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Despite all methodological efforts made in the last three decades, Western instruction
grounds on traditional principles. Most educational programs follow theories that are
mentalistic, i.e., they separate the mind from the body. At school, learners sit, watch,
listen, and write. The aim of this paper is to present embodied learning as an alternative
to mentalistic education. Similarly, this paper wants to describe embodied learning
from a neuroscientific perspective. After a brief historical overview, I will review studies
highlighting the behavioral effectiveness of embodied instruction in second language
learning, mathematics and spatial thinking. On this base, I will discuss some of the brain
mechanisms driving embodied learning and describe its advantages, clearly pleading in
favor of instructional practice that reunites body and mind.
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SCHOOL PRACTICE AND METHODS: WHY IT IS THE WAY IT IS

School practice has been on the search for methods that should make instruction more effective
for many decades (Reynolds et al., 2014). However, the scholar discussion on effectiveness has
not reached practice in a satisfactory way. This is possibly due to the fact that the discussion is
conducted on a pluralistic level (Scheerens, 2016). Also, the translation from scientific theory into
classroom activities seems to be the major challenge and educators stay on what is called best
practice (Bygate et al., 2013). They do their own teaching, i.e., a mix of what they have learned
at university and what they have experienced during their professional development. This mix is
shaped by restrictions due to time table, to compulsory learning materials like text books, and to
other administrative factors that may differ from school to school type. They all have an impact
on the outcome (Baker, 2014). At the end, despite all efforts, students still learn the way their
parents have done, by reading and listening. This is the case for foreign languages (Stæhr, 2008). In
maths, students learn to solve problems, as in the old days by learning formulas and applying them
(Kilpatrick, 2014). In spatial thinking, i.e., the capacity to understand the relationship between space
and objects in a dynamic way, at the base of technology and engineering, present instruction relies
on capacities that students already have (Mahon and Hickok, 2016). For decades, psychometrics
has been showing correlations between the ability to mentally visualize and manipulate spatial
relationships and has attributed them to genetically determined factors. How to enhance these
abilities on a large scale independently of genetic factors is left to improvisation, however (Uttal
et al., 2012). Considering the proven connection between skilled spatial thinking, success at school
and career choice, students with lower spatial abilities are disadvantaged in academic achievement.
Furthermore, they are also not likely to embrace jobs in technology, considered the base of future
innovation, as defined by the OECD as an economic and strategic goal for the future (OECD, 2012).
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The reason why Western school instruction evolves slowly can
be possibly searched in pedagogy. Pedagogy has deep roots into
philosophy. Descartes (1596–1650) laid the foundations of the
mind-body dichotomy in the Discours de La Méthode (Descartes,
1637). In his work, the French philosopher described on one side
the body as a material “machine” containing organs and following
the laws of nature. On the other side, Descartes described the
mind as non-material and independent of the laws of nature.
The interaction between body and mind would be enabled by the
pineal gland, the “seat of the soul.”

The Cartesian dichotomy mind versus body has been put forth
by philosophers as Locke and Kant, among others (Powell, 1990).
More importantly, the influence of Dualism has continued in the
20th century because its principles have flown into Rationalism.
There, the concept of “mind” is transposed into the concept
of “reason,” i.e., the human capacity of thinking that derives
from intrinsic intellectual structures of deduction (BonJour,
1997; Murphy, 2010). Rationalism claims that the only source
of knowledge is the a priori reason. These thoughts are directly
opposed to Empiricism. Empiricism grounds knowledge on the
experience(s) that we collect with our senses, mediated by the
body, a posteriori however.

Rationalism has strongly influenced cognitive sciences in the
20th century. Fodor et al. (1974) described the mind as a set of
computational operations subdivided in modules that are defined
in terms of their function. Originally, Fodor saw no connection
between a module and the reference world outside. He separated
the mind from the body in the manner of Cartesian philosophy.
Later in his work, Fodor (1983) described the modules, language,
for example, as separated from each other but interconnected
with a central mechanism. Similarly, Pylyshyn (1984) described
language as a phenomenon of the mind belonging to a system
with amodal and symbolic units and deprive of connection
to the reference objects outside. Last but not least, in Noam
Chomsky’s most influential work, language was considered as
an abstract phenomenon of the mind (Chomsky, 1965a,b, 1975).
Again, also in Chomsky’s thought the body did not participate in
cognitive processes.

Despite the fact that Fodor (2006, 2008), Pylyshyn (2007),
Berwick et al. (2013), and Fodor and Pylyshyn (2014) have revised
their positions, their original theories are still well eradicated
in common sense. As such they had and have a great impact
on learning and education. We “still” learn with the mind, the
body contains our vital organs and allows us to move around. In
other words, in our common sense, mind and body still subserve
different functions. Hence, when acquiring knowledge, we sit
quietly and concentrate on our “mental” task(s). In instruction,
moving around while understanding or learning a subject is still
considered as an experiment but not common practice.

EMBODIED COGNITION

With the advent of neuroscience, Rationalism has been greatly
challenged. Theories of embodied cognition suggest that the
mind is not an abstract and isolated entity. Rather the
mind is integrated into the body’s sensorimotor systems

(Barsalou, 1999, 2008). Followingly, cognitive processes are
mediated by “body-based systems” (Alibali and Nathan, 2012),
e.g., perception and action (Dijkstra and Post, 2015). Theories of
embodied cognition hold that thinking of an object or a person
triggers the simulation of the experience collected with the object
or the person (Barsalou, 2008; Glenberg and Gallese, 2012). In
fact, neuroscientific studies have demonstrated that processing of
objects, spatial information, music, faces, flavors, odors, and also
mere thinking of these concepts evokes sensorimotor responses,
i.e., body-related activity in the brain (Pulvermuller, 1999, 2001;
Pulvermüller, 2005). This relies on prior experience connected
to manipulating objects, moving around, eating and smelling
things (Zwaan, 1999). Areas and brain structures involved in the
process wire together to networks of neurons (Hebb, 1949) that
represent and store the information. For an apple that a person
takes in her hand, neurons in visual and haptic areas connect
to networks that represent shape, color and texture of the fruit
(Buccino et al., 2016). Networks on different scales connect to
other networks until the representation of the apple maps all
experiences that the subject has collected related to the fruit.
Thinking of an apple by activating the visual image, i.e., the shape
of the fruit, will trigger other network components including the
motor programs involved in grasping, lifting, peeling, smelling
(González et al., 2006), tasting (Barrós-Loscertales et al., 2012),
and chewing the fruit.

