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ABSTRACT

We report the case of M.B. who demonstrated severe optic ataxia with the right hand following
stroke in the left hemisphere. The clinical picture may shed light on both the pathological
characteristics of reaching and grasping actions, and potential rehabilitation strategies for optic
ataxia. First, M.B. demonstrated a dissociation between severely impaired reaching and
relatively spared grasping and tool use skills and knowledge, which confirms that grasping may
be more intermingled with non-motoric cognitive mechanisms than reaching. Besides, M.B.’s
reaching performance was sensitive to movement repetition. We observed a substitution effect:
Reaching time decreased if M.B. repeatedly reached toward the same object but increased when
object identity changed. This may imply that not only object localization but also object
identity, is integrated into movement programming in reach-to-grasp tasks. Second, studying
M.B.’s spontaneous compensation strategies ascertained that the mere repetition of reaching
movements had a positive effect, to the point M.B. almost recovered to normal level after an
intensive one-day repetitive training session. This case study seems to provide one of the first
examples of optic ataxia rehabilitation. Reaching skills can be trained by repetitive training

even two years post-stroke and despite the presence of visuo-imitative apraxia.
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1. AIMS OF THE PRESENT STUDY

This study reports the case of M.B., a stroke patient who suffered from optic ataxia after
unilateral lesions of the left occipitoparietal regions. M.B. demonstrated severely impaired
reaching movements with his right hand but relatively spared grasping abilities and normal tool
use skills and knowledge. Besides, clinical investigation showed a substitution effect: Changing
the identity of the object had an adverse influence on reaching time whereas repeatedly reaching
toward the same object improved performance - with object location being fixed. In an attempt
to understand this phenomenon and infer potential rehabilitation methods we studied M.B.’s
spontaneous compensation strategies and found that performance benefited from mere
movement repetition. A few hours of repetitive reaching movements led to sustainable decrease
in reaching time. So, this case study provides insight into the pathological characteristics of optic

ataxia, and paves the way for future rehabilitations.

2. THEORETICAL BACKGROUND

Using a tool requires three steps: 1) reaching the tool (e.g., a hammer); 2) grasping the tool;
3) using the tool with an object (e.g., pounding a nail). Each of these steps may call for different

motor and/or cognitive mechanisms.

2.1. REACHING, GRASPING AND USING COMPONENTS OF ACTION
2.1.1. Reaching

Reaching movements correspond to the hand trajectory toward the tool to be grasped,
independently of how the tool is subsequently grasped. They are proximal-to-distal, fast
movements with a straight line and a bell shape speed profile (Karniel & Inbar, 1997). In normal
human activity, reaching movements rely mainly on visuo-motor connections (Jeannerod, 1986).
They are thought to depend on characteristics of the body (e.g., proprioceptive input; Ghez,

Gordon, & Ghilardi, 1995) rather than of the object (except for its position and orientation relative
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to the body) in that they connect the body and the object. While reaching movements are most
frequently programmed on a top-down basis (i.e., the intention), they are also driven by bottom-
up real-time corrections (Grea et al., 2002) seeing that rapid changes in target location modify
movement kinematics (Pisella et al., 2000). Therefore, reaching is automatically elicited but
voluntarily activated. Reaching movements under visual control rely on the activity of the

posterior parietal cortex (Rossetti, Pisella, & Vighetto, 2003).

2.1.2. Grasping

Grasping corresponds to the shaping of the hand while taking an object (e.g., a paper clip
calls for a precision grip whereas a pencil holder calls for a power grip; e.g.,, Bongers, Zaal, &
Jeannerod, 2012; Castiello, 2005; Jeannerod, 1986). Graspable tools (in comparison with non-
graspable tools) automatically attract visual attention (e.g., cup versus cactus; Garrido-Vasquez &
Schubd, 2014) and elicit activity in the left premotor and parietal cortex (Grafton, Fadiga, Arbib,
& Rizzolatti, 1997). That being said, the grasping component is in an intermediate position
between reaching and using in that it can be viewed as a high-level perceptual-motor skill
(Rosenbaum, Chapman, Weigelt, Weiss, & Van der Wel, 2012). Indeed, grasping may depend not
only on structural information (i.e., the shape or size of the object; Ellis & Tucker, 2000) but also
on functional information (i.e., knowledge about the function and the prototypical manipulation
of an object; Buxbaum, Kyle, Tang, & Detre, 2006; Jax, Buxbaum, & Moll, 2006) and
intentional/teleological information (i.e., the action to be done with the object; Osiurak et al,,
2008; Rosenbaum et al., 2012). Function-based grasping may depend on the left inferior parietal
lobe whereas structure-based grasping is associated with the left superior parietal lobe

(Buxbaum, Sirigu, Schwartz, & Klatzky, 2003).

2.1.3. Using

Using a tool with an object corresponds to the final step of tool use actions. While both the
reaching and grasping components of action have been observed with similar apparatus in

humans and animals (Rosenbaum et al., 2012), tool use is very specific in humans (see Osiurak,
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Jarry, & Le Gall, 2010). There is still debate as to the underlying cognitive mechanisms (Buxbaum,
Shapiro, & Coslett, 2015; Osiurak & Le Gall, 2014) but it has been suggested that using a tool with
an object may depend on planning skills (Hartmann, Goldenberg, Daumiiller, & Hermsdorfer,
2005), semantic knowledge about tool function and context of use (Osiurak, 2014; Rothi, Ochipa,
& Heilman, 1991; Roy & Square, 1985) and technical reasoning about physical properties of tools
and objects (Osiurak et al,, 2010, 2011; for a similar view, see Goldenberg & Hagmann, 1998). For
instance, if one intends to eat a slice of tomato, technical reasoning indicates him/her that a cutting
action and an abrasive tool are needed, semantic knowledge provides information as to where
these properties can be found in near spaces (e.g.,, a knife has these properties and can be found
in a kitchen; Osiurak & Badets, 2016) and planning is required to organize the whole action
sequence. Planning skills are frequently assessed with the Tower of London test (Shallice, 1982),
in which performance has been associated with bilateral activations in prefrontal cortex and
superior parietal cortex (Newman, Carpenter, Varma, & Just, 2003). Technical reasoning can be
assessed by novel tool use and has been suggested to depend on the left inferior parietal lobe
(Goldenberg, 2009; see also Reynaud, Lesourd, Navarro, & Osiurak, 2016). Semantic memory can
be assessed by picture matching tasks and relies on the activity of the ventral, temporal lobes (e.g.,

Mummery et al., 2000).

