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Abstract

Observing another person performing a complex action accelerates the observer’s acquisition of the same action and limits
the time-consuming process of learning by trial and error. Observational learning makes an interesting and potentially
important topic in the developmental domain, especially when disorders are considered. The implications of studies aimed
at clarifying whether and how this form of learning is spared by pathology are manifold. We focused on a specific
population with learning and intellectual disabilities, the individuals with Williams syndrome. The performance of twenty-
eight individuals with Williams syndrome was compared with that of mental age- and gender-matched thirty-two typically
developing children on tasks of learning of a visuo-motor sequence by observation or by trial and error. Regardless of the
learning modality, acquiring the correct sequence involved three main phases: a detection phase, in which participants
discovered the correct sequence and learned how to perform the task; an exercise phase, in which they reproduced the
sequence until performance was error-free; an automatization phase, in which by repeating the error-free sequence they
became accurate and speedy. Participants with Williams syndrome beneficiated of observational training (in which they
observed an actor detecting the visuo-motor sequence) in the detection phase, while they performed worse than typically
developing children in the exercise and automatization phases. Thus, by exploiting competencies learned by observation,
individuals with Williams syndrome detected the visuo-motor sequence, putting into action the appropriate procedural
strategies. Conversely, their impaired performances in the exercise phases appeared linked to impaired spatial working
memory, while their deficits in automatization phases to deficits in processes increasing efficiency and speed of the
response. Overall, observational experience was advantageous for acquiring competencies, since it primed subjects’ interest
in the actions to be performed and functioned as a catalyst for executed action.
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Introduction By using an mnovative task based on learning to detect a visuo-
motor sequence, we demonstrated that in the presence of dyslexia
the ability to learn by observation a previously observed visuo-
motor sequence was markedly impaired, while the ability to detect
a correct sequence by trial and error was preserved [16]. In the

present research we focused on a population with learning as well

limits the time-consuming process of learning by trial and error as intellectual disability (ID), the Williams syndrome (WS) whose
[3-5]. Indeed, observational learning does not just involve copying

an action and requires that the observer transforms the
observation into an action as similar as possible to the model in
terms of the goal to be reached and the motor strategies to be
applied [5-10].

Observational learning is already present at birth [5,11-13] and
it is crucial for developing complex abilities such as language,
social responsiveness, use of instruments to get things done [9,14].
Thus, in children, learning new competencies by observing adults
or peers is a central process in cognitive development [15].

In humans and other animals new competencies may be learned
through active experience and through observation of others’
experience [1,2]. Observing another person performing a complex
action accelerates the observer’s acquisition of the same action and

well-known neuropsychological profile with specific points of
strengths and weaknesses allowed singling out cognitive processes
working as learning went by. WS individuals show severely
impaired visuo-spatial processing, planning and implicit learning
[17-22], while they exhibit relatively preserved perception of the
visual characteristics of objects and face recognition [23]. WS
individuals have specific difficulty in maintaining visuo-spatial
information in working memory and in performing long-term
memory tasks [24,25], consistently with a deficit of dorsal stream.
Considering that the visuo-motor task to be learned by observation
required to translate visual information into action, specific
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function of dorsal stream network [26,27], WS individuals appear
to be the ideal participants to investigate the cognitive processes
involved in the observational learning. Performances of a group of
WS individuals were compared with those of a mental age- and
gender-matched group of typically developing (I'D) children on a
task requiring the learning of a visuo-motor sequence. The
participants learned the sequence either by performing the task
after observing an actor detect the sequence of correct items by
trial and error (observational training) or by actually performing
the task by trial and error (Fig. 1).

Materials and Methods

Participants

Twenty-eight WS participants and 32 TD children (used as
controls) matching the WS individuals for mental age (MA) have
been examined in the present study constituted by two experi-
mental conditions: Learning by Trial and Error followed by
Observational Learning (Condition 1); Observational Learning
followed by Learning by Trial and Error (Condition 2) (Table 1).
Only WS individuals with mental age (MA) of at least 5 years were
included in the present research because participants with inferior
MA did not succeed in completing the task. No significant
differences in chronological age (CA), MA and 1Q (P always >0.2)
among participants performing Conditions 1 and 2 were found

(Table 2).

Learning by Observation in Williams Syndrome

The clinical diagnosis of WS was confirmed by fluorescence in
situ hybridization (FISH) genetic investigation, which showed the
characteristic deletion on chromosome band 7ql11.23. WS
participants were part of a larger pool of individuals with learning
disabilities attending the Children’s Hospital Bambino Gesu of
Rome for clinical and rehabilitative follow-up. All of them lived at
home with their families. The parents of all individuals who
participated in the study provided written informed consent. This
study was approved by the Ethic Committee of the Children’s
Hospital Bambino Gesu of Rome and conducted according to the
Helsinki declaration.

WS individuals were tested in a quiet room at the Children’s
Hospital Bambino Gesu. TD children were individually tested in a
quiet room at their schools.

Intelligence Evaluation and Neuropsychological
Assessment

In the present study, the brief version of the Leiter International
Performance Scale-Revised [28] was employed (four out of 10
subtests: Figure Ground, Form Completion, Sequential Order and
Repeated Patterns). The brief IQ) and the corresponding mental
ages were computed. Visuo-motor integration [29], visuo-spatial
perception [30] and memory [31] were assessed (Table 3).

