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Abstract

Various distinct cognitive processes such as semantic memory, executive planning or
technical reasoning have been shown to support tool use. The aim of this study is to
investigate the relationship between these processes. To do so, a large apraxia battery was
submitted to 16 patients with left brain-damage (LBD) and aphasia and 19 healthy controls.
The battery included: classical apraxia tests (Pantomime of Tool Use and Single Tool Use),
familiar and novel tool use tests (Tool-Object Pairs and Sequential Mechanical Problem-
Solving), semantic memory tests (Recognition of tool utilization gestures and Functional and
Categorical Associations) as well as the Tower Of London. The Sequential Mechanical
Problem-Solving task is a new task which permits the evaluation of pre-planning in unusual
tool use situations. In this task as well as in the Tool-Object Pairs task, participants solved a
tool use problem in a Choice and a No-Choice condition to examine the effect of tool
selection. Globally, left brain damaged patients were impaired as compared to controls. We
found high correlations in left brain-damaged patients between performances on classical
apraxia tests, familiar and novel tool use tests and Functional and Categorical Associations
but no significant association between these performances and Tower Of London or
Recognition of tool utilization gestures. Furthermore, the two conditions (Choice and No-
Choice) of Tool-Object Pairs and Sequential Mechanical Problem-Solving were associated. In
sum, all tasks involving tool use are strongly associated in LBD patients. Moreover, the
ability to solve sequential mechanical problems does not depend on executive planning. Also,
tool use appears to be associated with knowledge about object function but not with
knowledge about tool manipulation. Taken together, these findings indicate that technical
reasoning and, to a lesser extent, semantic memory may both play an important role in tool

use.
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1. Introduction

First observations of tool use impairment were provided by Steinthal's (1871) study of
an aphasic patient with deficits in the manipulation of everyday tools (see Goldenberg, 2003).
A few decades later, Liepmann (1908, 1920) shaped the concept of apraxia, a disorder of
skilled movement that cannot be attributed to an elementary sensorimotor deficit or to aphasia
(De Renzi, 1989). Liepmann proposed that tool use is supported by the creation of a visual or
acoustic image of the action (i.e., movement formulae) in the posterior brain regions. He
proposed the term ideational apraxia to describe patients who had difficulties in generating
movement formulae. Later, De Renzi and Luchelli (1988) specified that ideational apraxia
could pertain “to the area of semantic memory disorders rather than to that of defective motor
control” (p. 1173) and proposed the term “amnesia of usage”. To date, three main classes of
cognitive processes have been propose to account for tool use impairment. We propose to
review these processes on the basis of three hypotheses: the semantic memory hypothesis, the
executive planning hypothesis and the technical reasoning hypothesis.

First, the semantic memory hypothesis, which originates from Liepmann’s and De
Renzi’s works, assumes that tool use is based on knowledge about (1) tool manipulation (or
gesture engrams) and (2) tool function (Buxbaum, 2001; Buxbaum et al., 2003, 2007;
Heilman et al., 1982; Rothi et al., 1991; Sirigu et al., 1995). Gesture engrams are “thought to
contain the features of gestures which are invariant and critical for distinguishing a given
gesture from others. For a hammering movement, for example, a broad oscillation from the
elbow joint is critical, as is a clenched hand posture...” (Buxbaum, 2001, p. 452). Buxbaum
(2001) stressed that damage to this “stored representational system of gesture” has an impact
particularly on pantomime production and recognition, manipulation knowledge and tool use
(mis-selection of objects, object misuse, object omissions, sequence errors). Besides gesture

engrams, the human brain would also contain semantic information about the familiar
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function of tools (Cubelli et al., 2000; De Renzi and Lucchelli, 1988; Ochipa et al., 1994;
Rothi et al., 1991; Roy and Square, 1985). This conceptual knowledge supports representation
about tool associations (matching object to recipient) and about purposes of the actions
(matching object for shared purposes) (Hodges et al., 2000). There are divergent views on the
functional subdivisions of semantic memory but all previous research concurs in assuming
that specific tools are associated with specific actions (Goldenberg and Spatt, 2009).

The semantic memory hypothesis has however been subject to criticism on theoretical
as well as empirical grounds in recent years. For instance, Osiurak et al. (2011) claimed that
the role of gesture engrams in tool use remains unclear, notably if it is assumed that tool use is
supported by a direct route from vision to action (Humphreys, 2001; Yoon et al., 2002). More
importantly, Osiurak et al. (2011) emphasized that evidence for the existence of gesture
engrams is weak, if not absent. Likewise, many studies have demonstrated that semantic
knowledge is neither necessary nor sufficient to support tool use (Buxbaum et al., 1997,
Hodges et al., 2000; Osiurak et al., 2008; Silveri et al., 2009). It has also been suggested that
semantic knowledge about tool function may be mainly involved in situations in which
contextual information is lacking as would be the case, for example in situations in which a
tool is presented in the absence of contextual cues (Osiurak et al., 2008). Nevertheless, even if
semantic knowledge could help people to determine the usage of tools, this kind of
information would not be involved in utilization per se (Osiurak et al., 2011). Finally, the
semantic memory hypothesis cannot account for everyday use, which generally requires
carrying out unusual manipulations and uses of unfamiliar tools (Goldenberg and Spatt,
2009).

Second, the executive planning hypothesis, inspired by Luria (1978) suggests that
dysexecutive syndrome has a negative impact on everyday tool use. Luria (1978) proposed

the term "frontal apraxia" to describe a breakdown in sequential organization of behavior.
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Patients with this type of apraxia do not show classical ideational apraxia in that usual actions
are performed perfectly, but disturbances arise in natural actions requiring a preformed plan
and the maintenance of goals (Poeck, 1983; Schwartz et al., 1993, 1995; Goldenberg et al.,
2007). Schwartz et al. (1998) suggested that this “action disorganization syndrome” is
independent from “specific impairments of planning” described by Shallice (1982) because it
concerns familiar activities involved in daily life. Goldenberg et al. (2007) pointed out that
dysexecutive syndrome is specifically associated with multi-step actions impairment which is
one symptom of “the general depletion of working memory capacity or attentionnel
resources” (p. 434). Hartmann et al. (2005) showed dissociation between naturalistic multi-
step actions and tests solved by pre-planning (novel tools, Tower Of London) in LBD
patients. These works indicate that pre-planning would play a role in certain situations
involving tool use but is probably not a unitary concept.