2.2. DIAGNOSIS AND DISSOCIATIONS IN OPTIC ATAXIA

Lesions in the posterior parietal cortex can result in optic ataxia, that is, inaccurate
movement trajectories when reaching for visual objects. It is a specific visuo-motor disorder
which can be observed despite normal visual and motor functions (Perenin & Vighetto, 1988).
Rossetti, Pisella and Vighetto (2003) reviewed exclusion criteria for the diagnosis of optic ataxia:
(1) the visual field should be spared in the area concerned by the visuomotor deficit; (2)
proprioception should be spared so that the deficit is elicited under visual control only; (3)
intrinsic motor or cerebellar deficits should be ruled out; (4) deficits in visual space perception

may be observed but they should not be sufficient to account for severe misreaching errors.
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The differential diagnosis between optic ataxia and apraxia (i.e., the inability to perform
voluntary gestures in the absence of sensory or motor deficits; Rothi et al., 1991) is sometimes
difficult. Optic ataxia can be unilateral - following left brain damage (Revol et al., 2003; Perenin &
Vighetto, 1988) - and affects the spatial accuracy of reaching and grasping movements performed
under visual control, following contralateral lesions in the superior parietal lobule and precuneus
(area 7). In contrast, apraxia is generally a bilateral symptom that impairs either tool use or
gestures performed without visual control (e.g., imitation of reflexive configurations), and results
from lesions in the left inferior parietal lobe and parieto-occipital junction (areas 39 and 40;

Goldenberg, 2009).

Several dissociating functions have been described in patients with optic ataxia. The latter
is frequently more severe in non-foveal vision (Buxbaum & Coslett, 1997; Garcin, Rondot, & De
Recondo, 1967; Perenin & Vighetto, 1988) but both hand and field effects have been documented
(Perenin & Vighetto, 1988; Revol et al., 2003). Also, optic ataxia has been interpreted as an
impairment of real-time automatic adjustments rather than a complete inability to program
reaching movements (Rossetti et al, 2003; Rossetti, Pisella, & McIntosh, 2017). Classically,
patients with optic ataxia also have grasping deficit in that they demonstrate poorly scaled grip
aperture, yet grasping can be selectively impaired (Jeannerod, Deceti, & Michel, 1994; Sirigu et al.,
1995), suggesting relative independence between the reaching and grasping components of
action. Another famous dissociation is the one between impaired immediate and better delayed
reaching, while healthy participants demonstrate the reverse pattern, especially in peripheral
vision (e.g., Himmelbach & Karnath, 2005; Rossetti et al., 2005). On ground of this paradoxical
delay effect, Himmelbach et al. (2009) suggested that both immediate and delayed reaching

movements may rely on occipitoparietal brain regions.

2.3. REHABILITATION OF OPTIC ATAXIA

The literature is sparse on optic ataxia rehabilitation, probably because it is a rare - yet

probably overlooked - deficit (Jacob, Jacob, Albornoz, & Biswas, 2002). The objective of a therapy
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should be the generalization of what has been learned to a variety of contexts, and the
rehabilitation method should be to provide compensatory strategies allowing patients to correct

their errors (Perez, Tunkel, Lachmann and Nagler, 1996).

Previous single case studies suggested that starting 4-to-6 month therapies during the first
year post-stroke with either unspecified outpatient rehabilitation (Moscote-Salazar et al., 2016)
or learning of compensatory strategies, remediation exercises and activities of daily living
(Zgaljardic, Yancy, Levinson, Morales, & Masel, 2011) may be effective in the treatment of Balint’s
syndrome (i.e., simultagnosia, ocular apraxia, optic ataxia) - but with no specific effect on reaching
movements. However, it is usually accepted that spontaneous recovery mainly occurs during the
first year following the stroke, therefore it is difficult to disentangle the relative effects of either
spontaneous remission or rehabilitation. Rosselli, Ardila and Beltran (2001) started a 12-month
rehabilitation program - based on visual tracking, convergence and reading exercises, and
activities of daily living - more than a year after the brain embolism. This method led to significant
improvement in tasks involving visual scanning, with probably low influence of spontaneous
recovery, yet there was no available data regarding the specific effect of rehabilitation on reaching
skills. Actually, the specific rehabilitation of reaching movements has received greater attention
in patients with hemiparesis, in whom the study of spontaneous compensations has led to
effective therapies (e.g., restraining trunk movements if the patient relies on the latter to

compensate for upper limb deficits; Thielman, Kaminski, & Gentile, 2008).

As can be seen, much remains to be done in this field. To our knowledge, the effect of mere
movement repetition as well as the evolution of spontaneous compensation strategies have not
been studied yet in the field of optic ataxia. Nevertheless, the “movement history effect” has been
described in healthy adults whereby a prior grasping action reduces the planning time of a
subsequent grasping action performed with the same hand (e.g., Valyear & Frey, 2014). Since this
effect is present in healthy adults, it might prove beneficial for patients with optic ataxia. Here, we

present the case of a patient with optic ataxia, who spontaneously set up different compensation
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methods across time and benefited from a single training session consisting of repetitive reaching

movements.

3. CASE REPORT

Figure 1 displays a timeline of the case study. M.B. was a 75 year-old, right-handed
pensioner. His medical history included: Type 2 diabetes, high blood pressure, smoking,
dyslipidemia, chronic renal failure treated by hemodialysis, and sleep apnea syndrome treated by
positive pressure ventilation. In 2001, he sustained a first ischemic stroke which provoked lesions
in the left middle cerebral artery territory. At that time, he recovered with little disability (see
Figure 1). In 2014, M.B. suddenly became confused but he did not present any obvious language,
motor or sensory deficits according to his wife. After three days, he eventually visited the
emergency department. Brain imaging revealed large ischemic lesions in the left occipital,
temporal and parietal lobes (Brodmann areas 18, 19, 21, 22, 37, 39, 40) but also in the cerebellum,

the left caudate nucleus and the right thalamus (Figure 2).

At the 3-month follow-up, M.B. had various neuropsychological sequelae that were
consistent with the presence of left parietal lesions, including tool use disorders (Figure 1). He
spontaneously described a disabling reaching deficit with his right hand. For example, when he
tried to reach and grasp his phone, he had to concentrate a lot to initiate the movement, then his
hand wandered twenty centimeters above the phone and/or passed by it. Interestingly, he found
a way to compensate this symptom: If he first reached the target with his left hand, then he could
reach it with his right hand with considerably less hesitation. This strategy was very effective but
also time-consuming, leading him to underutilize his right hand. It was decided to re-assess this
phenomenon during long-term follow-up. M.B. returned home and received weekly speech
therapy. One year later, he did not complain about tool use disorders anymore but his reaching
deficit remained a disabling symptom so we started the following clinical investigation. M.B. gave

his informed consent to this study.
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4. CLINICAL INVESTIGATION

4.1. GENERAL TESTING STRATEGY

M.B.’s gestures were investigated in order to answer the following questions: (1) Did the
reaching deficit correspond to optic ataxia? (2) Which components of action were at stake among
reaching, grasping and using? (3) Did reaching time depend on the target object? (4) Which

compensation method was the most effective? (5) Did repetitive testing reduce optic ataxia?