Cognitive neuroscience has validated behavioral evidence
collected in the past. For example, linguistic meaning had been
defined for decades in a syntactic way, i.e., as a relationship
between phrase components. Kaschak and Glenberg and Kaschak
(2002) came up with a novel view: phrase semantics has to do with
the body. They asked subjects to identify a sentence containing a
motion verb (“close the drawer”) as sensible and allowed them to
perform either congruent or incongruent movements related to
the phrase, i.e., an action away or toward the body, respectively.
They found that participants performed better in the semantic
task if the action was congruent. Glenberg and Kaschak proposed
the action-compatibility effect (ACE) in order to explain why
participants took advantage of congruent gestures.

The embodied view of cognition is grounded in sensory
and motor experiences (Engel et al., 2013; Mahon and Hickok,
2016). They create multimodal sensorimotor representations
in the brain (Barsalou, 2008). From a purely mechanistic
view, cognition is thus the result of brain functions in a
highly interconnected “system” of cells. These cells respond to
stimulation, i.e., signals that come from the outside world via
ears, eyes, skin, nose, tongue, and motor acts, hence from organs
of the body. The “mind,” the “reason,” is performed by the
brain, an organ of the body. Hence, the mind is not an abstract
entity any longer.

EMBODIED LANGUAGE

One of the cognitive domains that have been most appealing to
mentalistic theories is possibly language. In the seventies of the
20th century, Chomsky described it as an innate phenomenon
of the mind expressed by symbols. Brain imaging studies in
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the last decades have shed a different light on language. For
example, when participants lay quietly in the functional Magnetic
Resonance Imaging (fMRI) scanner, simply reading action words
like kick or pick, activates portions of motor cortices in the
brain, specifically those controlling leg versus hand movements
(Hauk et al., 2004). Similarly, reading odor words like jasmine
or cinnamon elicits activity in olfactory regions of the brain
(González et al., 2006). If words were “symbols,” abstract entities
of the mind with no connection to the body, performing a mental
task would not activate brain regions related to sensorimotor
processes occurred during language acquisition and use.

In fact, if we observe how children acquire language, they
perform a multitude of sensorimotor acts. Children hear and
repeat sequences of sounds (words), i.e., symbols but these
symbols are related to objects they perceive with their senses
or to actions they perform. Children cannot be prevented from
touching, dropping, smelling the objects and putting them in
their mouths (Adams, 2016). Therefore, in the brain’s language, a
word must be represented as a sensorimotor network that mirrors
all experiences collected to the concept (Pulvermuller, 1999).

Strikingly, also abstract concepts have shown to be – at least
to a certain extent – embodied. Borghi and Zarcone (2016)
found that even abstract words evoke activity in the portion
of the motor cortex related to the mouth. This is possibly due
to linguistic-social information linked to the re-enactement of
experience (Meteyard et al., 2012). In a recent paper, Buccino
et al. (2019) explain that abstract words, if compared to concrete
ones, are more difficult to brain image because their neural
representation not only involves multiple biological effectors and
different sensory systems but also brain areas coding for social
context. This is to say that abstract words are also experience
related but they are connected to highly complex experiential
clusters. These clusters are not focally localized in a single region
of the brain and therefore difficult to localize during stimulation.

Besides language (Glenberg and Gallese, 2012), sensorimotor
networks in the brain represent also memory (Glenberg, 1997),
perception (Leman, 2014), feelings (Niedenthal et al., 2009), and
higher cognitive functions (Niedenthal and Barsalou, 2005). In
other words, the mind is embodied in all of its parts to different
degrees (Giummarra and Gibson, 2008; Pulvermüller, 2013). The
problem of the grounding of symbols in the real world (Harnad,
1990) that could not be solved satisfactorily with mentalistic and
symbolic approaches has found explanation in neuroscientific
studies. All this is to say that mind and body are intertwined with
each other and that Cartesian theories of the mind cannot be the
reference for educationalists any longer.

SECOND LANGUAGE LEARNING (L2)
AND THE BODY

A first attempt to integrate the body in learning L2 was made
in the Total Physical Response (TPR) developed by Asher in
the 1960s (Asher, 1969, 1977). In the TPR, the teacher gave
commands in L2. Learners listened, comprehended and executed
the commands. The TPR did not require learners to speak at
an early stage. This was done in order to take off pressure from

language production. Learning L2 through commands was meant
to simulate native language acquisition. In fact, children are
asked by the caregivers to do things in order to interact with the
adults’ world. The TPR did not focus on syntax and used mainly
imperative verbs connected to the vocabulary. Consequently,
verbs that could be put in the imperative form or communicative
acts that do not need the imperative were not taught. Criticisms
addressed the method as suitable for early stages of L2 acquisition
in which vocabulary essentials can be acquired through action.
Despite this, over the decades, the TPR made its way in practice
because effective in supporting word recognition (Asher, 1969,
1977). However, no empirical investigations were conducted on
the impact on memory for L2 words and phrases if learners
perform commands while learning. The arguments in favor of the
method have remained qualitative and descriptive in their nature.