Finally, the technical reasoning hypothesis (Gagnepain, 1990; Le Gall, 1998; Osiurak et
al., 2009, 2010; for a somewhat similar view, see Goldenberg and Hagmann, 1998;
Goldenberg and Spatt, 2009) suggests that technical efficacy is always relative, not absolute,
because technical reality does not correspond to physical reality (Osiurak et al., 2010). For
example, the physical material “glass™ can provide distinct technical properties (permeable,
resistant, transparent ...) but the same technical property (resistant) can be provided by a
variety of different physical materials (wood, metal, plastic ...). Moreover, the same physical
material does not always provide the technical property suitable for an intended action. For
example, the lead of a pencil is friable when applied to paper but not to leather. Thus, the
inability to use tools may reflect difficulties in identifying (distinction) and unifying
(sequenciation) the technical means (dense, permeable, resistant, etc.) relevant for a given
technical end (cutting, engraving, etc.). Technical means and ends are abstract principles

which are not linked with any tool representation but are reconstructed de novo depending on

Page 6 0of 42



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

More evidence for the technical reasoning hypothesis.

each situation. In case of impairment, difficulties would mostly affect technical means or
technical ends. So, technical reasoning would be involved in any situation requiring the use
and the selection of tools: use of familiar tools in either conventional or unusual ways as well
as mechanical Problem-Solving. Furthermore, this hypothesis predicts that patients with
impaired technical reasoning would exhibit difficulties with single tool use or single
associations between tool and object upon which the tool is to be used and also in situations in
which a great number of tools is given. Consistent with this, patients with ideational apraxia
can be perplexed, commit mislocation errors or engage in uncertain explorations when asked
to perform multiple object use tests (De Renzi and Lucchelli, 1988; Rushworth et al., 1998).
There is a substantial amount of empirical support for the technical reasoning
hypothesis. We recently observed that LBD patients with difficulties in using familiar tools
were markedly impaired when asked to use familiar tools in an unusual way (Osiurak et al.,
2009). Several studies have found a strong association in LBD patients between the capacity
to use familiar tools and mechanical Problem-Solving skills (Goldenberg and Hagmann,
1998; see also Goldenberg and Spatt, 2009; Hartmann et al., 2005; Silveri and Ciccarelli,
2009). Moreover, Goldenberg and Hagmann (1998) demonstrated that left brain lesions
especially disrupt the capacity to select novel tools to solve mechanical problems. It has also
been shown that patients with dysexecutive syndrome do not fail to perform mechanical
Problem-Solving tests or to pantomime object use and that novel tool use was not affected by
dysexecutive syndrome (Goldenberg et al., 2007). These findings indicate that executive
functions might not be involved in situations in which people are asked to solve problems
with unfamiliar tools (Goldenberg et al., 2007; Hartmann et al., 2005; Rumiati et al., 2001;
Rushworth et al., 1998). Nevertheless, the mechanical problem-solving test developed by
Goldenberg and Hagmann (1998) from which most of the results discussed above have been

obtained, does not require a sequence of actions to solve the problem. These authors also
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developed the Treasure Box test, consisting of three boxes with lids that can be opened after
manipulation of several locks. Premature opening of one lock could block the opening of
another lock, so each stage depended on the previous one. Although these boxes required a
sequence of mechanical actions to be solved, the solution could be found by trial and error.
Pre-planning was not necessary, which left open the issue of this ability's involvement in
mechanical problem-solving.

The present research is designed to clearly distinguish these three hypotheses. We
assessed 16 patients with left brain-damage (LBD) and aphasia and 19 healthy controls with a
large apraxia battery examining semantic memory, executive planning and technical
reasoning. Participants were asked to perform tasks typically studied in apraxia research
(Pantomime of Tool Use, Single Tool Use), semantic memory tests (Functional and
Categorical Associations and Recognition of tool utilization gestures) and a multiple-step
executive function test (Tower Of London; Shallice, 1982). Above all, we proposed original
tests requiring the actual use of familiar tools (Tool-Object Pairs) and the use of novel tools
(Sequential Mechanical Problem-Solving). Like the novel tool test developed by Goldenberg
et Hagmann (1998), we proposed two conditions for both tests (Tool-Object Pairs and
Sequential Mechanical Problem-Solving). In the Choice condition subjects had to select
among several tools the relevant one to perform the task. In the No-Choice condition, only the
relevant tool was given.

Different theoretical elements allow us to make different predictions about the
expected deficits according to each hypothesis (Table 1) and about the possible interactions
between tasks. The memory hypothesis assumes that people acquire knowledge about
manipulation and function of tools with which they had prior experience. Thus, gesture
engrams and functional knowledge should be necessary to ensure the selection and the use of

familiar tools but not when people have to solve sequential mechanical problems or carry out
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tests requiring executive functions. So, the semantic memory hypothesis allows us to expect
associations between semantic memory (Recognition of tool utilization gestures and
Functionnal and Categorical Associations) and familiar tool use (Tool-Object Pairs).
However, the semantic memory hypothesis does not predict any association between semantic
memory and novel tool use (Sequential Mechanical Problem-Solving). Moreover, this
hypothesis does not predict any association between the performance in Tool-Object Pairs and
that in Sequential Mechanical Problem-Solving. The same is true of the executive planning
hypothesis which is also insufficient for the prediction of any such association (Tool-Object
Pairs and Sequential Mechanical Problem-Solving). In contrast, given that executive functions
are supposed to enable people to deal with novelty and planning problems, the executive
planning hypothesis predicts a strong association between performance in Sequential
Mechanical Problem-Solving and the Tower Of London. Finally, the technical reasoning
hypothesis suggests that the ability to reason about technical means and ends is involved in
any situation requiring the use of tools. Therefore, there should be a strong association
between the performance in Tool-Object Pairs and in Sequential Mechanical Problem-
Solving. However, no association is predicted between performance in these two tests and that
in the Tower Of London. Of particular interest is that only the technical reasoning hypothesis
predicts association between familiar tool use (Tool-Object Pairs) and novel tool use
(Sequential Mechanical Problem-Solving) independently of executive planning and semantic

memory abilities.