4.2. DIAGNOSING OPTIC ATAXIA

Method. The aim of this testing session was to clarify the nature of M.B.’s reaching deficit.

To this end, M.B. was tested under three comparable conditions:

Test 1. Reaching (visual input). M.B. was asked to reach and touch (but not grasp) a wooden
cube (3*3*3 cm) with his hand under visual control. Before starting a trial, M.B. was asked to
replace his hand palm-down in a central starting position on the desk, about ten centimeters from

his trunk.

Test 2. Reaching (proprioceptive input). Proprioceptive pointing may be impaired too in
optic ataxia (Blangero et al., 2007). In order to disentangle the relative contributions of
proprioceptive and visual inputs, M.B. was asked to close his eyes, then to reach the thumb of one
of his hands with the other hand. Before starting a trial, the examiner placed M.B.’s target hand in

the left, central or right visual field so as to make Test 1 and Test 2 comparable.

Test 3. Pointing (visual input). The purpose of this test was to ascertain that the reaching

deficit was indeed a reaching deficit and could not be accounted for by intrinsic visual disorders
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(e.g., hemianopia). M.B. was given a laser pointer and asked to point at targets presented in the
left, central or right visual field. Targets were located in the reachable, peri-personal space so as
to allow comparison with previous tests. The starting position was M.B.’s trunk so as to ensure

that he stopped pointing at targets between items.

In each of these three tests, M.B. underwent the same 18 trials in the same order with either
his left or his right hand (Table 1). The target was located about thirty centimeters from the
starting point in either the left, central or right visual field with a 90-degree angle difference
between each position. When targets were in either the left or right visual field, M.B. was urged to
gaze ata central fixation cross drawn on the desk (which corresponded to the location of the target
cube when it was in the central visual field); if he did not, the item was considered invalid and
repeated. M.B. was instructed to either reach (Tests 1 and 2) or point (Test 3) the target at the
“go” signal, then to come back to the starting position as quickly as possible and so on until the
examiner interrupted the session. The session was filmed and coded afterwards. For each item,
the score was the number of back-and-forth movements between the starting position and the

target, in no more than 10 seconds from the “go” signal.

Results and conclusion. Results are displayed in Figure 3. M.B.’s reaching deficit was not
caused by somatosensory loss because he performed better in the “proprioceptive” condition than
in the “visual” condition. The left hand/right hand difference was overall more important in Test
1 than in other tests, suggesting that the Hand effect was relatively specific to visually-driven
reaching movements. Subsequently, the reaching deficit was probably not caused by intrinsic
motor deficits because in that case, the Hand effect should have been constant across conditions.
M.B. also demonstrated a field effect (i.e., severe misreaching in the right visual field) already
documented in patients with optic ataxia (e.g., G.H.; Himmelbach & Karnath, 2005). Although this
finding can be explained by right hemianopia in the case of M.B., errors were also frequent in the
central visual field. On this ground, it seemed reasonable to conclude that M.B.’s reaching deficit

with the right hand was the consequence of optic ataxia, at least in the left and central visual fields.
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This conclusion was also consistent with M.B.’s spontaneous complaints about his reaching skills

as the latter is not typical of mere hemianopia.

4.3. REACHING, GRASPING AND USING COMPONENTS OF ACTION

Method. This testing session was designed to assess each component of action separately:
Reaching, grasping and using. The latter component was divided into planning skills, semantic
memory and technical reasoning which are good predictors of tool use skills in daily life (see

Section 2.1).

Test 4. Reach-to-grasp (reaching). M.B. was asked to reach and grasp six different objects
presented in his central visual field with his right hand (Table 1). Objects were removed and
reinstalled between trials. The starting and ending positions were the same as in previous tests.
Reaching time was measured with a stopwatch as the time taken to reach and touch the object,

from a “go” signal to the hand/object contact.

Test 5. Reach-to-grasp (grasping). Tests 4 and 5 were actually one and the same testing
session but it was coded twice in different ways based on video recordings. For each item, grip
scale aperture was coded when the hand moved within ten centimeters of the object. The grasping
component was considered normal and one point was given if grip aperture (i.e., the space
between the thumb and the forefinger) fitted the size of the object: A precision grip (i.e., the object
is grasped between the thumb, the forefinger and the middle finger) was expected for small
objects (i.e., coin, paper clip) and medium objects (i.e., lighter, inhaler), whereas a power grip (i.e.,
the object is grasped with all the fingers) was expected for larger objects (i.e., pencil holder, large
wooden cube; Table 1). Excessive anticipation or grip aperture as well as late corrections were

worth 0 point. There were 18 items so the maximum score was 18.
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Test 6. Tower of London. This test assessed planning skills and consisted in a modified,
shorter version of the classical Tower of London test (Jarry et al., 2013). In each item, M.B. was
given 2 minutes to replicate a configuration of three colored beads arranged on three vertical
sticks (short, medium, long). He was instructed to move only one bead at a time on the sticks, and
to do as few moves as possible but he could use both hands. He had to solve six problems of
increasing difficulty (i.e, two to seven moves). Performance was rated on a 3-point scale

depending on the number of moves (maximum score = 18).

Test 7. Picture matching. The use of familiar tools calls for semantic knowledge about their
function and context of use (Osiurak, 2014; Roy & Square, 1985). This component was assessed
by asking M.B. to select among four pictures the one that matched the picture of a tool. Pictures
could be matched on either a functional criterion (e.g., target = match; choice = lighter, pen, coffee
maker, colander) or a contextual criterion (e.g., target = match; choice = anniversary, wedding,
Christmas day, baptism) depending on items. There were ten items in each condition (plus two
corrected, practice items). Each correct answer given within 20 seconds was worth 1 point

(maximum score = 20).

Test 8. Mechanical Problem Solving. The final step of tool use actions is the interaction
between the tool and the object, which may depend on technical reasoning about mechanical
properties of both (Osiurak et al., 2010). Technical reasoning can be assessed using mechanical
problem-solving tasks in which patients have to select and use tools for which there is no pre-
existing usage (e.g., choosing a tool to lever a cylinder; Goldenberg & Hagmann, 1998). Here, M.B.
was presented successively with three mechanical problem-solving tasks previously described by
Lesourd et al. (2015) and Baumard et al. (2016, 2017; Supplementary Figure 1). He was asked to
extract a red wooden cube out from a transparent box, using both hands and one or more tools to
be selected among eight rods offering different mechanical properties (e.g., long/short,
rigid/bendable). The time limit was set to 3 minutes per item and performance was scored on a

3-point scale: (3) The cube is extracted from the box; (2) The first step of the problem is
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completed; (1) The cube has been reached with a rod but the first step is not completed; (0) The

participant does not reach the cube. The maximum total score was 9 (i.e., 3 problems x 3 points).