Whereas in the TPR the connection L2 learning and the
body was given via actions performed while listening to the
trainer, other approaches use gestures to learn L2. Note that
action and gesture are both tied to language but that they are
not equal (Cartmill et al., 2012). Actions are movements of the
body with an own goal. For example the action of locomotion
from A to B can be labeled as “to go” or “to run” depending
on the performance speed. Two fingers that mimic legs moving
forwards do not have a locomotion goal per se. They do not
perform an action to move from A to B. Rather, the moving
fingers represent a concept that can be a verb as “to go, walk,
run, stroll” but also a noun “walk, walker,” etc. In this case, the
fingers perform gesture which is referred to thought (Goldin-
Meadow, 2003). Gestures belong to different categories (McNeill,
1992) and have been used for centuries in L2 lessons. In his
book, De Radonvilliers (1807) writes on methods to teach Latin
to French natives. The author suggests the use of representative
gestures to clarify concepts when association between L2 and
first language is not possible and to avoid explanations in the
native language (Larsen-Freeman and Anderson, 2013). In L2-
literature, single or multiple gestures are described as pantomime
(Carels, 1981; Seaver, 1992). They capture some aspects of
concepts either iconically or metaphorically (Gärdenfors, 2017).
Two hands opening an imaginary book can be the iconic gesture
for “book” or for the verb “to read,” but also a gestural metaphor
for an abstract concept as “theory” (Macedonia and Knösche,
2011). Emblems, like “thumb up” to express appreciation, are
called conventional gestures. They are standardized and valid
within a group of speakers. The meaning of an emblem can differ
from culture to culture. For example the OK gesture is made
by connecting the index finger and the thumb into a circle. In
Anglo Saxon societies, this gesture denotes approval. Instead, in
some Southern European countries, it is offensive and in the Arab
world it is used while cursing (Kita, 2009). Finally, deictic gestures
point to places (here, there, etc.) or to objects in the environment.
Hence gestures, help us to communicate, they build with speech
the two sides of the communicative coin, “they mutually interact
to enhance language comprehension” (Kelly et al., 2010).

Interestingly, the explicative function of gestures is not
new. Besides clarifying L2 word semantics, gestures fulfill a
further purpose: they help to memorize vocabulary better than
by only reading it or listening to it. This issue had already
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been described by Asher and Price (1967), for actions in a
qualitative way, however. Quinn-Allen (1995) conducted the
first empirical study on the impact of gestures on memory
for words in L2. In a between-subjects study, she taught
112 English native students French expressions. One third
of the group learned the expressions by reading them and
saw no gestures at any time. The second third of the group
memorized the expressions by reading them and performing
emblematic gestures simultaneously. The third subgroup saw
the gestures only in the test phase. The group that had
learnt with emblematic gestures scored best in word recall.
More interestingly, this group forgot fewer items than the
group that had encoded without gestures. In her doctoral
dissertation, Macedonia (2003) had participants learn thirty
six items of an artificial corpus created for experimental
purposes. Eighteen words were learned by hearing, reading
and repeating the words aloud. For the other 18 words,
representative gestures were first performed by the trainer live
and thereafter imitated by the subjects. Significantly better
results in word recall were obtained at all time points for
those words that had been learned with the representative
gestures. Similarly, in a study with the same learning conditions
Macedonia and Knösche (2011) obtained comparable results.
The authors used videos and audios instead of live performance
and Vimmi, a severely controlled artificial corpus conforming
with Italian phonotactics. Ninety-two items, composed in
abstract sentences were learned audio-visually, half of which
were additionally added metaphorical gestures in order to
represent the words’ semantics. Words enriched by a gesture
were better retained in the short but also in the long term.
Another study by Kelly et al. (2009) on Japanese verbs that
were learned audio-visually and by additionally performing a
congruent or an incongruent iconic gesture yielded similar
results. Better memorization was achieved with words trained
with congruent gestures. Non-matching gestures did not
empower memory. Along this line, further work comparing
the recall of words learned with semantically related and
semantically unrelated gestures showed that only semantically
related gestures support memorization in the short and long term
(Macedonia et al., 2011).

To this regard, three features have proven to be essential
in order to get the memory results. First, gesture must
be semantically related to the words. Second, learners must
perform the gestures themselves. This has been described in
the beginning of enactment research as the self-performed-
task effect (SPT) (Engelkamp et al., 1994) and confirmed
in various studies among which one with a pedagogical
agent with anthropomorphic looks instead of a human
(Macedonia et al., 2014a). In that study, school children
aged of about 13 learned 45 Vimmi words. Fifteen items
were encoded audio-visually, i.e., by reading the word and
listening to an audio-file (AV), 15 were learned audio-
visually and by observing the virtual trainer perform a
semantically related gesture (AVO), and another 15 items
were learned by additionally imitating the gesture performed
by the avatar (AVOG). Compared to the baseline (AV) and
to the AVO condition, the words were better retained if

the gestures had been imitated, i.e., self-performed. Third,
when learning with the body, the training must be massed.
In fact, in studies that show the benefit of enactment on
vocabulary items have trainings of a few hours a day, four
or five days in which participants repeat the gestures actively
(Macedonia and Knösche, 2011; Macedonia et al., 2011;
Mayer et al., 2015, 2017). Other studies conducted with the
same experimental materials and protocols showed reduced
performance (Bergmann and Macedonia, 2013; Macedonia
et al., 2014a) or performance that did not reach significance
in the gestural condition (Macedonia et al., 2019). In those
studies, participants were trained according to short experimental
protocols with a few repetitions that occurred on one single
day. Taken together, these studies indicate that the body
is a powerful tool that helps the mind to acquire (at
least) vocabulary in second language. Having in mind the
considerations above and the research that has taken place
in the last 20 years, it is obvious that words can no longer
be understood as abstract symbols of the mind. Instead,
neuroscientific research has proven that words are experience-
related sensorimotor representations in our brains (Pulvermüller,
2005; Pulvermüller et al., 2005).

Why the body, why gestures support memory in the short
and long term, is an issue that has not received enough
attention yet. In 2001, Engelkamp advanced the hypothesis
that motor actions can improve the storage of words because
motor activity engages mechanisms of procedural memory
in the learning process, additionally to declarative memory.
In a combined behavioral and fMRI-study, Macedonia and
Mueller (2016) let subjects hear and read words that they
had learned previously learned with gestures. This stimulation
was enough to activate multiple memory networks but most
strikingly the motor cortices, the cerebellum, and the basal
ganglia, i.e., structures involved in procedural memory circuits.
In other words, the body not only represents knowledge but
also is a powerful tool to additionally store knowledge. L2
instruction can definitely take advantage of techniques that
involve procedural memory in order to enhance memory
(Ullman and Lovelett, 2018).

