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For many years, the brain was thought to be 
an independent and autonomous machine, with 
a structure that was largely determined by inter-
nal factors. Eventually, we finally recognized the 
importance of the environment in influencing 
brain organization and development. In human 
evolution, this perspective suggested autocata-
lytic models in which a complex brain produces 
a complex culture which, through feedback, 
selects for a more complex brain, generating a 
loop towards increasing complexity. Hence, in 
this case, the mind is not only an organic out-
put, but also the result of a historical process. 
Recently, a further epistemological step was put 
forward, integrating the environment and the 
mind itself. Theories generally associated with 
the term “extended mind” strongly link brain 
functions and the outer environment (Clark, 
2007, 2008; Malafouris, 2008a,b; Wheeler & 
Clark, 2008). According to this perspective, the 
environment is “embodied” within the cognitive 
processes through sensorial and neural mecha-
nisms. Cognition is deeply rooted within the 
experience of the body, where the perceptual and 
motor systems bridge and shape the cognitive 
processes between brain and environment. The 
body works like a complex and dynamic inter-
face, and cognition is the final result of the inter-
action between internal and external worlds.

Although “environment” may have a very 
wide meaning, material culture is the easiest and 
clearest case of external component, taking into 

consideration that “objects” induce specific cog-
nitive processes, amplify perceptive capacities, 
enhance computation power, and store extra-
memory (Malafouris, 2010a, 2013). Without 
tools, not only couldn’t our mind do what it 
does, but also it wouldn’t even be the way it is. 
The induction, enhancement, and storing func-
tions of the objects are part of the processes 
themselves. And such processes are rooted in the 
experience of the body.

Theories on extended mind are still incom-
plete and heterogeneous, and they lack a robust 
experimental context yet. Terminology is still 
vague in many aspects, and many concepts and 
definitions still lack a general agreement among 
authors or disciplines. Nonetheless, from the 
earliest proposals largely based on theoretical 
approaches, we are now moving toward com-
parative and analytical attempts (Iriki & Sakura, 
2008). Experimental settings are revealing how 
the interaction with objects may influence the 
brain structure or the neural behaviour, extend-
ing the material tools into the body schemata 
(Maravita & Iriki, 2004). According to the theo-
ries on extended mind, the autocatalytic loop 
is further empowered, cognition being deeply 
embedded within the material world. Objects are 
an integrated part of the neural circuits, chang-
ing the way the brain responds and is trained to 
inputs. As a matter of fact, in terms of neural 
processes an object is interpreted differently if it 
is in the range of the body and if it can interact 
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physically with the body, occupying a peri-per-
sonal area instead of an extra-personal space in 
which the object cannot be reached (Maravita et 
al., 2003; Maravita & Iriki, 2004). 

Paleoneurological evidence suggests that the 
brain areas which have undergone the most pat-
ent morphological changes in human evolution 
(and most of all in our species, Homo sapiens) are 
those involved in visuospatial integration (Bruner, 
2010). Neandertals display a lateral bulging of the 
upper parietal areas, which has not been reported 
in H. erectus or H. heidelbergensis (Bruner et al., 
2003). Most noticeably, the modern human 
globular brain is due to a patent spatial dilation of 
the whole parietal surface (Bruner, 2004), associ-
ated with a very early post-natal morphogenetic 
stage which is absent in apes and Neandertals 
(Neubauer et al., 2009, 2010; Gunz et al., 2010). 

Two areas which are compatible with the 
bulging observed in modern humans are the 
intraparietal sulcus and the precuneus, both of 
which are localized in the deep parietal volumes. 
The intraparietal sulcus is particularly interest-
ing because it coordinates hands and eyes, which 
are the main “ports” of interface between brain 
and environment (Bruner, 2010, 2012). Also the 
precuneus has an important role in visuospatial 
integration, bridging body coordination with 
vision, and integrating such a framework with 
memory (Cavanna & Trimble, 2006; Margulies 
et al., 2009; Zhang & Li, 2012). This element is 
a major source of brain morphological variation 
within modern humans, and its intra-specific 
pattern of bulging is the same characterizing 
the main inter-specific differences within the 
human genus (Bruner et al., 2014). These deep 
parietal areas show human-specific cellular traits 
(Orban et al., 2006), and are the structural and 
functional core of the brain networks (Hagmann 
et al., 2008). Beyond a simple mechanical func-
tion, visuospatial integration also means the 
possibility to generate an “inner virtual space” 
in which to perform simulations and mental 
experiments (Bruner, 2004, 2010; Hecht et al., 
2013). Memory is necessary to add a temporal 
framework within such a virtual environment 
(Coolidge & Wynn, 2008; Malafouris 2008a), 

which makes the proximity and connection 
between intraparietal sulcus and precuneus an 
interesting issue. Because of their role in coor-
dinating brain and environmental relationships 
through the body interface, it is apparent that 
these deep parietal areas are particularly interest-
ing for issues associated with extended mind.