Results and conclusion. Reaching movements were very slow and inaccurate whereas
grasping was relatively spared (Table 2). In parallel, planning skills, semantic knowledge and
technical reasoning were spared. This is consistent with clinical observation that in 2015, M.B. no
longer reported tool use disorders. With regard to the distinction between reaching, grasping and
using (Section 2.1), M.B.'s core symptom was the inability to initiate and guide fast reaching

movements under visual control.

4.4. RELATIONSHIP BETWEEN REACHING TIME AND OBJECT IDENTITY

Method. In order to determine whether characteristics of the object had an influence on

reaching skills, performance in Test 4 was recoded with different criteria.

Test 9. Reach-to-grasp. This testing session was the same as Test 4 and Test 5 but it was
coded - and named - differently. The sequence of items was important: In some cases, the same
object was presented twice in a row whereas in other cases, the object was replaced by a new one
of different shape or size. (Table 1). Objects were always presented in the central visual field. The

measure was the time taken to reach and touch the object.

Results and conclusion. As shown in Figure 4, M.B.'s reaching performance improved
when he was presented consecutively with the same object but decreased when he was presented
with a new one. This was the case even though object size and the expected grip remained

unchanged. So, it was concluded that reaching skills were influenced by mere object substitution.
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Please insert Figure 4 about here.

4.5. COMPARISON OF TWO COMPENSATION METHODS

Method. M.B. spontaneously set up compensation methods that evolved between the post-
acute phase and the long-term follow-up consultation. Three months after the stroke, his method
was to first reach objects with the left hand, then with the right hand. Clinically, this method
appeared to be efficient. One year later, he did not engage in such behavior anymore. Instead, he
grasped his right hand with his left hand so as to correct the movement trajectory of the right
hand. From there, he became able to reach objects with his right hand only, but only for a few
seconds, after which he had to start compensating again. Based on this clinical observation it was

decided to test the effectiveness of the two aforementioned compensation methods.

Test 10. Unimanual compensation. As in Test 1, M.B. was asked to reach and touch a wooden
cube which was placed either in the left, central or right visual field. There were six blocks of three
items (Table 1). In the first item, M.B. was asked to reach the target only with his right hand. In
the second item, he was asked to do the same but with his left hand. The third item was the same
as the first one. The position of the target remained identical across the three items. There was no
delay between the three items of a series but a pause of ten seconds between each series of items,
during which M.B. let his hand rest at the starting position. The measure was the number of back-

and-forth reaching movements in 10 seconds.

Test 11. Bimanual compensation. This test was very similar to Test 10 except that during
item 2, M.B. was asked to use his second compensation method, that is, reaching the target with
his right hand while holding the latter with his left hand so as to correct the movement trajectory

- of his right hand.

Results and conclusion. As shown in Figure 5, the bimanual compensation method was

more effective than the unimanual compensation method at the time of testing. For all that, none
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of the methods was more effective than the mere repetition of reaching movements (Test 1).
Likewise, repeating items in Test 4 was very helpful for M.B. (Figure 4). As a consequence, these
results are interpreted in terms of repetition effect rather than compensation effect. M.B.’s
reaching performance improved only if he successfully reached the target at least once with his

right hand before subsequent tries.

4.6. TRAINING EFFECT
Method. We met M.B. on June 13, 2014, then on December 17, 2015. He passed Tests 1 to

11 on January 8, 2016. On this occasion, after about one hour and a half of continuous testing,
M.B.’s reaching performance slightly improved. After the lunch break, he spontaneously reported
that using his right hand was easier, which became obvious after a few tries. Therefore, it was
decided to compare different testing sessions performed with the right hand in the central visual
field: (1) Test 1 (i.e., reaching a cube under visual control) had been conducted at 10 AM; (2) Test
4 (i.e., reaching different objects under visual control) had been administered at 11:30 AM; (3)
Test 4 was renewed at 6 PM, after various reaching tasks that were not described in this study;
(4) Four new objects (i.e., stopwatch, pencil, glass, jug) were presented once each at 6 PM so as to
determine whether improvement was object-dependent; (5) Test 4 was proposed again on June
3,2016 to verify whether improvement was sustainable. At that time reaching was tested with his
left hand too as a point of comparison; (6) On this occasion, we also repeated imitation of
meaningless gestures in order to compare the effects of training on optic ataxia and apraxia and,

on that basis, determine how specific was the improvement of reaching skills.

Test 12. Imitation of meaningless gestures. M.B. was asked to imitate ten reflexive hand

configurations with each hand, “like in a mirror”, without delay (Goldenberg, Miinsinger, &
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Karnath, 2009). Performance was scored on a 2-point scale: (2) correct imitation within the time
limit (i.e., 10 seconds); (1) approximate imitation in less than 5 seconds or correct imitation in
more than 5 seconds; (0) incorrect imitation. Scoring considered only the final position of the hand

relative to the body. The maximum score was 20.

Results and conclusion. Figure 6 shows a training effect for optic ataxia since the reaching
performance improved across testing sessions, especially in the afternoon. Tests 1 to 9 were
performed in the morning and hence this training effect was presumably low at that time. Besides,
this effect was neither object-dependent - since generalization was observed with new objects -
nor context-dependent - since the third training session (i.e., at 6 PM) took place in M.B.’s room
rather than in the office. Likewise, the spatial location of the target relative to the body did not
modify the reaching behavior: As long as M.B. was allowed to gaze at objects, he was able to grasp
tools on both the left and the right sides. Actually, while leaving the unit M.B. demonstrated to
caregivers how easy it was for him to grasp any object he found. This improvement persisted five
months later although M.B. did not receive rehabilitation services during this period. On this
occasion the repetition of imitation tasks did not induce a similar improvement, suggesting that

repetitive training is efficient in the treatment of optic ataxia but not apraxia.

5. GENERAL DISCUSSION

5.1. MAIN RESULTS

Optic ataxia was diagnosed in M.B. because he demonstrated severe reaching errors under
visual control in both foveal and peripheral vision, which could not be accounted for by

hemianopia, proprioceptive loss or intrinsic motor deficit (see criteria in Rossetti et al., 2003;
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Rossetti & Pisella, 2018). Subsequent clinical studies demonstrated (1) a classical dissociation
between reaching and grasping; (2) changes in reaching time after mere object substitution; (3)
the efficacy of spontaneous compensation methods and mere movement repetition; (4) a clear-
cut improvement of reaching skills after an intensive one-day repetitive training session. Each of
these findings may shed light on both the pathological characteristics of reaching and grasping

actions, and potential rehabilitation strategies for optic ataxia.