Experimental Procedure
Each participant was sat in front of a computer touch screen
(distance 60 cm). In both Conditions, the experimenter acting as
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Figure 1. Schematic diagrams of the two experimental conditions. Condition 1: Learning by Trial and Error followed by Observational
Learning: participants detected a sequence by trial and error (TE1), then they observed an actor detecting a sequence different from the one they had
previously detected (observational training) and, finally, they reproduced the observed sequence (OBS2). Condition 2: Observational Learning
followed by Learning by Trial and Error: participants were submitted to an observational training, then they reproduced the observed sequence
(OBS1) and, finally, detected by trial and error a different sequence they had never observed (TE2). The incorrect positions touched by the actor
during the observational training are evidenced in grey. S: starting point; F: final point.

doi:10.1371/journal.pone.0053782.g001
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conditions.

Learning by Observation in Williams Syndrome

Table 1. Description of WS groups (WS1 and WS2) and TD groups (TD1 and TD2) performing the two different experimental

Condition 1: Learning by Trial and Error followed by Observational Learning

CA MA 1Q
Group Number Gender Mean = SEM Mean = SEM Mean = SEM
WS1 14 9IM 19.83£1.42 6.52+0.16 54.87+1.69
D1 16 1M M 6.78+0.15 7.02+0.28 106.12+2.51
Condition 2: Learning by Observation followed by Learning by Trial and Error
Ws2 14 8M 17.64+1.37 6.600.19 53.68+1.36
TD2 16 8M 6.76+0.11 7.40*0.28 111.62*2.06

CA: Chronological Age.

MA: Mental Age.

1Q: Intelligence Quotient.
doi:10.1371/journal.pone.0053782.t001

the actor (I.I.) was sat near the participant. A 8x8 black matrix
appeared on the touch screen. The subject was asked to find a
hidden sequence of “correct” squares prepared in advance by the
experimenters. The sequence was composed of 10 adjacent spatial
positions in the matrix, which formed a “snake-like” pattern
(Fig.1). To explain the task to each participant the experimenter
used the same verbal instructions: “You have to find a route
formed by ten squares. When you touch a correct square it will be
turned grey and you will hear a sound; conversely, if you touch a
wrong square, it will be turned red. In this case, you have to find a
new grey square. You have to start the route each time you find a
new correct square. After finding the whole route, you have to re-
touch it three times without making lighted red squares”. The
participants started touching a grey square, which was the first
element of the sequence and was always lit up. In the search for
the second correct square, the participants had to touch one of the
four squares bordering the grey square by moving in the matrix
vertically or horizontally, but never diagonally. Each touched
square (correct or incorrect) was lit up for 500 ms and then lighted
off again; thus, no trace of the performed sequence remained on
the screen. In learning the sequence by trial and error, the
participants tried to find the correct sequence immediately after
the verbal instructions. Conversely, in the observational learning
task after the verbal instructions the participants observed the
experimenter while she detected a 10-item sequence by trial and
error (observational training). The experimenter performed the
task by always making the same errors in the same positions, so

that all participants observed the same pattern of correct and
incorrect touches. Two minutes after the end of the observational
training the participants were required to actually reproduce the
observed correct sequence.

The tasks involved three phases: the Detection Phase (DP) that
ended once the participants found the tenth correct position; the
Exercise Phase (EP) in which they had to repeat the 10-item
sequence until their performance was error-free; the Automatiza-
tion Phase (AP) that ended when the correct sequence was
repeated three consecutive times without errors.

Parameters

Error parameters: DP errors, calculated as the number of
incorrect items touched in detecting the ten correct positions; £P
repetitions, calculated as the number of replications needed to reach
the error-free performance. Time parameters: AP times (in msec),
calculated as the time spent carrying out each of the three
repetitions of the sequence.

Analysis of Error

To assess the kind of error further parameters were taken into
account considering the two phases DP and EP together: the
number of sequence errors, as touching a ‘“‘correct” square in
“wrong” moment (e.g. touching E7 before than F7); side-by-side
errors, as touching the squares bordering the “correct” sequence
(e.g. EB8); llogical errors, as touching any other square (e.g. B));

Table 2. Comparisons of chronological age (CA), mental age (MA) and Intelligence Quotient (IQ) between WS groups (WS1 and
WS2) and TD groups (TD1 and TD2) that performed the two different experimental conditions.

CA MA Q
Group Mean = SEM F (freedom degrees) Mean = SEM F (freedom degrees) Mean = SEM F (freedom degrees)
WS1 19.83+1.42 (1,26) 6.52+0.16 (1,26) 54.87+1.69 (1,26)
0.61 0.04 0.15
P=043 P=0383 P=0.70
WS2 17.64*+1.37 6.60+0.19 53.68%1.36
TD1 6.78+0.15 (1,30) 7.02£0.28 (1,30) 106.12+2.51 (1,30)
0.005 0.45 1.43
P=0.94 P=0.50 P=023
TD2 6.76+0.11 7.40*0.28 111.62+2.06

doi:10.1371/journal.pone.0053782.t002
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perseverations, as consecutively touching the same item or a fixed
sequence of items. Furthermore, in the task of observational
learning we calculated the number of imutative errors, as touching the
same squares wrongly touched by the actor during the observa-
tional training (e.g. I'4) (Fig.1).

Condition 1: Learning by Trial and Error Followed by
Observational Learning

Fourteen WS and 16 TD individuals (Table 1) firstly detected a
sequence by Trial and Error (TEl) and, after ten minutes from
task end, they were submitted to the observational training. After
two minutes, participants were required to actually reproduce the
observed sequence (OBS2). There was no fixed time limit for
executing the task.

A pilot study was conducted to verify if the two sequences
arranged to be used as ““TE” and “OBS” sequences did not differ
as to degree of difficulty. Six TD children [3 M] of mental age
6.10%0.3 detected the two different sequences by trial and error;
presentation order was randomized among participants. Errors
made in detecting each sequence were calculated by one-way
ANOVA with repeated measures. The analysis failed to reveal any
significant difference between sequences (5 =0.63, P=0.46),
confirming sequences of the same difficulty.

