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Abstract

The appearance of the first intentionally modified stone tools over 2.5 million years ago marked
awatershed in human evolutionary history, expanding the human adaptive niche and initiating
a trend of technological elaboration that continues to the present day. However, the cognitive
foundations of this behaviord revolution remain controversial, as do its implications for the nature
and evolution of modern human technological abilities. Here we shed new light on the neural
and evolutionary foundations of human tool making skill by presenting functional brain imaging
data from six inexperienced subjects learning to make stone tools of the kind found in the earliest
archaeological record. Functional imaging of this complex, naturalistic task was accomplished
through Positron Emission Tomography with the slowly decaying radiologica tracer **flouro -2-
deoxyglucose. Results show that simple stone tool making is supported by a mosaic of primitive
and derived parietofrontal perceptual-motor systems, including recently identified human
specializations for representation of the central visual field and perception of three-dimensional
form from motion. In the naive tool makers reported here, no activation was observed in
prefrontal executive cortices associated with strategic action planning or in inferior parietal
cortex thought to play arole in the representation of everyday tool-use skills. We conclude that
uniquely human capacities for sensorimotor adaptation and affordance perception, rather than
abstract conceptuaization and planning, were central factors in the initial stages of human

technologica evolution.
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1. Introduction

Tool using and tool making abilities help to define human unigqueness, and have long been afocus
in the study of human cognitive evolution. Most recently, this has led to the identification of a
shared network of brain regions supporting simple tool use in both monkeys and humans
(Johnson-Frey, 2004; Maravita & Iriki, 2004).

However, the neural foundations and evolutionary antecedents of complex, uniquely human tool
skills, including tool making, remain poorly known. In this respect, the weath of chronological,
contextual and behavioral evidence provided by the archaeologica record of human evolution
has all too often been neglected (Wynn, 2002). As previoudy advocated by Toth and Schick
(1993), the research presented here integrates evolutionary, archaeologica and neuroscientific
approaches to human tool use by applying functional brain imaging to the study of the earliest

known technology exclusive to the human lineage (hominins).

The firgt stone tools appear in the archaeologicd record over 2.5 million years ago (Semaw et al.,
1997), roughly concurrent with the origins of genus Homo (Asfaw, White, Loveoy, Latimer, &
Simpson, 1999; Suwa, White, & Howell, 1996; Kimbel et al., 1996) and prior to any fossl
evidence of significant hominin brain expansion (Holloway, 1999). These earliest human artifacts
belong to the Oldowan Industrid Complex, named for Olduvai Gorge, Tanzania, where the
technology was first described (Leakey, 1971), and consist of nothing more than sharp-edged stone
flakes produced by striking one cobble (the core) with another (the hammerstone) (Fig. 1). Despite
their simplicity, Oldowan tools provide the first evidence of the uniquely human (Mithen, 1996;
Wynn & McGrew, 1989) practice of using atool to make another tool, and congtitute a critica
adaptive threshold providing their makers with enhanced capabilities to modify bone, wood and
other materials and to gain access to high-quality food sources, including meat (Ambrose, 2001).
However, it remains controversial whether this behaviora revolution indicates a smilar renovation
of underlying cognitive capacities (Mithen, 1996; Pelegrin, 2005), or merely the reapplication of
preexisting primate capacities in a new context (Wynn & McGrew, 1989). Identifying what it is that
is truly distinctive about the first uniquely human technology would be a key step in addressing
questions about the nature and evolutionary origins of modern human technica ability
(Johnson-Frey, 2003; Wolpert, 2003).



-- Insert Fig. 1 here --

Oldowan tool making is a complex form of tool use in which one tool is used to modify another
object in order to render it efficient for subsequent use as a (secondary) tool. Although
conceptually quite simple, it requires both visuomotor skill and an intuitive understanding of
stone fracture properties (Ambrose, 2001). In other words, it requires the ahility to perceive and
exploit highly specific possibilities for action (affordances) presented by the core. Viable
flaking surfaces must be selected on the basis of core morphology and high velocity blows
directed to precise targets in order to successfully initiate and control fracture (Pelegrin, 2005).
Furthermore, successive flake removals leave “scars’ (Fig. 1) which ater core morphology in
ways that may be used by skilled toolmakers to strategicaly create and/or maintain favorable

flaking surfaces.

