Johnson-Frey
et al., 2003; Lesourd et al., 2021; Osiurak et al., 2021; Reynaud et al.,
2016). The development of recent neuroimaging techniques, as
voxel-lesion-symptom mapping (VLSM; Bates et al., 2003), has allowed
the scientific community working on apraxia to better map the function

Abbreviations: SPL, Superior parietal lobe; IPL, Inferior Parietal Lobule; IPS, Intraparietal sulcus; SMG, Supramarginal gyrus; ASMG, anterior Supramarginal gyrus;
AIP, Anterior Intraparietal area; MTG, Middle Temporal Gyrus; PMTG, posterior Middle Temporal Gyrus; STG, Superior temporal lobe; STS, Superior temporal sulcus;
PSTS, posterior Superior temporal sulcus; IFG, Inferior frontal gyrus; MFG, Middle frontal gyrus; LOTC, Lateral occipito-temporal cortex; VLSM, voxel-wise lesion
symptom mapping; ML imitation, Imitation of meaningless gestures; MF imitation, Imitation of meaningful gestures.
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of these critical brain regions with the human ability to produce and to
understand actions (e.g., Achilles et al., 2019; Buxbaum and Kalénine,
2010; Martin, Dressing, et al., 2016; Martin et al., 2015; Martin,
Nitschke, et al., 2016; Tarhan et al., 2015). If several studies have
tempted to review the works on VLSM on related fields (e.g., action
perception and understanding; Urgesi et al., 2014), to our knowledge,
there is no systematic work trying to integrate the scientific production
of these past two decades on VLSM and limb apraxia. However, a better
understanding of the brain regions involved in apraxia would not only
increase our theoretical knowledge of the field, but would also improve
the efficiency and accuracy of apraxia diagnosis and could ultimately
allow the development of strategies to compensate for apraxic deficits.

We proposed in the present paper to fill this gap by conducting a
systematic review of VLSM studies associated with familiar tool use,
pantomime of tool use, imitation, and gesture understanding tasks and
to discuss these results in the framework of the 3-pathways neuro-
cognitive model of actions (Binkofski and Buxbaum, 2013). We will
briefly present the clinical tasks usually proposed to assess apraxic
deficits, the cognitive processes known to be involved in each task, and
the brain networks that are engaged in these tasks/processes.

1.1. Clinical tasks assessing limb apraxia

1.1.1. Tool use

To assess the ability to use tools, participants are asked to perform
different types of tool use tasks, and particularly single and real tool use
(Table 1). Single tool use consists in appropriately use an isolate familiar
tool, without any context or associated object (e.g., use a hammer by
moving it up and down to simulate the pounding of a nail), while real
tool use, consists in using a familiar tool with its typical associated object
(e.g., using a hammer with a nail). The ability to use tools can be
explored with familiar tools or with novel tools (e.g., mechanical
problem-solving tests; Goldenberg and Hagmann, 1998; Jarry et al.,
2013; Lesourd et al., 2016; Ochipa et al., 1989; Osiurak, 2013). Tool use
skills are often impacted in limb apraxia (for review see Baumard et al.,
2014). Patients affected may have difficulties in: (1) performing the
gesture adapted to the tool, or/and (2) selecting the appropriate tool,

Table 1
Glossary of Apraxia’s assessment tasks.

Description

Tool use
Real tool use

Participants have to use a tool (e.g., hammer, screwdriver).
Participants have to use a tool with a contextual object (e.g.,
use a hammer with a nail).

Participants have to grasp a tool and show how to use it
without contextual object.

Participants have to use an unknown tool, designed for the

Single tool use

Novel tool use
experiment.

Pantomime of tool  Participants have to simulate the use of a tool without holding
use it in hand.

Visual modality Participants have to simulate the use of a tool presented in the

picture, without holding it in hand.

Participants have to simulate the use of a tool presented by

verbal instruction, without holding it in hand.

Verbal modality

Imitation Participants have to imitate gestures performed by the
experimenter.
Meaningful The experimenter performs a meaningful symbolic gesture,
imitation participants have to imitate this gesture.
Meaningless The experimenter performs a meaningless gesture,
imitation participants have to imitate this gesture.

Transitive imitation =~ The experimenter performs a pantomime of tool use (without
holding the tool in hand), participants have to imitate this
gesture.

The experimenter performs a non-tool-related gesture,
participants have to imitate this gesture.

Participants have to imitate hand postures.

Participants have to imitate finger configurations.

Intransitive
imitation

Hand imitation

Finger imitation
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or/and (3) grasping the tool and orienting it correctly.

1.1.2. Pantomime of tool use

Instead of tool use tasks, the pantomime of tool use task consists in
performing a transitive gesture without holding the tool in hand
(Table 1). Patients have to simulate an object-related-gesture as if they
were holding it in hand (e.g., “up and down hand movement” to simu-
late a hammer pounding a nail in a wall). Pantomime of tool use can be
proposed visually (e.g., picture of a hammer) or/and on verbal com-
mand (e.g., “Show me how to use a hammer”). To facilitate the reading,
for the rest of this paper we will use the term pantomime to refer to the
pantomime of tool use.

1.1.3. Imitation

Imitation tasks consist in reproducing a gesture presented either by
an experimenter or depicted in a picture. Gestures can be either mean-
ingless (ML) or meaningful (MF) (Table 1). A first dissociation has been
found between MF and ML gestures during imitation, confirming the
importance of studying them independently (Bartolo et al., 2001; Tessari
et al., 2007). A second dissociation has been found in ML gestures be-
tween hand postures and finger configurations. The first one requires
imitating a hand position relative to a body part (e.g., hand on the nose;
see for example Goldenberg, 1999), while the second one requires
reproducing specific fingers configurations. MF imitation can be divided
into two different tasks depending on whether the gesture involved the
use of a tool (transitive) or not (intransitive). MF intransitive imitation
assesses the ability to reproduce a stored gesture that do not represent
the use of a tool (i.e., communicative gesture, e.g., index finger on the
lips to request silence) while MF transitive imitation consists in imitating
an object-related-gesture (Table 1).

1.1.4. Gesture understanding

In these tasks, participants are required to examine a gesture over
several experimental variations and have to judge whether the gesture is
correct to perform a given action. For instance, in the recognition of tool
manipulation task (Baumard et al., 2016; Jarry et al., 2013; Lesourd,
Osiurak, et al., 2017), several pictures of a hand holding a tool are
proposed and one picture must be selected according to the best/correct
way to hold the tool in order to use it. In other tasks, participants are
asked to judge whether two tools have the same manipulation or not, or
the same way to be held in hand for subsequent use (for review see
Lesourd et al., 2021).

1.2. Cognitive processes involved in the assessment of apraxia

Tool use, pantomime, imitation, and understanding tasks assess
different aspects of limb apraxia and are underlaid by different cognitive
processes (Baumard and Le Gall, 2021; see Fig. 1). Among all these
cognitive processes, several of them appear to be of first importance,
that is, semantic knowledge, manipulation knowledge, mechanical
knowledge, body knowledge as well as additional non-specific
processes.

1.2.1. Semantic knowledge

Semantic knowledge includes general concepts acquired and
abstracted from past experiences. This knowledge contains the purpose
and the context of an action. Concerning tool use, semantic knowledge
allows selecting which tool is associated with a given recipient (e.g., a
nail goes with a hammer), or which is the related function of a given tool
(e.g., a hammer is used to pound something). Single tool use and
pantomime of tool use tasks place a heavier demand on semantic
knowledge since no contextual information is provided in addition to
the tool presented. Thus, only semantic knowledge about the tool allows
identifying the purpose of the action (Hodges et al., 2000; Osiurak et al.,
2008, 2021; Silveri and Ciccarelli, 2009). In contrary, by giving a
contextual object associated with the tool, semantic knowledge becomes
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Fig. 1. Correspondence between tasks, processes, neural location, and neural networks (adapted from Baumard and Le Gall, 2021). IPS = intraparietal sulcus; SPL =
superior parietal lobe; IPL = inferior parietal lobe; SMG/PF = area PF of the supramarginal gyrus; Angular = angular gyrus; LOTC = lateral occipital temporal cortex.

less necessary. This is the case for real tool use which may depend more
on mechanical knowledge (Goldenberg and Spatt, 2009; Hodges et al.,
2000; Osiurak et al., 2008). Semantic knowledge is also involved in both
transitive and intransitive MF imitation (Mengotti et al., 2013), and
finally, gesture understanding tasks are also sustained by semantic
knowledge of action (Baumard et al., 2016; Jarry et al., 2013).

1.2.2. Manipulation knowledge

Manipulation knowledge, also known as gesture engrams, contains
manipulation aspects of meaningful gestures. Manipulation knowledge
is tool-hand centered as it contains information about how to manipu-
late tools and is “thought to contain the features of gestures which are
invariant and critical for distinguishing a given gesture from others.”
(Buxbaum, 2001, p.452). Therefore, this knowledge is involved in every
transitive gesture task: single tool use, familiar tool use, pantomime, and
MF transitive, but also in intransitive imitation (Buxbaum and Saffran,
2002; Goldenberg, 2014; Osiurak et al., 2011; Rothi et al., 1991) and in
gesture understanding tasks. Manipulation knowledge may be stored in
inferior parietal lobe (IPL; Buxbaum, 2001; Buxbaum et al., 2007;
Buxbaum, Kyle, et al., 2005; Haaland et al., 2000; van Elk et al., 2014).

1.2.3. Technical reasoning

Technical reasoning is a “causal and analogical reasoning, which is
directed towards the physical world” (Osiurak et al., 2008, 2009, 2021),
involving spatial reasoning, physical principles, and interactions be-
tween objects and tools. Mechanical knowledge is tool-object centered,
as it is based on the understanding of opposition existing between
physical properties of tools and objects (Osiurak, 2014; Osiurak et al.,
2010; Osiurak and Badets, 2016). Technical reasoning is important to
perform actions linked with tool use: single tool use, real tool use,
pantomime, and MF transitive imitation (Baumard and Le Gall, 2021;
Goldenberg and Hagmann, 1998; Lesourd, Baumard, et al., 2017;
Lesourd et al., 2019, 2020; Osiurak et al., 2021). The PF area located in
the left IPL is thought to support technical reasoning (Federico et al.,
2022; Lesourd, Reynaud, et al., 2023; Reynaud et al., 2016, 2019).

1.2.4. Body schema and body image

Two types of representations can be requested to perform gestures,
the body image and the body schema. The body image contains lexical-
semantic knowledge of the body and knowledge about structural
description of body parts (i.e., perceptual, conceptual, and emotional).
Body image is involved in performing ML imitation because patients
have to identify body parts of the model they have to reproduce (Bau-
mard and Le Gall, 2021; Buxbaum, 2001; de Vignemont, 2010; Osiurak
et al., 2021; Schwoebel and Coslett, 2005). Body image is supported by
temporal regions (including LOTC; for review see Lingnau and Downing,
2015; Wurm and Caramazza, 2022), as well as the angular gyrus (Dafsari

et al., 2019). The body schema concerns the motor control system,
which guides actions to interact with the physical world, permitting to
adapt to external constraints, by taking into account spatial relations
between body parts. This ability is involved in ML imitation and
pantomime of tool use tasks, and may be mainly supported by the
intraparietal sulcus and superior parietal lobe (Baumard and Le Gall,
2021; Buxbaum, 2001; de Vignemont, 2010; Osiurak et al., 2021;
Schwoebel and Coslett, 2005).