MATHEMATICS AND THE BODY

About two decades ago, cognitive science began to investigate
the influence of co-speech gestures in mathematical concepts
systematically, by observing gestures that are spontaneously
produced by teachers. A seminal study by Susan Goldin-
Meadow and co-workers on mathematical equivalence focused
on the effect of spontaneous gestures accompanying speech
in teachers and students (Goldin-Meadows et al., 1999).
Teachers were instructed to provide solving strategies only
orally, and by performing a gesture that was either matching
(reinforced the message), or mismatching (differed from the
verbal message). The gestures were embedded within the lesson.
As it was hypothesized, children uptook significantly more
often the strategy presented by the teacher if it had been
accompanied by a matching gesture than by no gesture at all.
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Conversely, children did not benefit of the gestures conveying
a solving strategy different from speech compared to speech
only. Comprehension of the solving strategies was enhanced
by matching and disrupted by mismatching gestures. Goldin-
Meadows et al. (1999) related this results to a possible “second
representational format” that gesture can provide. In other words,
when speech and gestures are combined and match with each
other, speech and therefore mathematical concepts are more
easily captured because of the manual modality which is added
to communication.

Similarly, Alibali and Nathan (2012) sustained that
mathematical thinking is embodied. Following Mc Neills
classification of gestures (McNeill, 1992), the authors analyzed
the gestures produced by teachers and learners while explaining
mathematical ideas and concepts. Thereafter pointing (deictic)
gestures would ground thoughts in the physical environment,
representational gestures would simulate perception and action,
and metaphoric gestures would manifest conceptual metaphors.

In two experiments by Crollen and Noël (2015), 5 to 9-
year-old children had to accomplish one-target, two-target
counting tasks, and additions. While doing this, participants
had no constraints, interfering hand movements, and interfering
foot movements to deal with. Hand movements disrupted
counting more than foot movements. These results suggest
a connection between our fingers and counting. Considering
that in childhood the acquisition of numerical skills is tightly
connected with finger counting, these results do not surprise.
In an fMRI study, Tschentscher et al. (2012) presented adults
digits from 1 to 9 only visually while they lay quietly
in the scanner. Dependently on the participants’ counting
habits (left- or right-starters), hemodynamic activity in the
contralateral motor cortex was observed when the numbers
were presented. This neuroscientific evidence supports the
view of embodied mathematical knowledge. The connection
between motor activity in the brain and counting with
fingers is connected to Hebbian learning mechanisms. They
apply during learning and connect cognitive mathematical
operations with finger movements performed while counting
(Sato and Lalain, 2008).

Wagner (Cook et al., 2016) conducted a between-subjects
study with 65 children (mean age 9 years) to investigate the
effect of gesture learning on mathematical equation problems
as “3 + 8 + 5 = 3 + 13.” The authors hypothesized that
gestures would facilitate understanding of trained material and
would promote transfer when children had to solve equations.
In the study, an instructional avatar was employed in order
to avoid confounding factors that can be created during live
instruction delivered by a human. The avatar explained six
equations either standing still or by performing additional
gestures that were either representative (reinforcing the content)
or beat gestures. The baseline condition consisted of a no-gesture
condition, i.e., an explanation in which the avatar did not move
at all. After instruction, children were assessed by means of
equal addends equivalence problems with matching addends,
transfer problems, and conceptual questions at the computer.
In all tests, children who had learned from the gesturing avatar
performed better than those children who had learned without

gestures. Considering that this study was conducted with a
computer animation avatar in a highly controlled environment,
it stands to reason that the learning effect must come from
the gestures themselves, as noted by the authors of the study
in the discussion.

Peppler (2017) has recently described how counting is
originated in the real world: We count sheep by observing
them. If our eyes are shut or the sheep are not where
we are, we retrieve a concrete image of the animals in
order to count them. We don’t think of abstract living
beings. Instead, we visualize sheep and not dogs the way
we have experienced them. Furthermore, during counting,
we use the body to support the cognitive task by counting
on our fingers. We explain math basic operations (addition,
subtraction, division, and multiplication) to children by putting
real world things together, taking them apart from each other,
cutting them, and so on. All this, we do by means of
our body. Even alliterate persons who cannot read or write
numbers can perform the operations by referencing the task to
real world objects.

Nathan and Walkington (2017) have developed a theory
of grounded and embodied mathematical cognition (GEMC)
that proposes action and gesture as tools to understand
properties of concepts related to science, technology,
engineering, and mathematics (STEM). They investigated
geometric proofs, an area in which conceptual understanding
of abstraction is necessary and mathematical procedures
(among others algorithms). According to Nathan et al.
(2014), proof practice involves notations, speech, gesture,
and enactment of mathematical concepts. In a behavioral study,
120 undergraduate students were asked to generate proofs
by thinking aloud for two mathematical tasks in front of an
interactive whiteboard. Before starting the proof, participants
had performed either grounding (relevant to the task), or
non-grounding (irrelevant) actions. For example, for a task
concerning a triangle, the relevant action was to touch colored
dots on the whiteboard that were symmetrically positioned
in order to embody the key idea of triangle. Non-grounding
actions like tapping on small diamonds on the whiteboard
without any conceptual connection were also randomly
performed. Grounding actions had a beneficial transfer effect
on the experimental task: participants performed better in
generating mathematical insights and could enhance their
performance when additionally using language to describe the
proof (Nathan et al., 2014).

IMPLICATIONS FOR INSTRUCTION

There is a similarity in the way how we still consider both
(second) language and mathematics: i.e., as abstract domains
of cognition. Not only that we use the body in order to
learn words and their meaning. We also learn mathematical
concepts with the body and empirical evidence is cumulating
year after year in favor of this view, of embodied mathematics
(Soylu et al., 2018). In other words, the Cartesian era is over:
neither Descartes, nor Kant or Fodor were right. Cognition is
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neither amodal nor symbolic. Empirical evidence shows that
in at least two educational domains, i.e., second language and
mathematics, embodied strategies lay the base for enhanced
understanding and learning. The body - via action and gesture
- is a powerful tool to understand and to learn school subjects.
However, embodiment deprived of its neuroscientific base would
have no chance in educational contexts. We have investigated
the brain in order to know that the human mind does not
work like a “computer” processing symbols. Neuroscience has
unveiled (at least partially) brain patterns behind language
and mathematical thinking and they are grounded in action
and perception, in the body. The idea to pursue is now to
create learning contexts which allow brain based instruction and
embodied learning. These contexts can be natural, in interaction
with a teacher but also they can employ immersive technologies,
in which embodiment is performed in virtual or augmented
reality (mixed reality) (Lindgren and Johnson-Glenberg, 2013;

Macedonia et al., 2014b). Considering that the future of
employment is tied to excellent education, there is an
urgent need to make instructional methods more effective
by combining evidence based behavioral and neuroscientific
research with methodology.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work has been partially supported by the LCM – K2 Center
within the framework of the Austrian COMET-K2 program.