5.2. PATHOLOGICAL CHARACTERISTICS OF OPTIC ATAXIA

5.2.1. Reaching versus grasping

Even though the coding system used to test the grasping component probably lacked
sensitivity (i.e., correct/incorrect grasping based on video recordings), the first finding here is the
dissociation between severely impaired reaching and relatively spared grasping - which
corresponded to M.B.'s complaints. Presumably, M.B.’s grasping was slightly impaired as a
secondary consequence of inaccurate reaching movements (Cavina-Pratesi, letswaart,
Humphreys, Lestou, & Milner, 2010). The reverse dissociation - i.e., impaired grasping but spared
reaching - has already been documented (e.g., Binkofski et al., 1998; Jeannerod et al., 1994; Sirigu
et al., 1995). This is consistent with neuroimaging data demonstrating that grasping may call for
a dorsolateral circuit (i.e., from the anterior intraparietal sulcus to the ventral premotor cortex)
whereas reaching may rely on a dorsomedial circuit (i.e., from the parieto-occipital transition zone
to the dorsal premotor cortex; Vingerhoets, 2014). With regard to this functional organization,
M.B.’s lesions in the occipito-parietal regions (Figure 2) may explain the relatively isolated

reaching deficit.

Beyond dissociations between brain regions, why was grasping better than reaching? One
way of answering this question is to look at the parameters that modulate reaching and grasping.
As regards reaching, demands in movement trajectory remain constant as long as the starting
position of the hand and the end position of the object are fixed. The subsequent goal of the action

once the object has been grasped, has only late influence on timing parameters (i.e., deceleration;
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Marteniuk, MacKenzie, Jeannerod, Athenes, & Dugas, 1987) and spatial parameters (i.e., end-
point; Ambron, Lingnau, Lunardelli, Pesavento and Rumiati, 2015). In contrast, grip selection and
scaling is much more dependent on the subsequent task (e.g., grabbing a spoon with full hands to
dig in dry land versus holding it with three fingers to eat soup). Neurons in area F5 - which are
thought to underlie grasping (Himmelbach & Karnath, 2005) - discharge in relation with goal-
directed actions (Rizzolatti, Fogassi, & Gallese, 2001). From this point of view, grasping may be
only the motor product of higher-level cognitive processes (Ambron et al., 2015; Jeannerod 1986;
Rosenbaum et al., 2012) and thus could be considered the “least motoric” of motor behaviors in
the sense that the way we grasp tools may emerge on ground of any mechanism providing
teleological information (see also Cisek, 2007). Besides object shape (Ellis & Tucker, 2000), task
goal (Osiurak et al., 2008; Randerath, Li, Goldenberg, & Hermsdorfer, 2009) and precision
demands (Rosenbaum et al.,, 2012), technical reasoning and semantic knowledge may also play a
role by informing individuals on potential mechanical actions (e.g., a stone shall be grasped with
a power grip in order to break a window but with a precision grip in order to write in the sand;
Osiurak, 2014) and canonical actions leading to functional grasps (e.g., even an oversized pencil
shall be grasped with the first three fingers because it corresponds to the way it is usually grasped,
for writing; Buxbaum et al., 2006; Jax & Buxbaum, 2013). Overall, the common point between
these sources of information is that they provide teleological information about which actions to
perform and how, which in return allows grip selection (Cisek, 2007). This “teleological” approach
completes the classical dichotomy (see Binkofski & Buxbaum, 2012) between structural grasps -
based on objects’ structure - and functional grasps - based on object semantics - by extending the
range of cognitive mechanisms potentially involved in affordance perception/selection and
grasping. In all likelihood, M.B. was able to access teleological information since he performed
mechanical problem solving and matching tasks in normal range. Subsequently, grasping was
relatively spared. Conversely, it can be assumed that M.B.s reaching deficit was not the
consequence of a teleological deficit (i.e., the inability to identify the end and means of actions).

Future works on optic ataxia may focus on the relationships between reaching, grasping and
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different sources of teleological information, especially since recent experimental studies of
healthy adults emphasized the influence of the abstract intention to use an object (i.e., distal,
contextual goals rather than proximal hand-object interactions) on the prior reach-to-grasp action

(Bub, Masson, & van Mook, 2018).

5.2.2. Interpreting the substitution effect

M.B.’s reaching performance improved after two presentations of the same object, but
decreased if the second object was different from the first one. So, it can be concluded that object
substitution had an impact on the reaching component of action (i.e., the substitution effect). A
similar object substitution effect has already been demonstrated on grasping in patient LG.
(Milner et al., 2001). Since object location was fixed, the question arises whether this effect was
provoked either by object substitution per se or by repetitive reaching toward the same

localization in peripersonal space.

Previous works documented the paradoxical delay effect (e.g, Himmelbach & Karnath,
2005): Introducing a delay between the presentation of the stimulus and the initiation of the
reaching movement increases the reaching time in healthy subjects but decreases it in patients
diagnosed with optic ataxia. In our design, items were necessarily separated by short 3-second
delays (i.e., the time for the examiner to remove the object and place the next one), a delay that is
sufficient to observe substantial improvement of reaching movements (Himmelbach & Karnath,
2005). On this ground, one could assume that the first presentation of the object called for
immediate reaching whereas the second presentation additionally elicited delayed reaching
based on short-term representation of the spatial location of the target. In a sense, M.B. used a

memory-based route to bypass his visuomotor deficit, as did I.G. for grasping (Milner etal., 2001).

However, this explanation is not sufficient in itself because it is based on the assumption
that object location, rather than object identity, is stored and reused in delayed reaching. Since
object location was fixed - in the central visual field - the paradoxical delay effect should have led

to progressive improvement across trials independently of object identity, yet this was not
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observed. Interestingly, Rossetti et al. (2003) suggested that optic ataxia is not due to a general
impairment of visuomotor transformations but distinguished between intentional movement
programming and real-time automatic adjustments (Pisella et al. 2000), with only the latter being
dependent on the superior parietal lobes. Patients with lesions in the parietal lobes and optic
ataxia are able to program movements and reach targets, but they need an unusual amount of time
to adapt to target displacement as if they were acting in the past (Milner et al. 2001). The reverse
pattern (i.e., involuntary object-hand magnetization without intentional programming) has
already been documented in patients with anarchic hand syndrome following lesions of the
corpus callosum and/or of the medial frontal cortex (Della Sala, Marchetti, & Spinnler, 1991;
Osiurak & Badets, 2016). Electrical stimulation of premotor areas also induces involuntary yet
complex motor behaviors (Desmurget et al, 2009; Luria, 1966). These data fit well with a
dissociation between automatic reaching supported by the parietal dorsomedial region
(Vingerhoets, 2014) and voluntary motor programming supported by premotor regions as well

as the inferior parietal region (e.g., Mattingley, Husain, Rorden, Kennard, & Driver, 1998).