1.2.5. Non-specific cognitive processes

Working memory is far from being specific to apraxic deficits, it is
implicated in several dimensions of gesture tasks. We can define work-
ing memory as the ability to store information in short-term memory in
order to process this information. Although working memory was found
to be involved in single tool use (Baumard et al., 2014), pantomime of
tool use task (Bartolo et al., 2003; Cubelli et al., 2000), and ML imitation
(Bartolo et al., 2003; Rumiati and Tessari, 2002; Toraldo et al., 2001), its
exact role is anything but clear. Indeed, several specific cognitive pro-
cesses for action can be affected by working memory performance. Thus,
the implication of working memory on tool use, pantomime, and
imitation would be indirect, which might explain why a dysexecutive
syndrome does not systematically lead to a deficit in pantomime of tool
use task and/or tool use (Osiurak et al., 2021). Other non-specific pro-
cesses have been found to be involved in apraxia tasks. This is the case
for visuo-spatial skills involved in ML imitation (Goldenberg et al.,
2009), and language skills involved in pantomime production (Gold-
enberg et al., 2003).

1.3. The 3-pathway neurocognitive model of action

The neural correlates of apraxia have been studied for over a century
which has led to the emergence of several theories on which current
models are based. Historically, two distinct pathways of action have
been proposed: a dorsal stream and a ventral stream (Goodale and
Milner, 1992; Mishkin et al., 1983). More recently, Binkofski and Bux-
baum (2013) proposed an anatomical and functional subdivision of the
dorsal pathway into a ventro-dorsal pathway (visual extrastriate cortex,
inferior angular gyrus, supramarginal gyrus, anterior intraparietal sul-
cus, and ventral precentral gyrus) and a dorso-dorsal pathway (visual
extrastriate cortex, superior angular gyrus, posterior intraparietal sul-
cus, superior parietal lobe, and dorsal precentral gyrus). While the
dorso-dorsal pathway is mainly involved in online monitoring of action
(e.g., reaching/grasping; Rossetti et al., 2005; Tunik et al., 2005), the
ventro-dorsal pathway underpins the main representations about tool
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use (i.e., manipulation and mechanical knowledge; Buxbaum, 2017;
Federico et al., 2022; Reynaud et al., 2016). The ventral pathway3 has
been associated with both semantic and manipulation knowledge (e.g.,
Bozeat et al., 2002; Hodges et al., 2000; Lesourd et al., 2021; Lesourd,
Reynaud, et al., 2023). Recent advancements in our understanding of
the ventral pathway propose the inclusion of a more dorsal segment,
which involves brain regions responsible for perceiving biological mo-
tion (MT/V5) and extends toward higher sociocognitive functions via
the posterior superior temporal sulcus (Pitcher and Ungerleider, 2021;
Rounis and Binkofski, 2023). This segment may be of first importance
for processing social gestures.

Each task assessing apraxia relies upon several cognitive processes,
which are in turn calling upon these three pathways (Fig. 1 and Fig. 2).

1.3.1. Imitation

Imitation consists in performing a gesture by reproducing it from a
model. Since gestures can be either meaningful (MF) or meaningless
(ML), this task has been studied to better understand the cognitive bases
of action meaning. One of the oldest and most studied cognitive models
of imitation is the dual-route model, which opposes semantic and non-
semantic routes (Cubelli et al., 2000; Gonzalez Rothi et al., 1991). The
semantic route retrieves MF gestures from long-term memory while the
direct route is involved in the imitation of ML gestures, by converting
directly viewed gestures into sensorimotor information. Neuropsycho-
logical double dissociation has been found between imitation of MF and
ML gestures, confirming the existence of the two routes (Bartolo et al.,
2001; Tessari et al., 2007). However, the direct route is not specific to
ML gestures, as MF gestures may be processed through this pathway if
they are mixed with ML gestures in the same list (Tessari et al., 2007;
Tessari and Rumiati, 2004).

The direct route has been associated with a dorso-dorsal stream, a
direct pathway of action production and visuo-motor transformation,
supported by occipito-parietal junction, intraparietal sulcus, and supe-
rior parietal lobule (Fig. 1 and Fig. 2; for a review see Binkofski and
Buxbaum, 2013). In a PET study, Peigneux et al. (2004) highlighted the
role of bilateral SPL in ML gestures in contrast to MF gestures. Another
PET study conducted by Rumiati et al. (2005) found specific involve-
ment of bilateral SPL and the right occipito-parietal junction for ML
imitation. Some lesion mapping studies found dorso-dorsal lesions to be
associated with ML imitation deficits, specifically the superior angular
gyrus/IPS (Hoeren et al., 2014), and SPL lesions (Hoeren et al., 2014;
Martin, Nitschke, et al., 2016). Taken together, these data highlight the
strong involvement of the dorso-dorsal stream in the imitation of ML
gestures. Moreover, the involvement of the dorso-dorsal route (angular
gyrus and IPS) has also been found in MF imitation (Achilles et al.,
2019), which agrees with the idea that this pathway may support both
MF and ML gestures (Tessari et al., 2007; Tessari and Rumiati, 2004).

The indirect route is associated with the ventral stream (Fig. 1 and
Fig. 2) which supports semantic and action semantics (for reviews see
Lingnau and Downing, 2015; Ralph et al., 2017). This pathway is sup-
ported by the posterior and anterior parts of the temporal lobe, and the
occipito-temporal junction. Several neuroimaging studies reported
specific involvement of bilateral temporal lobe for MF imitation
(Peigneux et al., 2004; Rumiati et al., 2005). Lesion mapping studies
confirmed the involvement of temporal regions in MF imitation
including the LOTC (Achilles et al., 2019; Binder et al., 2017; Buxbaum
et al., 2014; Dressing et al., 2018). However, some studies reported that

3 The ventral pathway encompasses the whole temporal lobe, and recent
studies have pointed out the functional organization of the lateral temporal lobe
(LOTC and pMTG) which can be dissociated with those of the ventral temporal
lobe (fusiform gyrus; Wurm and Caramazza, 2022). While these distinctions
appear to be of first importance, we will focus only on the lateral part (LOTC
and pMTG), as the lesion overlap in VLSM studies did not include ventral part of
the temporal lobe (see Section 4.4 for methodological considerations).
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ML imitation is supported by several parts of the ventral stream,
including the LOTC (Buxbaum et al., 2014; Dressing et al., 2021; Hoeren
et al., 2014; Martin, Nitschke, et al., 2016). The indirect route can also
be associated with the ventro-dorsal stream, which is known to store
sensorimotor representations about gestures, and can therefore be the
locus of the action lexicon (Buxbaum, 2001; Buxbaum, Kyle, et al., 2005;
Buxbaum et al.,, 2007; Haaland et al., 2000; van Elk et al., 2014).
However, once again this pathway, particularly the left inferior parietal
lobe (IPL) supports the imitation of both MF and ML gestures (Achilles
et al., 2019; Binder et al., 2017; Dressing et al., 2018, 2019; Martin,
Nitschke, et al., 2016; Mengotti et al., 2013; Tessari et al., 2021). The left
IPL is an integrative hub at the interplay between ventral and dorsal
pathways, which store several kinds of representations. Taken together,
these data showed that both MF and ML imitation can be supported by
ventral, ventro-dorsal and dorso-dorsal pathways, therefore ruling out
the clear association between a cognitive pathway (direct or indirect)
and a neural pathway.

A recent meta-analysis nevertheless afforded valuable information
by showing that deficit of imitation of MF gestures was associated with
lesions involving the left IPL and left STG, whereas a deficit of imitation
of ML gestures was more distributed in the left hemisphere including
posterior part of the temporal lobe as well as IPL (Lesourd et al., 2018).
In line with these data, Tessari et al. (2021) showed that deficit of MF
imitation was associated with lesions in left IPL and STG, whereas deficit
of ML imitation was associated with lesions in both left IPL and posterior
left LOTC, depending on the body part to imitate (i.e., hand posture vs
finger configuration). Taken together, these data may suggest that the
left IPL is critical for both MF and ML imitation whereas posterior
temporal regions may rather be critical for ML imitation.

1.3.2. Tool use

The use of an object is calling upon several representations, that is,
manipulation knowledge, mechanical knowledge, and semantic
knowledge. Nevertheless, several studies pointed out that manipulation
and semantic knowledge were not sufficient to explain our ability to use
tools (e.g., Baumard et al., 2019; Buxbaum et al., 2007), instead of
mechanical knowledge that may play a critical role (Baumard et al.,
2016; Goldenberg and Hagmann, 1998; Jarry et al., 2013; Lesourd et al.,
2019, 2020; Osiurak et al., 2008). Semantic knowledge is mainly sup-
ported by the lateral pathway (Binder and Desai, 2011; Jefferies, 2013;
Jefferies et al., 2020; Lesourd et al., 2021; Lesourd, Reynaud, et al.,
2023; Ralph et al., 2017) whereas manipulation knowledge is relying
upon both lateral and ventro-dorsal pathways (Buxbaum, 2017;
Lesourd, Reynaud, et al., 2023) and mechanical knowledge is mainly
supported by the ventro-dorsal pathway (IFG and SMG/PF; Federico
et al., 2022; Reynaud et al., 2016).

The ventro-dorsal stream, more particularly the IPL and the SMG, has
been strongly associated with tool use. Orban and Caruana (2014)
proposed a specific action tool execution route connecting MT cluster (i.
e., LOTC), MTGt (i.e., pMTG), IPL, aSMG, and premotor cortex, with a
specific role of the aSMG, which compiles semantic information from the
ventral stream and technical reasoning from the PF area (Osiurak et al.,
2008, 2009, 2010, 2021; Osiurak and Badets, 2016; Reynaud et al.,
2016, 2019). Other studies have stressed the role of SMG/PF in
manipulation knowledge (Andres et al., 2013, 2017; Kleineberg et al.,
2022; but see Lesourd et al., 2017 for an alternative explanation). In any
case, a lesion occurring along the ventro-dorsal stream commonly leads
to tool use impairment (Goldenberg and Spatt, 2009; Martin, Dressing,
et al., 2016, 2016; Mengotti et al., 2013; Randerath et al., 2010; Sala-
zar-Lopez et al., 2016; Stoll et al., 2022). Finally, the IFG has been found
to be involved in the selection of functional grasp (Randerath et al.,
2010), and more generally in the successful of tool use (Finkel et al.,
2018; Goldenberg and Spatt, 2009; Martin, Dressing, et al., 2016; Martin
et al., 2015; Randerath et al., 2010; Salazar-Lopez et al., 2016; Stoll
et al., 2022).

Tool use has also been associated with the dorso-dorsal pathway. The
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Fig. 2. The 3-pathway neurocognitive model of action. SPL/IPS = superior parietal lobe/intraparietal sulcus; IPL/SMG = inferior parietal lobe/supramarginal gyrus;
IFG = inferior frontal gyrus; LOTC = lateral occipital temporal cortex; aTG = anterior temporal gyrus; STS: superior temporal sulcus; dPMC = dorsal premotor cortex.

dorsal part of the parietal lobe has been specifically associated with the
egocentric relationship between the body and the object, and in
particular the affordance of graspable tools (Buxbaum et al., 2006;
Orban and Caruana, 2014; Osiurak, 2013; Osiurak et al., 2010; Ran-
derath et al., 2010; Reynaud et al., 2016). This is in line with body
schema capacity localized in SPL/IPS allowing to interact with pre-
sented tools. Several lesion mapping studies on tool use reported the
involvement of SPL (Buxbaum et al., 2006; Goldenberg and Spatt, 2009;
Martin et al., 2015; Randerath et al., 2010; Salazar-Lopez et al., 2016)
and superior angular gyrus/IPS (Martin et al., 2015; Randerath et al.,
2010; Salazar-Lopez et al., 2016), which suggests a crucial role of the
dorso-dorsal route. This role is not just about grasping objects since
dorsal regions are involved in isolated tool use execution, grasping
excluded (Randerath et al., 2010), which suggest that these regions are
not only necessary to reach and grasp a tool, but also to execute the
action once the tool in hand.