REFERENCES
Adams, A. M. (2016). How language is embodied in bilinguals and children with

specific language impairment. Front. Psychol. 7:1209. doi: 10.3389/fpsyg.2016.
01209

Alibali, M. W., and Nathan, M. J. (2012). Embodiment in mathematics teaching
and learning: evidence from learners’ and teachers’ gestures. J. Learn. Sci. 21,
247–286. doi: 10.1080/10508406.2011.611446

Asher, J. J. (1969). Total physical response technique of learning. J. Spec. Educ. 3,
253–262. doi: 10.1177/002246696900300304

Asher, J. J. (1977). Learning Another Language Through Actions: The Complete
Teacher’s Guidebook, 2nd Edn. Los Gatos, CA: Sky Oaks.

Asher, J. J., and Price, B. S. (1967). The learning strategy of the total physical
response: some age differences. Child Dev. 38, 1219–1227. doi: 10.1111/j.1467-
8624.1967.tb04397.x

Baker, A. (2014). Exploring teachers’ knowledge of second language pronunciation
techniques: teacher cognitions, observed classroom practices, and student
perceptions. TESOL Q. 48, 136–163. doi: 10.1002/tesq.99

Barrós-Loscertales, A., González, J., Pulvermüller, F., Ventura-Campos, N.,
Bustamante, J. C., Costumero, V., et al. (2012). Reading salt activates gustatory
brain regions: fMRI evidence for semantic grounding in a novel sensory
modality. Cereb. Cortex 22, 2554–2563. doi: 10.1093/cercor/bhr324

Barsalou, L. W. (1999). Perceptual symbol systems. Behav. Brain Sci. 22, 577–609;
discussion 610–660.

Barsalou, L. W. (2008). Grounded cognition. Annu. Rev. Psychol. 59, 617–645.
doi: 10.1146/annurev.psych.59.103006.093639

Bergmann, K., and Macedonia, M. (2013). “A virtual agent as vocabulary trainer:
iconic gestures help to improve learners’ memory performance,” in Intelligent
Virtual Agents. IVA 2013. Lecture Notes in Computer Science, eds K. Bergmann
and M. Macedonia (Heidelberg: Springer), 139–148. doi: 10.1007/978-3-642-
40415-3_12

Berwick, R. C., Friederici, A. D., and Chomsky, N. (2013). Evolution, brain, and the
nature of language. Trends Cogn. 17, 89–98.

BonJour, L. (1997). In Defense of Pure Reason: A Rationalist Account of A
Priori Justification. Cambridge: Cambridge University Press, doi: 10.1017/
CBO9780511625176.005

Borghi, A. M., and Zarcone, E. (2016). Grounding abstractness: abstract concepts
and the activation of the mouth. Front. Psychol. 7:1498. doi: 10.3389/fpsyg.2016.
01498

Buccino, G., Colagè, I., Gobbi, N., and Bonaccorso, G. (2016). Grounding meaning
in experience: a broad perspective on embodied language. Neurosci. Biobehav.
Rev. 69, 69–78. doi: 10.1016/j.neubiorev.2016.07.033

Buccino, G., Colagè, I., Silipo, F., and D’Ambrosio, P. (2019). The concreteness of
abstract language: an ancient issue and a new perspective. Brain Struct. Funct.
224, 1385–1401. doi: 10.1007/s00429-019-01851-7

Bygate, M., Skehan, P., and Swain, M. (2013). Researching Pedagogic Tasks: Second
Language Learning, Teaching, and Testing. Harlow: Longman Publishing

Carels, P. E. (1981). Pantomime in the foreign-language classroom. Foreign Lang.
Ann. 14, 407–411. doi: 10.1111/j.1944-9720.1981.tb01660.x

Cartmill, E. A., Beilock, S., and Goldin-Meadow, S. (2012). A word in the hand:
action, gesture and mental representation in humans and non-human primates.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 367, 129–143. doi: 10.1098/rstb.2011.
0162

Chomsky, N. (1965a). Aspects of The Theory of Syntax. (Second printing.).
Cambridge, MA: MIT Press.

Chomsky, N. (1965b). Syntactic Structures. The Hague: Mouton.
Chomsky, N. (1975). Reflections on Language, 1st Edn. New York, NY: Pantheon

Books.
Cook, S., Friedman, H., Duggan, K., Cui, J., and Popescu, V. (2016). Hand gesture

and mathematics learning: lessons from an avatar. Cogn. Sci. 41, 518–535.
doi: 10.1111/cogs.12344

Crollen, V., and Noël, M.-P. (2015). The role of fingers in the development
of counting and arithmetic skills. Acta Psychol. 156, 37–44. doi: 10.1016/J.
ACTPSY.2015.01.007

De Radonvilliers, C. (1807). De la Maniére d’Apprendre les Langues. Lausanne:
Université de Lausanne.

Descartes, R. (1637). A Discourse on Method: Meditations on the First Philosophy
Principles of Philosophy. London: Dent.

Dijkstra, K., and Post, L. (2015). Mechanisms of embodiment. Front. Psychol.
6:1525. doi: 10.3389/fpsyg.2015.01525

Engel, A. K., Maye, A., Kurthen, M., and König, P. (2013). Where’s the action?
The pragmatic turn in cognitive science. Trends Cogn. Sci. 17, 202–209. doi:
10.1016/j.tics.2013.03.006

Engelkamp, J., Zimmer, H. D., Mohr, G., and Sellen, O. (1994). Memory of self-
performed tasks: self-performing during recognition. Mem. Cogn. 22, 34–39.
doi: 10.3758/bf03202759

Fodor, J. A. (1983). Modularity of Mind: An Essay on Faculty Psychology.
Cambridge, MA: MIT Press.