In this framework, M.B.’s reaching deficit can be understood as a deficit in automatic
movement correction, contrasting with spared intentional programming. In support of this
hypothesis, M.B. obviously made conscious efforts to reach the targets, suggesting he could not
rely on automatic "object-hand magnetization" and hence had to constantly reset intentional
movement programming at each target change. In contrast, the reaching time decreased when the
identity of the target remained unchanged because it was not necessary to initiate new movement
programming. This interpretation may suggest that not only object localization but also object
identity, is integrated into movement programming in proximal-to-distal reach-to-grasp tasks.
The specific influence of object identity - already demonstrated on grip selection (Dixon, McAnsh,
& Read, 2012) - is plausible regarding fMRI findings that changes in either object identity or
orientation elicit more activation in the temporo-occipital and parieto-occipital cortex,
respectively (Valyear, Culham, Sharif, Westwood, & Goodale, 2006). It is also consistent with

previous works demonstrating better grasping skills with familiar than with neutral objects
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(Jeannerod et al., 1994) - even though it should be noted that what we call “object identity” here
does not necessarily refer to object familiarity or semantics but rather to the mere fact that the
object remains the same across items. To sum up, the substitution effect can be reasonably
interpreted as a consequence of two combined effects caused by occipito-parietal lesions, i.e., the

immediate/delayed dissociation and the voluntary/automatic dissociation.

Alternatively, the repetition/substitution effects observed in M.B. may be well explained by
- and actually correspond to - the movement history effect described by Valyear and Frey (2014).
The latter effect is characterized by a reduction of movement time across successive reach-to-
grasp actions performed with the same hand. A critical issue in this field is to determine whether
this improvement depends on characteristics of either the stimulus or the motor ouput. This issue
was addressed by Randerath, Valyear, Hood and Frey (2015) who observed an effect of both
dimensions and hence concluded that “instead of attributing it to single aspects, repetition priming-
effects are more likely predominantly induced by the facilitation of action selection through
reactivation of stimulus bound action units” (pp. 10). The observation of both a repetition effect
and a substitution effect in M.B.’s case fits well with this hypothesis: Presenting the same object
twice in a row (i.e., same stimulus) at the same location of peripersonal space (i.e., same reaching
movement) may have reinforced abnormally slow stimulus-action binding process whereas
presenting different objects broke this bond and forced M.B. to start programming movements de
novo. The movement history effect mostly studied in healthy adults seems to be relevant to
understanding some clinical manifestations of optic ataxia. Future works may try to disentangle
the impact of the abovementioned variables on reaching skills and movement training in patients

with optic ataxia.

5.3. POTENTIAL IMPLICATIONS FOR OPTIC ATAXIA REHABILITATION

5.3.1. Interpreting the compensation effect

From the post-acute phase of stroke to the last follow-up consultation, M.B. demonstrated

great adaptive resources. His first compensation method was to reach objects with his left hand,
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which improved subsequent reaching with the right hand. The paradoxical delay effect (see
Section 5.2.1) may account for this pattern yet another explanation is plausible. Previous studies
have found that unilateral brain activation tends to elicit activations in similar controlateral brain
regions (Belin, Faure, & Mayer, 2008). This may explain some cases of allochiria (i.e., erroneous
localization of sensitive stimuli in the controlateral, non stimulated side of the body; Lhermitte,
1939). So, perhaps visuo-motor connections in the right hemisphere elicited mirror activations in
the left hemisphere, hence facilitating partial spontaneous recovery. In broad terms, M.B. may
have intuitively set up his own brain stimulation therapy, which has already been found to be

effective in post-stroke motor recovery (Lindenberg, Renga, Zhu, Nair, & Schlaug, 2010).

Although this first method appeared to be effective at the three-month follow-up, it was no
longer the case at the one-year follow-up. At that time, M.B.’s second compensation method was
to hold and guide his right hand with his left hand, which again improved subsequent reaching
with the right hand. This evolution may reflect either brain reorganization during the recovery
process, M.B.’s trial-and-error strategy toward a more effective compensation method, or both. In
fact, the mere repetition of reaching movements pointed to the same results as this second
compensation method whereas the first method was no longer efficient (Figure 5). So, the key for
subsequent improvement was not delay in itself - as would predict the paradoxical delay effect
(section 5.2.2) - but rather the experience of successfully reaching the target. It amounts to
considering that in M.B.’s case, both trial-and-error learning (no compensation) and errorless
learning (driving his right hand with his left hand) of movement trajectory were efficient. Perhaps
M.B. unconsciously preferred the compensation strategy because it was a faster and less effortful

way to attain the same result.

If a first successful reaching movement provided additional information useful for
subsequent reaching movements, the question arises as to what information was gained across
trials. In partial contradiction with the previous paragraph, it is also possible that repetition and

compensation led to similar quantitative improvements (Figure 5) but on the basis of different
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qualitative information. With regard to compensation, a “somesthetic” hypothesis would be that
left and right hand contact (when holding the right hand with the left hand) provided enhanced
tactile and proprioceptive input, turning the expected visuo-motor reaching movement into a
“somesthetic-motor” movement. For instance, both the left and right elbow angles may have
helped M.B. recoding the position of his right hand relative to the object. In other words, the
reaching movement performed with the right hand under control of the left hemisphere may have
been programmed based on somesthetic information processed in the right hemisphere. With
regard to mere repetition, another “tactile” hypothesis would be that touching the object just once
provided enriched information about its structure that vision could not provide, thus enhancing
affordance perception and the subsequent programming of the reaching movement. If this is
correct, then touching the object should be more critical than reaching it. Even though the training
effect did not allow us to disentangle these hypotheses, we hope this will be of interest to set up

future research on optic ataxia assessment and rehabilitation.

5.3.2. Interpreting the training effect

M.B.’s reaching behavior greatly improved after a few hours of training. Before that, optic
ataxia had remained a disabling symptom for almost two years post-stroke — whereas tool use
disorders had spontaneously recovered in December 2015. Spontaneous recovery generally
occurs within three to six months after the injury (Kertesz, 1979) while rehabilitation may be
efficient even if started more than a year after the acute phase (Prigatano, 1999). Therefore, the
evolution from impaired to subnormal reaching performance - on a single day - is interpreted as
a consequence of training rather than spontaneous recovery. This finding suggests that significant
improvement of reaching skills can be obtained even after the typical period of spontaneous

remission.