Traditionally, the ventral pathway has been associated with semantic
knowledge, but recent works have stressed its important role in action
recognition and action semantics (i.e., LOTC; Buxbaum et al., 2014;
Kalénine and Buxbaum, 2016; Lesourd, Afyouni, et al., 2023; Lingnau
and Downing, 2015; Wurm et al., 2016, 2017; Wurm and Lingnau,
2015). For instance, lesion mapping studies have highlighted the
importance of the LOTC, STG, pTG and aTG (Dovern et al., 2011; Martin,
Dressing, et al., 2016; Martin et al., 2015; Salazar-Lopez et al., 2016;
Stoll et al., 2022), therefore suggesting a critical role of the ventral
stream in tool use.

By focusing in more details on lesion mapping studies, we observed
divergent results concerning brain regions required for tool use. While
Goldenberg and Spatt (2009) highlighted that both the dorso-dorsal and
ventro-dorsal pathways are necessary, other works underline also the
importance of the ventral pathway (Dovern et al., 2011; Martin, Dres-
sing, et al., 2016; Martin et al., 2015; Salazar-Lopez et al., 2016). Taken
together, these results challenge the critical role of the ventral pathways
in tool use.

1.3.3. Pantomime of tool use

The pantomime task has been used for many years as a clinical
assessment of tool use, with the advantage it does not require the
presence of a real tool. It has long been assumed that this task is sup-
ported by the activation of gesture engrams, located in the left IPL
within the ventro-dorsal stream (Buxbaum, 2001). Neuroimaging has
largely confirmed the involvement of IPL in pantomime of tool use task
(e.g., Choi et al., 2001; Fridman et al., 2006; Johnson-Frey et al., 2005;

Ohgami et al., 2004; for review see Osiurak et al., 2021). Recent studies
have stressed the multidetermined cognitive processes engaged in
pantomime, that is, manipulation knowledge, but also communication
skills, working memory, and mechanical knowledge. Pantomime is
considered by many authors to be a communicative gesture since the
only ecological context in which pantomime is used is to transmit in-
formation, either to supplement or to replace speech (Finkel et al., 2018;
Osiurak et al., 2021). Communicative skills are well known to be process
in IFG but also in temporal regions (Buxbaum et al., 2014; Finkel et al.,
2018; Garcea et al., 2020; Osiurak et al., 2021; Tarhan et al., 2015; Weiss
et al., 2016).

The dorso-dorsal stream has also been associated with pantomime
because of its planning function production system supposed to rely
upon the IPS/SPL (e.g., Choi et al., 2001; Fridman et al., 2006; Ohgami
et al., 2004; for review see Osiurak et al., 2021). Although the
dorso-dorsal stream appears to be identically involved in the motor
control process for both pantomime and tool use, this stream was also
found to be required for grasping an object. Thus, the absence of
grasping during pantomime should result in distinct involvement of the
dorso-dorsal stream, which may be more critical for tool use than for
pantomime.

Like all meaningful actions, pantomime of tool use recruits semantic
representations via the ventral stream. Neuroimaging and lesion map-
ping studies have shown the importance of semantic representations in
pantomime (e.g., Lesourd et al., 2017, 2019), with the involvement of
aTG, pTG, LOTC and STG (Buxbaum et al., 2014; Choi et al., 2001;
Dressing et al., 2019, 2021; Finkel et al., 2018; Garcea et al., 2020;
Hoeren et al., 2014; Johnson-Frey et al., 2005; Manuel et al., 2013;
Martin, Nitschke, et al., 2016; Nobusako et al., 2018; Osiurak et al.,
2021; Sperber et al., 2019; Tarhan et al., 2015; Watson and Buxbaum,
2015). One may notice that the ventral stream may also support
manipulation knowledge mainly in the posterior part of the temporal
lobe (LOTC; Buxbaum, 2017; Lesourd et al., 2021; Metzgar et al., 2022).

1.3.4. Gesture understanding/recognition

Many paradigms have been developed to explore the neurocognitive
bases of gesture recognition or gesture understanding. In these tasks,
participants have to make a judgement on a gesture (e.g., kinematics,
hand posture, etc.). These kinds of tasks recruit the Action Observation
Network, a bilateral brain network engaged during the observation of
other’s people action. The Action Observation Network encompasses
various brain regions such as IFG, IPL, STG, pMTG, and occipito-
temporal regions (for reviews see Caspers et al., 2010; Grosbras et al.,
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2011; Urgesi et al., 2014). Thus, the Action Observation Network is
relying upon ventral and ventro-dorsal streams. Neuroimaging and
lesion mapping studies which focused on gesture recognition have
confirmed the specific involvement of these two streams, and particu-
larly IFG, IPL, and pMTG/LOTC (e.g., Akinina et al., 2019; Kalénine
et al.,, 2010; Kalénine and Buxbaum, 2016; Lesourd, Afyouni, et al.,
2023; Martin, Dressing, et al., 2016; for review see Urgesi et al., 2014).
Interestingly, these brain regions are also involved in action production,
suggesting similar engagement between understanding and production
of gestures (for reviews see Reynaud et al.,, 2016, 2019). However,
Tarhan et al. (2015) showed that action recognition was more affected
by pMTG/LOTC lesions, while action production was more affected by
IPL and IFG lesions. These results are slightly divergent from those ob-
tained by Caspers et al. (2010), which found that bilateral pMTG, left
IPL, and bilateral IFG were more activated in action observation
compared to gesture imitation, whereas bilateral IFG, right VOTC, and
right IPS were more engaged in the opposite contrast. Although these
differences are currently poorly documented, we hypothesized that
PMTG/LOTC regions are more critical for action recognition, while IPL
appears to be more critical for action production. Finally, IFG appears to
be engaged in gesture understanding as well as in action production.

1.4. Objectives and predictions

Many studies and reviews have shown the involvement of specific
regions and their functional role in tasks assessing apraxia, but none of
them have proposed to review the lesion mapping data on apraxic def-
icits (but see Urgesi et al., 2014). The aim of this work is to fill this gap
by investigating the critical role of the 3 action brain streams in tasks
traditionally used to assess apraxic deficits. To clarify and delineate the
pathways required when producing and understanding actions suc-
cessfully, we proposed here, a meta-analysis including data from VLSM
studies on tool use, pantomime, imitation, and gesture understanding
tasks published during the twenty past years. Based on previous research
in neuroimaging and lesion mapping, we formulated the following hy-
potheses for each of these tasks.

Transitivity of the action has been explored through pantomime and
tool use. We assumed a strong involvement of ventro-dorsal and ventral
streams in these two tasks. Lesions of the dorso-dorsal stream were also
expected to affect both tool use and pantomime, although we expected
that tool use would be more affected than pantomime.

We considered imitation according to the meaning of the gesture. We
assumed that both meaningful and meaningless imitation should be
impacted by lesions occurring in dorso-dorsal and ventro-dorsal streams.
Regarding the ventral stream, while we assumed its critical role for both
tasks, we proposed that ML imitation would be affected by lesions more
posterior (i.e., LOTC) than MF imitation.

Lastly, we predicted that both ventral and ventro-dorsal lesions
would affect gesture understanding. Moreover, by comparing gesture
understanding and action production, we supposed that lesions in the
posterior parts of the lateral stream (i.e., LOTC) would be more likely to
affect gesture understanding, while lesions in the IPL would be more
associated with action production. The existing literature data did not
allow us to formulate a precise hypothesis regarding a preferential
disturbance following a lesion in the IFG.

2. Method
2.1. Literature search and selection

We performed a systematic search on the literature following the
PRISMA Statement (Page et al., 2021). We followed a two-step method
to identify studies of interest: citation searching and databases search-
ing. In the first one, we explored publications from influent groups on
apraxia (e.g., Freiburg group, Munich group, MRRI group, etc.) to find
papers relevant to our meta-analysis. By this way, we identified 76
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papers of interest, which allowed us to refine our searching criteria (see
below), and therefore retaining 30 papers. Thus, we selected VLSM
studies according to a series of selection criteria:

(1) Reviews, single case studies, and group studies including less
than 15 patients were excluded.

(2) Studies using voxel-based lesion symptom mapping were
included (Kimberg et al., 2007).

(3) Only patients with left brain-damaged were considered.”

(4) Studies had to investigate one of the four apraxia’s tasks: familiar
tool use, pantomime, imitation, or gesture understanding tasks.

(5) Reports had to provide stereotaxic coordinates of lesion peaks or
at least overlay lesion plots associated with selective disturbances

In a second step, we sought articles by databases searching. Three
databases were used: Web of Science, PubMed, and ScienceDirect. The
following keywords were used for production tasks: [(“VLSM” OR
“voxel-based lesion mapping” OR “voxel wise lesion mapping” OR
“voxel lesion symptom mapping”) AND (“Tool use” OR “Pantomime” OR
“Imitation” OR “Apraxia” OR “Gesture”)], and the following keywords
were used for gesture understanding tasks: [(“VLSM” OR “voxel-based
lesion mapping” OR “voxel wise lesion mapping” OR “voxel lesion
symptom mapping”) AND (“Gesture understanding” OR “Action
comprehension” OR “Action perception” OR “Gesture understanding”
OR “Gesture comprehension”)). These searches resulted in 3994 papers
with a last update on 6th December 2022. A first evaluation of these
articles was performed by screening title and summary leading to the
exclusion of 3872 studies. Of the remaining 129 papers, 32 were finally
included in the meta-analyses after detailing screening (see screening
criteria above). For a more detailed overview of the selection, see the
PRISMA flow diagram (Fig. 3). Tables detailing the literature review
step by step are available at https://osf.io/phwv3/.

By gathering the 30 papers identified by citations searching, and the
32 papers selected by databases searching, a total of 35 articles were
obtained (Table 2). These papers were classified according to the type of
tasks reported: 10 studies for the tool use task (Table A1), 16 studies for
the pantomime of tool use task (Table A2), 16 studies for the imitation
task (Table A3), and 10 studies for the gesture understanding tasks
(Table A4). Multiple sub-classifications were used, sorting papers by: (1)
transitivity of the action (2) meaning of the action (3) presentation
modality (4) body part used for imitation (for more details, see
Tables A1-A4). As one study may have used one or several tasks, an
overview of the distribution of tasks in the studies examined in the
current meta-analysis is provided in supplementary Table S1.

2.2. Data extraction

VLSM studies aim at providing statistical associations between le-
sions and behavior. These lesions are traditionally presented in stereo-
taxic coordinates (x, y, z), or as statistical lesion plots. In the first case,
we collected directly lesions coordinates of each cluster associated with
the task of interest. These coordinates may be the center of mass or
activation peak of the cluster, depending of the study. In the second case,
when statistical tables were not provided in the original study, we
extracted the coordinates directly from available statistical lesion plots.
To do so, we used a method described in previous reviews on apraxia
(Lesourd et al., 2018; Osiurak et al., 2021; for a similar procedure, see
also Niessen et al., 2014). First, from the lesion sites depicted in the
overlay plots, we identified the maximum lesion overlap locations for
each slice reported. Second, we projected these maximum lesion centers
onto the corresponding slice of a MNI standard template brain
(Ch2better) provided by MRIcron to obtain the corresponding

4 Although our first aim was to consider both RBD and LBD patients, we
finally focused on LBD patients due to the lack of data for RBD patients.
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Fig. 3. PRISMA flow diagram for the systematic review of the literature on apraxic tasks (Page et al., 2021). For more details on the different stages of paper in-
clusion, see the literature review tables available at https://osf.io/phwv3/.

Table 2

List of the 35 studies included in the meta-analysis. Papers are sorted by tasks,
the same article may appear for several tasks (for more details, see Tables A1,

A2, A3 and A4).