Condition 2: Learning by Observation Followed by

Learning by Trial and Error

Fourteen WS and 16 TD individuals (Table 1) first observed the
experimenter detect a sequence (OBS1) and then actually
reproduce it. After ten minutes from task end, they detected a
different sequence by trial and error (TE2). Thus, the difference of
the two conditions was that participants reproduced a sequence
learned by observation affer (Condition 1) or before (Condition 2) the
detection of a different sequence by trial and error.

To evaluate mental representative mapping abilities, at the end
of the reproduction of the sequence participants were required to
draw the arrangement of the sequence on a 8 X8 matrix sketched
on a paper sheet. Thus, any participant drew the arrangement of
two sequences, one learned by observation and the other one by
trial and error. Mapping abilities were evaluated by tabulating the
variable “errors” into three categories: “no error”, “one error”
and “more than one error”.

PLOS ONE | www.plosone.org

Table 3. Statistical comparison of visuo-spatial performances of WS and TD participants.
ws D
Mean += SEM Mean + SEM Effect F(1, sg) value P
Visuo-motor integration 13.39%+0.50 15.25%+0.26 Group 11.37 0.0013
Visuo-spatial short-term memory (VSS) 2.79+0.20 3.53*0.14 Group 8.29 0.0055
Task 9.63 0.0029
Interaction 4.82 0.032
Newman-Keuls test
VSS: 0.00021
VOS: 0.36
Visuo-object short-term memory (VOS) 2.64+0.12 291+0.11
Visuo-perception test — Spatial (VPT-S) 15.18+1.07 18.03*+.77 Group 7.06 0.010
Task 65.75 <0.0001
Interaction 4.06 0.048
Newman-Keuls test
VPT-S: 0.00038
VPT-F: 0.31
Visuo-perception test — Form (VPT-F) 11.32+0.36 12.16+0.26
doi:10.1371/journal.pone.0053782.t003

Attentional Task

The sustained attentional abilities of all participants were tested.
Participants sat in front of a computer monitor and were required
to put their left index fingers on the A key of the keyboard and to
put their right index fingers on the L key. The visual stimulus was
a grey circle presented on monitor center for a duration varying
from 1400 (short) to 2600 (long) msec in steps of 200 msec in a
randomized order. Participants were submitted to a brief training
in which they were instructed to judge 20 stimuli as short or long
and to press the A or L keys, respectively. In the testing phase the
participants had to judge the duration of 70 stimuli (10 stimuli of
cach of the 7 durations) and to press the A or L keys as quickly as
possible after the stimulus appeared. The computer program
recorded reaction times (with 1-ms resolution) and accuracy of the
response. The responses were then analyzed by clustering them in
blocks of ten (regardless of stimulus duration) (i.e. 1-10, 11-20,
21-30....61-70).

Statistical Analyses

The data were first tested for normality (Shapiro-Wilk normality
test) and homoscedasticity (Levene test) and then compared by
using two-way, three-way or four-way analyses of variance
(ANOVAs). The two-way ANOVAs were performed by applying
the mixed model for independent variable (group) and repeated
measures (error, square or block). Three-way ANOVAs (group X
condition xtask) were performed on most parameters, while the
four-way ANOVA on the three AP times was performed by
applying the mixed model for independent variables (group,
condition and task) and repeated measures (time). These analyses
were followed by post-hoc multiple comparisons using Newman—
Keuls test. In evaluating mapping abilities the error categories
were analyzed by Chi-Square.

Because the 28 WS participants were differently aged (N =9 age
range: 8;9-14;1; N=10 age range: 14;9-19;9; N=9 age range:
22;9-35;3), we verified the sample homogeneity by comparing the
performances of three differently aged WS sub-groups on three
main parameters of the learning tasks they performed (DP errors;
EP repetitions and AP times) by using MANOVAs. These analyses
revealed no significant difference among WS sub-groups’ perfor-
mances. Namely, in the tasks of learning by trial and error (TE1-
TE2), the MANOVA revealed a not significant sub-group effect
(Fo,25=0.12, P=0.88) and a significant parameter effect

January 2013 | Volume 8 | Issue 1 | 53782



(Fo,50)=154.54, P<<0.0001). The interaction was not significant
(Fu50=0.13, P=0.96). In the tasks of observational learning
(OBS1-OBS2) the MANOVA also revealed a not significant sub-
group effect (Fo05=0.47, P=0.62) and a significant parameter
effect (Fio,50)=85.46, P<<0.0001). The interaction was not signif-
icant (Fi50=0.47, P=0.75). Thus, we pooled together the 28
differently aged WS individuals.

All statistical analyses were performed by using Statistica 8.0 for
Windows and the significance level was established at P<<0.05.

Results

Learning Tasks

WS participants performed a number of DP errors not
significantly different from TD children after the observational
trainings (OBS1-OBS2) and were significantly impaired in
detecting the sequence by trial and error in TE] compared with
any other intra- or inter-group condition (Fig. 2A), as revealed by
post-hoc comparisons (always P<<0.001) on the second-order
interaction (F(; 56=8.37, P=0.0054) of the three-way ANOVA
(group xcondition Xtask).