Culture and tool use are determinant hall-
marks of the human genus. Humans generate 
and mould their niche (ecological, cultural, and 
social), and this niche moulds the neural system 
through the extension of “body schemas” and 
extra-neural connections (Malafouris, 2009, 
2010b; Iriki & Taoka, 2012). This extreme inte-
gration between brain and culture is a key fea-
ture in cognitive archaeology, which attempts 
to make inferences on cognitive processes 
from the archaeological record (e.g., Wynn & 
Coolidge, 2003, 2004; Coolidge & Wynn, 2005; 
Malafouris & Renfrew, 2008, 2010; Langbroek, 
2012). Cognitive archaeology thus needs some 
physical (organic or cultural) trace able to reveal 
some underlying cognitive structures.

A specific indirect behavioural trace in pale-
oanthropology is represented by those marks 
found on the dental surface which cannot be 
associated with a feeding function. In fact, dental 
wear is not only related to diet, since wear related 
to other cultural factors has been identified on 
anterior teeth. The use of the frontal part of the 
mouth for activities not directly related to chew-
ing foodstuffs leaves characteristic features on 
the dental surfaces of incisors and canines. This 
behaviour is known as the use of teeth as a third 
hand or as a tool (Dahlberg, 1963; Brace, 1967). 
Holding materials such as meat, vegetable fib-
ers or skin with anterior teeth and cutting them 
with a lithic tool could produce cuts or marks 
on the labial enamel. This type of feature related 
to the use of teeth as a tool has been described 
occasionally in Lower Pleistocene species. There 
are no data for early humans (H. ergaster-erectus), 
but in H. antecessor labial striations associated 
with non-feeding behaviour have been described 
in only one individual, giving with the current 
sample available a prevalence of 12.5% (Lozano 
et al., unpublished data). 
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However, this behaviour became a common 
and widespread habit in H. heidelbergensis. The 
use of teeth as a third hand has been frequently 
reported in fossil hominids from the middle 
Pleistocene site of Sima de los Huesos (Sierra 
de Atapuerca, Spain) (Lozano et al., 2008). The 
Sima de los Huesos (SH) deposits were dated at 
about 500,000 yrs (Bischoff et al., 2003, 2007; 
Cuenca-Bescós et al., 1997; Parés et al., 2000). 
Only human and carnivore remains have been 
recovered at the site along with a single stone 
tool (Arsuaga et al., 1997; Carbonell et al., 2003; 
García et al., 1997). The SH sample comprises 
more than 6,500 fossil remains of H. heidelber-
gensis, from at least 28 individuals (Martínez et 
al., 2013). There are 20 out of 28 SH individuals 
with associated anterior teeth. This group of 20 
individuals includes males and females, and dif-
ferent ages are represented with the exception of 
infants. All SH individuals (100%) have dental 
features which indicate the use of anterior teeth 
as a tool. SH hominids probably performed dif-
ferent activities involving the use of incisors and 
canines, like cutting, pulling, holding, or drag-
ging different materials.

Despite the many uncertainties we have 
regarding its taxonomic level and phylogenetic 
role, we must recognize that H. heidelbergensis 
was a successful species, widespread in time and 
geography (Rightmire, 1998, 2008; Stringer, 
2012). We must assume that this species had 
a great capacity of adaptation, inhabiting very 
different environments. According to the paleo-
neurological evidence, this species underwent 
an increase in absolute and relative brain size 
(Rightmire, 2004). Nonetheless, in terms of 
general morphology, its endocast has the same 
anatomical organization (proportions, circumvo-
lutions, etc.) observed in small-brained human 
species like H. ergaster or H. erectus (Bruner et al., 
2003). Hence, at least for what we know from 
endocasts and recognizing that the paleoneuro-
logical data for H. heidelbergensis are scanty, we 
can hypothesise than it evolved a larger brain 
but without a patent reorganization of the brain 
areas. To date, at least, there is no evidence 

suggesting changes in its brain complexity in 
terms of gross anatomical features.