Tool use

Pantomime

Imitation

Gesture
understanding

Bi et al. (2015)

Dovern et al.
(2011)

Goldenberg and
Spatt (2009)

Martin et al.
(2015)

Martin, Dressing
et al. (2016)

Martin, Nitschke
et al. (2016)

Mengotti et al.
(2013)

Randerath et al.
(2010)

Salazar-Lopez
et al. (2016)

Stoll et al. (2022)

Achilles et al.
(2017)
Achilles et al.
(2019)
Binder et al.
(2017)
Buxbaum et al.
(2014)
Dovern et al.
(2011)
Dressing et al.
(2018)
Dressing et al.
(2019)

Dressing et al.
(2021)

Goldenberg and
Randerath
(2015)

Hoeren et al.
(2014)

Martin, Nitschke
et al. (2016)
Mengotti et al.
(2013)
Nobusako et al.
(2018)
Pizzamiglio et al.
(2019)
Randerath et al.
(2018)

Stoll et al. (2022)

Buxbaum et al.
(2014)

Dovern et al.
(2011)
Dressing et al.
(2019)
Dressing et al.
(2021)

Finkel et al.
(2018)

Garcea et al.
(2020)
Goldenberg and
Randerath
(2015)

Hoeren et al.
(2014)

Manuel et al.
(2013)

Martin, Nitschke
et al. (2016)
Nobusako et al.
(2018)

Pizzamiglio et al.

(2019)

Sperber et al.
(2019)

Tarhan et al.
(2015)

Watson and
Buxbaum (2015)
Weiss et al.
(2016)

Akinina et al.
(2019)
Binder et al. (2017)

Goksun et al. (2015)

Kalénine et al.
(2010)

Kalénine et al.
(2013)

Martin, Dressing
et al. (2016)
Pazzaglia, Smania
et al. (2008)

Pazzaglia,
Pizzamiglio et al.
(2008)
Pizzamiglio et al.
(2019)

Tarhan et al. (2015)

coordinates (https://www.nitrc.org/projects/mricron). All peak voxel
coordinates were either collected or transformed in MNI space. Indeed,
if the study reported Talairach coordinates, they were first converted to
MNI space using icbm2tal transformation (Lacadie et al., 2008) imple-
mented in a webapp (https://bioimagesuiteweb.github.io/webapp/mni
2tal.html). The data has been extracted by two researchers, one familiar
and one novice with the field. Analyses were performed on both sets of
data, and as there was no major difference between the two analyses, we
arbitrarily chose to keep one of them. Coordinates retained for each
paper can be consulted in supplementary GingerALE data files available
at https://osf.io/phwv3/. Papers sharing the same participants were
considered as a same single experiment to avoid over-interpretation of
their results.

2.3. Data analysis

Initially, we planned to use NeuRoi software (https://www.nottingh
am.ac.uk/research/groups/clinicalneurology/neuroi.aspx; Tench et al.,
2014), which allows to conduct coordinate based random effect size
(CBRES; Tench et al., 2017) meta-analysis. However, as effect sizes were
not available for about half of the studies selected in the present study,”
we conducted our analyses with GingerALE 3.0.2 (http://www.
brainmap.org/ale/). Activation Likelihood Estimation (ALE) is a
voxel-based method that highlights brain regions of significance by
pooling coordinates from several neuroimaging experiments (Eickhoff
etal., 2009, 2011, 2012; Turkeltaub et al., 2012). Although this method
was initially developed for neuroimaging data, ALE algorithm can also
be applied with anatomic data such as VBM (DeRamus and Kana, 2015)
or more recently with VLSM (Piai and Eikelboom, 2023; Urgesi et al.,
2014). In this case, Anatomic likelihood estimation (AnLE; Glahn et al.,
2008) pools coordinates of lesion peaks to reveal brain regions that are
reliably lesioned across studies. To perform this meta-analysis,

5 In case the effect size of the coordinates was not reported, Neuroi software
proposes to provide an effect size at Z=1. Using this setting, we found that all
the clusters revealed by the analysis were driven by studies that provided real
effect sizes.
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coordinates of every significant lesion peak for each considered study
were collected. The AnLE approach models the anatomical foci from
different published reports as Gaussian probability density distribution
at a given coordinate and calculates the Modeled Anatomic maps (i.e.,
the 3D images of each foci group) based on the maximum across each
focus’s Gaussian. Then, an experimental AnLE map is created from the
voxel-wise union of all Modeled Anatomic maps. Differentiation of true
concurrence of foci versus random spatial association is performed by
testing the experimental AnLE map against AnLE null distribution maps
that are generated utilizing a permutation test of randomly generated
foci. All foci from a generic contrast are pooled together and the
resulting non-parametric p-values are then thresholded at a cluster-level
family-wise error (FWE) correction of p <.05, with a cluster forming
threshold at p <.001 and a minimum extent volume of 200 mm?. For
visualisation, thresholded AnLE maps were mapped on a standardized
anatomical MNI-normalized template (Ch2better) using the MRIcroGL
software (https://www.nitrc.org/projects/mricrogl/).

Contrast analyses were conducted and consisted in subtracting two
AnLE corrected maps to obtain a z-score contrasted map. GingerALE
creates simulated null data to correct for unequal sample sizes by
pooling foci and randomly dividing the foci into two groupings that are
equal in size to the original data sets. One simulation dataset is sub-
tracted from the other and compared to the true data. This subtraction
produces voxel-wise p-value images that show where the true data sit in
relation to the distribution of values within that voxel. The p-value
images are converted to z-scores. The contrast analysis was then per-
formed on these maps and the results were reported with a p-value
threshold set at 0.05 obtained from 10.000 permutations and minimum
cluster size set to 50 mm3. In addition to contrast analysis, GingerALE
offers conjunction analysis by generating a conjunctive ALE map, which
combines voxel-wise minimum values from two thresholded ALE maps.
This ALE map highlights common voxel clusters shared between the two
datasets. We restricted our analysis to clusters larger than 50 mm?® in
size. Significant clusters were overlaid onto a standard brain MNI space
and the thresholded z-score maps were visualized on a MNI template
provided with MRIcroGL (Ch2better).

All analyses performed with GingerALE can be consulted at htt
ps://osf.io/phwv3/.

3. Results

The following results were obtained in the form of AnLE maps
showing lesioned clusters which passed the FWE correction at p <.05.
Considering that the studies selected from the present meta-analysis
only involved left brain-damaged patients, the results involve exclu-
sively lesion clusters located in the left hemisphere. Brain clusters ob-
tained were mapped using MRIcroGL (for more details about clusters
characteristics, see Supplementary Tables S6-512), and labelled with the
AAL brain atlas. We noticed that the use of this parcellation can lead to
some confusions since some brain regions can be considered part of two
different brain streams, for example the angular gyrus, as well as the IPS
can be classified in the ventro-dorsal stream for their inferior part, or in
the dorso-dorsal stream for their superior part.

3.1. Tool use

AnLE analysis has been conducted on novel tool use and familiar tool
use tasks. Other analyses were carried out by separating the familiar tool
use depending on whether the tool was used alone (i.e., single tool use)
or with the typical recipient (i.e., real tool use). However, due to the lack
of available data, only analyses of familiar tool use are presented (for
more details about novel, real, and single tool use analyses, see Sup-
plementary Table S2 and Figure S1). VLSM coordinates of 10 studies on
familiar tool use have been collected (Table Al), regrouping 509
different patients and 158 brain foci. This analysis revealed 4 lesion
clusters associated with a deficit of familiar tool use. The brain regions
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involved in these clusters were: IFG (triangular, opercular), STG, Heschl
gyrus, insula, rolandic operculum, SMG, IPL, postcentral gyrus, and
angular gyrus (Table 3 and Fig. 4a). By looking uncorrected AnLE map
tresholded at p <.001 we found a 5th cluster located in SPL.

3.2. Pantomime of tool use

Two conditions for the pantomime task were considered, depending
on the presentation modality:

(1) Visual pantomime (i.e., pantomime performed on visual com-
mand or on simultaneous visual and verbal command). AnLE
analysis has been conducted on 13 VLSM studies (Table A2)
regrouping 688 different patients and 263 brain foci. Results
showed 5 lesion clusters associated with visual pantomime
impairment, including STG, postcentral gyrus, SMG, IPL, angular
gyrus, occipital middle gyrus, MTG, and Heschl gyrus (Table 3
and Fig. 4b).

(2) Verbal pantomime (i.e., pantomime performed on verbal com-
mand exclusively). AnLE analysis has been conducted on 3 VLSM
studies (Table A2) regrouping 272 different patients and 47 brain
foci. Only 1 lesion cluster located in IFG opercular has been
linked to a deficit in verbal pantomime (Table 3 and Fig. 4b).

3.3. Imitation

Imitation tasks have been explored across several factors, i.e.,
meaning, transitivity, and body part used to reproduce the gesture
(Table A3). However, due to the lack of data, we focused our analyses on
the meaning of gestures (for more details about transitivity and body
part analyses, see Supplementary Tables S3-54 and Figures S2-S3).

(1) Meaningful imitation (transitive and intransitive). AnLE analysis
regrouped 7 VLSM studies, 699 patients, and 141 foci. AnLE map
showed 5 lesion clusters associated with a deficit in MF imitation,
located in SMG, IPL, STG, postcentral gyrus, insula, and MTG
posterior (Table 4 and Fig. 5a).

(2) Meaningless imitation. AnLE analysis regrouped 11 VLSM
studies, 921 different patients, and 271 foci. AnLE map showed 2
lesion clusters associated with ML imitation, located in the MTG

Table 3
Cerebral lesion clusters associated with a deficit in familiar tool use and
pantomime.

Brain regions (AAL) X Y Z Volume
(mm3)

Familiar tool use

Insula, Rolandic operculum, STG, Heschl -39 -28 20 5304
gyrus, IPL, AIP

SMG, aSMG/PFt, Postcentral gyrus -57 -25 30 1840

IFG (opercularis, triangularis) -41 19 28 1240

Angular gyrus 42 67 44 696

Visual pantomime

IPL, SMG, STG, Postcentral gyrus, MTG -52 -30 29 9480

STG, Heschl gyrus 38 31 7 3472

Angular gyrus, Occipital middle gyrus 33 64 27 896

STG -56 -9 4 864

Verbal pantomime

IFG opercularis 51 17 17 592

MNI coordinates and volume (mm3) of lesion clusters obtained from ALE ana-
lyses

Abbreviations: MTG=Middle temporal gyrus; STG=Superior temporal gyrus;
SMG=Supramarginal gyrus; aSMG = anterior supramarginal gyrus; AIP =
anterior intraparietal area; PFt = area PFt; LOTC=Lateral occipito-temporal
gyrus; IPL=Inferior parietal lobe; IFG=Inferior frontal gyrus, MFG=Middle
frontal gyrus
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AnLE map (10 studies, 509 patients, 158 foci, 4 clusters)

IFG aSMG AIP

Ang

AnLE map (13 studies, 688 patients, 263 foci, 5 clusters)
Pantomime verbal AnLE map (3 studies, 272 patients, 47 foci, 1 cluster)

34

Fig. 4. Neural lesions associated with deficits in familiar tool use and pantomime of tool use. AnLE statistical maps were FWE corrected (p <.05) and represented on
the MNI standard template Ch2better provided in MRIcroGL software. STG = superior temporal gyrus; IFG = inferior frontal gyrus; SMG = supramarginal gyrus;
aSMG = anterior supramarginal gyrus; AIP = anterior intraparietal area; Ang = angular gyrus; MTG = middle temporal gyrus; IPL = inferior parietal lobe.