In EP, when individuals repeated the sequence until their
performance was error-free, WS participants needed a significant-
ly higher number of repetitions in comparison to TD children
regardless of condition (1 or 2) and trial (OBS or TE), as revealed
by the group effect (F; 56 =9.58, P=0.0030) of the three-way
ANOVA (Fig. 2B). The analysis of the three AP times revealed
that although all participants exhibited significantly reduced times
as the task went by (Fg119)=27.62, P<<0.00001), WS individuals
were significantly slower than TD children (F; 56 =10.37,
P=0.0021), revealing a difficulty in automatizing the sequence

(Fig. 2C).

Analysis of Error

In TEI, although WS and TD participants did not differ in
the number of illogical errors, WS individuals exhibited values
of sequence, side-by-side and perseverative errors higher than
TD children, as revealed by post-hoc comparisons made on the
interaction (Fi3g4)=3.14, P=0.029) of the two-way ANOVA
(group xkind of error) (Fig. 3). The highest number of sequence
errors of WS individuals was found in E7 and F7 squares when
a change of strategy was required (i.e. after an error re-starting
the sequence from the first item rather than continuing along
on the “snake”) (Fig. 1), as revealed by post-hoc comparisons
made on the interaction (Fgo59)=1.96, P=0.044) of the two-
way ANOVA (group xsquare) (Fig. 4). As for side-by-side errors,
the high number of errors of WS individuals was due to their
significantly more frequent touching of a wrong square when a
change of direction was required (squares: D7, F6, El) (Fig. 1),
as revealed by post-hoc comparisons made on the interaction
(Fo7,756y=2.42, P<0.0001) of the two-way ANOVA (groupx
square) (Fig. 4).

The analysis of error in the remaining tasks (OBS2, OBS1 and
TE2) revealed no significant difference between groups, even if
significant difference among kind of errors was found (always
P<0.00001) (Fig. 3).

Mapping Abilities

Mental representative mapping abilities of the participants were
evaluated by having them draw the arrangement of sequences they
had just performed. No significant difference among categories of

errors and between groups was found in any sequence (P at least
>0.4).

PLOS ONE | www.plosone.org
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Attentional Task

Two-way ANOVAs (groupxblock) on reaction times or
response accuracy of the WS and TD groups revealed no
attentional decay in both groups, as indicated by not significant
difference in the reaction times in the seven blocks (Fg 348 = 1.55,
P=0.15). A similar result was obtained when response accuracy
was analyzed (Fig348)=1.80, P=0.10). Notably, a significant
difference was found between WS and TD groups on reaction
times (F(; 5= 13.52, P=0.00051), given WS participants pressed
the keys at the appearance of the stimulus more quickly than TD
children (Fig. 5).

Discussion

Our study adopted a matched-group design to determine
whether the learning performance of WS individuals was above or
below that expected given their general level of intellectual
functioning indexed as MA. However, although this design is one
the most commonly employed measures of matching in ID
research, we are aware that it has limitations in respect to ID-
matched control group design that takes into account the cognitive
profile of the specific pathology. Nevertheless, even the ID-
matched control group cannot be taken as a guarantee of
normative group, due cognitive profiles among different etiological
groups with ID exhibit different peaks and troughs [32]. In an
attempt to overcome the difficulties in matching individuals of
different groups on any one particular measure it has been
proposed the use of regression techniques that take the factors
related to task performance into account [32]. However, this
measure requires specific statistical properties of the data (as
homogeneity of regression slopes or sample size), hardly available
in studies on population affected by rare genetic conditions as WS.

The present study documented as WS participants significantly
beneficiated of observational training as TD MA-matched
children. This was true specifically in the DPs of learning tasks,
while as for EPs and APs, in all tasks regardless of presentation
order (1 or 2) or learning modalities (OBS or TE), WS participants
performed significantly worse than TD children. The powerfully
positive effect of observational training was present not only in
reproducing the previously observed sequences (OBS1 and OBS2)
but also affected the subsequent detection of a sequence by trial
and error (TE2). However, the practice effect, inevitably present in
any second task, potentially could affect performances.

Since WS individuals exhibit difficulties in maintaining visuo-
spatial information in working memory and in performing spatial
long-term memory tasks (Table 3) [20,24,25], their heavily
impaired performances in all EPs appear linked to spatial working
memory deficits and difficulties in bringing together the short
sequences detected during DP, in maintaining them in working
memory to recall the whole sequence trace and in monitoring the
correct execution of the sequence. These findings indicate that the
observational training exerts beneficial effects mainly on the
acquisition of strategies to be applied.

In both Conditions, WS participants displayed AP times longer
than TD children, even if progressively diminishing as the task
went by. This finding was not a consequence of the fine motor
deficits usually reported in WS individuals. In fact, consistently
with Vicari et al. (2007) [22], the reaction times exhibited by WS
group in the Attentional Task were even shorter than those of TD
group. Thus, the longer WS times were related to deficits in
automatization processes increasing efficiency and speed of the
response to reach highest levels of performance [33]. Automatizing
skills is mainly linked to the functions of sub-cortical structures, as
the cerebellum and basal ganglia and to their bidirectional
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Figure 2. Performances exhibited by WS and TD participants in the two experimental conditions. DP: Detection Phase; EP: Exercise
Phase; AP: Automatization Phase. Data are expressed as mean = SEM. The asterisks indicate the significance level of post hoc comparisons between

groups (***P<<0.001).
doi:10.1371/journal.pone.0053782.g002

interconnections with cortical structures [34,35,36,37]. The cause
of automatization and procedural deficits of WS individuals could
be their remarkable hypoplasia of the basal ganglia [38] and the
disproportionate enlargement of the cerebellum [39,40,41,42,43].
Indeed, in WS individuals skill-learning abilities are impaired, as
revealed by their performance in Tower of London test [21],
Serial Reaction Time task [22] and Radial or Multiple Reward
Mazes [44,45,46].