Although the subtle evolutionary dynamics 
are not known, European H. heidelbergensis is 
supposed to be the ancestor of Neandertals, even 
though there may be some disagreement con-
cerning the degree and patterns of relationships 
(Arsuaga et al., 1997; Hublin, 2009; Stringer 
2012). The cultural structure of the Neandertal 
populations was even more complex when com-
pared with the Middle Pleistocene hominids 
(Kuhn, 2013). Nonetheless, the use of the teeth 
to integrate manual praxis continued to be a com-
mon behaviour, with a percentage of 100% of 
individuals showing non-feeding marks on the 
dental surface (Bermúdez de Castro et al., 1988; 
Estalrrich & Rosas, 2013; Frayer et al., 2010; 
Lalueza-Fox & Frayer, 1997; Volpato et al., 2012). 
In this case, an increase in absolute and relative 
brain size was also accompanied by a change in the 
brain form. When compared with more archaic 
hominids, Neandertals display a widening of the 
frontal lobes, and lateral widening of the parietal 
areas (Bruner et al., 2003; Bruner & Holloway, 
2010; Bruner et al., 2011). In Neandertals, these 
morphological changes of the fronto-parietal 
areas matched the introduction of the Levallois 
techniques. Despite the fact these techniques 
are not strictly specific to the Neandertals, this 
group is the main representative of this tool cul-
ture. Moreover, although it has been argued that a 
mental template may be not necessary to produce 
tools through these technical processes (Wynn 
& Coolidge, 2004), we must recognize that they 
entail a certain capacity of simulation necessary to 
compute a complex mental experiment because 
of the explicit differences between the starting 
and finished object (Boëda, 1994). Even if a fine 
correlation cannot be evaluated, this association 
between a manifest change in the tool organiza-
tion and bulging of a brain area dedicated to visu-
ospatial integration merits attention.

Although hunter-gatherer life style may 
influence the observed behavioural responses and 
promote the use of teeth as integrative support 
to handling, it cannot be interpreted as a deci-
sive factor to explain such a large prevalence of 
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non-feeding teeth use in the Neandertal lineage. 
In fact, modern hunter-gatherers kept on using 
teeth as a supplementary praxis element, but the 
percentage of individuals presenting such marks 
does not reach 50% of the samples (Lozano et al., 
2008) (Fig. 1). Hence, we must assume that this 
behaviour was more specific to H. heidelbergensis 
and Neandertals than modern humans. We may 
ask why they needed to use the mouth as a third 
interface between brain and material culture to 
engage integration, when for most of the other 
species the hands sufficed. An interpretation of 
this evidence within the context of extended mind 
can be put forward assuming a mismatch within 
the autocatalytic process between cultural com-
plexity and neural substrate (Fig. 2). The dynam-
ics of the reciprocal influence between brain and 
culture probably has evolutionary patterns which 
are not necessarily linear or gradual, generating 

Fig. 1 - Prevalence of use of teeth as integra-
tive elements for praxis reaches 100% in Homo 
heidelbergensis and Neandertals. In the first 
case, it is associated with a general increase of 
the brain size, in the second case there are also 
morphological changes of the brain proportions. 
In modern human hunter-gatherers, the per-
centage is definitely lower (46%), and there is a 
further change in the brain form associated with 
upper parietal bulging. Modern humans rely less 
on teeth as an integrative body-artefact inter-
face, which suggests a more complete efficiency 
of the hands as ports between brain and envi-
ronment. The fact that at the same time modern 
humans evolved a spatial dilation of the upper 
and deeper parietal areas is outstanding.

beats and asynchronies between organic and 
super-organic adaptations and changes. Thus a 
marked use of the mouth as an additional inter-
face may be the sign of an inefficient visuo-spa-
tial integration system, at least considering the 
corresponding level of material complexity. This 
is even more extreme when considering that the 
mouth as an additional interface was recruited 
from a very distinct and relevant function, which 
is feeding. The need of an additional body inter-
face was so necessary to involve a structure which 
has a basic importance for the fundamental eco-
logical requirement of a vertebrate, and whose 
efficiency and integrity can be even damaged by 
the new cultural function. This risky recruitment 
of an important functional element into praxis 
seems to be an extreme solution to difficulties in 
the brain-environment relationships, to integrate 
a non-sufficient brain-artefact interface.

Taking into consideration the evidence of a 
specific increase in the use of teeth for handling 
functions in the Neandertal lineage, we hypoth-
esize that these species may have suffered a mis-
match between cultural and neural complexity, 
in which additional anatomical elements were 
involved as a body interface to overcome insuf-
ficient visuospatial integration processes.