The experiments presented here were designed to assess the neura correlates of these unique
demands of Oldowan tool making. They do not directly address broader issues regarding the initia
invention of the technology, nor its practica incorporation into complex behaviora patterns
including raw materia procurement (Stout, Quade, Semaw, Rogers, & Levin, 2005), foraging and
resource transport strategies (Potts, 1991; Schick, 1987), carcass processing (de Heinzelin et al.,
1999), and the possible use of Oldowan tools to make other tools (Mithen, 1996). Instead, they
focus on a particular aspect of Oldowan behavior that is well known archaeologicdly, reatively
amenable to experimental investigation, and which appears to be unique to hominins. the
controlled fracture of stone to make sharp-edged tools.

Wild chimpanzees make and use a wide variety of tools, and monkeys can be trained to use
simple tools in captivity, yet years of practice have not allowed even the most highly trained,
“enculturated” modern apes to equal the abilities seen in the earliest hominin stone tool
makers (Schick, Toth, Garufi, Rumbaugh, & Sevcik, 1999). Does this difference in ability
reflect hominin enhancements of pre-existing primate prehension systems (Maravita & Iriki,
2004), the evolution of novel perceptual-motor speciaizations for visual analysis (Orban et al.,
2005) or manual skill representation (Johnson-Frey, Newman-Norlund, & Grafton, 2005), or the
devel opment of new executive capabilitiesfor causa reasoning (Johnson-Frey, 2003; Wol pert, 2003)
and strategic planning (Pelegrin, 2005)7

To address this question, we collected functional brain activation (Positron Emission
Tomography) data from six previously inexperienced human subjects making Oldowan tools
both before and after completing four weekly, 1-hour practice sessions. Tool making tasks were
contrasted with a closely matched control task (bimanual percussion without flake production) in
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order to identify unique demands of Oldowan flake production. Unlike studies of everyday tool
use skills, neither condition involved functionally designed artifacts associated with pre-
existing semantic or motor knowledge regarding appropriate and efficient use. It was
hypothesized that the comparison of tool making vs. control would yield activations related to the
greater perceptud-motor and conceptua complexity of Oldowan flake production, and that practice
would be associated with a redistribution (Kelly & Garavan, 2005) of activity from association
to primary sensorimotor cortices as a result of increased task familiarity.

Task-related activations were expected in the human homologues of parietofrontal systems
involved in monkey prehension (Rizzolatti, Luppino, & Matelli, 1998) and tool use (Obayashi et
a., 2001), namely dorsal and ventral premotor cortices (PMC) and the rostra part of the
intraparietal sulcus (IPS), with a dominance in the left hemisphere. Activation confined to these
regions would indicate that Oldowan tool making in humans relies on the same parietofronta
prehension circuits that support ssimple tool use in monkeys, whereas activation of additional
regions would be indicative of novel task demands and substrates. In evolutionary terms,
differences observed in comparison to monkeys might reflect either novel human specializations
or shared hominoid (ape and human) conditions. Evidence from comparative neuroanatomy and
palaeoneurology can provide some indication of the relative likelihood of these two dternatives;
however the lack of relevant activation studies in agpes currently precludes more definitive

assessment.

For example, two regions in which additional activations might be expected are the higher-
order association areas in dorsolateral prefrontal and posterior parietal cortices. Both prefrontal
(Deacon, 1997; Rilling & Insel, 1999; Semendeferi, Armstrong, Schleicher, Zilles, & Van
Hoesen, 2001) and posterior parieta (Holloway, 1999; Orb an, Van Essen, & Vanduffel, 2004;
Zilles, 2005) cortices have been identified as sites of mgjor expansion and reorganization during

human evolution, and are specifically enlarged in humans relative to other hominoids.

Dorsolateral prefrontal cortex is a functionally heterogeneous region associated with executive
functions such as working memory, conditional response selection, and inhibition, which are
important for strategic action planning. Its activation in the current study would provide evidence
of increased demands for domain-genera executive functions, such as strategic planning and
causal reasoning, during Oldowan tool making.

Posterior parietal cortex, on the other hand, supports sensorimotor integration in monkeys
(Rizzolatti et a., 1998) and humans, and was found to be active in an earlier pilot study of
Oldowan toal making (Stout, Toth, Schick, Stout, & Hutchins, 2000). In monkeys, it is subdivided
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into superior and inferior lobules by the intraparietal sulcus (IPS) (Rizzolatti & Matelli, 2003),
with the superior lobule being preferentially involved in online action control and the inferior
lobule in action programming. Although a similar overall organization has been identified in
humans, several additional functional regions involved in representation of the centrd visua field
and extraction of three-dimensional form from motion have recently been identified in the dorsd
pat of human IPS (Orb an e d., 2005). It has been hypothesized that these new functional regions
may contribute to enhanced human capacities for visua analysis during manipulation and tool
handling (Orban et a., 2005).