PLOS ONE | www.plosone.org

By analyzing the kind of errors, some remarks can be made.
First of all, both groups made a very low number of illogical errors,
thus suggesting all participants similarly managed task fundamen-
tals (Fig. 3 and 4). As for imitative errors, no difference between
groups was found, thus suggesting participants did imitate but did
not hyperimitate [47]. Conversely, WS individuals made more
sequence and side-by-side errors than TD children in TEL,
particularly when a change of direction was required. Errors in

January 2013 | Volume 8 | Issue 1 | 53782
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ANALYSIS OF ERROR

TE1

60 ok

50

40

ok

ERRORS

o -

PERSEVERATIVE ILLOGICAL  SEQUENCE SIDE-BY-SIDE

60 0OBS1

50
40

30

ERRORS

20

fij__'jijij

IMITATIVE

PERSEVERATIVE ILLOGICAL SEQUENCE SIDE-BY-SIDE

PERSEVERATIVE ILLOGICAL

oBs2

WS
O o

e _ e n

SEQUENCE SIDE-BY-SIDE  IMITATIVE

TE2

il

PERSEVERATIVE ILLOGICAL SEQUENCE SIDE-BY-SIDE

ERRORS

Figure 3. Errors exhibited by WS and TD participants in the two experimental conditions. Data are expressed as mean *= SEM. The
asterisks indicate the significance level of post hoc comparisons between groups (*P<0.05; ** P<0.005; *** P<<0.001).

doi:10.1371/journal.pone.0053782.g003

stopping the more easy “keep-straight” response and performing
the more demanding “turn-left” response resulted by the WS
difficulty in suppressing a previously correct but then inappropri-
ate response. Correctly responding requires executive control
processes based on frontal lobe function, as response inhibition,
cognitive flexibility and attentional shifting [48,49,50,51]. WS
individuals are impaired in spatial planning, working memory,
cognitive flexibility and inhibiting well-learned responses become
inappropriate to the situation [52]. Indeed, the executive function
deficits that impaired WS performance dramatically reduced after
the observational training, once more indicating the teaching
power of the observation. WS participants made perseverative
errors that could result from difficulties in withholding the
inappropriate repetition of a response despite knowing that it
was not the correct one. This is an important component of top-
down executive control. Notably, perseverations may be symptom
not only of prefrontal dysfunction but also of cerebellar and basal
ganglia damage provoking “frontal-like” deficits
[34,53,54,55,56,57].

cognitive

PLOS ONE | www.plosone.org

The prevalently frontal processes require a modulation in
more posterior brain systems, via the attention networks. Basic
aspects of attentional processing are selective spatial attention
that allows maintaining the focus of processing between spatial
locations, and the attentional processing that allows a kind of
“selection for action” [58,59,60]. Namely, the action of
reaching the right square required attentional modulation to
plan, select and initiate the appropriate behavior, to direct it
toward the selected goal, and to inhibit actions inappropriate for
the current goal. Because many brain structures that are part of
the attention networks are included within the dorsal stream
network [27], it 1is not surprising that WS participants
performed more errors when behavioral inhibition and attentive
shifting were required but no help from observing the actor was
provided [61]. The “dorsal-stream vulnerability” in WS [62] is
manifested not only in the spatial and visual processing
occurring within the occipital and parietal areas but also in
the processing of spatial information by frontal control systems,
as reported in an fMRI study [63].
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Figure 4. Incorrect items touched on the screen by WS and TD participants in performing the tasks. On the right, the chromatic scale
indicates the sum of incorrectly touched items (brown and blue denote maximal and minimal values, respectively). S: starting point; F: final point.

doi:10.1371/journal.pone.0053782.g004

At the end of testing, mental representative mapping abilities
were evaluated by drawing the arrangement of squares just
discovered. WS and TD participants were similarly able to
represent the shape of the “snake”. This finding is consistent with
the observation that WS individuals exhibit no difficulty in
mentally visualizing objects without spatially manipulating them
[25,64] and supports the indication that the present learning
protocols encompassed requests of visual imagery.

If observative experience functions as a catalyst for executed
action, it can be advanced that observing a sequence prior to
experiencing it primes subjects’ interest in the actions to be
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Figure 5. Performances exhibited by WS and TD participants in
the Attentional Task. Data are expressed as mean = SEM.
doi:10.1371/journal.pone.0053782.9005
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performed to detect rules and sequence. In fact, the present
results indicate that the observation of action has a strong
impact on action memory. The influence of action perception
on action production requires cross-modal information be
coordinated. Action and perception share the distal reference
and are coded in a common representational medium [65], so
that perceiving an action activates the corresponding motor
representation within the observer automatically and without
conscious effort [66,67,68].

The close interplay between observation and execution of
actions found in the present study is supported by studies
providing evidence of a striking overlap in the brain systems
recruited for one’s own action, observation of others’ action and
imitation of action [69]. In particular, when imitation is aimed at
learning novel actions, the activation of the ‘“core circuit for
imitation” [70] involving the inferior frontal gyrus, the inferior
parietal lobule and the superior temporal sulcus seems to be
mtegrated with activation of the dorso-lateral and ventro-medial
prefrontal cortex, for selection of motor acts and error prediction
[71], of the premotor areas, for motor preparation [70,72,73] as
well as of cerebellar areas, whether or not it is accompanied by
actual motor acts [74,75,76].