Table 4
Cerebral lesion clusters associated with a deficit in meaningful and meaningless
imitation.

Brain regions (AAL) X Y z Volume
(mm3)

Meaningful imitation

SMG, IPL, STG, Postcentral gyrus -57 -24 30 8144

STG, Insula -38 -39 20 3400

Postcentral gyrus -40  -15 34 1400

SMG -57 -44 29 1000

MTG 66 -32 4 632

Meaningless imitation

PMTG, Angular gyrus, SMG, IPL, Postcentral -43  -48 27 16784

gyrus, Occipital middle gyrus, LOTC
Postcentral gyrus -49  -11 34 1112

MNI coordinates and volume (mm3) of lesion clusters obtained from ALE ana-
lyses

Abbreviations: MTG=Middle temporal gyrus; STG=Superior temporal gyrus;
SMG=Supramarginal gyrus; LOTC=Lateral occipito-temporal gyrus; IPL=Infe-
rior parietal lobe; IFG=Inferior frontal gyrus, MFG=Middle frontal gyrus

posterior, occipital middle gyrus, angular gyrus, SMG, post-
central gyrus, and IPL (Table 4 and Fig. 5b).

3.4. Gesture understanding and action production

Gesture understanding. AnLE analysis has been carried out on 10
VLSM studies regrouping 621 subjects and 236 foci (Table A4). Results
showed 6 lesion clusters associated with gesture understanding
including IFG (triangularis, opercularis, orbital), MFG, insula, rolandic

operculum, precentral gyrus, MTG posterior, STG, angular gyrus, SMG,
and IPL (Table 5 and Fig. 6a).

Action production condition has been studied by regrouping every
meaningful production tasks of the meta-analysis (i.e., familiar tool use,
pantomime, and MF imitation tasks). AnLE has been conducted with 28
VLSM studies (Tables A1-A3) regrouping 1596 different patients and
623 brain foci. Results showed 5 lesion clusters including IFG (trian-
gularis, opercularis), MFG, SMG, IPL, angular gyrus, MFG, insula, STG,
MTG, postcentral gyrus, precentral gyrus, rolandic operculum, occipital
middle gyrus, and temporal pole (Table 5 and Fig. 6b).

A contrast analysis has been performed between gesture under-
standing AnLE map and action production AnLE map regrouping every
meaningful production tasks of the meta-analysis (i.e. familiar tool use,
pantomime, and MF imitation tasks; See Tables A1-A3). Results showed
4 lesion clusters affecting more gesture understanding than action pro-
duction, these clusters were located IFG (opercularis, triangularis,
orbital), MFG, precentral gyrus, insula, rolandic operculum, and MTG
posterior (Table 5 and Fig. 6¢). On the other hand, 7 lesions clusters
were found to be more associated with action production compared to
gesture understanding, these clusters were located in IPL, SMG, STG,
postcentral gyrus, precentral gyrus, and rolandic operculum (Table 5
and Fig. 6¢).

Finally, a conjunction analysis has been performed between gesture
understanding AnLE map and MF action production AnLE map (i.e.,
familiar tool use, pantomime of tool use, and MF imitation tasks; See
Tables A1-A3). Results revealed 7 lesion clusters which commonly affect
understanding and production tasks, these clusters are located in IFG
(pars opercularis and pars triangularis), SMG, STG, IPL, precentral
gyrus, Insula, rolandic operculum, and Heschl gyrus (Table 5 and
Fig. 6d).
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a) MF imitation (transitive + intransitive) ALE map (7 studies, 699 patients, 141 foci, 5 clusters)

Fig. 5. Neural lesions associated with deficits in imitation of meaningful and meaningless gestures. AnLE statistical maps were FWE corrected (p <.05) and rep-
resented on the MNI standard template Ch2better provided in MRIcroGL software. STG = superior temporal gyrus; SMG = supramarginal gyrus; Ang = angular gyrus;
MTG = middle temporal gyrus; IPL = inferior parietal lobe, Occ Mid = occipital middle gyrus.

4. Discussion

In this meta-analysis, we proposed a synthesis of lesion mapping data
applied to the main tasks assessing limb apraxia in order to determine
the critical role of several brain regions disseminated across the 3 action
streams. We identified 35 papers using VLSM on tool use tasks, panto-
mime, imitation, and gesture understanding tasks. Our AnLE analysis
highlighted that deficits in tool use task have been associated with le-
sions of the ventro-dorsal and the dorso-dorsal, while deficits in
pantomime were associated with lesions of the ventro-dorsal and the
ventral streams. Lesions associated with an impairment in imitation task
depend on the meaning of the gesture, although both MF and ML
imitation was affected by lesions in ventro-dorsal and ventral streams,
ML imitation was more affected by lesions in the posterior part of the
lateral stream (i.e., LOTC) than MF imitation. Finally, deficits in action
understanding and action production have been associated with ventro-
dorsal pathway, and particularly IFG and IPL, as well as ventral
pathway. Moreover, we found that lesions in the posterior part of the
ventral stream and in the IFG impaired more action understanding while
lesions in the IPL impaired more action production. We will now discuss
these results in turn.

4.1. Tool use is more dorsal than pantomime of tool use

By investigating the involvement of the ventro-dorsal stream in
pantomime. and tool use tasks, we found that this stream was critical for
both tasks. In a recent meta-analysis, Osiurak et al. (2021) found similar
involvement of the ventro-dorsal stream and highlighted the key role of
the SMG/PF area for both pantomime and tool use tasks. According to
the reasoning-based approach (Osiurak and Badets, 2016), this brain
area is known to support technical reasoning (Federico et al., 2022;
Reynaud et al., 2016), therefore, we can assume that both tasks are
supported by this ability to understand the physical interactions of

10

objects with the physical world (Lesourd et al., 2019; Lesourd, Osiurak,
etal., 2017). The involvement of the ventro-dorsal stream in pantomime
and tool use is also consistent with the manipulation-based approach
(Buxbaum, 2001, 2017), which suggests that information about how to
manipulate tools is stored in left IPL (Buxbaum, 2001; Buxbaum et al.,
2007; Buxbaum, Johnson-Frey, et al., 2005; Haaland et al., 2000; van
Elk et al., 2014). Another region of SMG, aSMG/PFt has been proposed
by Orban and Curuana (2014) to occupy a central role in information
integration within left IPL, as it receives information from SMG/PF area,
IPS and ventral stream (see also Reynaud et al., 2016). We suppose that
this integrative area aSMG/PFt for tool use could be useful in both
pantomime, and tool use tasks, as these tasks both require the integra-
tion of several kinds of representations. Finally, ventral part of the
angular gyrus has been found to be critical for pantomime, this area has
been described to support body representations (Osiurak et al., 2021)
While we found that IFG was critical for tool use, and pantomime of
tool use on verbal command, this was not the case for pantomime on
visual command, suggesting a differential role of IFG in pantomiming
the use of tools. Randerath et al. (2010) found this region to be critical
for the selection of functional grasp in tool use, which could explain why
we found IFG lesions leading to tool use deficit. This frontal area has also
been associated with the communicative aspect of action (Finkel et al.,
2018; Goldenberg, 2017), as it includes Broca’s area, a key region for
language. Since the ecological function of pantomime is to communicate
how to use a tool, this gesture should involve IFG in both conditions. Our
results are at odds with this hypothesis, as the critical involvement of
IFG in pantomime may rather depend on the modality of execution of
this kind of gesture, than its communicative aspect per se. However,
when looking at uncorrected analyses for pantomime on visual presen-
tation, we found a lesion cluster in left IFG. Although we do not consider
this analysis to be sufficient to prove that IFG is critical to pantomime on
visual presentation, we cannot rule out this possibility. Taken together,
these data suggest that the left IFG seems to be more critical when the



M. Metaireau et al.

Table 5
Cerebral lesion clusters associated with a deficit in gesture understanding and
action production.

Brain regions (AAL) X Y Z Volume
(mm3)

Gesture understanding

MEFG, IFG (opercularis, triangularis), Precentral -49 12 22 7128
gyrus, Insula, Rolandic operculum

IFG (opercularis, triangularis, orbital), Insula, -34 18 17 6080
Precentral gyrus

IPL, SMG, STG 53 36 33 4192

PMTG, LOTC 56 -47 4 1808

Insula, Rolandic operculum -37 -19 15 1336

PMTG, LOTC, Angular gyrus -46 -66 18 1096

Action Production

STG, MTG, Insula, Postcentral gyrus, Rolandic -47 -30 26 47672
operculum, SMG, Angular gyrus, Occipital
middle gyrus, IPL, Precentral gyrus

IFG (trangularis, opercularis), MFG, Insula, -39 14 24 9656
Rolandic operculum, Precentral gyrus

STG, Temporal Pole, Rolandic operculum 56 5 -4 1064

Insula, Temporal Pole -36 5 -10 968

IFG triangularis, Insula -39 31 5 856

Contrast analysis: Gesture understanding > Action Production

IFG (opercularis, triangularis, orbital), Insula -35 18 13 2480

MFG, IFG (opercularis, triangularis), Precentral -51 15 34 1808
gyrus

IFG opercularis, Precentral gyrus, Rolandic -48 7 11 920
operculum, Insula

MTG, LOTC -54 -48 10 528

Contrast analysis: Action production MF > Gesture understanding

STG, Rolandic operculum 37 31 13 560

SMG, Postcentral gyrus -49 -26 28 536

Postcentral gyrus, IPL 31 -34 45 368

Precentral gyrus 38 -8 49 352

Postcentral gyrus 64 -15 21 248

IPL -39 36 38 88

STG 63 38 21 56

Conjunction analysis: Action production MF = Gesture understanding

SMG, STG, IPL 54 35 34 3352
IFG (triangularis, opercularis), Insula -32 20 20 1176
IFG (triangularis, opercularis), Rolandic -48 15 22 936
operculum, Precentral gyrus, MFG

Insula, Heschl gyrus, STG 40 17 7 496
Precentral gyrus 35 2 34 312
Rolandic operculum, Insula -38 -27 22 88
Rolandic operculum, Insula 38 19 23 88

MNI coordinates and volume (mm3) of lesion clusters obtained from Gesture
understanding ALE analyses, and from contrasts between gesture understanding
and action production meaningful

Abbreviations: MTG=Middle temporal gyrus; STG=Superior temporal gyrus;
SMG=Supramarginal gyrus; LOTC=Lateral occipito-temporal gyrus; IPL=Infe-
rior parietal lobe; IFG=Inferior frontal gyrus, MFG=Middle frontal gyrus

object to be pantomimed is presented verbally (e.g., “Show me how to
use a hammer™) than visually (e.g., picture of hammer).

Our results showed a critical involvement of the dorso-dorsal stream
in tool use but not in pantomime of tool use. We found that tool use was
affected by a lesion cluster in the dorsal part of the angular gyrus, and
when looking at the tool use uncorrected analyses, we also found a
lesion cluster in SPL. The dorso-dorsal stream is known to be involved in
tool grasping (Buxbaum et al., 2006; Orban and Caruana, 2014; Osiurak,
2013; Osiurak et al., 2010; Randerath et al., 2010; Reynaud et al., 2016),
this ability could be important when using a tool, but less for
pantomiming the use of tool, as it does not require to grasp and hold a
real tool in hand. Although the dorso-dorsal involvement during a
pantomime has been associated with planning function and on-line
control of motor actions (for review see Osiurak et al., 2021), our re-
sults suggest that pantomime use may not critically rely upon these
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abilities.