Activation might also be expected in the cerebellum, traditionally viewed as a motor structure but
increasingly recognized for its diverse cognitive contributions (Schmahmann, 1997). The latera
cerebelum in particular has been associated with complex movement planning and visuospatial
problem solving, among other cognitive functions, and has recently been shown to be
preferentially expanded in hominoids (MacL eod, Zilles, Schleicher, Rilling, & Gibson, 2003). In
contrast to prefrontal and posterior parietal cortices, activation of the lateral cerebellum during

Oldowan tool making would be most consistent with reliance on pre-existing hominoid
specidizations, perhaps reflecting a legacy of prior adaptations for versatile arboreal locomotion
and extractive foraging (MacL eod et d., 2003).

2. Methods
2.1 Experimental subjects

Six hedthy, right-handed subjects (three male, three female) between 20 and 30 years of age and
with no prior stone tool making experience participated in the study. All subjects gave informed
written consent. The study was performed in accordance with the guiddines from the declaration
of Helsnki and was approved by the Human Subjects Committee at Indiana Universty,
Bloomington. Subjectswere paid for their participation.

2.2 Experimental tasks
Each subject performed three experimental tasks:

1) Control: subjects were instructed to forcefully strike together cobbles, sdected from an

assortment within easy reach on acart to their left, without attempting to produce flakes.

2)  Tool making, Pre-practice: On a subsequent day subjects were instructed to strike together
cobblesfrom the cart in order to produce sharp stone flakes that would be “useful for cutting.”
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3)  Tool making, Post-practice: Following the pre-practice session, each subject

participated independently in four weekly, 1-hour tool making practice sessions. During these
practice sessions, subjects were provided with the same general selection of cobbles available
during the data collection sessions, as well as sheets of vinyl and pieces of wood with which to
test the cutting ability of tools produced. They were not given any additional instructions or practica
demonstrations regarding appropriate tool making techniques. Following completion of the
practice regime subjects participated in the post-practice session with conditions and instructions
identical to those in the pre-practice on. The pogt-practice condition was defined by completion

of the practice regime rather than achievement of set performance criteria

Subjects performed all tasks comfortably seated in achair with an array of stone cobbles available
within easy reach on a cart to their left. Selection of cobbles from those provided was a
component of all tasks. Cobbles were collected at a gravel quarry in Martinsville, Indiana, and
included a range of sizes, shapes and materias, primarily limestone, quartzite, and variousy
metamorphosed basalt (e.g. greenstone). These different materiads have very different fracture
properties, making raw materia selection (Stout et a., 2005) an important factor in successful tool
making.

2.3 Functional imaging

Use of the rdaively dowly decaying radiological tracer *flouro-2-deoxyglucose ([“*F]FDG)
alowed for naturalistic task performance outside the confines of the scanner. A venous catheter
to administer the tracer wasinserted in avein of the foot. Thirty seconds after the condition started,
a 10-mCi bolus of [®®F]FDG, produced on-site, was injected. Each task was performed for 40
minutes, well past the tracer uptake period, and was followed by a 45 minute PET scanning

session.

Whole brain FDG-PET imaging was performed using an ECAT 951/31 PET scanner (Siemens
Medical Systems, Inc, Hoffman Estates, IL) at the Indiana University School of Medicine,
Department of Radiology. Sixty-three continuous 128x128 transaxia images with a dice
thickness of 2.43 mm and an in-plane axid resolution of 2.06 mm (fov: 263.68 x263.68x153.09
mm3) were acquired smultaneoudy with collimating septa retracted operating in 3D mode.

Correction for attenuation was made using a transmission scan collected at the end of each session.



2.4 Image analysis

Images were reconstructed and analyzed using standard SPM2 procedures. For each subject,
images were realigned to the Control condition scan, normalized into the MNI stereotaxic space,
and smoothed using a 6 mm FWHM Gaussian filter convolution. A population main effect
model with three conditions (Control condition, tool making Pre-practice, tool making Post-
practice) and 6 subjects was selected, leaving 10 df from 18 images. Linear contrasts assessing
differences between the conditions of interest and the Control condition were used to create
dtetistical parametric maps, which were thresholded at p<0.05 corrected for multiple
comparisons using the False Discovery Rate (Genovese, Lazar & Nichols, 2002) and extent
threshold k>15.