Fodor, J. (2006). How the mind works: what we still don’t know. Daedalus 135,
86–94. doi: 10.2307/20028056

Fodor, J., Bever, T. G., and Garrett, M. F. (1974). “The psychology of language,” in
An Introduction to Psycholinguistics and Generative Grammar, eds J. A. Fodor,
T. G. Bever, and M. F. Garrett (New York, NY: McGraw-Hill).

Fodor, J. A. (2008). LOT 2: The Language of Thought Revisited. Oxford:
Clarendon Press.

Fodor, J. A., and Pylyshyn, Z. W. (2014). Minds Without Meanings: An Essay on the
Content of Concepts. Cambridge, MA: MIT Press.

Gärdenfors, P. (2017). Demonstration and pantomime in the
evolution of teaching. Front. Psychol. 8:415. doi: 10.3389/fpsyg.2017.
00415

Frontiers in Psychology | www.frontiersin.org 6 October 2019 | Volume 10 | Article 2098

https://doi.org/10.3389/fpsyg.2016.01209
https://doi.org/10.3389/fpsyg.2016.01209
https://doi.org/10.1080/10508406.2011.611446
https://doi.org/10.1177/002246696900300304
https://doi.org/10.1111/j.1467-8624.1967.tb04397.x
https://doi.org/10.1111/j.1467-8624.1967.tb04397.x
https://doi.org/10.1002/tesq.99
https://doi.org/10.1093/cercor/bhr324
https://doi.org/10.1146/annurev.psych.59.103006.093639
https://doi.org/10.1007/978-3-642-40415-3_12
https://doi.org/10.1007/978-3-642-40415-3_12
https://doi.org/10.1017/CBO9780511625176.005
https://doi.org/10.1017/CBO9780511625176.005
https://doi.org/10.3389/fpsyg.2016.01498
https://doi.org/10.3389/fpsyg.2016.01498
https://doi.org/10.1016/j.neubiorev.2016.07.033
https://doi.org/10.1007/s00429-019-01851-7
https://doi.org/10.1111/j.1944-9720.1981.tb01660.x
https://doi.org/10.1098/rstb.2011.0162
https://doi.org/10.1098/rstb.2011.0162
https://doi.org/10.1111/cogs.12344
https://doi.org/10.1016/J.ACTPSY.2015.01.007
https://doi.org/10.1016/J.ACTPSY.2015.01.007
https://doi.org/10.3389/fpsyg.2015.01525
https://doi.org/10.1016/j.tics.2013.03.006
https://doi.org/10.1016/j.tics.2013.03.006
https://doi.org/10.3758/bf03202759
https://doi.org/10.2307/20028056
https://doi.org/10.3389/fpsyg.2017.00415
https://doi.org/10.3389/fpsyg.2017.00415
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-10-02098 September 27, 2019 Time: 16:39 # 7

Macedonia Learning Second Language and Maths via Embodiment

Giummarra, M. J., and Gibson, S. J. (2008). Mechanisms underlying embodiment,
disembodiment and loss of embodiment. Neurosci. Biobehav. Rev. 32, 143–160.
doi: 10.1016/j.neubiorev.2007.07.001

Glenberg, A. M. (1997). What memory is for: creating meaning in the service of
action - Author’s response. Behav. Brain Sci. 20, 41–55.

Glenberg, A. M., and Gallese, V. (2012). Action-based language: a theory of
language acquisition, comprehension, and production. Cortex 48, 905–922.
doi: 10.1016/j.cortex.2011.04.010

Glenberg, A. M., and Kaschak, M. P. (2002). Grounding language in action.
Psychon. Bull. Rev. 9, 558–565. doi: 10.3758/BF03196313

Goldin-Meadow, S. (2003). Hearing Gesture: How Our Hands Help us Think.
Cambridge, MA: Belknap Press of Harvard University Press.

Goldin-Meadows, S., Kim, S., and Singer, M. (1999). What the teacher’s hands tell
the student’s mind about math. J. Educ. Psychol. 91, 720–730. doi: 10.1037/0022-
0663.91.4.720

González, J., Barros-Loscertales, A., Pulvermüller, F., Meseguer, V., Sanjuán,
A., Belloch, V., et al. (2006). Reading cinnamon activates olfactory
brain regions. Neuroimage 32, 906–912. doi: 10.1016/j.neuroimage.2006.
03.037

Harnad, S. (1990). The symbol grounding problem. Physica D 42,
335–346.

Hauk, O., Johnsrude, I., and Pulvermuller, F. (2004). Somatotopic representation
of action words in human motor and premotor cortex. Neuron 41, 301–307.

Hebb, D. (1949). The Organization of Behavior. A Neuropsychological Theory.
New York, NY: John Wiley and Sons.

Kelly, S. D., McDevitt, T., and Esch, M. (2009). Brief training with co-speech
gesture lends a hand to word learning in a foreign language. Lang. Cogn. Process.
24, 313–334. doi: 10.1080/01690960802365567

Kelly, S. D., Özyürek, A., and Maris, E. (2010). Two sides of the same coin. Psychol.
Sci. 21, 260–267. doi: 10.1177/0956797609357327

Kilpatrick, J. (2014). “History of research in mathematics education,” in
Encyclopedia of Mathematics Education, ed. S. Lerman (Dordrecht: Springer),
267–272. doi: 10.1007/978-94-007-4978-8_71

Kita, S. (2009). Cross-cultural variation of speech-accompanying gesture: a
review. Lang. Cogn. Process. 24, 145–167. doi: 10.1080/0169096080258
6188

Larsen-Freeman, D., and Anderson, M. (2013). Techniques and Principles in
Language Teaching, 3rd Edn. Oxford: Oxford University Press.

Leman, M. (2014). The role of embodiment in the perception of music. Empir.
Musicol. Rev. 9, 3–4.