Finally, we found the ventral stream to be critical for pantomime but
not for tool use. These results are in line with the literature on apraxia of
tool use which showed that if semantic knowledge represents an
advantage in using tools (Lesourd, Osiurak, et al., 2017; Osiurak, 2014),
it is neither sufficient nor necessary to use tools (Baumard et al., 2019;
Bozeat et al., 2002; Buxbaum et al., 1997; Hodges et al., 2000). We
suppose that technical reasoning could compensate the lack of semantic
information concerning the action to produce (Goldenberg, 2014;
Goldenberg and Hagmann, 1998), notably because holding the tool, and
the presence of the contextual recipient can provide cues on how it could
be used (Goldenberg and Spatt, 2009). Concerning pantomime, the
ventral stream may be important as it includes semantic knowledge
about tools but also manipulation knowledge (Lesourd, Reynaud, et al.,
2023; for a review see Lesourd et al., 2021), which are both involved in
this kind of gesture (Lesourd et al., 2019).

4.2. Imitation and ventral stream: a matter of meaning

We found that the ventro-dorsal pathway is critical for both MF
imitation (86% of the studies) and ML imitation (91% of the studies),
confirming its major role in imitation, whatever the meaning of gestures.
This result is consistent with neuroimaging data (for review see Caspers
et al.,, 2010) and lesion mapping studies (e.g., Buxbaum et al., 2014;
Dressing et al., 2018; Hoeren et al., 2014; Mengotti et al., 2013; Tessari
et al., 2021; for review see Lesourd et al., 2018). Furthermore, a ¢cTBS
study conducted by Vanbellingen et al. (2014) demonstrated that
stimulation of the IPL leads to a deficit in both MF and ML imitation,
supporting the critical role of this brain area in this task. These data are
at odds with the manipulation knowledge theory, which assumes that
the left IPL contains aspects of known gestures only (Buxbaum, 2001;
Buxbaum et al., 2007; Buxbaum and Saffran, 2002; Goldenberg, 2014;
Gonzalez Rothi et al., 1991; Haaland et al., 2000; Osiurak et al., 2021;
van Elk et al., 2014).

Our results showed that the ventral stream was involved in both MF
and ML imitation tasks. By looking more precisely at the posterior
ventral stream, we found an interesting dissociation: ML imitation was
affected by more posterior lesions than MF imitation. This result is
supported by a complementary AnLE analysis carried out by combining
pantomime of tool use task and MF imitation task, to obtain a mean-
ingful gestures condition (Supplementary Figure S4 and Table S5). This
analysis showed that these meaningful gestures are sustained by more
anterior part of the ventral stream compared to the ML imitation task.
This dissociation is in line with a PET study in which Rumiati et al.
(2005) highlighted that anterior part of the ventral stream can be
associated with MF imitation while the posterior part of the ventral
networks can be associated with ML imitation. Therefore, this dissoci-
ation suggests that the meaning of action could be processed in the
LOTC. More recently, Wurm and Caramazza (2022) proposed a func-
tional gradient in the LOTC, with the posterior LOTC (pLOTC) more
specifically involved in concrete/perceptual processes, whereas the
anterior LOTC (aLOTC) being more specifically involved in abstract/-
conceptual processes (Wurm et al., 2017; for review see Wurm and
Caramazza, 2022). Taken together, these data indicate the existence of
an antero-posterior gradient of the semantic processing in the LOTC,
with MF gestures being processed in the anterior part of the LOTC, and
ML gestures in the posterior part of the LOTC (Fig. 7). Beyond their
semantic characteristics, MF gestures are also considered as expressive
or communicative gestures (Bartolo et al., 2019; Ham et al., 2010).
Consequently, the processing of these gestures may require the
involvement of brain regions associated with social cognition. In the
present study, we observed that lesions affecting MF gestures encompass
the aLOTC/pSTS region, which is known for its involvement in the
processing of dynamic social cues. These findings reinforce the estab-
lished role of the dorsal LOTC in processing social stimuli, as previously
described in several fMRI studies (Lesourd, Afyouni, et al., 2023; Wurm
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AnLE map (10 studies, 621 patients, 236 foci, 6 clusters)

b) Action Production AnLE map (28 studies, 1596 patients, 623 foci, 5 clusters)

¢) Action production MF > Action understanding (7 clusters)
(4 clusters)

Fig. 6. Neural lesions associated with deficits in gesture understanding and gesture production. For (a) and (b), AnLE statistical maps were FWE corrected (p <.05).
For (c), contrast analyses have been performed between gesture understanding AnLE map and action production AnLE map, contrasted maps have been obtained
from 10.000 permutations, and tresholded at p <.05. For (d), a conjunction analysis between the action production and action understanding AnLE maps has been
performed to highlights common voxel clusters shared between the two datasets. Results are represented on the MNI standard template Ch2better provided in
MRIcroGL software. STG = superior temporal gyrus; IFG = inferior frontal gyrus; SMG = supramarginal gyrus; Ang = angular gyrus; MTG = middle temporal gyrus;

IPL = inferior parietal lobe; MFG = middle frontal gyrus.

et al., 2017; Wurm and Caramazza, 2019).

The LOTC is a high-level visual area well known to extract visuals
characteristics of gestures such as body part, body orientation and action
directedness (for review see Lingnau and Downing, 2015; Wurm and
Caramazza, 2022). Since LOTC has been found to be a key region in
action observation (Urgesi et al., 2014), it is easy to think that this region
may be essentially involved in perceptual part of gesture processing.
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However, in a fMRI study, Molenberghs et al. (2010) showed higher
activation of the LOTC during imitation task compared to action
observation task. Thus, the LOTC is thought to play a crucial role in
perceiving gestures with the intention to imitate them, but not in their
production (Vry et al., 2015). Concerning IPL, its posterior part was
found to be involved in the preparation of the action and its anterior part
(aSMGQG) in the execution of the action (Vry et al., 2015). Thus, one may
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Fig. 7. Anterior-posterior gradient of the meaning of gestures in the posterior
temporal lobe. In blue: neural lesions associated with deficit in ML imitation;
and in orange: neural lesions associated with deficit in MF gestures. STG =
superior temporal gyrus; STS = superior temporal sulcus, pMTG = posterior
middle temporal gyrus; LOTC = lateral occipital temporal cortex.

suppose that the decoding of visual information and activation of
sensory-motor knowledge would be carried out within posterior LOTC
and IPL, respectively, and finally being integrated in aSMG before being
transferred to the motor cortex. Further studies are required to explore
the dynamical interplay between LOTC and IPL during gesture imitation
and gesture understanding.

Although we expected a specific involvement of the dorso-dorsal
stream in ML imitation, we did not identify a critical role for this
stream in either MF imitation (0% of the studies) or ML imitation (27%
of the studies). This finding is at odds with neuroimaging data from
healthy subjects which reported a strong involvement of the SPL in ML
imitation compared with MF imitation (Peigneux et al., 2004; Rumiati
et al., 2005) as well as in lesion studies (e.g., Hoeren et al., 2014). Our
analyses concluded that dorso-dorsal pathway does not constitute a
critical component of the direct route, therefore challenging the idea
that the direct route is underpinned by the dorso-dorsal stream (e.g.,
2AS+ model; Buxbaum, 2017). However, this stream has been described
to underlaid sensory-motor representations of body parts allowing to
guide actions online (de Vignemont, 2010; Schwoebel and Coslett,
2005). Thus, our results suggest that (1) this capacity is not necessary in
an imitation task, or (2) this capacity can be supported by other brain
regions in case of brain injury. We noticed that lesions of the anterior IPS
were associated with a deficit in ML imitation, however this part of the
IPS is difficult to categorize as it is part of the ventro-dorsal or the
dorso-dorsal pathway. An alternative explanation of this unexpected
result is that VLSM studies underestimate the involvement of dorsal
regions, as middle cerebral artery, traditionally considered in this kind
of studies, does not irrigate the dorsal part of parietal regions (for
methodological limitations see Section 4.4).

4.3. Understanding and producing: role of ventral and ventro-dorsal
streams

Our results showed that LOTC and MTG lesions were associated with
a deficit in gesture understanding, suggesting a critical role of the
ventral stream. This ventral involvement makes sense given the nature
of the understanding tasks, as these tasks required semantic knowledge
to be performed successfully. Moreover, the ventral stream is known to
decode visual gestures (see Section 4.2) thanks to the LOTC. The LOTC
takes part in decoding the visual properties of gestures, and this area is
known to process several concrete-to-abstract aspects of gestures such as
transitivity and social dimension of gestures (Bluet et al., 2024; Lesourd,
Afyouni, et al., 2023; Wurm et al., 2017; Wurm and Caramazza, 2022).
Thus, the LOTC may participate in gesture understanding by bringing
together basic attributes of gestures to build more abstract representa-
tions of these gestures.

We found the ventro-dorsal stream to be critical in gesture
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understanding tasks. This finding suggests that the IPL plays a key role in
successfully understanding a gesture. This result is far from isolated, as
other studies have found an involvement of the IPL in action observation
(Caspers et al., 2010; Urgesi et al., 2014). Most of the studies that we
included in understanding task were using transitive stimuli, thus, the
critical involvement of the IPL could be explained by the importance of
tool related actions. More precisely, Kalénine et al. (2013) identified a
critical role of the IPL for spatial gesture comprehension, in contrast to
semantic gesture recognition. This result supports the hypothesis that
IPL is taking part in kinematics/hand posture processing of tool related
actions.

The IFG has been found to be critical for action understanding (see
for reviews Caspers et al., 2010; Reynaud et al., 2019; Urgesi et al.,
2014). The specific role of the IFG in action understanding remains
poorly understood, as this region can support many high-level processes.
In this work, we included many kinds of different tasks (e.g., explana-
tion, discrimination, matching, etc.; for more details, see Table A4), thus
ruling out the possibility to draw firm conclusions about the specific role
of IFG in a particular process. The simple fact of passively observing an
action seems to imply activation of the IFG, whether this action is
transitive (Reynaud et al., 2019) or not (Caspers et al., 2010). However,
a critical role of the IFG specific to action observation should have re-
percussions on imitation tasks, but we did not find such IFG involvement
in imitation tasks, suggesting that the IFG is not necessary to action
observation ability. Concerning studies implying a discrimination be-
tween two pictures/videos (e.g., Martin, Dressing, et al., 2016; Pazzaglia
et al., 2008), Moro et al. (2008) found that the IFG was critical to
perform body action discrimination, suggesting that the IFG might play
a key role in the selection of an appropriate gesture. This is consistent
with the work of Kalénine et al. (2013), who found a critical involve-
ment of the IFG in videos showing the outcome of the action, as opposed
to videos showing the means of performing the action. This suggests that
the IFG is necessary for understanding an action by supporting the
action-goal. Another possibility is that some action understanding tasks
asked participants to name or explain an action, which required to
produce an oral or written response. These language skills are well
known to be supported by Broca’s area, which is located in the IFG.
Therefore, a lesion in the IFG could affect this process. Finally, as
described above, most of the included papers on action understanding
used transitive gestures, so the involvement of the IFG could be related
to the transitivity of the seeing gestures. However, Pazzaglia, Smania
et al. (2008) showed a critical involvement of the IFG in a discrimination
task for both transitive and intransitive gestures, suggesting that the
involvement of the IFG does not depend on transitivity.