Inregions of interest, the signal was extracted from approximately 20 voxels using the V olume Of
Interest tool in SPM2 and subjected to univariate analysis with SPSSO. In each case, a 3
(Conditions) by 6 (random factor Subjects) ANaysis Of Variance (p<0.05) was used to test the
hypothesis that the signal was modified by experimental conditions, indicating a significant effect
of conditions on the activity of both clusters. Paired-sample t-tests (p<0.05) assessed differences
between pairs of conditions.

2.5 Artifact analysis

All artifacts produced during recording sessons were collected and analyzed with respect to
typological classification, frequency, technological characteristics, mass, linear dimensions, and
morphology. Statistical analyses were conducted using SPSSO.

3. Results
3.1 Tool making performance

All subjects succeeded in producing recognizable Oldowan artifacts in each toolmaking session.
In agreement with their self-reported right hand preference, al subjects chose to use the right
hand for percussion with the hammerstone and the left hand for core support. Details of
performance varied according to experience (Pre- vs. Post-practice), individual, raw material, and
sex (most likely reflecting upper body strength). A full analysis is beyond the scope of the current
article; however flake data pooled across al subjects revea significant practice effects. Because
distributions violated the assumption of normality (Shapiro-Wilk test, p < 0.01), the non-parametric
Mann-Whitney test was employed. Practice resulted in decreases in mean flake length (n =393, Z
=-2.380, p = 0.017), thickness (n = 393, Z = -2.305, p = 0.021), and mass (n = 393, Z = -2.586, p



= 0.0 10), and in the mean exterior platform angle (n = 304, Z = -2.285, p = 0.022). The exterior
platform angle (Fig. 1) isformed by the intersection of the striking (platform) and exterior (dorsal)
surfaces of the detached flake, and provides a measure of the angle of the core edge from which
the flake was removed. No sgnificant change was seen in the number of flakes produced per

subject or per cobble.
3.2 PET results

In 4 subjects cerebellum was incompletely scanned, so that no conclusion regarding ventral
cerebelar activity can be reached with the present data. Table 1 gives results for the two
contrasts of interest: making tools before practice compared to control (Pre-practice) and making
tools after practice compared to control (Post- practice) as well as the conjunction between the two
contrasts, indicating regions activated in both contrasts. Clusters of increased activity in both
contrasts were found in the left dorsal PMC and right central sulcus regions covering premotor,
primary motor and somato sensory cortices, as well as regions spanning the parietal cortex
around the intraparietal sulcus (Fig. 2) and early visual areas bilaterally. No dorsolatera
prefrontal cortex activity was found, even when the contrasts were thresholded with the lenient
p<0.01 uncorrected. Regions found in only one of the contrasts of interest, and absent in the
conjunction anaysis, include the right medial PMC and post-central gyrus (Pre-practice), higher-
order visua areas (Post-practice), and left ventral premotor cortex (differentially activated in the

two contrasts).
--insert Table 1 and Fig. 2 here --

Activity from the ventral PMC clusters was extracted, with 18 voxesfor the Pre- practice cluster (X,
Yy, Z, = -62, 10, 32) and 20 voxels for the Post-practice cluster (-52, 2, 30). ANOVA indicated a
significant effect of conditions on the activity of both clusters. All comparisons between activity
in pairs of conditions were significant at p<0.05 except the difference between Pre- and Post-
practice in the anterior cluster, in hot colors on Fig. 3 (p=0.1). SPM2 estimates for contrasts
between conditions of interest and the control condition in the two ventral premotor cortices are
givenin Fig. 3. A 3-way ANOVA (Condition: Pre- and Post-practice, Location: anterior and
posterior cluster in the ventra PMC, random effect: Subjects) on contrast estimates derived from
extracted VOI confirmed that the interaction between Location and Condition, clearly visible on
the graph, is dtatigticaly significant, in the absence of significant main effects from the factors
taken individually. These results strongly suggest that the brain activity in these two ventral
PMC clustersis modulated by practice.



-- insert Fig. 3 here --

Table 1 shows that clusters in ventral, latera and dorsa higher-order visua areas within
Brodmann area 19 (BA 19) are significantly activated after but not before practice. Activity in
the left inferior occipital gyrus was extracted using a 3.5 mm spherical VOI (19 voxels) around
the cluster maximum (x, y, z = -34, -70, -8). A subject by condition ANOVA indicated a
significant effect of conditions on the activity F,15=20.4) and al comparisons between activity in
pairs of conditions were significant. A similar analysis was performed for the cluster in the left
middle occipita gyrus (X, y, z =-32, -68, 28, 3 mm spherical VOI, 20 voxels), which yielded the
same results (F,15=18.6, Brain activity in these occipital regions thus shows a progressive increase
across the three conditions: control, tool-making before practice and tool-making after practice, as
shown by SPM2 contrast estimates for Pre-practi ce and Post-practice compared to Control (see Fig.
4).