Table 1 about here
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2. Method

2.1. Participants

Patients were admitted to the neurological department of the Angers University
Hospital for a first unilateral cerebral vascular accident with hemiparesis and aphasia. Clinical
CT or MRI scans were available for all patients. The quality of our patients’ brain images,
which were collected primarily for clinical purposes and using different scanners, did not
allow us to apply modern neuroimaging analyses. The patients’ brain lesions were therefore
classified by an experienced neurologist (VC) according to relatively general anatomical
criteria. Patients had a preliminary interview with a neuropsychologist (CJ) or speech
therapists (DD) to examine language and vigilance. Linguistic capacities were tested with
comprehensive and expressive exercises (e.g., naming, repetition, speech comprehension,
reading or writing) depending on the individual patient’s abilities. Aphasia was classified as
global in 1, Broca in 5, Wernicke in 4, amnesic in 2, subcortical in 2 and non-classifiable in 2.
LBD subjects were included only if their behaviour unequivocally indicated comprehension
of experimental test’s instructions and if hemianopia did not appear to have an impact on their
visuo-explorative behaviour. Our control group was composed of nineteen volunteer
participants recruited from senior citizens' community associations around Angers.
Preliminary screening with the Mini Mental State Examination (Folstein, 1975) attested to
their cognitive efficiency (mean score 29/30, range 26-30).

All participants were right-handed, and had no previous history of neurological or
psychiatric illnesses. Informed consent was obtained from all participants or their relatives,
and the study was conducted in accordance with the Declaration of Helsinki. Demographic
and clinical data are displayed in Table 2. All participants used their left hand in order to
prevent any effect due to motor or sensory impairment in the LBD group. There were no

significant differences with respect to age and gender distribution between patients and
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control subjects. The mean educational level was somewhat higher for patients than for

controls [#33=1.8, p =.012].

Table 2 about here

2.2. Pantomime of Tool Use

This test consisted of ten tools (key, corkscrew, screwdriver, match, light bulb,
scissors, bread-knife, bottle-opener, hammer, pitcher, electrical plug, saw) that the examiner
presented one at a time on a “vertical tool panel” (Figure 1). Participants were asked to
pantomime the use of each tool. Testing was preceded by two practice items (key and
corkscrew) for which a correct pantomime was demonstrated if participants did not produce it
themselves (Hartmann et al., 2005). The time limit was set to 1 minute for each item. The
performance was videotaped and rated on a 3-point scale (Osiurak et al., 2009). Two points
were given if the expected action was directly achieved within the time limit. One point was
given if the participant performed the action with errors (content or spatiotemporal). No
points were given when the action was completely unrecognizable (maximum = 20 for each
condition).
2.3. Single Tool Use

The same tools mentioned above were presented once again on the "vertical tool
panel". Participants were required to grasp, one at time, each object and to demonstrate the
movement involved in its typical use. Practice items were the same as in Pantomime of Tool
Use. The procedure of data recording and analysis was the same as described in the previous
paragraph (maximum = 20 for each condition).
2.4. Tool-Object Pairs

This test consists of the same 10 familiar tools and the corresponding objects upon

which they can be used (padlock, bottle sealed with a cork, screw in a wooden board, candle,
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bulb socket, sheet of paper, piece of bread, bottle sealed with a cap, nail in a wooden board,
glass, electrical socket and a piece of wood). These objects were adapted to enable a one-
handed performance (Figure 1).

Participants first performed tasks in the Choice condition and then in the No-Choice
condition. In the Choice condition all the tools were presented simultaneously on the “vertical
tool panel”. One object at time was placed on the table, between the participants and the
“vertical tool panel”. Participants were asked to select the tool corresponding to the object
upon which it was to be used and then to demonstrate the action typically made with the tool
used on the object. In the No-Choice condition only the tool associated with the object was
presented on the “vertical tool panel”. One object at a time was placed on the table and
subjects were asked to do what is typically done with the presented tools and objects. Two
tools (key and corkscrew) were used as practice items, that is, subjects were helped to select
the tool as well as to carry out the correct action, if necessary. The performance was
videotaped and rated on a 3-point scale (0, 1, 2; Goldenberg and Hagmann, 1998; Osiurak et
al., 2009). For both conditions, two points were given if the expected action was directly
achieved with the appropriate tool within the time limit. One point was given if the participant
performed the action within the time limit after unsuccessful trials. No points were given
when the action was not successfully achieved (maximum = 20 for each condition). The time

limit was set to 1 minute for each item.

Figure 1 about here

2.5. Sequential Mechanical Problem-Solving
This test was inspired by a series of studies by Goldenberg and colleagues
(Goldenberg and Hagmann, 1998; Goldenberg et al., 2007; Hartmann et al., 2005) in which

the Novel Tool Test was employed to evaluate patients’ ability to infer function from
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structure. In this test, participants are asked to select (among a collection of three novel tools)
the one tool that is best suited for taking up a cylinder. Nevertheless, as mentioned above, this
test consists of mechanical problems that do not require a sequence of actions to be solved.
Therefore, we specifically designed the Sequential Mechanical Problem-Solving based on two
major principles. The first is that a sequence of several actions is required to solve the
problem. The second is that trial-and-error strategies are insufficient for successful
performance.

We constructed three different transparent boxes. A little blue wooden cube or a little
blue wooden bead (the targets) was stuck inside each one (Figure 2). The aim of this test was
to extract the target out from the box. For each box, different actions were required to do so.
The test was adapted to enable a one-handed performance. For Box A, participants had to
remove the lid with their hand, and then lift the target up with a hook that they had to create
by folding a metal rod. For Box B, participants had to insert an appropriate rod in the
“chimney”, push the target down into the box and then bring the target out from the box. For
Box C, participants had to first use a rigid rod to make a lever and thus lift the mobile
compartment that was located inside the box. This first action permitted to bring the target (a
blue wooden bead) to the entrance of the box. Then, participants could carry out the second
action of using a rod to extract the target out from the box. Problems could not be resolved by
using only the hands, lucky movements, trial-and-error strategies or by choosing randomly
among the rods. For each problem, one particular rod was the most effective. It was the only
one presented in the No-Choice condition. Each rod involved different grips and numbers of
movements but most of them proposed in the Choice condition were completely useless'.
Thus, in the Choice condition some controls and some LBD patients did not resolve the
problems with the most effective rods. Nevertheless, we accepted their performance when the

target was finally extracted from the box.
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For each item, participants were initially invited to observe carefully each side of the
box. Then, the position of the target was ostensibly shown to subjects. A target similar to the
target stuck inside the box was also presented to subjects to ascertain that they identified the
target to be extracted. Participants were then asked to bring the target out from the box with
the available rod(s), without lifting the boxes.