Since action understanding and meaningful production seem to be
supported by the same brain regions (for reviews see Reynaud et al.,
2016, 2019), namely the ventro-dorsal and the ventral streams, we
proposed to contrast action understanding with action production in
order to identify streams that are preferentially critical for these tasks. In
other words, we investigated whether some brain lesions affect one of
these tasks more than the other. We found that lesions in IPL affected
more action production, whereas lesions in IFG and pMTG affected more
action understanding. These results confirm those of Tarhan et al.
(2015), who found that IPL was more critical for action production than
for action recognition. The IPL is a key area in any production task, we
consider that this region supports important abilities required to
perform an action such as technical reasoning or manipulation knowl-
edge (Buxbaum, 2001; Buxbaum et al., 2007; Federico et al., 2022;
Haaland et al., 2000; Osiurak et al., 2010, 2021; van EIk et al., 2014).
Although we have emphasized in the previous section that the technical
reasoning could be crucial to better understand an action, the fact re-
mains that the technical reasoning theory has been developed from
clinical observations on tool use deficits (Osiurak et al., 2008, 2009,
2010). Therefore, even if action understanding recruits the IPL, this area
remains mainly required in production. We found that the IFG played a
critical role in meaningful action production tasks (i.e., tool use,
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pantomime, and MF imitation). Furthermore, our conjunction analysis
revealed that this critical role of the IFG was shared with tasks involving
understanding, confirming its important role in both performing and
understanding actions (see Caspers et al., 2010 for similar results).
However, when examining action production tasks individually, we
observed a differential impact of the IFG, suggesting that its involvement
is not similar across all tasks. Specifically, our analyses showed no
critical involvement of the IFG in either MF imitation or pantomime on
visual command, whereas lesions in this area affected performance in
the tool use task. This suggests that the IFG may be particularly crucial
for grasping selection during tool use tasks, rather than being essential
for all production tasks. The contrast analysis supports the
non-specificity of IFG in production, as it was critically involved only in
action understanding tasks. The literature is quite divided on whether
the IFG has a preferential involvement in production or understanding,
with some authors attributing a preferential role to production (e.g.,
Tarhan et al., 2015), while others suggest a role in both production and
understanding (Caspers et al., 2010). Our results align with the view that
IFG is critical for both action understanding and action production tasks,
with nevertheless a preferential involvement of the IFG in action un-
derstanding, given its non-specific role in action production.

We also found that lesions in the pMTG/LOTC affected action un-
derstanding more than meaningful action production. This result is in
line with the literature (Caspers et al., 2010; Tarhan et al., 2015),
highlighting a preferential involvement of the LOTC in action under-
standing rather than in action production. It is not surprising that this
visually integrative area is crucial for action understanding as this task is
required to successfully decode the perceived action. Furthermore, as
discussed above, the LOTC could play a key role in semantic decoding by
identifying the meaning of gestures. On the other hand, although we
found that meaningful production tasks were supported by the ventral
stream, it did not include the LOTC. This result comforts the key role of
the LOTC in decoding and processing visual information.

Finally, our findings indicating the critical involvement of STS, IPL,
and IFG in both action production and action understanding, are
consistent with the mirror neuron theory (Rizzolatti and Craighero,
2004). According to this theory, visual information from occipital re-
gions is processed by the posterior STS neurons providing a visual
description of the perceived action. These visual representations are
then transmitted to mirror neurons in the IPL, where sensorimotor as-
pects of gestures are processed. Finally, the action goal is encoded by
mirror neurons in the IFG, and the information is translated into motor
processes by the premotor cortex (Iacoboni, 2005; Iacoboni and Dap-
retto, 2006; lacoboni and Wilson, 2006; Rajmohan and Mohandas,
2007).

4.4. Methodological considerations

The current meta-analysis exclusively included VLSM studies,
excluding therefore functional imaging studies. This methodological
choice entails that our results do not provide information about the
brain areas participating in apraxia’s tasks, but only regions critically
involved in performing these tasks. This consideration may partly
explain why some brain regions well known to be involved in certain
tasks, are not found in our analyses. We assume that these regions are
not critical for the execution of a gesture, since when damaged, the
correctness of task execution is not affected. Thus, lesion mapping
studies provide complementary information to functional imaging. This
integrative perspective has been proposed in some recent meta-analyses
(Lesourd et al., 2018; Niessen et al., 2014; Osiurak et al., 2021) which
have demonstrated the relevance of the meta-analysis applied to lesion
data.

However, lesion mapping data suffer from some limitations due to
the lesion overlap. Lesion mapping studies consist in associating struc-
tural brain lesions with behavioral data. For this purpose, stroke patients
with attested brain lesions are recruited. Strokes are most of the time
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caused by a vascular accident in the middle cerebral artery (Nogles and
Galuska, 2023), which supplies the temporal and parietal lobes at the
level of the Sylvian fissure. Patients with stroke present therefore brain
lesions mainly located in the vicinity of this artery (i.e., the ventral part
of the parietal lobe, the dorsal part of the temporal lobe, and the inferior
part of the frontal lobe). Lesion overlap plots provided by lesion map-
ping studies confirm this lesion distribution, with most patients suffering
from lesions close to the Sylvian fissure, while few of them have a lesion
in the dorsal part of the parietal lobe and the ventral part of the temporal
lobe. This lack of data in these areas could limit the possibility of sig-
nificant results, therefore underestimating their role in the functions
screened here. For example, this consideration could explain why
dorso-dorsal stream was not found to be critical in ML imitation,
whereas most of neurocognitive models have identified this stream to
support this task (e.g., 2AS+ model; Buxbaum, 2017). Therefore, our
global lack of results regarding the dorso-dorsal stream must be
considered in the light of this limitation.

Another limitation could stem from the insufficient data in certain
conditions, which might have prevented the identification of significant
clusters. For example, while we confirmed that impairment of ML hand
imitation is linked to lesions in left IPL, we did not report involvement of
the left IFG, particularly for ML finger imitation. This finding contrasts
with previous studies (Achilles et al., 2017, 2019; Goldenberg and
Karnath, 2006; Goldenberg and Randerath, 2015). Although some data
indicate a moderate role of the left IFG in ML finger imitation (for a
review see Lesourd et al., 2018), our study suggests that the left IFG
might not be as crucial for ML finger imitation as the IPL is for ML hand
imitation. However, the limited data available in the ML finger imitation
condition (n = 4 studies) may explain why no significant clusters were
identified in the left IFG for ML finger imitation and therefore call for
further elaboration.

Apraxia is frequently observed after a lesion to the left hemisphere
rather than to the right hemisphere. Thus, the neurocognitive models of
action are based on the left hemisphere. However, recent works showed
that right brain lesions can also lead to apraxia, this lobe could therefore
be important for action processing (e.g., Dressing et al., 2020). Although
we had initially planned to examine VLSM papers focusing on both right
and left regions, we did not find enough data to perform analyses with
right brain lesions. Thus, by focusing on the left hemisphere, we had to
disregard the right hemisphere in action processing.

Our data extraction was realized in two ways: (1) VLSM studies
providing coordinates of the lesion cluster centers given in tables, and
(2) VLSM studies providing only brain plots with damaged regions. For
the latter, we determined the lesion cluster centers through manual
estimation using the CH2better niftii map on MRIcron (Lesourd et al.,
2018). This method allowed us to include many additional VLSM papers
in our meta-analysis, allowing us to perform analyses that would not
have been possible due to lack of data. However, it is possible that the
coordinates we have extracted in this way are slightly different from
those initially obtained, but not reported.

5. Conclusion and perspectives

This research provides a deeper understanding of the neural net-
works involved in skilled gesture performance by investigating apraxia’s
tasks with AnLE meta-analysis focusing on VLSM studies. Our results
provided new considerations about the 3 pathways of action model, by
identifying the critical regions involved in tool use, pantomime, imita-
tion, and action understanding. One of the main results of the present
study was the crucial role of the IPL in each of these tasks, suggesting a
key role of this region to successfully produce and understand a gesture.
Another main result is that the LOTC plays a key role in processing
meaningless gestures which led us to propose an antero-posterior
gradient of meaning in the posterior ventral stream with the LOTC
involved in decoding new meaningless gestures, and the pMTG involved
in the semantic treatment of meaningful gestures.
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All these results have important outcomes for future neurocognitive
models of apraxia, as well as for clinical considerations. A significant
implication of our findings for clinicians is that apraxic deficits may arise
from lesions beyond the parietal lobe. While the parietal lobe remains
crucial for generating skilled voluntary gestures, lesions in the LOTC
and/or the IFG can also lead to apraxic deficits, further increasing the
risk of developing persistent apraxic deficits (Kusch et al., 2018; Paz-
zaglia and Galli, 2019). While our study reviewed the primary structures
associated with apraxic deficits, further research is necessary to fully
comprehend the brain networks implicated in specific apraxic deficits
(e.g., Garcea et al., 2020; Rosenzopf et al., 2022). Furthermore, in the
realm of remediation, identifying the affected brain networks in patients
could allow for the recruitment of intact action networks to compensate
for deficits, for example the understanding of the interplay between the
left and right hemispheres will be crucial for future apraxia treatments
(Watson et al., 2019). Future research could leverage innovative tech-
niques such as Transcranial Magnetic Stimulation (TMS) or Transcranial
Direct Current Stimulation (tDCS) to target impaired structures in order
to diagnose the presence of specific apraxic deficits (for a discussion see
Rounis and Binkofski, 2023) or to improve apraxic deficits by targeting
spared brain regions (Pastore-Wapp et al., 2022).

Appendix A

Table Al
Studies using VLSM on tool use task included in the meta-analysis.
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Studies Task Number Typeofdata n Type of injury Damaged Mean age Disease Mean days post-
of foci hemisphere (range) stroke (range)
Bi et al. (2015) Single 6 Extracted 86 Stroke = 76; Bilateral = 35; 45 Aphasia=74 180 (30-2580)
familiar from VLSM Traumatic brain LBD =33; RBD = (19-76)
tool use plots injuries = 12 18
Dovern et al. Single 11 Extracted 43 Stroke LBD (21-77) Apraxia=14 Apraxic: 367 (16
(2011) familiar from VLSM -1209) Non-
tool use plots apraxic: 315
(27-1506)
Goldenberg and Real 19 Extracted 38  Stroke LBD 54,1 Aphasia=38 Ischaemic: 66,5
Spatt (2009) familiar from VLSM (Ischaemic=23; (18-73) (21-182);
tool use plots Bleeding =15) Bleeding: 161,7
Novel tool 16 (28—-700)
use
Martin et al. Real 22 Extracted 136" Stroke LBD 65 Aphasia=69 5,1(1-10)
(2015) familiar from VLSM (36—85)
tool use plots
Martin, Dressing, Real 41 Extracted og! Stroke LBD 65,4 Aphasia=52 4,4 (£ 2 days)
et al. (2016) familiar from VLSM (21,9-85,8)
tool use plots
Martin, Nitschke, Real 18 Extracted 36 Stroke LBD 59.7 n.m. 933 (180-2730)
et al. (2016) familiar from VLSM 31-77)
tool use plots
Mengotti et al. Single 4 Collected on 57  Stroke LBD 64.05 Aphasia=27 174,9 (15-2310)
(2013) familiar VLSM table
tool use
Randerath et al. Single 12 Collected on 42 Stroke LBD 57 Aphasia=42 93
(2010) familiar VLSM table
tool use
Salazar-Lépez Real 18 Collected on 31  Stroke LBD 58,32 Aphasia=23 1272
et al. (2016) familiar VLSM table at least®
tool use
Novel tool 25
use
Stoll et al. (2022) Real 20 Extracted 58  Stroke LBD 59.71 Aphasia=36 82.93
familiar from VLSM (30-79) (18-857)
tool use plots
Novel tool 27
use

1: 58 subjects from Martin et al., (2015) - 2: Mean age and mean time post-stroke are based on the 31 patients mentioned above, plus 19 right brain damaged patients -
3: AAT test was used on 26 of the 31 patients, and detected aphasia in 23 of them. Abbreviations: RBD=Right brain damaged; LBD=Left brain damaged; n.m.= not

mentioned
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Table A2
Studies using VLSM on pantomime of tool use task included in the meta-analysis.