The existence of direct feed-forward connections from
perceptual to motor processes allows observation sculpting
motor abilities by exploiting the functional overlapping between
perception and action systems. It has been suggested that
observation of actions engages motor-related processes similar to
those of actual execution, promoting the development of an
efference copy of the descending motor commands, which in
combination with a forward model provides a prediction of
sensory consequences [77,78,79,80]. Thus, action observation,
efficiently translated into the matching motor representation,
powerfully activates the feed-forward predictive processes, so
that learning does occur. Notably, even in WS individuals the
beneficial effect of observation was evident although linked only
to the DP. Action observation seems to result in an amelioration
of frontal functions, as motor strategy planning, decision-making
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processes or response inhibition needed to guide planned
sequential actions. Thus, observational training allows the
acquisition of the strategies to be applied to identify and learn
the visuo-spatial sequence. Notably, when the observation did
not play any role (as in the DP of TEl), frontal deficits
markedly affected WS performance. However, it has to be
underlined that as far as the observational training was
beneficial, in WS individuals it did not succeed in smoothing
out the deficits in processing visuo-spatial information mainly
linked to their repeatedly described dorsal stream vulnerability

[62].

References

1. Leggio MG, Molinari M, Neri P, Graziano A, Mandolesi L, et al. (2000)
Representation of actions in rats: the role of cerebellum in learning spatial
performances by observation. Proc Natl Acad Sci U S A 97: 2320-2325.

2. Petrosini L. (2007) “Do what I do”” and “do how I do”: different components of
imitative learning are mediated by different neural structures. Neuroscientist 13:
335-348.

3. Barr R, Dowden A, Hayne H (1996) Developmental changes in deferred
Imitation by 6- to 24-month-old infants. Infant Behav Dev 19: 159-170.

4. Bird G, Heyes C (2005) Effector-dependent learning by observation of a finger
movement sequence. J Exp Psychol Hum Percept Perform 31: 262-275.

5. Meltzoff AN, Kuhl PK, Movellan J, Sejnowski TJ (2009) Foundations for a new
science of learning. Science 325: 284-288.

6. Meltzoff AN, Andrew N (1995) Understanding the intentions of others: re-
enactment of intended acts by 18-month-old children. Dev Psychol 31: 838-850.

7. Gallese V, Goldman A (1998) Mirror neurons and the simulation theory of
mind-reading. Trends Cogn Sci 2: 493-501.

8. Rizzolatti G, Luppino G (2001) The cortical motor system. Neuron 31: 889-901.

9. Meltzoff AN, Decety J (2003) What imitation tells us about social cognition: a
rapprochement between developmental psychology and cognitive neuroscience.
Philosophical Philos Trans R Soc Lond B Biol Sci 358: 491-500.

10. Van Der Werf YD, Van Der Helm E, Schoonheim MM, Ridderikhoff' A, Van
Someren EJ (2009) Learning by observation requires an early sleep window.
Proc Natl Acad Sci U S A 106: 18926-18930.

11. Meltzoff AN, Moore MK (1997) Imitation of facial and manual gestures by
human neonates. Science 198: 75-78.

12. Nadel J, Butterworth G (1998) Imitation in infancy. Cambridge: Cambridge
University Press.

13. Nadel J (2002) The imitative mind. In Meltzoff A Prinz W editors. Cambridge:
Cambridge University Press. pp. 42-62.

14. Kokkinakki T, Kugiumutzakis G (2000) Basic aspects of vocal imitation in
infant-parent interaction during the first 6 months. J Reprod Infant Psychol 18:
173-187.

15. Fenstermacher SK, Saudino KJ (2007) Toddler sce, toddler do? Genetic and
environmental influences on laboratory-assessed elicited imitation. Behav Genet
37: 639-647.

16. Menghini D, Vicari S, Mandolesi L, Petrosini L (2011a) Is learning by
observation impaired in children with dyslexia? Neuropsychologia 49: 1996—
2003.

17. Klein B, Mervis C (1999) Cognitive strengths and weaknesses of 9- and 10-year-
olds with Williams syndrome or Down syndrome. Dev Neuropsycho 16: 177
196.

18. Bellugi U, Lichtenberger L, Jones W, Lai Z, St George MI (2000) The
neurocognitive profile of Williams Syndrome: a complex pattern of strengths and
weaknesses. ] Cogn Neurosci 12: 7-29.

19. Atkinson J, Anker S, Braddick O, Nokes L, Mason A, et al. (2001) Visual and
visuospatial development in young children with Williams syndrome. Dev Med
Child Neurol 43: 330-337.

20. Atkinson J, Braddick O, Anker S, Curran W, Andrew R, et al. (2003)
Neurobiological models of visuospatial cognition in children with Williams
syndrome: measures of dorsal-stream and frontal function. Dev Neuropsychol
23: 139-172.

21. Vicari S, Bellucci S, Carlesimo GA (2001) Procedural learning deficit in children
with Williams syndrome. Neuropsychologia 39: 665-677.

22. Vicari S, Verucci L, Carlesimo GA (2007) Implicit memory is independent from
IQ and age but not from etiology: evidence from Down and Williams
syndromes. J Intellect Disabil Res 51: 932-941.

23. Mervis CB, Robinson BF, Bertrand J, Morris CA, Klein-Tasman BP, et al.
(2000) The Williams syndrome cognitive profile. Brain Cogn 44: 604-628.

24. Vicari S, Bellucci S, Carlesimo GA (2005) Visual and spatial long-term memory:
differential pattern of impairments in Williams and Down syndromes. Dev Med
Child Neurol 47: 305-311.

25. Vicari S, Bellucci S, Carlesimo GA (2006) Evidence from two genetic syndromes
for the independence of spatial and visual working memory. Dev Med Child
Neurol 48: 126-131.