-- insert Fig. 4 here --
4. Discussion

Functiona imaging studies with modern humans cannot directly reved the mentd capacities of pre-
human ancestors, but can shed light on the relative demands of evolutionarily significant tasks.
The research presented here develops new methods for the experimenta investigation of such
tasks by employing the reatively sowly decaying radiological tracer *flouro-2-deoxyglucose to
image complex, naturdistic tool making behavior conducted outside the scanner. It should be
noted that the unusua commitment of time and effort required of subjects by this methodol ogy,
coupled with the relatively high level of radiation exposure associated with FDGPET, imposes
limitations on both the number of subjects and the number of scans per subject. However, in the
present study the FDG-PET procedure yielded a very large signal to noise ratio sufficient for
statistical analysis. In particular, contrasts of Oldowan tool making with simple bimanua
percussion revealed significant (p<0.05 FDR-corrected) premotor, parietal and occipital activations
indicative of the greater sensorimotor, spatial, and attentional demands of the tool-making task.

4.1 Sensorimotor activations

As predicted, activations were observed in rostra IPS and ventrd PMC areas
homologous to those which support prehension (Rizzolatti et al., 1998) and simple tool use
(Obayashi et d., 2001) in monkeys. The most rostral |PS clusters activated during Oldowan tool
making (Fig. 2) are located bilaterally at the junction of the intraparietal and postcentral sulci.
This region has been characterized as homologous to the anterior intraparietal region of the
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monkey due to its involvement in visualy guided grasping (Frey, Vinton, Norlund, & Grafton,
2005) and visuo-tactile information transfer (Grefkes, Weiss, Zilles, & Fink, 2002). Ventral PMC
activation during tool making is located in left anterior Brodmann area 6, bordering area 44, in a
region which has been identified as homologous to monkey area 6 (specificaly F5) on the basis of
sulca anatomy (Rizzolatti et a., 1998), quantitative architectonics and electrophysiological
response characteristics (Petrides, Cadoret, & Mackey, 2005). These ventra PMC and rostra |PS
activations during Oldowan tool making indicate continued reliance on an evolutionarily
conserved cortica system that performs sensorimotor transformations for object manipulation
(Maravita & Iriki, 2004; Rizzolatti et a., 1998).

However, additional clusters of activation were also observed bilaterally in more dorsal I1PS (Fig.
2), providing evidence of novel task demands and substrates, and supporting the hypothesis that a
broader suite of cortica regions played a role in the evolution of uniquely human tool-making
capacities. These clusters overlap with the phylogenetically recent functiona areas identified by
Orban and colleagues (Orban et a., 2005; Orb an, Sunaert, Todd, Van Hecke, & Marchal, 1999),
dthough the spatial resolution of PET and inter-subject anatomica variability preclude more
precise locdization. These new functiona areas, not found in the monkey, provide additiona
central visua field representations and increased sensitivity to the extraction of three- dimensional
form from motion (Orban et a., 2005). Preferential recruitment of this region by Oldowan
toolmaking (Fig. 2) most likely reflects demands for detailed analysis of the three-dimensional
shape and orientation of the core during tool making. Successful flaking requires visual
identification of suitable targets on the core, which is supported and rotated in the left hand for
close examination before and during percussion (Pelegrin, 2005). Orban and colleagues (Orban et
a., 2005) have proposed that the new functional areas in human dorsal |PS may provide enhanced
capacities for visual analysis during object manipulation and tool handling. Activation of this
region in the current study corroborates this hypothesis and indicates that visuomotor
specidizations in human posterior parieta cortex play an important role in supporting Oldowan tool
making ability.

Unfortunately, a lack of evidence regarding the functional organization of posterior parietd
cortex in other hominoids means that it is not currently possible to specify whether these
adaptations are specific to humans or shared by hominoids more generally. The well known
expansion of posterior parietal cortex in humans relative to other hominoids (Holloway, 1999),
coupled with recent fossil evidence showing reorganization of this area in a specimen of
Australopithecus broadly coeva (~ 2.8 - 2.3 million years old) with the first stone tools
(Holloway, Clarke, & Tobias, 2004), does provide at least circumstantial support for the
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likelihood of homininspecific adaptations. However, definitive identification of such
adaptations will have to await more detailed functional mapping of hominoid posterior parietal

cortex.