All participants performed first the Choice condition and then the No-Choice
condition. In the Choice condition, the 16 rods were presented simultaneously on the table on
the left of the subjects. The physical properties of the rods were manipulated so that: Half of
the rods were made in metal and half of wood; half have a right angle and half do not; half
were cylindrical and half “parallelipedic™; half were thick and half thin; half were long and
half short; and half was rigid and half flexible. In the No-Choice condition, only the
supposedly more efficient rod was given to participants to solve the problem. The time limit
was 3 minutes for each box in each condition and the performance was videotaped. A 4-point
scale was employed in the two conditions. Three points were given if the target was extracted
within the time limit, independently of the rod that was used. Two points were given if the
target was moved inside the box. One point was given if the target was touched by one of the
rods. If none of these criteria were fulfilled, no points were given. The maximum score for

each condition was 9.

Figure 2 about here

2.6. Tower Of London

This test was proposed to assess the ability to solve multiple step problems involving
minimal mechanical constraints. It was selected to minimize the effects of language skills.
The test involved two identical devices (the participant's device and the examiner’s device)

that consisted of three sticks and three wooden beads. The examiner presented a specific
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configuration of beads and asked the participant to replicate the configuration on his own
device. We employed a revised version of the classical Tower Of London (Berg and Byrd,
2002; Shallice, 1982). There were two examples and six problems with a range from 2 to 7
moves. Examples were used to ascertain that participants understood the rules: only one bead
can be moved at time, by using only one hand; one bead could be placed on the smallest stick,
and only two on the middle stick; a bead cannot be moved if the two others were not placed
on the sticks. The time limit for each item was 2 minutes. Performance was rated on a 4-point

scale according to the number of movements (see Table 3). The maximum score was 18.

Table 3 about here

2.7. Semantic knowledge of manipulation and tool function

Two tests were proposed to assess semantic memory. The first explored manner-of-use

knowledge. The second explored functional and associative object knowledge.

2.7.1. Recognition of tool utilization gestures

This test consisted of twelve sets of four photographs. In each set, one photograph
depicted the correct use of the tool, whereas the remaining three photographs showed the tool
incorrectly oriented, inappropriately held or dangerously held. The tools shown on the
photographs were the same that had already been pantomimed and demonstrated. Testing was
preceded by two practice items for which feedback on correctness was given. One point was

credited for each correct response given in 30 sec, totalling 10 points.

2.7.2. Functional and Categorical Associations

Four images with different single objects were presented below the picture of a tool
(target stimulus: key, corkscrew, screwdriver, match, light bulb, scissors, bread-knife, bottle

opener, hammer, pitcher, electrical plug, saw). Subjects were asked to select one out of four
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objects that best matched the target stimulus. Two subtests were assigned in order to evaluate
either "functional" or "categorical" associations (Goldenberg and Spatt, 2009). In the subtest
"functional associations", the target stimulus (e.g. saw) and the correct response (e.g. piece of
wood) were functionally associated. In the subtest, “categorical associations”, the target and
the correct response (e.g., a saw, an axe) could be used for the same purpose. Each subtest
was preceded by two practice trials (key and corkscrew) for which feedback on correctness
was given. A score of 1 point was given if the correct response was given in 30 sec, totalling a

score of 20 possible points for both conditions.

2.8. Statistics

Because of unequal group sizes and partly unequal variances, non-parametric tests
were preferred. Between-group comparisons were performed with the Mann-Whitney U-test.
Wilcoxon signed-rank tests were used for within-group comparisons and Spearman rank order
correlations were used to study relationships between variables. To further explore the
correlational structure of test results in LBD patients, the correlation matrix of all
experimental tests was subjected to multidimensional scaling using the ALSCAL procedure.
We also carried out stepwise regression analyses to determine contribution of semantic
memory and technical reasoning in familiar object use. Results were considered significant at
a a-level of p <.05.

3. Results

3.1. Effects of demographics variables in the control group and the patient group

In the control group, Spearman rank order correlations revealed negative correlations
between age and performances on Tool-Object Pairs (Choice condition, ko = -.67, p = .002;
No-Choice condition, rho = -.58, p = .009) and Recognition of tool utilization gestures (rho =
-.50, p = .029). Associations were also found between education level and the No-Choice

condition of Tool-Object Pairs (rho = .54, p = .017) and Recognition of tool utilization
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gestures (rho = .56, p = .013). Correlations between demographic participant variables and
Sequential Mechanical Problem-Solving, Pantomime of Tool Use, Single Tool Use and
Tower Of London did not reach statistical significance. No significant correlations were found

between global cognitive efficiency (MMSE) and any of the experimental tasks.

In LBD patients, no significant correlations were found between demographics and

any of the experimental tasks.

3.2. Comparisons between groups

Table 4 displays the results of experimental tests for the control group and for LBD
patients. LBD patients scored significantly lower than controls on all tests involving tool use
(Pantomime of Tool Use: z = 3.26, p = .001; Single Tool Use: z = 3.03, p = .002; Tool-Object
Pairs (Choice condition): z = 3.55, p < .001; Tool-Object Pairs (No-Choice condition): z =
2.88, p = .004; Sequential Mechanical Problem-Solving (Choice condition): z = 3.43, p =
.001; Sequential Mechanical Problem-Solving (No-Choice condition): z = 2.68, p = .007).
Differences between groups were also found in the Tower Of London (z = 2.19, p = .029),
Functional and Categorical Associations (z = 2.70, p = .007). However LBD patients did not
significantly differ from controls on Recognition of tool utilization gestures (z = 0.67, p =

501).

Table 4 about here

3.3. Correlations between test results in control group

Results are presented in Table 5. Spearman’s rank order correlations show relatively
few associations between experimental tasks in the control group. A significant association
was found between Pantomime of Tool Use and Single Tool Use (rho = .55, p < .05). Tower

Of London was correlated with Tool-Object Pairs, Choice condition (ko = .49, p < .05) and
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No-Choice condition (rho = .80, p < .001) and with Recognition of tool utilization gestures

(rho = .51, p <.05).