26. Rizzolatti G, Fogassi L, Gallese V (1997) Parietal cortex: from sight to action.
Curr Opin Neurobiol 7: 562-567.

PLOS ONE | www.plosone.org

Learning by Observation in Williams Syndrome

Acknowledgments

We would like to thank the individuals with Williams syndrome and their
parents for making this study possible. Moreover, we wish to thank Dr. P.
Pani for his kind and competent help in analyzing data.

Author Contributions

Conceived and designed the experiments: F. Foti DM LM F. Frederico SV
LP. Performed the experiments: F. Foti. Analyzed the data: F. Foti DM LP.
Contributed reagents/materials/analysis tools: DM LM SV LP. Wrote the
paper: F. Foti DM LP.

27. Rizzolatti G, Matelli M (2003) Two different streams form the dorsal visual
system: anatomy and functions. Exp Brain Res 153: 146-157.

28. Roid GH, Miller L] (2002) Leiter — R, Leiter International Performance Scale—
Revised. Giunti O.S. Organizzazioni Speciali, Firenze.

29. Beery KE (2000) VMI: Developmental test of visual-motor integration. Italian
Adaptation. Organizzazioni Speciali, Firenze.

30. Hammill D, Pearson N, Voress J (1994) TPV. Test di percezione visiva e
integrazione visuo-motoria. Erickson, Trento.

31. Vicari S (2007) In O. S. Giunti (Ed.), PROMEA: Prove di memoria e
apprendimento. Firenze: Organizzazioni Speciali.

32. Jarrold C, Brock J (2004) To match or not to match? Methodological issues in
autism-related research. J Autism Dev Disord. 34: 81-86.

33. Hubert V, Beaunieux H, Chételat G, Platel H, Landeau B, et al. (2007) The
dynamic network subserving the three phases of cognitive procedural learning.
Hum Brain Mapp 28: 1415-1429.

34. Seidler RD, Purushotham A, Kim SG, Ugurbil K, Willingham D, et al. (2005)
Neural correlates of encoding and expression in implicit sequence learning. Exp
Brain Res 165: 114-124.

35. Torriero S, Oliveri M, Koch G, Caltagirone C, Petrosini L (2007) The what and
how of observational learning. ] Cogn Neurosci 19: 1656-1663.

36. Torriero S, Oliveri M, Koch G, Lo Gerfo E, Salerno S, et al. (2011) Changes in
cerebello-motor connectivity during procedural learning by actual execution and
observation. ] Cogn Neurosci 23: 338-348.

37. Doeller CF, King JA, Burgess N (2008) Parallel striatal and hippocampal systems
for landmarks and boundaries in spatial memory. Proc Natl Acad Sci U S A 105:
5915-5920.

38. Jernigan TL, Bellugi U (1990) Anomalous brain morphology on magnetic
resonance images in Williams syndrome and Down syndrome. Arch Neurol 47:
529-533.

39. Reiss AL, Eliez S, Schmitt JE, Straus E, Lai Z, et al. (2000) IV. Neuroanatomy of
Williams syndrome: a high-resolution MRI study. J Cogn Neurosci 12: 65-73.

40. Jones W, Hesselink J, Courchesne E, Duncan T, Matsuda K, et al. (2002)
Cerebellar abnormalities in infants and toddlers with Williams syndrome. Dev
Med Child Neurol 44: 638-694.

41. Chiang MC, Reiss AL, Lee AD, Bellugi U, Galaburda AM, et al. (2007) 3D
pattern of brain abnormalities in Williams syndrome visualized using tensor-
based morphometry. Neuroimage 36: 1096-1109.

42. Menghini D, Di Paola M, Federico F, Vicari S, Petrosini L, et al. (2011b)
Relationship between brain abnormalities and cognitive profile in Williams
syndrome. Behav Genet 41: 394-402.

43. Schmitt JE, Eliez S, Warsofsky IS, Bellugi U, Reiss AL (2001) Corpus callosum
morphology of Williams syndrome: relation to genetics and behavior. Dev Med
Child Neurol 43: 155-159.

44. Mandolesi L, Addona F, Foti F, Menghini D, Petrosini L, et al. (2009) Spatial
competences in Williams syndrome: a radial arm maze study. Int J Dev Neurosci
27: 205-213.

45. TFoti F, Menghini D, Petrosini L, Valerio G, Crino A, et al. (2011) Spatial
competences in Prader-Willi syndrome: a radial arm maze study. Behav Genet
41: 445-456.

46. Foti F, Petrosini L, Cutuli D, Menghini D, Chiarotti F, et al. (2011) Explorative
function in Williams syndrome analyzed through a large-scale task with multiple
rewards. Res Dev Disabil 32: 972-985.

47. Tacoboni M, Woods RP, Brass M, Bekkering H, Mazziotta JC, et al. (1999)
Cortical mechanisms of human imitation. Science 286: 2526-2528.

48. Wager TD, Sylvester C-YC, Lacey SC, Nee DE, Franklin M, et al. (2005)
Common and unique components of response inhibition revealed by fMRI.
Neuroimage 27: 323-340.

49. Chambers CD, Bellgrove MA, Gould IC, English T, Garavan H, et al. (2007)
Dissociable mechanisms of cognitive control in prefrontal and premotor cortex.
J Neurophysiol 98: 3638-3647.

50. Swick D, Ashley V, Turken U (2011) Are the neural correlates of stopping and
not going identical? Quantitative meta-analysis of two response inhibition tasks.
Neuroimage 56: 1655-1665.

51. Avanzino L, Bassolino M, Pozzo T, Bove M (2011) Use-dependent hemispheric
balance. J Neurosci 31: 3423-3428.

January 2013 | Volume 8 | Issue 1 | 53782



56.

