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ABSTRACT
The dual-route model proposes that imitation of meaningful gestures relies on a lexical
route whereas imitation of meaningless gestures relies on a sub-lexical route. The aim of
the present study was to investigate the development of imitation of intransitive
meaningful and meaningless gestures in children from 6 to 9 years old by exploring
hand and !nger errors. Despite lower performance, children showed similar patterns
than adults with better imitation of meaningful compared to meaningless gestures.
Concerning body part errors, children made more errors than adults. Moreover,
children produced more hand errors than adults for meaningful gestures whereas they
were no di"erence for meaningless gestures. These results suggest that the two
routes are present but are still maturing. Moreover, several speci!c and non-speci!c
factors may have impacted imitation skills. Further studies are needed to disentangle
the role of these factors in imitation of intransitive gestures during development from
childhood to adulthood.
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1. Introduction

Among all the actions performed by humans, the lit-
erature classically distinguishes between transitive/
object-related actions (e.g. hammering) and intran-
sitive actions, which do not involve objects but typi-
cally convey communicative content (e.g. waving
goodbye). Intransitive actions are separated into
meaningful (MF) and meaningless (ML) gestures
according to several reports of patients showing
selective impairments for imitating these gestures
(e.g. Bartolo et al., 2001; Goldenberg & Hagmann,
1997; Tessari et al., 2006). These neuropsychological
!ndings are classically interpreted in the light of the
dual-route model (Cubelli et al., 2000; Rothi et al.,
1991). According to this model, imitation of transi-
tive and intransitive gestures is subserved by both
a lexical route (or semantic route; Tessari &
Rumiati, 2004), through which gestures are pro-
cessed by access to their meaning in the semantic

memory and a sub-lexical route (or direct route;
Tessari & Rumiati, 2004) through which visual
stimuli are translated into corresponding motor
actions, that is, by-passing semantic memory. Imita-
tion of MF gestures relies on the lexical route, and
imitation of ML gestures relies on the sub-lexical
route.1 The dual-route model has been well docu-
mented in healthy adults (Rumiati et al., 2005,
2009, 2002; Tessari & Rumiati, 2004) and in brain-
damaged patients (Achilles et al., 2016; Mengotti
et al., 2013; Tessari et al., 2006, 2021). However,
few data are available on the development of
these two routes in healthy children.

Studies exploring the ability to imitate intransi-
tive gestures in children focused on neurodevelop-
mental disorders, such as autism spectrum
disorders, and considered the production of
healthy children as control performance (e.g. Mos-
tofsky et al., 2006; Vanvuchelen et al., 2007).
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However, studying the imitation of intransitive ges-
tures in healthy children can give valuable infor-
mation in the early development of lexical and
sub-lexical routes. In a previous work that explored
the development of imitation of MF and ML transi-
tive and intransitive gestures in pre-school children
(Sebastianutto et al., 2017), children from the age of
3 showed a similar pattern of performance as adults
with a better imitation of MF gestures compared to
ML gestures (see also Carmo & Rumiati, 2009 for
similar data in healthy adults). These results indicate
that the lexical route is at work early in development
(i.e. !rst years of life; Nielsen & Slaughter, 2007). As
an imitation of MF gestures relies on the semantic
system according to the dual-route model, the
lower performance in children compared to adults
may be mainly explained by a more restricted reper-
tory of known gestures in children. Concerning the
sub-lexical route, which translates visual input to
motor outputs, several studies have reported that
it may not be as direct as previously assumed (for
a discussion, see Goldenberg, 2013), and could
include intermediate cognitive steps, like visuo-
motor conversion mechanism (Cubelli et al., 2000),
body knowledge (Buxbaum et al., 2000; Golden-
berg, 1995, 1997; Schwoebel & Coslett, 2005),
motor imagery (Lesourd et al., 2017) or working
memory (Rumiati & Tessari, 2002; van Leeuwen
et al., 2009). Thus, if ML gestures in children are
worse imitated than in adults, it may be explained
by the fact that several cognitive mechanisms are
not mature. For instance, the body schema is not
innate but rather develops progressively until the
age of 8 and beliefs concerning another body
become mature later, from 8 to 10 years old
(Assaiante et al., 2014). Similarly, working memory
capacities continue to mature from school years to
late adolescence (Cowan, 2016; Ferguson et al.,
2021).