Table 5 about here

3.4. Correlations between test results in LBD patients

Results are presented in Table 6. Spearman rank order correlations revealed a strong
association between Pantomime of Tool Use, Single Tool Use, Tool-Object Pairs and
Sequential Mechanical Problem-Solving (all 4o > .66, all p <.004). Thus, Tool-Object Pairs
and Sequential Mechanical Problem-Solving were associated (see Figure 3) in both conditions
(Choice and No-Choice). Furthermore, the two conditions (Choice and No-Choice) of Tool-
Object Pairs and Sequential Mechanical Problem-Solving were associated in both tests.
Significant association (all ko > .55, all p < .028) was found between Functional and
Categorical Associations and Pantomime of Tool Use, Single Tool Use and Tool-Object Pairs
(Choice condition and No-Choice condition). Functional and Categorical Associations were
also correlated with Sequential Mechanical Problem-Solving for Choice condition (rko = .82,
p <.001) and No-Choice condition (rho = .74, p < .001). Furthermore, conceptual knowledge
of object manipulation (Recognition of tool utilization gestures) showed few associations with
tasks involving tool use. Only correlation between Single Tool Use and Recognition of tool
utilization gestures reached statistical significance (7ho = .57, p = .021). Performance on the

Tower Of London was not correlated with any of the other variables.

Table 6 about here

Figure 3 about here
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ALSCAL multidimensional scaling achieved a satisfactory two-dimensional
representation (Kruskal’s stress = .07, r* = .98) which is displayed in Fig. 4. Higher
correlations are represented by smaller distances between the respective data points. The
distances correspond to the rank order of the correlations but not necessarily to their absolute
values. There is a clear separation between Recognition of tool utilization gestures and Tower
Of London and the other experimental tasks. Tool Object Pairs in the Choice condition is
strongly associated with Sequential Mechanical Problem-Solving in the No- Choice condition.
Functional and Categorical Association occupy an intermediate position with equal distance
of Tool Object Pairs, No-Choice condition and Sequential Mechanical Problem-Solving in the

Choice condition.

Figure 4 about here

In order to investigate which of the correlated variables explained a significant amount
of variance in familiar tool use, we carried out a forward regression analysis. Tool-Object
Pairs in the Choice condition were used as the dependant variables, and the predictor variables
were the score on Pantomime of Tool Use, Sequential Mechanical Problem-Solving (Choice
and No-Choice condition) and Functional and Categorical Associations (Tool-Object Pairs in
the No-Choice condition and Single Tool Use were excluded because their apparent
predictive power could be the result of their similarity with the dependant variable). The
analysis showed that the scores on Sequential Mechanical Problem-Solving in the No-Choice
condition contributed significantly to the Tool-Object Pairs index in the Choice condition,
accounting for 72.2% (p < .0001) of this factor's variance. The association of Sequential
Mechanical Problem-Solving in the No-Choice condition and the Functional and Categorical
Associations contributed together to the Tool-Object Pairs index in the Choice condition,

accounting for 78.4% (p <.0001) of the variance.
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4. Discussion

This study proposed to explore the relationships between technical reasoning,
semantic knowledge and executive planning in tool use in LBD patients. Our primary interest
was the technical reasoning hypothesis which only predict associations between familiar tool
use (Tool-Object Pairs) and novel tool use (Sequential Mechanical Problem-Solving).

The main results can be summed up as follows. First, we obtained high correlations
between all tasks involving tools. Second, we found no association between Tool-Object
Pairs, Sequential Mechanical Problem-Solving, and the Tower Of London. Finally, we found
associations between the ability to use tools and knowledge of tool function (Functional and
Categorical Associations) but not with knowledge of tool manipulation (Recognition of tool

utilization gestures).

4.1. A core mechanism ?

The technical reasoning hypothesis suggests that technical reasoning supports the use
of tools in any kind of tool use situation. The key finding of this study is the strong
association, in LBD patients, between all tasks involving tools in all conditions. Indeed, our
results show that LBD patients were impaired in the use and selection of tools both in Tool-
Object Pairs and Sequential Mechanical Problem-Solving. These findings corroborate results
observed with the Novel Tool Test that have shown that novel tool selection is impaired in
LBD patients (Goldenberg and Hagmann, 1998; Goldenberg and Spatt, 2009; Hartmann et al.,
2005). These findings are also consistent with previous correlations between usual and
unusual use of tools (Osiurak et al., 2009) in LBD patients. The originality of this study lies
nevertheless in the demonstration that LBD patients are impaired for tool selection whether or
not they are already familiar with the tool. This is consistent with previous studies showing
that LBD patients with apraxia can be perplexed or engage in uncertain explorations when

requested to carry out multiple tool use tests (De Renzi and Lucchelli, 1988; Rushworth et al.,
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1998) as well as recent studies on Alzheimer patients indicating that distractor tools have an
impact on everyday actions (Giovannetti et al., 2010). However, the Choice condition and No-
Choice conditions are strongly associated in both tasks (Tool-Object Pairs and Sequential
Mechanical Problem-Solving). This result corroborates the results of De Renzi and Luchelli
(1988) concerning the high correlation between a multiple object test and a single object test,
suggesting that tool use impairment in LBD patients is not completely dependent on the
number of tools presented or the number of steps necessary to complete an action (see also
Hartmann et al., 2005). Tool use impairments can effectively appear after frontal lobe lesions,
or be a consequence of right brain damage or diffuse brain damage (Goldenberg and
Hagmann, 1998; Hartmann et al., 2005; Schwartz et al., 1999). In those cases, they are
certainly due to visuo-spatial or attentionnal disturbances. We suggest that our results support
the view that LBD lesions affect a specific technical reasoning mechanism that operates in
every situation requiring the use of a tool. However, to confirm whether our findings are
specific to patients with left brain damage, our method will have to be replicated with left and

right brain damaged patients.

4.2. Action planning

The executive planning hypothesis suggests that dysexecutive syndrome impacts
negatively on everyday tool use, especially in natural actions requiring a preformed plan and
the maintenance of goals. The Tool-Object Pairs task does not require a sequence of actions to
be achieved. However, the Sequential Mechanical Problem-Solving task does require such a
sequence. Difficulties in dealing with novelty and planning problems are also one of the main
signs of dysexecutive syndrome. Therefore, in line with the executive planning hypothesis a
strong association could be predicted between performance in the Sequential Mechanical
Problem-Solving task and in Tower Of London. Our results nevertheless did not corroborate

this prediction since no association was found between these two tests. Previous studies had
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already shown that performance in the Novel Tool Test (Goldenberg and Hagmann, 1998;
Goldenberg and Spatt, 2009; Hartmann et al., 2005) can be impaired independently of frontal
lobe lesions or dysexective syndrome. Nevertheless, the originality of the present study is to
demonstrate that when patients are faced to a sequence of mechanical actions, the role played
by executive planning is still minimal.