Lindgren, R., and Johnson-Glenberg, M. (2013). Emboldened by Embodiment.
Educ. Res. 42, 445–452. doi: 10.3102/0013189X13511661

Macedonia, M. (2003). Sensorimotor Enhancing of Verbal Memory Through
“Voice Movement Icons” During Encoding of Foreign Language (German: Voice
Movement Icons. Sensomotorische Encodierungsstrategie zur Steigerung der
Quantitativen und Qualitativen Lerneffizienz bei Fremdsprache). Ph.D. thesis,
University of Salzburg, Salzburg.

Macedonia, M., Bergmann, K., and Roithmayr, F. (2014a). Imitation of a
pedagogical agent’s gestures enhances memory for words in second language.
Sci. J. Educ. 2, 162–169.

Macedonia, M., Kern, R., and Friedrich, R. (2014b). Do children accept virtual
agents as foreign language trainers? Int. J. Learn. 7, 131–137. doi: 10.3389/fpsyg.
2014.00295

Macedonia, M., and Knösche, T. (2011). Body in mind: how gestures empower
foreign language learning. Mind Brain Educ. 5, 196–211. doi: 10.1111/j.1751-
228X.2011.01129.x

Macedonia, M., and Mueller, K. (2016). Exploring the neural representation of
novel words learned through enactment in a word recognition task. Front.
Psychol. 7:953. doi: 10.3389/fpsyg.2016.00953

Macedonia, M., Müller, K., and Friederici, A. D. (2011). The impact of iconic
gestures on foreign language word learning and its neural substrate. Hum. Brain
Mapp. 32, 982–998. doi: 10.1002/hbm.21084

Macedonia, M., Repetto, C., Ischebeck, A., and Mueller, K. (2019). Depth of
encoding through observed gestures in foreign language word learning. Front.
Psychol. 10:33. doi: 10.3389/fpsyg.2019.00033

Mahon, B. Z., and Hickok, G. (2016). Arguments about the nature of concepts:
symbols, embodiment, and beyond. Psychon. Bull. Rev. 23, 941–958. doi: 10.
3758/s13423-016-1045-2

Mayer, K., Macedonia, M., and von Kriegstein, K. (2017). Recently learned foreign
abstract and concrete nouns are represented in distinct cortical networks similar
to the native language. Hum. Brain Mapp. 38, 4398–4412. doi: 10.1002/hbm.
23668

Mayer, K. M., Yildiz, I. B., Macedonia, M., and von Kriegstein, K. (2015).
Visual and motor cortices differentially support the translation of
foreign language words. Curr. Biol. 25, 530–535. doi: 10.1016/j.cub.2014.
11.068

McNeill, D. (1992). Hand and Mind: What Gestures Reveal About Thought.
Chicago?, IL: University of Chicago Press.

Meteyard, L., Cuadrado, S. R., Bahrami, B., and Vigliocco, G. (2012). Coming of
age: a review of embodiment and the neuroscience of semantics. Cortex 48,
788–804. doi: 10.1016/J.CORTEX.2010.11.002

Murphy, B. (2010). Rationalism and empiricism: will the debate ever end? Think 9,
35–46. doi: 10.1017/S1477175609990200

Nathan, M. J., and Walkington, C. (2017). Grounded and embodied mathematical
cognition: promoting mathematical insight and proof using action and
language. Cogn. Res. 2:9. doi: 10.1186/s41235-016-0040-5

Nathan, M. J., Walkington, C., Boncoddo, R., Pier, E., Williams, C. C., and
Alibali, M. W. (2014). Actions speak louder with words: the roles of action
and pedagogical language for grounding mathematical proof. Learn. Instr. 33,
182–193. doi: 10.1016/j.learninstruc.2014.07.001

Niedenthal, P. M., and Barsalou, L. W. (2005). Embodiment in attitudes, social
perception, and emotion. Pers. Soc. Psychol. Rev. 9, 184–211. doi: 10.1207/
s15327957pspr0903_1

Niedenthal, P. M., Winkielman, P., and Mondillon, L. (2009). Embodiment of
emotion concepts. J. Pers. Soc. Psychol. 96, 1120–1136. doi: 10.1037/a0015574

OECD (2012). Strengthening Education for Innovation. Paris: OECD.
Peppler, K. (2017). The SAGE Encyclopedia of Out-of-School Learning. Thousand

Oaks, CA: SAGE Publications, doi: 10.4135/9781483385198.n98
Powell, T. (1990). Kant’s Theory of Self-Consciousness. Oxford: Clarendon Press,

174–206. doi: 10.1093/acprof:oso/9780198244486.003.0006
Pulvermuller, F. (1999). Words in the brain’s language. Behav. Brain Sci. 22,

253–79;discussion280–336.
Pulvermuller, F. (2001). Brain reflections of words and their meaning. Trends Cogn.

Sci. 5, 517–524. doi: 10.1016/s1364-6613(00)01803-9
Pulvermüller, F. (2005). Brain mechanisms linking language and action. Nat. Rev.

Neurosci. 6, 576–582. doi: 10.1038/nrn1706
Pulvermüller, F. (2013). Semantic embodiment, disembodiment or

misembodiment? In search of meaning in modules and neuron circuits.
Brain Lang. 127, 86–103. doi: 10.1016/j.bandl.2013.05.015

Pulvermüller, F., Shtyrov, Y., and Ilmoniemi, R. (2005). Brain signatures of
meaning access in action word recognition. J. Cogn. Neurosci. 17, 884–892.
doi: 10.1162/0898929054021111

Pylyshyn, Z. W. (1984). Computation and Cognition: Toward a Foundation for
Cognitive Science. Cambridge, MA: MIT Press.

Pylyshyn, Z. W. (2007). Things and Places: How the Mind Connects With the World.
Cambridge, MA: MIT Press.

Quinn-Allen, L. (1995). The effects of emblematic gestures on the development
and access of mental representations of french expressions. Modern Lang. J. 79,
521–529. doi: 10.1111/j.1540-4781.1995.tb05454.x

Reynolds, D., Creemers, B., Nesselrodt, P. S., and Shaffer, E. C. (2014). Advances in
School Effectiveness Research and Practice. Oxford: Pergamon Press.