The fact that children and adults showed similar
patterns of performance in the imitation of intransi-
tive gestures does not mean that they made the
same kind of errors. When imitating intransitive ges-
tures, spatial errors are the most represented in
both adults (Carmo & Rumiati, 2009) and children
(Mostofsky et al., 2006), but the di"erence
between hand and !nger errors are rarely explored.
This is of particular importance as it is assumed that
imitation of hand and !nger postures is relying
upon distinct neurocognitive mechanisms. Several
neuropsychological studies in LBD patients with
left-brain damage reported a dissociation between

imitation of hand posture and !nger posture
(Achilles et al., 2016, 2019; Goldenberg, 1999,
2001). A de!cit of imitation of !nger postures has
also been associated with frontal lesions, whereas
a de!cit of imitation of hand posture was associated
with the parietal lesion (Goldenberg & Karnath,
2006; for a review, see Lesourd et al., 2018; but see
Achilles et al., 2017 for contradictory !ndings). In
LBD patients with an imitation de!cit, it has been
observed that imitation of ML !nger postures was
more impaired than MF !nger postures (Achilles
et al., 2016, 2019). More recently, these results
were con!rmed and extended in LBD patients,
where no di"erences were found between imitation
of MF hand and MF !nger postures, whereas more
errors were made during imitation of ML !nger pos-
tures compared to the imitation of ML hand pos-
tures (Tessari et al., 2021). The absence of
di"erence between MF hand and !nger postures
may be explained because MF gestures are pro-
cessed as a whole and are retrieved from semantic
long-term memory, independently of the body
part involved. In contrast, ML gestures are pro-
cessed through the direct route, and ML !nger
posture may be more di#cult to produce than ML
hand posture, the former being more cognitively
demanding than the latter.

The aim of the present work was to investigate
quantitatively and qualitatively the development
of imitation of intransitive gestures in the dual-
route model framework by exploring particularly
hand and !nger errors. A similar pattern of imitation
between young children (3–5 years old) and adults
has been observed, that is, better performance for
imitation of MF gestures than for ML gestures
(Sebastianutto et al., 2017), but this study did not
investigate hand and !nger errors.

In an imitation task of MF andML intransitive ges-
tures, we !rst expect to extend the results obtained
with pre-school children with children from 6 to 9
years old, that is better performance with MF than
ML gestures as in adults (i.e. higher accuracy and
faster initiation reaction times) (Carmo & Rumiati,
2009). Concerning hand and !nger errors, as an imi-
tation of ML gestures is taxing important cognitive
resources and is calling upon the direct route,
which includes several cognitive processes which
are not mature at 6–9 years old, we assume to
observe more errors of hand and !nger postures
in children compared to adults. We should also
observe a greater di"erence between hand and
!nger postures in children than in adults, with
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more !nger errors in children. However, in a context
of low cognitive resources, we may also observe an
important amount of hand errors in children during
the imitation of ML gestures. Imitation of MF ges-
tures relies upon the lexical route, and MF gestures
are retrieved from semantic long-term memory;
thus, we may observe relatively similar performance
between MF hand and MF !nger postures in both
children and adults. Moreover, examining the
association between chronological age and !nger
and hand errors in children may a"ord valuable
information on the development of lexical and
sub-lexical routes.

2. Method

2.1. Participants

Twenty-four children (Mage = 7.33; SDage = 1.13; 10
females; 22 right-handers) without neurodevelop-
mental disorder and 24 adults (Mage = 21.29; SDage

= 2.05; 18 females; 22 right-handers), all with
normal or corrected-to-normal vision, volunteered
to take part in the experiment. An a priori power
analysis with G*Power 3 (Faul et al., 2007) was
based on children’s studies and used for detecting
a di"erence between MF and ML intransitive imita-
tion.2 This analysis leads to estimate size of 23 par-
ticipants with a power of 95% and an alpha of
0.05. Thus, 24 subjects were included in both
groups, according to the needed of the counterba-
lancing procedure (see Section 2.3.).