Activations observed in the supplementary motor area of the media PMC, in the cerebellum and in
primary sensorimotor cortices further attest to the complex motor organization of Oldowan tool
making, which requires the coordination of cobble support, positioning and orientation in the
non-dominant hand with accurate, high velocity strikes by the dominant hand. The supplementary
motor area has long been associated with bimanua coordination (Laplane, Talairach, Meniger,
Bancaud, & Orogogozo, 1977), and more recently has been identified as a key component in a
digtributed network for interlimb coordination that aso includes regions of cerebellar vermis and
hemisphere (Debaere et a., 2001) comparable to those activated here. The cluster in cerebellar
hemisphere is located in the left anterior lobe, a structure associated with motor execution, and
is unlikely to belong to the phylogenetically expanded lateral cerebellum (MacLeod et d., 2003)
which is believed to contribute to higher cognitive functions (Schmahmann, 1996).

In the cerebral cortex, activation in the left primary somatosensory area corresponding to the
thumb and first two fingers of the dominant hand reflects increased stimulation of digits
involved in the characteristic “three-jaw chuck” grip (Fig. 1) used in stone tool making (Marzke
et a., 1998). In the right hemisphere, a much larger cluster of activity is seen covering the dorsal
part of primary motor and somatosensory cortex where left upper limb movements are controlled.
Together with the aforementioned activation in the dorsal IPS relating to examination of the
handheld core, and the preferentiad recruitment of left anterior cerebellar hemisphere, this lateralized
pattern cals attention to the active and essentid role of the “support” hand, wrist and arm in
Oldowan tool making (Pelegrin, 2005), a characteristic which distinguishes the task from the
anvil-based percussive tool use of chimpanzees (Marchant & McGrew, 2005; Pelegrin, 2005).

Despite this motor complexity, activation was not observed in regions of the inferior parietal
lobule linked to the representation of everyday tool use skills (Johnson-Frey et a., 2005). This
may indicate that recruitment of the kind of stored motor programs for action planning associated
with the use of familiar, functionally designed toolsis not a particularly salient demand of Oldowan
tool making. Similarly absent was any significant activation in dorsolateral prefrontal cortex,
suggesting that Oldowan tool making does not place exceptional demands on executive functions,
such as working memory, conditiona response sdection and inhibition, which are involved in
grategic planning. Alternatively, subjects in the current study may not have achieved a sufficient

level of skill to recruit these regions and processes.

11



Additional research with expert tool makers, currently in progress, will assess the possible
involvement of stored motor representations and prefrontal executive functions in such higher-

level performance, and in more advanced lithic technol ogies.
4.2 Practice effects

Effective tool use is achieved through practice. Stone tool making in particular requires mastery
of basic flake remova techniques, including visual assessment of cobble composition and
morphology, selection of appropriate targets, use of efficient postures and grips, and the planning
and execution of accurate percussion. Results of artifact analysis show that subjects in the current
study adapted to the tool-making task by targeting significantly more acute platform angles and
consequently producing shorter, thinner, and less massive flakes. This strategy facilitates successful
flaking by reducing the force required to initiate fracture (Dibble & Pelcin, 1995; Stout, 2002)
and tends to yield small flakes that are sharp and immediately useful, but not durable or easily
held during more extended, heavy-duty use. This strategy aso tends to result in the progressive
rounding of core edges, preventing the strategic maintenance of flaking surfaces and exhaustive
core reduction through large flake removals that is characteristic of skilled Oldowan flaking in
prehistory (Delagnes & Roche, 2005).

Inexperienced subjects in the current study were clearly challenged by the basic perceptual -motor
demands of the task, and pursued a proximal solution to the problem of controlled flake
production. Thisinitial stage of perceptual-motor skill acquisition is characterized by a developing
emphasis on the visua identification and accurate targeting of appropriate (~80°) core angles, a
fact which is reflected by superior parietd and occipital |obe activations relating to the allocation
of visua attention (Blchel et al., 1998; Friston & Biichel, 2000).