In sum, executive planning is involved in situations requiring the creation of a mental
plan such as in the Tower Of London, but not in situations requiring a sequence of mechanical
principles to be achieved. The absence of correlation between Sequential Mechanical
Problem-Solving and Tower Of London again supports the technical reasoning hypothesis and
strengthens the conclusions of Goldenberg and Hagmann (1998) that the ability to solve
mechanical problems is an ability to perform a non-routine task, which nevertheless does not
depend on executive functions (see also Goldenberg et al., 2007). Morover, in our study, one
patient with frontal lesion (LBD 10) exhibited a deficit in Sequential Mechanical Problem-
Solving without deficit in Tower Of London. Anatomo-clinical explorations will be needed to
confirm this dissociation between executive planning and mechanical planning in frontal
lesions.

4.3. Action representation

As discussed above, the memory hypothesis assumes that knowledge of tool
manipulation (gestures engrams) and knowledge of tool functions (semantic memory) support
skilled tool use (Buxbaum, 2001; Buxbaum et al., 2003, 2007; Heilman et al., 1982; Rothi et
al., 1991; Sirigu et al., 1995). Central to the memory hypothesis is the idea that people acquire
knowledge about manipulation and functions of tools with which they had prior experience,
so that gesture engrams and semantic memory should be particularly useful when people have
to use familiar tools, but not when they have to use novel tools to solve mechanical problems.

Our results indicate that both Tool-Object Pairs and Sequential Mechanical Problem-Solving
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are correlated with Functional and Categorical Associations but not with Recognition of tool
utilization gestures. First, these results support dissociation between knowledge of object
function and knowledge of object manipulation (Buxbaum et al. 2002). Second, dissociations
between tool use impairments (familiar and novel, Choice and No-Choice conditions) and
knowledge about tool manipulation provide a new argument against gestures engrams.

4.4. Interactions between technical reasoning and functional knowledge

The technical reasoning hypothesis assumes that technical reasoning supports the use
of tool independently of executive planning and semantic memory abilities. Our results
partially confirm the technical reasoning hypothesis. Indeed, Functional and Categorical
Associations are surprisingly associated with Sequential and Mechanical Problem-Solving.
Regression analyses demonstrated that Sequential Mechanical Problem-Solving and
Functional and, to a lesser degree, Categorical Associations both contribute to performance on
Tool-Object Pairs. These findings are in line with previous studies (Goldenberg and
Hagmann, 1998; Randerath et al., 2011; Osiurak et al., 2011) demonstrating the involvement
of both, semantic memory and technical reasoning in actual use of familiar tools.

One possible explanation for the association between technical reasoning and memory
related processes (functional knowledge) in the use of familiar and novel tools is that humans
first try to operate with familiar solutions they have encountered from previous experience.
Functional and categorical knowledge could potentially be recruited in order to find solutions
based on similarity with previous experience. That might sometimes be useful especially for
single steps, when the end of the action is clear or very similar to previous experience.
However, technical reasoning is necessary when the solution is less predefined, for example
when participants also have to select one out of several presented tools to complete the action
or to determine what steps are needed to achieve the goal. In those cases, real time analysis of

mechanical relationships between possible technical means and possible technical ends is
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needed and potentially related to previous experience (memory related processes). In this
framework, semantic memory might, at least in part, guide the behavior of patients by
allowing them to select the usual tool corresponding to a given object. But, as our results
indicated, even if this interpretation still implies a minimal role of semantic memory, this kind
of knowledge would be far from necessary, since LBD patients also failed the No-Choice
condition in which a tool was directly presented with the corresponding object on which it
was to be used. Thus, the following hypothesis can be formulated: when technical reasoning
is strongly deficient, functional knowledge is not sufficient to support tool selection and tool
manipulation because the purpose of the action cannot be identified.

Goldenberg (2009) suggested that “imitation of gestures and use of tool and objects
depend on left parietal lobe integrity because of their demands on categorical apprehension of
spatial relationships between multiple objects”. It would be interesting to analyze the
relationships between imitation of postures and Sequential Mechanical Problem-Solving and
to re-examine the issue of the dorsal stream (see also Buxbaum, 2001) in light of the technical
reasoning hypothesis.

Finally, the correlation between Pantomime of Tool Use and Sequential Mechanical
Problem-Solving is equally noteworthy. Pantomime of tool use is a classical test in clinical
neuropsychology traditionally associated with semantic memory (Goldenberg and Hagmann,
1998). Goldenberg et al. (2003) demonstrated that it is not a specific task due to its correlation
with a variety of other verbal and non-verbal tasks dependent on left hemisphere function.
According to this, we suggest that technical reasoning can play a role in pantomime of tool
use even if tools are not physically present. Moreover, our results are in line with results of
Goldenberg and Hagmann (1998) showing a correlation between pantomime of tool use and

novel tool selection.
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S. Conclusion

In sum, all tasks involving tools are strongly associated in LBD patients. The ability to
solve sequential mechanical problems does not depend on executive planning. Also, familiar
and novel tool use are associated with knowledge about object function but not with
knowledge about tool manipulation. Our findings provide new evidence for the theory that
although human tool use may involve conceptual knowledge, it is likely to be supported
primarily by technical reasoning. It is noteworthy that somewhat similar proposals have
already been formulated in other fields of psychology. For instance, Penn et al. (2008)
suggested that unlike non-human primates, including those primates known to be tool users in
the wild, humans are able to reinterpret the physical world in terms of abstract principles and
that this ability could be the basis for human tool use. Studies in developmental psychology
also demonstrate that tool use and innovation are independent from acquired conceptual
knowledge and executive functioning (Beck et al. 2011; Defeyter et al., 2003). The present
results therefore encourage us to continue in this direction and to incorporate data from

comparative or developmental psychology in the study of technical reasoning.

Acknowledgments

We thank to our colleague Dr Sharman Levinson for improving English.

Page 25 of 42



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

More evidence for the technical reasoning hypothesis.

6. References

Beck SR, Apperly IA, Chappel J, Guthrie C, and Cutting N. Making tools isn’t child’s play.
Cognition, 119: 301-306, 2011.

Berg WK and Byrd DL. The Tower of London spatial problem-solving task: Enhancing
clinical and research implementation. Journal of Clinical and Experimental
Neuropsychology, 24: 586-604, 2002.

Bozeat S, Lambon Ralph MA, Patterson K, and Hodges JR. When objects lose their meaning:
What happens to their use? Cognitive, Affective, & Behavioural Neurosciences, 2: 236-
251, 2002.