All the participants, and parents for children,
gave their informed consent prior to the exper-
iment. Each participant was tested individually in a
quiet room (in a dedicated room at school for the
children and in the laboratory for the adults). This
study was conducted in accordance with the
ethical standards of the Declaration of Helsinki.

2.2. Stimuli

Two sets of meaningful and meaningless non-
re$exive intransitive actions were used. The mean-
ingful actions were communicative gestures (e.g.
“Come here!”), and the meaningless actions were
derived from the meaningful actions by modifying
the original relationship between the hand and
the arm or between the !nger con!gurations of

the hand (see Carmo & Rumiati, 2009 for a similar
procedure). Stimuli represented photographs of a
female actor in front of the camera, performed the
gestures that were all unimanual, non-re$exive,
did not cross the body midline and were performed
with the left hand of the model. Only non-re$exive
gestures were selected as several recent studies
pointed out an important di"erence in the proces-
sing of gestures produced on the body versus far
from the body (Bartolo et al., 2019; Ruotolo et al.,
2021). Thus, we selected for this study only non-
re$exive intransitive gestures that were always pre-
sented on the peri-personal space, near the head of
the model. If we had used videos instead of photo-
graphs, the pathway of the hand/arm of the model
from its start point to its !nal position would always
have been the same, as all the gestures are appear-
ing in the same space location.

An independent matched sample of 20 children
(Mage = 7.55; SDage = 1.28; range = 6–10 years old;
nine females; 17 right-handers) and 20 adults (Mage

= 22.90; SDage = 8.19; 15 females; 19 right-handers),
who participated in a previous experiment, were
instructed to recognise MF and ML gestures used in
the present experiment. A gesture that did not
reach 80% of correct recognition was excluded
from the experiment. Based on this criterion, 13 MF
and 13 ML gestures were selected (see Appendix).
Children (M = 89.62%, SD = 0.08) and adults (M =
90.58%, SD = 0.08) recognise equally all the selected
gestures (t(38) =!.38, p = 0.71).

2.3. Procedure

The two types of gesture (MF and ML) were pre-
sented in two separate blocks. In one block, all the
gestures were meaningful, and in the other block,
all the gestures were meaningless. The order of
the blocks was counterbalanced across participants.
Each gesture was presented only once (MF: N = 13
and ML: N = 13) in a randomised order. At the begin-
ning of the block, participants were asked to care-
fully look at each photography and to reproduce
each gesture with their right hand, as if they were
in front of a mirror (the model always used her left
hand on the pictures). Before each photography, a
!xation cross was presented during 1000 ms and
followed by a white screen lasting for 500 ms. At

2We choose to calculate an estimation of the sample size based on the results existing in children’s studies instead of adults’ studies, because the
di!erence between imitation of ML and MF gestures in adults is important and may lead to a reduced sample of participants. For instance, based
on the data reported by Carmo and Rumiati (2009), the estimated sample size is n = 3 adults with a power of 95% at an alpha of 0.05.
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the start of each trial, the participants were asked to
press the “space bar” of the keyboard with their
right hand and to release it for imitating the
gesture. Each gesture was presented on the screen
until the participants released the space bar thus
the gestures did not appear during the execution
of the gesture. By doing this, we wanted to record
the reaction times associated with the initiation of
each gesture production, and we made sure that
participants kept the same hand position at the
beginning of each trial. After the participants had
imitated a gesture, they had to press the “space
bar” and the next trial was triggered.

Each experimental session was video-recorded
and later scored by a judge depending on the
error classi!cation described hereafter. Each
gesture clearly recognisable or containing slight
errors (e.g. wrist angle slightly incorrect) was given
1 point; otherwise, 0 point. Scoring considered
only the !nal position of the hand or !ngers and
did not consider hesitation, searching movements
or self-corrections during the movement, nor did it
consider a minor variation of the angle of the
hand or of the !ngers. Global accuracy was then cal-
culated by summing “correct” gestures for each
condition (with a maximum score of 13 for MF and
ML) and was given in percentage for each partici-
pant. Additionally, we coded for each gesture two
potential body part errors, that is, hand and !nger
con!guration errors. A gesture containing a hand
posture $agrantly incorrect, unrecognisable or tran-
siently correct was given one error. A gesture con-
taining incorrect !nger con!guration (e.g. thumb
touching middle !nger instead of index) was given
one error. A gesture could contain both errors (i.e.
hand and !nger), but a gesture scored “correct”
could not contain any errors. Errors were summed
by condition (MF and ML gestures) for each
participant.