Sato, M., and Lalain, M. (2008). On the relationship between handedness and hand-
digit mapping in finger counting. Cortex 44, 393–399. doi: 10.1016/J.CORTEX.
2007.08.005

Scheerens, J. (2016). Educational Effectiveness and Ineffectiveness: A Critical Review
of the Knowledge Base. Dordrecht: Springer. doi: 10.1007/978-94-017-7459-8

Seaver, P. W. (1992). Pantomime as an L2 classroom strategy. Foreign Lang. Ann.
25, 21–31. doi: 10.1111/j.1944-9720.1992.tb00509.x

Soylu, F., Lester, F. K., and Newman, S. D. (2018). You can count on your fingers:
the role of fingers in early mathematical development. J. Numer. Cogn. 4,
107–135. doi: 10.5964/jnc.v4i1.85

Stæhr, L. S. (2008). Vocabulary size and the skills of listening, reading and writing.
Lang. Learn. J. 36, 139–152. doi: 10.1080/09571730802389975

Tremblay, P., Sato, M., and Small, S. L. (2012). TMS-induced modulation of action
sentence priming in the ventral premotor cortex. Neuropsychologia 50, 319–326.
doi: 10.1016/j.neuropsychologia.2011.12.002

Frontiers in Psychology | www.frontiersin.org 7 October 2019 | Volume 10 | Article 2098

https://doi.org/10.1016/j.neubiorev.2007.07.001
https://doi.org/10.1016/j.cortex.2011.04.010
https://doi.org/10.3758/BF03196313
https://doi.org/10.1037/0022-0663.91.4.720
https://doi.org/10.1037/0022-0663.91.4.720
https://doi.org/10.1016/j.neuroimage.2006.03.037
https://doi.org/10.1016/j.neuroimage.2006.03.037
https://doi.org/10.1080/01690960802365567
https://doi.org/10.1177/0956797609357327
https://doi.org/10.1007/978-94-007-4978-8_71
https://doi.org/10.1080/01690960802586188
https://doi.org/10.1080/01690960802586188
https://doi.org/10.3102/0013189X13511661
https://doi.org/10.3389/fpsyg.2014.00295
https://doi.org/10.3389/fpsyg.2014.00295
https://doi.org/10.1111/j.1751-228X.2011.01129.x
https://doi.org/10.1111/j.1751-228X.2011.01129.x
https://doi.org/10.3389/fpsyg.2016.00953
https://doi.org/10.1002/hbm.21084
https://doi.org/10.3389/fpsyg.2019.00033
https://doi.org/10.3758/s13423-016-1045-2
https://doi.org/10.3758/s13423-016-1045-2
https://doi.org/10.1002/hbm.23668
https://doi.org/10.1002/hbm.23668
https://doi.org/10.1016/j.cub.2014.11.068
https://doi.org/10.1016/j.cub.2014.11.068
https://doi.org/10.1016/J.CORTEX.2010.11.002
https://doi.org/10.1017/S1477175609990200
https://doi.org/10.1186/s41235-016-0040-5
https://doi.org/10.1016/j.learninstruc.2014.07.001
https://doi.org/10.1207/s15327957pspr0903_1
https://doi.org/10.1207/s15327957pspr0903_1
https://doi.org/10.1037/a0015574
https://doi.org/10.4135/9781483385198.n98
https://doi.org/10.1093/acprof:oso/9780198244486.003.0006
https://doi.org/10.1016/s1364-6613(00)01803-9
https://doi.org/10.1038/nrn1706
https://doi.org/10.1016/j.bandl.2013.05.015
https://doi.org/10.1162/0898929054021111
https://doi.org/10.1111/j.1540-4781.1995.tb05454.x
https://doi.org/10.1016/J.CORTEX.2007.08.005
https://doi.org/10.1016/J.CORTEX.2007.08.005
https://doi.org/10.1007/978-94-017-7459-8
https://doi.org/10.1111/j.1944-9720.1992.tb00509.x
https://doi.org/10.5964/jnc.v4i1.85
https://doi.org/10.1080/09571730802389975
https://doi.org/10.1016/j.neuropsychologia.2011.12.002
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-10-02098 September 27, 2019 Time: 16:39 # 8

Macedonia Learning Second Language and Maths via Embodiment

Tschentscher, N., Hauk, O., Fischer, M. H., and Pulvermüller, F. (2012). You can
count on the motor cortex: finger counting habits modulate motor cortex
activation evoked by numbers. Neuroimage 59, 3139–3148. doi: 10.1016/J.
NEUROIMAGE.2011.11.037

Ullman, M. T., and Lovelett, J. T. (2018). Implications of the declarative/procedural
model for improving second language learning: the role of memory
enhancement techniques. Second Lang. Res. 34, 39–65. doi: 10.1177/
0267658316675195

Uttal, D., Meadow, N., Tipton, E., Hand, L., Alden, A., Warren, C., et al. (2012).
The malleability of spatial skills: a meta-analysis of training studies. Psychol.
Bull. 139, 352–402. doi: 10.1037/a0028446

Wilson, M. (2002). Six views of embodied cognition. Psychon. Bull. Rev. 9, 625–636.
doi: 10.3758/BF03196322

Zwaan, R. A. (1999). Embodied cognition, perceptual symbols, and situation
models. Discourse Processes. 28, 81–88. doi: 10.1080/01638539909545070

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Macedonia. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 8 October 2019 | Volume 10 | Article 2098

https://doi.org/10.1016/J.NEUROIMAGE.2011.11.037
https://doi.org/10.1016/J.NEUROIMAGE.2011.11.037
https://doi.org/10.1177/0267658316675195
https://doi.org/10.1177/0267658316675195
https://doi.org/10.1037/a0028446
https://doi.org/10.3758/BF03196322
https://doi.org/10.1080/01638539909545070
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Embodied Learning: Why at School the Mind Needs the Body
	School Practice and Methods: Why It Is the Way It Is
	Embodied Cognition
	Embodied Language
	Second Language Learning (L2) and the Body
	Mathematics and the Body
	Implications for Instruction
	Author Contributions
	Funding
	References