Following practice, however, additiona activations are seen in higher order visual association areas
of the middle and inferior occipital gyri (Fig. 4). These regions are located in the dorsal and
ventral streams of visual processing which contribute to the visual control of action and the
perception of objects respectively (Milner & Goodale, 1995). The left inferior occipital gyrus
cluster probably corresponds to the Lateral Occipital Complex (LOC) of the ventral stream,
known to respond to the visua presentation of recognizable objects (Grill-Spector, Kourtzi, &
Kanwisher, 2001). The coordinates of the bilateral middlie occipital gyrus clusters suggest they
may be located at the junction of the caudal intraparietal and transverse occipita sulci (IPTO), a
visual areathat is strongly modulated by shifts in spatial attention and which plays an important
role in visua search for targets defined by the conjunction of multiple features (e.g. color and
orientation) (Donner et al., 2000). Both activations likely reflect increased attention to
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locating and identifying technologically relevant elements of core shape, including
appropriate platform angles. In other words, they reflect an education of attention (Gibson, 1979)

to newly discovered technologica affordances (possibilities for action) of the core.

Such affordances do not exist in isolation, but are instead defined as properties of organism-
environment interactions (Grezes & Decety, 2002). As such, they are critically dependant on
the presence of stable and efficient bodily postures, grips and gestures (Smitsman, Cox, & Bongers,
2005). Thisisreflected in significant practice effects in ventral PMC, where practice resulted in a
significant posterior-media shift in the centre of activity (Fig. 3). Canonical neurons in monkey
ventra PMC (area F5) sdlectively encode appropriate grasping responses to visually presented
objects (Rizzolatti et a., 1998), putatively using information provided by the rostra IPS to
derive object affordances (Fagg & Arbib, 1998). In humans, the visua presentation of graspable
tools has been shown to activate left ventral PMC (Chao & Martin, 2000), in the same location
observed in the current experiment. As with the occipital activity discussed above, the practice-
mediated shift of ventra PMC activity reflects a functional reorganization (Kelly & Garavan,
2005) resulting from a change of strategy in response to task constraints, thistime in relation to
the way the hammerstone and core are handled.

It is also interesting to note that the observed ventral PMC activity islocated within the cauda,
“phonologica” portion of the language-relevant cortex of the left inferior frontal cortex (i.e.
Broca's area in the broad sense [Hagoort, 2005]). This region is homologous to macaque area
F5 (Petrides et a., 2005), where the discovery of mirror neurons responsive to both the
execution and the observation of hand actions has revived longstanding speculations about
possible evolutionary links between tool-use, gesture and language origins (Hewes, 1973;
Rizzolatti & Arbib, 1998). Activation in caudal Broca's area during Oldowan tool making provides
further support for the hypothesis that language and tool use depend on similar mechanisms for
hierarchical information processing (Greenfield, 1991). Although reliance on shared neural
substrates does not demonstrate evolutionary cause and effect, results presented here are consistent
with the possibility that early stone tool making favored adaptations later incorporated into an
evolving language capacity.

4.3 Conclusions

Both behavioral and brain activation data indicate that the initial stages of Oldowan tool making
skill acquigition are primarily concerned with perceptual-motor adaptation to task constraints and
especidly the discovery and exploitation of object affordances, rather than with executive planning

and problem solving. Of particular note are: 1) activation of an evolutionarily conserved object
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manipulation circuit including the rostral part of 1PS and ventral PMC (Obayashi et al., 2001 ;
Rizzolatti et a., 1998); 2) recruitment of a more phylogenetically recent region of the dorsal IPS,
which has been hypothesized to support uniquely human manipulative and tool-usng capabilities
(Orban et a., 2005); 3) modulation by practice of activity relating to visual search (caudal
intraparietal /transverse occipital sulci), object recognition (lateral occipital cortex), and grip
selection (ventral PMC); and 4) lack of any activation in dorso latera prefrontal cortex relating
to strategic action planning.

These findings corroborate previous ethnographic research on stone working (Roux, Bril, &
Dietrich, 1995; Roux & David, 2005; Stout, 2002) showing that higher order strategic organization
necessarily emerges from perceptud-motor foundations established through effortful practice. In
monkeys as well, initid tool use training is a lengthy process involving modification of bodily
representations in the ro stral part of 1PS, whereas subsequent application of this skill to solve a
problem in a novel functiona stuation is rapidly mastered through apparent transfer and insight
learning supported by prefrontal cortex (Maravita & Iriki, 2004). This suggests that it may be
acquisition of the necessary sensorimotor capabilities, rather than executive capacities for
strategic planning, that represents the critical bottleneck in the initial development of complex
tool use and tool making ahilities. Because the acquisition of such sensorimotor capabilities
clearly depends upon a combination of neura preconditions with motivated and effortful practice
(Iriki, 2005), this conclusion raises questions about the social context necessary to support
prolonged perceptual-motor skill acquisition in early hominin toolmakers (Stout, 2005) and provides
some support for hypotheses emphasizing the cultura foundations of human technological capabilities
(Tomasdllo, 1999; van Schaik, Deaner, & Merrill, 1999).
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BA: Brodmann Area,
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IPS: IntraParieta Sulcus,