This finding raises a crucial issue: Which underlying process has been trained? It is unlikely
that M.B. learned object locations - as would predict the paradoxical delay effect — because at the

end of the day he was able to reach any object toward any location in its peripersonal space and
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in different contexts (i.e., office, room). The delay effect might explain successive improvements
across items but not the generalization of this improvement to other objects and spatial locations.
With regard to the dichotomy between automatic reaching and intentional programming (section
5.2.1), another possibility would be that the repetition of reaching movements reinforced
movement programming, thus allowing M.B. to compensate for the loss of automatic reaching
mechanisms. Again, this is unlikely because reaching movements were very fast and totally
effortless at the end of the day. In the framework of the movement history effect (Randerath et al,,
2015) - according to which both the repetition of the stimulus and that of motor coordinates lead
to a decrease in movement time -the training effect may have been induced by the repetition of
motor outputs. Indeed, the facilitation of action selection by movement repetition has been
explained by the reactivation of stimulus-action units. However, M.B. became able to reach objects
for which he had received no training, meaning that he improved with untrained stimuli. This
amounts to considering that training was due to the repetition of motor outputs themselves (i.e.,
the coordinates of reaching movements in the peripersonal space), yet in that case one may
wonder why optic ataxia did not recover spontaneously for M.B. had to reach and grasp objects
every day. Therefore, the observed decrease in reaching time may rather suggest that automatic
visuo-motor conversion mechanisms recovered to subnormal levels. In line with the previously
mentioned automatic/intentional dichotomy (Pisella et al., 2000; Rossetti et al, 2003), it is
proposed that objects elicited automatic object-hand magnetization in a more effective way after
intensive training sessions. This contrast between controlled, effortful reaching before training
and effortless reaching after training suggests that under normal conditions, a balance between
intentional programming and automatic reaching allows individuals to reach tools without having

to focus on their movement, thereby freeing attentional resources for tool use.

In contrast with optic ataxia, repetitive training had only little impact on visuo-imitative
apraxia. Previous studies demonstrated that three training sessions per week with enriched
feedback (i.e., verbal facilitations, demonstration of the correct gesture, passive positioning of the

hand) did not allow significant improvement in imitation tasks (Smania, Girardi, Domenicali, Lora
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and Aglioti, 2000). This differential effect of training on optic ataxia and apraxia may reflect the
fact that optic ataxia is a deficit in automatic visuo-motor conversion mechanisms (Rossetti et al.,
2003) while imitation of meaningless gestures is thought to rely on "higher-level" cognitive
mechanisms (e.g., body knowledge, categorical apprehension of body parts; Goldenberg, 1995,
2009). Based on this distinction and M.B.’s results, it is proposed that rehabilitation of apraxia
might call for complex compensation strategies - requiring the identification of specific
underlying impairments (see Cantagallo, Maini, & Rumiati, 2012; Rossetti, Rode, & Goldenberg,
2005) - whereas reaching behaviors that we share with animals can be trained through repetitive

training in some instances.

6. CONCLUSION

To conclude, M.B.’s case provides insight into both the pathological characteristics of optic
ataxia, and potential rehabilitation methods. As regards the former, integrating literature on optic
ataxia (i.e., reaching, grasping) and apraxia (i.e., using) may enrich our understanding of motor-
like deficits (Ambron et al., 2015). In this regard, the substitution effect observed in M.B. suggests
that object identity is one of the multiple variables that affect the programming of reaching
movements: In some patients, repeatedly reaching toward the same object may improve the
reaching performance. Studying M.B.’s spontaneous compensation strategies allowed us to
ascertain that the mere repetition of reaching movements had a positive effect, to the point M.B.
almost recovered to normal level. M.B.’s case seems to provide one of the first examples of optic
ataxia rehabilitation, which is of particular interest in the light of famous patients extensively
explored and tested in the laboratory over decades: AT and IG (Pisella et al. 2000; Rossetti et al.
2005), DF (Rossetti et al,, 2017), U.S. and G.H. (Himmelbach & Karnath, 2005). These findings
imply that optic ataxia can be trained by repetitive training even two years post-stroke - and
despite the presence of visuo-imitative apraxia. They might also encourage therapists to propose

intensive training sessions -throughout an entire day when possible - instead of short treatment
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sessions several days apart. In terms of strategies, restoring automatic object-hand
automatization through repetitive training may be a relevant therapeutic goal in the treatment of

optic ataxia.

As a limit, the lack of substantial normative data in the present work makes it difficult to
ascertain the normality of some performances - hence within-patient comparisons are more
compelling. It can also be mentioned that M.B.’s reaching performance improved toward objects
presented in the central visual field, yet reaching in peripheral vision - a classical characteristic
of optic ataxia - may still be impaired. So, despite tangible benefits for M.B.’s daily life it cannot be
concluded that training cured optic ataxia in itself. Besides, it is unlikely that training leads to such
clear-cut improvement in all patients. The absence of severe aphasia or other higher-order
cognitive impairments (i.e., technical reasoning, semantic memory, planning) was probably a
facilitating factor. It should also be noticed that previous cases of optic ataxia were tested in the
first days post-stroke (e.g., patients U.S. and G.H.; Himmelbach & Karnath, 2005) whereas M.B. was
tested more than a year after his stroke. Aside from intrinsic individual differences in brain and
psychological organization, functional inhibition (i.e., diaschisis) in the acute phase, and functional
reorganization in long-term follow-up, are likely to result in different clinical presentations and

might explain the - atypical - training effect presented here.
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Figure 1
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and conclusions of the study
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907 Figure 2

908

909  Lesions of patient M.B. Note. The left hemisphere is on the right side. M.B.’s lesions were

910  manually colored in red on the most significant standard templates of the atlas, then lesion sites
911  were carried over to M.B.’s MRI images.
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Figure 3

Reaching (visual input) Reaching (proprioceptive input) Pointing (visual input)

@ M.B. - Right hand|

4 MB. - Left hand
H.C. - Right hand
H.C. - Left hand

MNumber of back-and-forth movements in ten seconds
Number of back-and-forth movements in ten seconds
MNumber of back-and-forth movements in ten seconds

Left Gentral Right Lart Cantral Right Laft Cantral
Visual field Visual field Visual field

Hand, field and task effects on M.B.'s reaching performance. Note. Values correspond to the
total number of back-and-forth movements, summed up across items. H.C.: Performance of one
70-year-old man. M.B. demonstrated a bimanual reaching deficit more marked in the right hand
(Test 1). The reaching performance improved under proprioceptive input (Test 2). The pointing
condition confirmed the presence of right hemianopia (Test 3) but the latter does not explain
slowness in the left and central visual fields. M.B.’s performance was poorer than H.C.s in Test 3

because he was not familiar with the use of a laser.
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Figure 4

ﬁ 7] © M.B. - Right hand, central visual field

H.C. - Right hand, central visual field
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Effect of object substitution on M.B.'s reaching performance. Note. “Object 1” and “Object 2”
refer to object changes. As shown in Table 1, there were 3 blocks (one for each object size) of 6
items each presented in the following order: Object 1, Object 1, Object 2, Object 2, Object 1, Object
1. For example: Coin, Coin, Paper clip, Paper clip, Coin, Coin. Values correspond to the mean

reaching time across the three blocks.
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Figure 5
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Comparison of two compensation methods. Note. Values correspond to the mean number
of backand-forth movements toward a wooden cube. Test 10 (Unimanual compensation method):
M.B. reached the object with his right hand (Item 1), then the next one with his left hand (Item 2)
and the next one with his right hand again (Item 3). Test 11 (Bimanual compensation method):
M.B. reached the object with his right hand (Item 1), then the next one with his right hand guided
by his left hand (Item 2) and the next one with his right hand again (Item 3). Test 1: M.B. reached
the object with his right hand in all of the three items. In details, scores of M.B. in items 1 and 3 of
each series were compared for each visual field. With the unimanual method, no improvement

was observed (+0, +0.5 and -0.5 mean back-and-forth movements in the left, central and right
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visual fields, respectively). In contrast, the bimanual method appeared quite effective (+1, +3.5
and +0). In all likelihood, hemianopia accounts for the lack of improvement in the right visual field.