To assess the reliability of the rating system, 20
videos (10 children and 10 adults) were evaluated
by two independent raters (about 42% of the
whole videos). Cohen’s Kappa coe#cient was cal-
culated for global accuracy and for error type. Con-
cerning the global accuracy, the Kappa value
obtained corresponds to almost perfect strength
of agreement (! = .87, p < 0.001). Cohen’s Kappa
calculating for each body part errors also revealed
almost perfect strength of agreement (Hand error:
! = .81, p < 0.001; Finger error: ! = .82, p < 0.001).
The rest of the videos were assessed by a single
rater (ML).

Programming of the experiment and data record-
ing were performed using PsychoPy 1.8 (Peirce,
2007).

2.4. Statistical analysis

Separate repeated measures ANOVA were per-
formed on mean response times (RTs) and global
accuracy with Meaning (MF vs. ML) as within-
subject factor and Group (Children vs. Adults) as
between-subject factor. Moreover, a repeated
measures ANOVA was performed on error types
with Meaning (MF vs. ML) and Body part (Hand vs.
Finger) as within-subject factors and Group (Chil-
dren vs. Adults) as between-subject factors. Post-
hoc tests on the signi!cant interactions were per-
formed using paired t-tests (Holm’s correction for
multiple comparisons; Benjamini & Yekutieli, 2001).
To further explore the e"ect of development on imi-
tation skills, correlational analyzes (Pearson) were
calculated between chronological age (in months
global) and (1) accuracy and error types in the Chil-
dren group (age in month). RTs deviating from 3
standard deviations from the mean were excluded
from the analysis (less than 1% of the whole data).

Initial data processing and subsequent analyses
were performed with RStudio version 3.2.2 (R Devel-
opment Core Team, 2008). Values are given as
Mean ± Standard Error Means (SEMs). The signi!-
cance level was set at " < 0.05.

3. Results

3.1. Accuracy and initiation of gesture
imitation

Results for imitation accuracy and initiation RTs are
reported in Figure 1. Adults were faster to initiate
the imitation of intransitive gestures (Madults =
1705ms ± 92, Mchildren = 2204 ms ± 150, F(1,46) =
5.86, p = 0.019, #2p = .11) and were also more accu-
rate than children (Madults = 82.28% ± 1.61, Mchildren

= 66.71% ± 1.84, F(1,46) = 32.35, p < 0.001, #2p = .41).
Regardless of the group, MF gestures were initiated
faster than ML gestures (MMF = 1744ms ± 108, MML

= 2164 ms ± 141, F(1,46) = 10.80, p = 0.002, #2p
= .19), and their imitation was more accurate (MMF

= 79.58% ± 1.74, MML = 69.42% ± 2.11, F(1,46) =
42.29, p < 0.001, #2p = .48). There was no interaction
between Group and Meaning for initiation reaction
time and accuracy (F < 1 and F(1,46) = 1.20, p = 0.28,
respectively).
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3.2. Body part errors analysis