We are aware that the relationships between 
brain and environment through the body inter-
face may be extremely relevant for generating a 
mind. We are also persuaded that visuospatial 
integration has a major role in human-specific 
cognitive processes like simulation and self 
representation. And we know that the parietal 
areas of the brain, largely involved in those pro-
cesses, experienced remarkable morphological 
changes during hominid evolution, most nota-
bly in modern humans. Hence, recognizing the 
new emerging behavioural complexity of H. 
heidelbergensis and Neandertals, the minor evo-
lutionary changes in its brain morphology, and 
the common use of the mouth as an additional 
body interface, we are taking into consideration 
the hypothesis of a sub-optimal degree of coordi-
nation between the cultural and neural systems. 
The European Middle Pleistocene lineage may be 
a case of mismatch between neural and cultural 
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networks, in which a boost of cultural evolution 
may have found an untrained brain-body struc-
ture which needed additional elements to work 
as an interface. The percentage of teeth use for 
praxis decreases considerably in modern humans, 
a species which is characterized by a further and 
more patent enlargement of those areas involved 
in visuospatial integration.

It must be stated that a decrease in the neces-
sity of additional body interfaces may be directly 
associated with enhancement of the visuospatial 
integration system at neural level, but also with 
improvement of the brain-hand integration or 
with improvement of the anatomy involved in 
the interface. In fact, it has been also hypothe-
sized that modern humans enhance their preci-
sion grip capability when compared with extinct 
human taxa (Marzke, 1997, 2013; Lorenzo, 
2007). Finally, less dependence from additional 
body components can be also achieved through 
cultural adaptations, thus evolving material tools 
which can substitute the additional body inter-
faces. In H. sapiens, we have evidence of changes 
in all these three factors which cooperate to 
enhance relationships between brain and body: 
visuospatial integration areas (parietal lobes), 
body interface (hand) and material culture (tools).

Previously, Wynn & Coolidge proposed that 
the main differences between modern humans 
and Neandertals can be based on the work-
ing memory capacity (2004). In their view, 
Neandertals were comparable to modern humans 
regarding their long-term memory and “expert” 
ability based on generational apprenticeship, 
but less capable of individual and innovative 
responses because of minor working memory 
capacity. This would explain, among other dif-
ferences, the relative stability of their cultural 
outputs. Interestingly, among the recognized 
components of the working memory system 
(Baddeley & Hitch, 1974), they point towards 
the phonological loop (lower parietal areas) or 
towards the executive functions (frontal areas) as 
a possible neural substrate for such differences, 
because of their association with language capac-
ity and attention and decision-making, respec-
tively. Instead, although insisting on the same 

fronto-parietal network, we are here putting 
attention and importance on the third compo-
nent of the working memory, namely the visu-
ospatial sketchpad (upper and deeper parietal 
areas), and its role in generating inner virtual 
spaces, coordinating the body interface between 
brain and environment.

The current ideas on extended mind can 
promote a real revolution in neuroscience. 
Nonetheless, studies in paleoanthropology, brain 
evolution, and cognition, necessarily suffer due 
to the impossibility of testing many hypoth-
eses. Hence, inevitably cognitive archaeology 
has a relevant speculative and theoretical com-
ponent. While we must not stress this limit, 
avoiding excessive speculations, at the same time 
we should not reject the possibility to orientate 
research according to sensate scientific perspec-
tives. The theoretical structure should be con-
strained within the safe framework of logic and 
actual scientific knowledge. Compatibility of 
theories is not always sufficient, and convergence 

Fig. 2 - According to the Extended Mind Hypothesis, 
cognition is based into the body experience. 
Neural processes are influenced by the feed-
back and integration between brain, body, and 
tools. Visuospatial functions and deep parietal 
areas are particularly dedicated to such integra-
tion between outer and inner environments. The 
eye and hand are the principal body interfaces 
between inner and outer world. Evolutionary 
mismatches between the rates of cultural and 
biological evolution may generate temporary 
and transitional solutions. The frequent use of 
mouth and teeth to integrate praxis in Middle 
Pleistocene hominids may have been the result 
of a brain organization which had not completely 
adjusted to the actual degree of cultural complex-
ity, requiring additional body interface elements 
recruited from other functional districts.
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of different fields and methods is the only suitable 
way to achieve robust evolutionary hypotheses.

Our hypothesis on the use of the mouth as 
an additional interface in the Neandertal line-
age because of an incomplete brain-environment 
body interface and limits in visuospatial integra-
tion ability is difficult to test in an experimental 
way. Nonetheless it provides a different interpre-
tation of the paleontological and archaeological 
evidence, which integrates biological and cul-
tural information. Further studies on the parietal 
lobe organization and on the role of the embod-
ied cognition will supply essential information 
to assess the existence of periods of mismatch 
between biological and cultural evolution along 
the human lineages. 
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