57.

58.

59.

60.

61.

62.

63.

64.

. Menghini D, Addona F, Costanzo F, Vicari S (2010) Executive functions in

individuals with Williams syndrome. J Intellect Disabil Res 54: 418-432.

. Grafman J, Litvan I, Massaquoi S, Stewart M, Sirigu A, et al. (1992) Cognitive

planning deficit in patients with cerebellar atrophy. Neurology 42: 1493-1496.

. Middleton FA, Strick PL (2000) Basal ganglia and cerebellar loops: motor and

cognitive circuits. Brain Res Brain Res Rev 31: 236-250.

Schmahmann JD (2004) Disorders of the cerebellum: ataxia, dysmetria of

thought, and the cerebellar cognitive affective syndrome. J Neuropsychiatry Clin
Neurosci 16: 367-378.

Clarke HF, Robbins TW, Roberts AC (2008) Lesions of the medial striatum in
monkeys produce perseverative impairments during reversal learning similar to
those produced by lesions of the orbitofrontal cortex. J Neurosci 28: 10972
10982.

Ersche KD, Roiser JP, Abbott S, Craig KJ, Miiller U, et al. (2011) Response
perseveration in stimulant dependence is associated with striatal dysfunction and
can be ameliorated by a D(2/3) receptor agonist. Biol Psychiatry 70: 754-762.
Berthoz A (1996) The role of inhibition in the hierarchical gating of executed
and imagined movements. Brain Res Cogn Brain Res 3: 101-113.

Brass M, Haggard P (2008) The what, when, whether model of intentional
action. Neuroscientist 14: 319-325.

Hoffstaedter F, Gretkes C, Zilles K, Eickhoff SB (2012) The “What” and
“When” of Self-Initiated Movements. Cereb Cortex In press.

Sparaci L, Stefanini S, Marotta L, Vicari S, Rizzolatti G (2012) Understanding
motor acts and motor intentions in Williams syndrome. Neuropsychologia 50:
1639-1649.

Atkinson J, Braddick O (2011) From genes to brain development to phenotypic
behavior: “dorsal-stream vulnerability” in relation to spatial cognition, attention,
and planning of actions in Williams syndrome (WS) and other developmental
disorders. Prog Brain Res 189: 261-283.

Mobbs D, Eckert MA, Mills D, Korenberg J, Bellugi U, et al. (2007)
Frontostriatal dysfunction during response inhibition in Williams syndrome.
Biol Psychiatry 62: 256-261.

Farran EK, Jarrold C, Gathercole SE (2001) Block design performance in the
Williams syndrome phenotype: a problem with mental imagery? J Child Psychol
Psychiatry 42: 719-728.

Schiitz-Bosbach S, Prinz W (2007) Perceptual resonance: action-induced
modulation of perception. Trends Cogn Sci 11: 349-355.

PLOS ONE | www.plosone.org

10

66.

67.

68.

69.

70.

71.

72.

73.

74.

79.

80.

Learning by Observation in Williams Syndrome

Buccino G, Binkofski F, Fink GR, Fadiga L, Fogassi L, et al. (2001) Action
observation activates premotor and parietal areas in a somatotopic manner: an
fMRI study. Eur J Neurosci 13: 400-404.

Metzinger T, Gallese V (2003) The emergence of a shared action ontology:
building blocks for a theory. Conscious Cogn 12: 549-571.

Wilson M, Knoblich G (2005) The case for motor involvement in perceiving
conspecifics. Psychol Bull 131: 460-473.

Rizzolatti G, Sinigaglia C (2010) The functional role of the parieto-frontal
mirror circuit: interpretations and misinterpretations. Nat Rev Neurosci 11:
264-274.

Tacoboni M (2005) Neural mechanisms of imitation. Curr Opin Neurobiol 15:
632-637.

Burke CJ, Tobler PN, Baddeley M, Schultz W (2010) Neural mechanisms of
observational learning. Proc Natl Acad Sci U S A 107: 14431-14436.

Buccino G, Vogt S, Ritzl A, Fink GR, Zilles K, et al. (2004) Neural circuits
underlying imitation learning of hand actions: an event-related fMRI study.
Neuron 42: 323-334.

Vogt S, Buccino G, Wohlschliger AM, Canessa N, Shah NJ, et al. (2007)
Prefrontal involvement in imitation learning of hand actions: effects of practice
and expertise. Neuroimage 37: 1371-1383.

Chaminade T, Meltzoff AN, Decety J (2002) Does the end justify the means? A
PET exploration of the mechanisms involved in human imitation. Neuroimage

15: 318-328.

. Calvo-Merino B, Grezes J, Glaser DE, Passingham RE, Haggard P (2006)

Seeing or doing? Influence of visual and motor familiarity in action observation.
Curr Biol 16: 1905-1910.

Sokolov AA, Gharabaghi A, Tatagiba MS, Pavlova M (2010) Cerebellar
engagement in an action observation network. Cereb Cortex 20: 486-491.

. Wolpert DM, Kawato M (1998) Multiple paired forward and inverse models for

motor control. Neural Netw 11: 1317-1329.

. Flanagan JR, Johansson RS (2003) Action plans used in action observation.

Nature 424: 769-771.

Shadmehr R, Smith MA, Krakauer JW (2010) Error correction, sensory
prediction, and adaptation in motor control. Annu Rev Neurosci 33: 89-108.
Hughes G, Waszak F (2011) ERP correlates of action effect prediction and visual
sensory attenuation in voluntary action. Neuroimage 56: 1632—1640.

January 2013 | Volume 8 | Issue 1 | 53782