Auteurs Task Presentation Stimuli NB Type of n Type of Damaged Mean age Disease Mean days
modalities of data injury hemisphere (range) post-stroke
foci (range)
Buxbaum Pantomime Visual Real tool 5 Collected 71 Stroke LBD 58 n.m. 1477,2
et al. performance on VLSM (35—-80) (60-9570)
(2014) table
Dovern et al. Pantomime Visual + Tool pictures 6 Extracted 43 Stroke LBD 52,6 Apraxia=14 334,5
(2011) performance Verbal + Verbal from VLSM (21-77) (16-1506)
instructions plots
Dressing et al. Pantomime Visual Tool pictures 8 Extracted 48  Stroke LBD 63,31 Apraxia=17 4,5 (1-9)
(2019) performance from VLSM (acute (21-79)
plots stage)
Dressing et al. Pantomime Visual Tool pictures 3 Collected 90  Stroke LBD 64,46 n.m. 429
(2021) production on VLSM (chronic (22-87) (120-1980)
Pantomime Visual Tool pictures 5 table stage)
Concept
Finkel et al. Pantomime Visual + Tool pictures 33 Extracted 67  Stroke LBD 56,1 Apraxia=49 399,3
(2018) Body-Part- Verbal + Verbal from VLSM (26—82) Aphasia=42 (21-3480)
Object instructions plots
Transitive Visual + Tool pictures 54
No-Body- Verbal + Verbal
Part-Object instructions
Garcea et al. Pantomime Visual Tool pictures 20 Collected 57  Stroke LBD 56 n.m. 1215
(2020) performance on VLSM (31-80) (120-5520)
table
Goldenberg Pantomime Visual + Tool pictures 14 Extracted 96!  Stroke LBD 56,9 Aphasia=90 93,1
and performance Verbal + Verbal from VLSM (26—83) (21-406)
Randerath instructions plots
(2015)
Hoeren et al. Pantomime Visual Tool pictures 20 Extracted 96 Stroke LBD 63 Aphasia=35 5,3 (2-10)
(2014) performance from VLSM (acute (26—-85)
plots stage)
Manuel et al. Pantomime Verbal Verbal 21 Extracted 42 Stroke LBD 60,5 Aphasia=38 16,1
(2013) Configural/ instructions from VLSM (16789)2 on 84 LBD (i48,3)2
Spatial plots patients
Pantomime Verbal Verbal 6
Body-Part- instructions
Object
Martin, Pantomime Visual Tool pictures 31 Extracted 36  Stroke LBD 60 n.m. >180
Nitschke, performance from VLSM (chronic
et al. plots stage)
(2016)
Nobusako Pantomime Verbal Verbal 17 Collected 19 Stroke LBD 67,5e Apraxia=7e 237,5
et al. performance instructions on VLSM Pseudo- (15—1126)3
(2018) table apraxia:63
Pizzamiglio Pantomime Verbal Verbal 3 Collected 211 Stroke LBD=202 72,39 n.m. 24,3 (1-93)*
et al. performance instructions on VLSM Bilateral=9 27-94)*
(2019) table
Sperber et al. Pantomime Visual + Tool pictures 14 Extracted 130! Stroke LBD 56,5 Aphasia=124 101,7
(2019) performance Verbal + Verbal from VLSM (26—-83)
instructions plots
Tarhan et al. Pantomime Visual + Tool pictures 9 Collected 131  Stroke LBD 57,8 n.m. 1233
(2015) performance Verbal + Verbal on VLSM
instructions table
Watson and Pantomime Visual Tool pictures 30 Extracted 31  Stroke LBD 57 n.m. >180
Buxbaum performance from VLSM (31-76)
(2015) plots
Weiss et al. Pantomime Visual Tool pictures 11 Extracted 49 Stroke LBD 65,9 Apraxia=27 6,53 (2—20)
(2016) performance from VLSM (acute (34-87) Aphasia=37
plots stage)

1: Studies sharing 90 patients: Goldenberg et Randerath 2015; Sperber et al., (2019) - 2: Mean age and mean time post-stroke are based on initial 150 patients - 3: Mean
age and mean time post-stroke are based on initial 22 patients - 4: Mean age and mean time post-stroke are based on initial 387 patients. Abbreviations: RBD=Right
brain damaged; LBD=Left brain damaged; n.m.= not mentioned
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Table A3
Studies using VLSM on imitation tasks included in the meta-analysis.

Auteurs Meaning  Transitivity Body Number Type of n Type of Damaged Mean age Disease Mean days
part of foci data injury hemisphere (range) post-stroke
(Hand/ (range)
Finger)
Achilles et al. ML Intransitive Hand 46 Extracted 257! Stroke LBD 56 n.m. 231
(2017) ML Intransitive Finger 18 from VLSM
plots
Achilles et al. ML and Intransitive Hand 23 Extracted 291! Stroke LBD 57 n.m. 270
(2019) MF from VLSM (<1-3810)
ML and Intransitive Finger 11 plots 293!
MF
ML Intransitive Finger 19
MF Intransitive Finger 24
Binder et al. MF Intransitive Hand 49 Extracted 38 Stroke LBD 60,8 Apraxia=18 15,72
(2017) and from VLSM (30—80)2 Aphasia=26
finger plots
Buxbaum MF Transitive Hand 2 Collected 71 Stroke LBD 58 (35—-80) n.m. 1477,2
et al. (2014) and on VLSM (60-9570)
finger table
ML Intransitive Hand 6
and
finger
Dovern et al. ML Intransitive Hand 11 Extracted 43 Stroke LBD 52,6 Apraxia=14 334,5
(2011) ML Intransitive Finger 10 from VLSM (21-77)° (16-1506)%
plots
Dressing et al. MF Transitive Hand 29 Extracted 156% Stroke LBD 64,3 Aphasia=81 4,9 (1-10)
(2018) and and from VLSM (acute (21,9-85,6)
Intransitive finger plots stage)
MF Transitive Hand 26
and
finger
MF Intransitive Hand 20
and
finger
Dressing et al. MF Transitive Hand 7 Collected 48 Stroke LBD 63,31 Apraxia=17 4,5(1-9)
(2019) and on VLSM (acute (21-79)
finger table stage)
Dressing et al. ML Intransitive Hand 4 Collected 90*  Stroke LBD 64,46 n.m. 429
(2021) and on VLSM (chronic (22-87) (120-1980)
finger table stage)
Goldenberg ML Intransitive Hand 36 Extracted 96 Stroke LBD 56,9 Aphasia=90 93,1
and ML Intransitive Finger 15 from VLSM (26—-83) (21-406)
Randerath plots
(2015)
Hoeren et al. ML Intransitive Hand 17 Extracted 96* Stroke LBD 63 (26—85) Aphasia=35 5,3 (2—-10)
(2014) ML Intransitive Finger 9 from VLSM (acute
ML Intransitive Hand 20 plots stage)
and
finger
Martin, MF Transitive Hand 26 Extracted 36  Stroke LBD 60 n.m. >180
Nitschke, and from VLSM (chronic
et al. (2016) finger plots stage)
ML Intransitive Hand 44
and
finger
ML Intransitive Hand 26
Mengotti et al. MF Intransitive Hand 4 Collected 57 Stroke LBD 64,05 Aphasia=27 1749
(2013) and on VLSM (15-2310)
finger table
Nobusako ML and Transitive NA 14 Collected 19  Stroke LBD 67,5° Apraxia=7> 237,5
et al. (2018) MF and on VLSM Pseudo- (15-1 126)5
Intransitive table apraxia=6"
Pizzamiglio ML Intransitive Hand 3 Collected 211 Stroke LBD=202 72,39 n.m. 24,3 (1-93)°
et al. (2019) and on VLSM Bilateral=9  (27-94)°
finger table
Randerath ML Intransitive Hand 14 Extracted 17  Stroke LBD 65 n.m. 702
et al. (2018) from VLSM (15-3480)
plots
Stoll et al. ML Intransitive Hand 25 Extracted 58 Stroke LBD 59,71 Aphasia=36 82,93
(2022) from VLSM (30-79) (18-857)
plots

1: Studies sharing 190 patients: Achilles et al., (2017); Achilles et al., (2019) - 2: Mean age and mean time post-stroke are based on initial 44 patients - 3: Mean age and
mean time post-stroke are based on initial 48 patients - 4: Studies sharing the same patients: Hoeren et al., (2014); Dressing and al., 2018, 2021-5: Mean age and mean
time post-stroke are based on initial 22 patients - 6: Mean age and mean time post-stroke are based on initial 387 patients. Abbreviations: ML=Meaningless;
MF=Meaningful; RBD=Right brain damaged; LBD=Left brain damaged; n.m.= not mentioned
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Table A4
Studies using VLSM on gesture understanding tasks included in the meta-analysis.
Auteurs Task specificity Transitivity Presentation NB Type of n Type of Damaged Mean age Disease Mean days
modality of data injury hemisphere  (range) post-stroke
foci (range)
Akinina et al. Action naming Transitive Action 14 Extracted 40 Stroke LBD 51,65 Aphasia=38 746,4
(2019) and picture from (33-78) (90-4380)
intransitive VLSM
plots
Binder et al. Associationofan  Intransitive Action 44 Extracted 41 Stroke LBD 60,8 Apraxia=18 15,7a
(2017) action picture gesture + picture and from (30—80)a Aphasia=26
with a tool picture contextual VLSM (Both=14)
contextual picture plots
object
Goksun et al. Naming path of Intransitive Action video 12 Extracted 16 Stroke LBD 64,69 n.m. 4065
(2015) motion clips from (chronic (37-79) (1500-6300)
Naming manner Intransitive Action video 6 VLSM stage)
of motion clips plots
Kalénine et al. Recognition of Transitive Action video 29 Extracted 43 Stroke LBD 56,16 n.m. n.m.
(2010) accurate spatial clips from (41-74)
gestures VLSM
Recognition of Transitive plots
semantic
gestures
Kalénine et al. Comprehension Transitive Action video 13 Extracted 23 Stroke LBD 59,48 n.m. 2160
(2013) of the means to clips from (chronic (33-75)
perform a VLSM stage)
specific action plots
Comprehension Transitive Action video 3
of the outcome clips
of a specific
action
Martin, Discrimination Transitive Video clips 43 Extracted 98 Stroke LBD 65,4 Aphasia=52 4,4 (+2)
Dressing, of correct/ from (21,9-85,8)
et al. (2016) incorrect tool- VLSM
related actions plots
Pazzaglia, Discrimination Transitive Video clips 12 Extracted 33 Stroke LBD 63,7 Apraxia=21 57,7 (£ 29)
Smania, etal.  of correct/ Intransitive Video clips 15 from
(2008) incorrect tool- VLSM
related actions plots
Pazzaglia, Discrimination Transitive Action 11 Extracted 28  Stroke LBD 58,33 Apraxia=21 n.m.
Pizzamaglio, of action and pictures from (25-79)
et al. (2008) pictures Intransitive VLSM
matching with a plots
sound
Pizzamiglio Action Transitive Gestures 1 Collected 211 Stroke LBD=202 72,39 n.m. 24,3 (1-93)
et al. (2019) recognition and performed by on VLSM Bi=9 (27-94)b b
intransitive the table
experimenter
Tarhan et al. Recognition of Transitive Action video 4 Collected 131  Stroke LBD 57,8 n.m. 1353
(2015) semantic clips on VLSM (chronic
gestures table stage)

1: Based on initial 44 patients - 2: Studies sharing patients: Kalénine et al., (2010); Tarhan et al., (2015) - 3: Mean age and mean time post-stroke are based on initial 387
patients. Abbreviations: RBD=Right brain damaged; LBD=Left brain damaged; n.m.= not mentioned

Supplementary analysis

Supplementary analysis associated with this article can be found in the online version at doi:10.1016/j.neubiorev.2024.105720.
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