Mere repetition (Test 1) was effective too (+2, +3 and +1).
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947
948 Effect of repetition on optic ataxia, in comparison with apraxia. Note. Upper panel: Optic

949  ataxia. All results concern only the right hand. “+”: mean reaching time with four alternative
950  objects (right hand). “A”: mean reaching time in Test 4, using the left hand. The horizontal dotted
951  line corresponds to the mean reaching time of one healthy 70-year-old man in Test 4. Lower panel:
952  Apraxia. The horizontal dotted line corresponds to the minimum score observed in a sample of

953 104 healthy controls recruited for another study (age range: 50-89 years old).

954
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955 TABLE 1. LIST OF ITEMS FOR THE ASSESSMENT OF OPTIC
956 ATAXIA
Tests . Tests 10 &
ltem 1,2 and 3 Tests 4, 5 and 9 (right hand, central VF) Test10 Test 11 11
b . .
fumber Hand Vllsual Object Expe.cted Size Flhanges Hand Hand Vl.sual
field grip in shape field
01 Right  Right Coin Precision Small Object 1 Right Right Right
02 Right  Right Coin Precision Small Object 1 Left Right + Left Right
03 Right Right Paperclip Precision Small Object 2 Right Right Right
04 Right Left Paper clip  Precision Small Object 2 Right Right Left
05 Right Left Coin Precision Small Object 1 Left Right + Left Left
06 Right Left Coin Precision Small Object 1 Right Right Left
07 Right Central Lighter Precision Medium  Object 1 Right Right Central
08 Right Central Lighter Precision Medium  Object 1 Left Right + Left Central
09 Right Central Inhaler Precision Medium  Object 2 Right Right Central
10 Left Left Inhaler Precision Medium  Object 2 Right Right Left
11 Left Left Lighter Precision Medium  Object 1 Left Right + Left Left
12 Left Left Lighter Precision Medium  Object 1 Right Right Left
13 Left Right Large cube Power Large Object 1 Right Right Right
14 Left Right  Large cube Power Large Object 1 Left Right + Left Right
15 Left Right  Pen holder Power Large Object 2 Right Right Right
16 Left Central Pen holder Power Large Object 2 Right Right Central
17 Left Central Large cube Power Large Object 1 Left Right + Left Central
18 Left Central Large cube Power Large Object 1 Right Right Central
957 Note. Only the tests assessing either reaching or grasping are displayed here. Tests 1, 2 and 3 served
958 to diagnose optic ataxia. Tests 4 and 5 demonstrated the dissociation between reaching and grasping. Tests
959 6, 7 and 8 assessed the using component of action (i.e, planning skills, semantic memory, technical
960 reasoning). Test 9 corresponded to the same testing session as Tests 4 and 5, and was used to demonstrate
961  the substitution effect. Tests 10 and 11 studied M.B.’s compensation strategies (i.e., the unimanual and the
962 bimanual methods, respectively). Test 12 assessed visuo-imitative apraxia. VF: Visual field.
963

964
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TABLE 2. RESULTS OF M.B. DEPENDING ON COMPONENTS OF

ACTION

Test 4. Reach to grasp (reaching,
right hand)

Test 5. Reach to grasp (grasping,
right hand)

Test 6. Tower of London

Test 7. Picture matching

Test 8. Mechanical problem
solving

M.B.’s performance

Mean time in

Control sample

seconds (SD) Score Mean (range)
7.3 (7.5) - 1.1 (1-2)
- 15/18 18/182
- 13/18 14.6/18 (9-18)°®
- 17/20 18.9/20 (14-20)°
- 8/9 83/9 (5-9)°

Notes. 2 M.B.’s performance was compared to that of one healthy 70-year old man. Reaching was very slow

whereas grasping was subnormal; ® M.B.’s performance was compared to that of 104 healthy controls

recruited for another study (age range: 50-89 years old). Single-case analysis (Crawford & Garthwaite,

2002) confirmed that M.B. scored in normal range in Test 6, Test 7 and Test 8 (all ps >.11).
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SUPPLEMENTARY FIGURE 1. MATERIALS FOR THE MECHANICAL PROBLEM SOLVING TASK

A B UCERIDEERERE (G H

The rods (a) were as follows: [A. wood, L25 cm, &7 mm], [B. aluminium, L7 cm, &7 mm], [C. aluminium, L25
cm, &7 mm], [D. wood, L7 cm, &7 mm], [E. copper electrical wire, L25cm, &2mm], [F. tin wire, L7 cm,
@2mm], [G. tin wire, L25 cm, @2 mm], [H. copper electrical wire, L7 cm, @2mm]. Preliminary testing indicated

that Box 1 (b) was easier than Box 2 (c) and that the latter was easier than Box 3 (d).

For each box, the position of the target was clearly shown to participants and they were invited to examine
carefully each side of the box. They were allowed to move and turn the boxes but not to tilt or lift them. As for
other tests, they could use one or both hands. The test included one practice item: the participant was presented
with a batten (23x3x3 cm) and a specific box (not to be used in experimental items) consisting of a transparent
tunnel open at both ends (20x7x7 cm) and containing a red wooden bead. The participant was asked to extract
the bead using the batten, which was possible by simply inserting the latter in the box and pushing the bead. In
this item only, the examiner was allowed to demonstrate the solution for the participant to identify targets and to
understand the purpose of the test.

Each box could be solved in two steps (a step was defined as a significant modification of the whole technical
device that pointed towards the solution). For experimental box 1 (b), the solution was to insert a long rod into
the “chimney” and to push the cube to bring it down (first stage). The second stage required pulling the cube out

of the box. For box 2 (c), participants had to remove the lid by hand, then to create a hook with a flexible rod and
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to lift the target so as to disunite it from the bottom of the box (first stage). The second step was reached when
the target was completely extracted from the box, which required the hook to be well shaped to avoid dropping
the target. For box 3 (d), it was necessary to insert a rigid rod into the round hole and to use it as a lever to lift the
mobile compartment contained inside the box. Then the bead rolled onto the entrance of the box (first step) and

participants could retrieve it with a rod (second step).

For each box, two rods were critical to solve the problem (i.e., Box 1: A, C; Box 2: E, G; Box 3: A, C) but some
other rods could be relevant depending on the status of the problem (i.e., Box 1: A, C, E, G; Box 2: only rods E
and H were relevant; Box 3: A, C, E, G). None of the small rods were useful per se, however every rod could be
actually relevant if combined with another rod.