Bugg JM, Zook NA, DeLosh EL, Davalos DB, and Davis HP. Age differences in fluid
intelligence: Contributions of general slowing and frontal decline. Brain and Cognition,
62: 9-16, 2006.

Buxbaum LJ. Ideomotor Apraxia: A call to action. Neurocase, 7: 445-448, 2001.

Buxbaum LJ, Schwartz MF, and Carew TG. The role of memory in object use. Cognitive
Neuropsychology, 14: 219-254, 1997.

Buxbaum LJ, Sirigu A, Schwartz MF, and Klatzky R. Cognitive representations of hand
posture in ideomotor apraxia. Neuropsychologia, 41: 1091-1113, 2003.

Buxbaum LJ, Kyle K, Grossman M, and Coslett HB. Left inferior parietal representations for
skilled hand-object interactions: Evidence from stroke and corticobasal degeneration.
Cortex, 43: 411-423, 2007.

Cubelli R, Marchetti C, Boscolo G, and Della Sala S. Cognition in action: Testing a model of
limb apraxia. Brain and Cognition, 44: 144-165, 2000.

De Renzi E. Apraxia. In Boller F and Grafman J (Eds.), Handbook of Neuropsychology.
Amsterdam: Elsevier Science, 1989: 245-263.

De Renzi E and Lucchelli F. Ideational apraxia. Brain, 111: 1173-1185, 1988.

Page 26 of 42



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

More evidence for the technical reasoning hypothesis.

De Renzi E, Pieczuro A, and Vignolo LA. Ideational apraxia: A quantitative study.
Neuropsychologia, 6: 41-52, 1968.

Defeyter MA and German TP. Acquiring and understanding of design: Evidence from
children’s insight Problem-Solving. Cognition, 89: 133-155, 2003.

Folstein MF, Folstein SE, and McHugh PR. Mini-mental state: A practical method for grading
the cognitive state of patients for the clinician. Journal of Psychiatric Research, 12:
189-198, 1975.

Gagnepain J. Du vouloir dire. Traité d épistémologie des sciences humaines I. Du signe, de
[’outil. Paris: Livre et communication, 1990

Giovannetti T, Bettcher BM, Brennan L, Libon DJ, Wambach D, and Seter, C. Target-related
distractors disrupt object selection in everyday action: Evidence from participants with
dementia. Journal of the International Neuropsychological Society, 16: 484-494, 2010.

Goldenberg G. Matching and imitation of hand and finger postures in patients with damage in
the left or right hemispheres. Neuropsychologia, 37: 559-566, 1999.

Goldenberg G. Apraxia and beyond: Life and work of Hugo Liepmann. Cortex, 39: 509-524,
2003.

Goldenberg G and Hagmann S. Tool use and mechanical Problem-Solving in apraxia.
Neuropsychologia, 36: 581-589, 1998.

Goldenberg G, Laimgruber K, and Hermsdorfer J. Imitation of gestures by disconnected
hemispheres. Neuropsychologia, 39: 1432-1443, 2001.

Goldenberg G, Hartmann K, and Schlott, I. Defective pantomime of object use in left brain
damage: apraxia or asymbolia ? Neuropsychologia, 41: 1565-1573, 2003.

Goldenberg G, Hartmann-Schmid K, Siirer F, Daumiiller M, and Hermsdorfer J. The impact
of dysexecutive syndrome on use of tools and technical devices. Cortex, 43: 424-435,

2007.

Page 27 of 42



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

More evidence for the technical reasoning hypothesis.

Goldenberg G and Spatt J. The neural basis of tool use. Brain, 132: 1645-1655, 2009.

Hanna-Pladdy, B, Heilman, KM, and Foundas, AL. Ecological implications of ideomotor
apraxia. Evidence from physical activities of daily living. Neurology, 60:487-490, 2003.

Hartmann K, Goldenberg G, Daumiiller M, and Hermsdorfer J. It takes the whole brain to
make a cup of coffee: The neuropsychology of naturalistic actions involving technical
devices. Neuropsychologia, 43: 625-637, 2005.

Heilman KM. Ideationnal apraxia: A re-definition. Brain, 96: 861-864, 1973.

Heilman KM, Rothi LJ, and Valenstein E. Two forms of ideomotor apraxia. Neurology, 32:
342-346, 1982.

Hodges JR, Bozeat S, Lambon Ralph MA, Patterson K, and Spatt J. The role of knowledge in
object use: Evidence from semantic dementia. Brain, 123: 1913-1925, 2000.

Humphreys GW. Objects, affordances, action. The Psychologist, 14: 408-412, 2001.

Le Gall D. Des apraxies aux atechnies: Propositions pour une ergologie clinique. Bruxelles:
De Boeck Université, 1998.

Liepmann H. Apraxie. Ergebnisse der gesamten Medizin, 1: 516-543, 1920.

Liepmann H. Drei aufsatze aus dem apraxiegebiet. Berlin: Karger, 1908.

Luria AR. Les fonctions corticales supérieures de |’homme. Paris: Presses Universitaires de
France, 1978.

Ochipa C, Rothi LJ, and Heilman KM. Conduction apraxia. Journal of Neurology,
Neurosurgery, and Psychiatry, 57: 1241-1244, 1994.

Osiurak F, Aubin G, Allain P, Jarry C, Richard I, and Le Gall D. Object usage and object
utilization: A single-case study. Neurocase, 14: 169-183, 2008.

Osiurak F, Jarry C, Allain P, Aubin G, Etcharry-Bouyx F, Richard I, Bernard I, and Le Gall
D. Unusual use of objects after unilateral brain damage: The technical reasoning model.

Cortex, 45:769-783, 2009.

Page 28 of 42



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

More evidence for the technical reasoning hypothesis.

Osiurak F, Jarry C, and Le Gall D. Grasping the affordances, understanding the reasoning:
Toward a dialectical theory of human tool use. Psychological Review, 117: 517-540,
2010.

Osiurak F, Jarry C, and Le Gall D. Re-examining the gesture engram hypothesis: New
perspectives on apraxia of tool use. Neuropsychologia, 49: 299-312, 2011.

Penn DC, Holyoak KJ, and Povinelli DJ. Darwin’s mistake: Explaining the discontinuity
between human and nonhuman minds. Behavioral and Brain Sciences, 31: 109-178,
2008.

Poeck K. Ideational apraxia. Journal of Neurology, 230: 1-5, 1983.

Randerath J, Goldenberg G, Spijkers W, Li, Y, and Hermsdorfer G. From pantomime to
actual use: How affordances can facilitate actual tool-use. Neuropsychologia, 49: 2410-
2416, 2011.