IPTO: intraparietd and transverse occipita sulci LOC: Lateral Occipital Complex

PMC: PreMotor Cortex,

SMA: Supplementary Motor Area
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Figure Legends

Figure 1. Oldowan Tool Making
The hammerstone, held in a characteristic “three-jaw chuck” grip with the thumb and

first two fingers of the dominant hand, is used to strike sharp stone

flakes from the core, which must be properly supported, positioned and oriented by
the non-dominant hand. Controlled fracture requires exploitation of appropriate
aspects of core morphology, such as acute edge angles (reflected in the exterior

platform angles of detached flakes).

Figure 2: Intraparietal Sulcus Activations

Standard brain cut-out showing clusters of increased activity within the IPSin the
conjunction of Pre- and Post-practice tool making conditions contrasted with the
control condition (thresholds asin Table 1). Coordinates indicate planes used for

coronal and horizontal cut-outs.

Figure 3: Ventral PMC activations.
Right: clusters of increased activity in contrasts of Pre-training (hot scale) and Post-
training conditions (cold scale) with the control condition. Left: plot of contrast
estimates (error bar: 90% confidence interva) from the ventra PMC clusters showing

an interaction between cluster location and condition.

Figure 4: Occipital cortex activations.
Right: clusters of increased activity rendered on a sagittal section. Left: plot of contrast
estimatesin the ventral (LOC) and dorsal (IPTO) occipita areas reveal amain effect

of practice. Other detailsasin Fig. 3.
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Table 1

Table 1. Localization of activated clusters at p<0.05 FDR-corrected, extent k>15.

Localization BA* Name Conjunction Pre-practice  Post-practice
Xy z T-score x 'y z T-score x y z T-score

Frontal cortex (including central sulcus region)

Right Postcentral gyrus 3 S1 38-3262 541

Left Dorsal premotor cortex 6 PMd 224 60 475 -24-654 489 -20-460 506

Right Medial premotorcortex 6  SMA 6 252 564 6 25 416°
Right Centralsulcus 3/4/6 40-1450 892 40-1450 892 40-1648 9.44
Left Postcentral gyrus 43 -56-2036 587 -56-2036 587 -56-2036 7.70
Left Ventralpremotorcortex 6 PMv -6210 32 586

Left Ventralpremotorcortex 6 PMv -52.2 30 6.12

Parietal cortex

Left Intraparietal sulcus 7/40 DIPSM-34-56 62  5.60 -34-5662 6.00 -28-6060 6.16
Right Intraparietal sulcus 7/40 DIPSM22-5456 520 22-5456 520 22-5456 520
Left Superior parietal obule 7 SPL  24-6254 579 -24-6254 579 -24-6254 7.04
Right Intraparietal sulcus 3/40 AP 34-3246 4.56 34-3246 456 34-3246 5.07

Left Intraparietal sulcus 3/40 AIP 40-3842 6.18 -42-4044 686 -40-3842 6.18

Occipital cortex

Right Middle occipital gyrus 19 IPTO 306432 571
Left Middle occipital gyrus 19 IPTO -32-6828  6.51
Left Superior occipital gyrus 18 V3 20-8628 549 -20-8628 549 -20-8626 6.62

Right Superior occipital gyrus 18 V2 18-9420 571 18-9420 574 189420 5.71

Right Calcarine sulcus 17 Vi1 16-7810 784 16-7812 818 16-7810 851
Left Calcarine sulcus 17 V1 -14-70 8 555 -14-70 8 555 -16-72 6  6.30
Right Calcarine sulcus 18 V2 28-80 8 6.9 28-80 8 619 28-78 6 7.22
Left Inferior occipital gyrus 19 LOC -34-70 -8 7.04
Right Lingual gyrus 18 V4 20-76 -8 588 18-72-12 631 20-76-10 5.25

Right Fusiform gyrus 19 LOC 26 -58-10 5.86



Cerebellum
Left Cerebellar hemisphere 4/5/6** -10-52-14  6.58 -10-52-14 8.54 -10-52-14 6.58

Cerebellar vermis 5/6** 0-58-24 7.07

* Brodmann area for cerebral clusters; ** Cerebellum clusters follow conventions
from (Schmahmann, Doyon, Toga, Petrides, & Evans, 2000); $ activity in this

cluster covers one voxel and is found in the absence of extent threshold.