Rothi LJG, Ochipa C, and Heilman KM. A cognitive neuropsychological model of limb
praxis. Cognitive Neuropsychology, 8: 443-458, 1991.

Roy EA and Square PA. Common considerations in the study of limb, verbal and oral apraxia.
In Roy EA (Ed.), Neuropsychological studies of apraxia and related disorders.
Amsterdam: Elsevier, 1985: 111-156.

Rumiati RI, Zanini S, Vorano L, and Shallice T. A form of ideational apraxia as a delective
deficit of contention scheduling. Cognitive Neuropsychology, 18: 617-642, 2001.

Rushworth MF, Nixon PD, Wade DT, Renowden S, and Passingham RE. The left hemisphere
and the selection of learned actions. Neuropsychologia, 36: 11-24, 1998.

Schwartz MF, Buxbaum LJ, Montgomery MW, Fitzpatrick-Desalme EJ, Hart T, Ferraro M,
Lee SS, and Coslett HB. Naturalistic action production following right hemisphere

stroke. Neuropsychologia, 37: 51-66, 1999.

Page 29 of 42



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

More evidence for the technical reasoning hypothesis.
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More evidence for the technical reasoning hypothesis.

Footnote 1

Example for the box C: instead of making lever, some subjects in the Choice condition
unfolded the long metal rod (Figure 2) in order to bring the target to the entrance of the box.
This action was impossible in the No-Choice condition since only a rigid rod was given.
Regardless of whether subjects made lever or unfolded the long metal rod, two actions were
nevertheless necessary to extract the target (bringing the target to the entrance of the box and

bringing out the target from the entrance of the box).
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More evidence for the technical reasoning hypothesis.

Table 1 — Deficits’ predictions in LBD patients according to each hypothesis.

TOP TOP SMPS SMPS TOL Reco FCA
C NC C NC
Semantic memory hypothesis: ) ) (+) +) G) Q) )
Executive planning hypothesis: ) () ) ) ) () )
Technical reasoning hypothesis: ) ) () ©) (+) ) G)

Abbreviations: TOP C, Tool-Object Pairs “Choice condition”; TOP NC, Tool-Object Pairs “No-Choice condition”; SMPS C, Sequential
Mechanical Problem-Solving “Choice condition”; SMPS NC, Sequential Mechanical Problem-Solving “No-Choice condition”; TOL,
Tower Of London; Reco, Recognition of tool utilization gestures; FCA, Functional and Categorical Associations.

(+) : No deficit
() : Deficit
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More evidence for the technical reasoning hypothesis.

Table 2 — Demographical and clinical data.

LBD (n=16) Control (n=19)  LBD vs. control
Gender (no.): women/men 8/9 14/5 ns
Age (years) 70.2 (10.3) 69.4 (7.7) ns
Education (years) 10.9 (4.3) 8.9 (2.1) *
Type of CVA: ischemia / bleeding 14/2 -
Time since CVA (days) 16.06 (12.38) -
Hemiparesis (no.): none/paresis/plegia 8/5/3 -
Hemianopia (no.): present/absent 6/10 -

Between-group comparisons were performed with Student’s #-test, except for “gender” (y? analyses).

Values in brackets are standard deviations.

*p<.05
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More evidence for the technical reasoning hypothesis.

Table 3 — Tower Of London scoring system.

Success within 2 minutes Failure
ftems Minimum number of moves 3 Points 2 Points 1 Point 0 Point
1 2 2 3 and more
2 3 3 4 5 and more
3 4 4 5-6 7 and more
4 5 5 6-7-8 9 and more
5 6 6-7 8-9-10-11 12 and more
6 7 7-8 9-10-11-12-13 14 and more
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More evidence for the technical reasoning hypothesis.

Table 4 — Results of experimental tests in controls and LBD patients.

PTU STU TOP TOP SMPS SMPS TOL Reco FCA Lesions
C NC C NC

(20) (200 (200 (20 © ) (18)  (10) (20)
Controls
Mean 1732 1868 19.68 19.84 826 837 1558 9.05  19.05
Szifll:zfi 213 187 065 036 085 0.98 127 094  1.05
Range 1420 1320 1820 1920 79 69  13-18 610 1720
Median 17 19 20 20 9 9 15 9 19
;Zrcemﬂe 14 157 18 19 7 6 3.9 78 17
LBD 1 18 7% 18 18 3% 9 6* 9 18 T, P, BG
LBD 2 7% 10 8% 4% 1* 7 16 7% g+ F,T,P,BG
LBD 3 3% 14% 19 20 7 7 17 8 18 P
LBD 4 12% 16 20 19 4% 8 16 9 20 F,P
LBD 5 19 20 19 20 9 9 17 9 20 T,0
LBD 6 18 19 15 20 3% 6 12% 9 10+ F,T,P,BG
LBD 7 18 20 20 20 9 9 15 10 20 P
LBD 8 13* 17 20 20 9 9 15 9 20 P, BG
LBD 9 0* 3% 0* 2% 0* 1% 11* 9 3% BG
LBD 10 0* 16 6% 12% 2% 3% 16 10 17 F
LBD 11 0* 5% 6% 12% 1* 3% 12 6% 8* F,T,P,BG
LBD 12 2% 5% 6% 12% 1* 3% 13% 6% 8* T,P
LBD 13 5% 16 18 20 3% 5% 12 7 17 T,0
LBD 14 17 17 20 20 8 9 12% 10 17 F,P
LBD 15 5% 15 13%  18* 4% 4% 14 10 18 F,P
LBD 16 14 19 16%  18* 5% 5% 14 10 9% F,T,P
Mean 944 1431 14 1656 431 6.06  13.62 8.63  14.44
(Sii‘::zgi 715 536 661 501  3.16 269 282 136 551

Scores in brackets are maximum values.

* Scores below the 5™ percentile.

Abbreviations: F, frontal; P, parietal; T, temporal; O, occipital; BG, basal ganglia. PTU, Pantomime of Tool Use; STU, Single Tool Use; TOP C,
Tool-Object Pairs “Choice condition”; TOP NC, Tool-Object Pairs “No-Choice condition”; SPMS C, Sequential Mechanical Problem-Solving
“Choice condition”; SPMS NC, Sequential Mechanical Problem-Solving “No-Choice condition”; TOL, Tower Of London; Reco, Recognition of
tool utilization gestures; FCA, Functional and Categorical Associations.
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