Results for body part error analysis are reported in
Figure 2. Adults made fewer errors than children
to imitate intransitive gestures (Madults = 1.24
errors ± .10, Mchildren = 2.23 ± .16, F(1,46) = 29.95, p
< 0.001, #2p = .39). Regardless of the group, less
errors were committed for MF gestures compared
to ML gestures (MMF = 1.39 ± .13, MML = 2.08 ± .14,
F(1,46) = 26.16, p < 0.001, #2p = .36). There was no
e"ect of the factor Body part, F(1,46) = 2.48, p =
0.12. There was an interaction between Group and
Body part, F(1,46) = 12.63, p < 0.001, #2p = .22, chil-
dren produced more hand errors than adults
(Madults = 1.06 ± .13, Mchildren = 2.69 ± .20, p < 0.001),
whereas there was no di"erence between children
and adults for !nger errors (Madults = 1.42 ± .15,
Mchildren = 1.77 ± .23, p = 0.33). We also found an
interaction between Body part and Meaning, F
(1,46) = 50.56, p < 0.001, #2p = .52, regardless of the
group, less !nger errors were made for MF gestures
compared to ML gestures (MMF = 0.77 ± .11, MML =
2.42 ± .18, p < 0.001), whereas there was no di"er-
ence for hand errors (MMF = 2.00 ± .20, MML = 1.75
± .21, p = 0.19). There was no interaction between
Group and Meaning, F(1,46) = 3.64, p = 0.063, #2p
= .07. Finally, the triple interaction between Group,
Meaning and Body part was signi!cant, F(1,46) =
5.14, p = 0.028, #2p = .10 (see Figure 2). Children
produced more hand errors than !nger errors for
MF gestures (Mhand = 2.83 ± .18, M!nger = 0.67 ± .17,
p < 0.001), whereas there was no di"erence for ML
gestures (Mhand = 2.54 ± .21, M!nger = 2.88 ± .19, p =
1.00). Adults produced more !nger errors than

hand errors for ML gestures (M!nger = 1.96 ± .19,
Mhand = 0.96 ± .21, p = 0.03) whereas there was no
di"erence for MF gestures (M!nger = 0.88 ± .17,
Mhand = 1.17 ± .18, p = 1.00). Children produced
more hand errors than Adults for MF (Mchildren =
2.83 ± .27, Madults = 1.17 ± .18, p < 0.001) and ML
gestures (Mchildren = 2.54 ± .29, Madults = 0.96 ± .21,
p < 0.001). There was also a trend to signi!cance
for the di"erence for !nger errors in ML (Mchildren

= 2.88 ± .28, Madults = 1.96 ± .19, p = 0.058) but not
in MF gestures (Mchildren = 0.67 ± .14, Madults = 0.88
± .17, p = 1.00).

We also represented in Table 1, the repartition of
errors produced by adults and children during imi-
tation according to the pattern of gestures (i.e.
hand vs. !nger gestures) (see also Supplementary
Material Figure 2). For the predominant hand
pattern gestures, Children and Adults produced
about three times more hand errors (58%) than
!nger errors (19%). Although Children made more
errors than adults, there was no di"erence
between the error distribution of the two groups
($2(1) < 1, p = 0.93). Concerning predominant !nger
pattern gestures, Adults made about twice as
many !nger errors (58%) as hand errors (27%),
whereas the proportion of errors was quite similar
in Children (hand errors: 34% and !nger errors:
27%; $2(1) = 12.23, p < 0.001).

3.3. Correlational analyses in children

Concerning RTs, there was no associations between
chronological age and MF gesture initiation (r = .28,

Figure 1. Initiation RTs (left panel) and accuracy (right panel) as a function of Group (Adults vs. Children) and Meaning (MF
vs. ML) for imitation of intransitive gestures. MF: Meaningful; ML: Meaningless.
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p = 0.19) and between age and ML gesture initiation
(r = .02, p = 0.93). Correlations between global accu-
racy and chronological age are presented in Figure
3. We found a signi!cant correlation between
chronological age and ML gesture (r = .57, p =
0.004) but not with MF gesture (r = .04, p = 0.85).
Concerning body part errors, there was no associ-
ation between chronological age and hand errors
(r =!.07, p = 0.75) or with !nger errors (r =!.35; p
= 0.09) for MF gestures. However, we found a signi!-
cant correlation only between chronological age
and hand errors (r =!.47, p = 0.02), but not
between chronological age and !nger errors (r =
!.21, p = 0.32) for ML gestures.

3.4. Additional analysis

To test for the e"ect of order presentation on the
meaning of gestures, we carried out an ANOVA on
imitation accuracy with Meaning (MF vs. ML) as
within factor and Order presentation (MF block
!rst vs. ML block !rst) as between factor. The
ANOVA revealed a main e"ect of Meaning, F(1,46)

= 41.32, p < 0.001, #2p = .47, indicating that MF ges-
tures (M = 79.58 ± 1.74) were better imitated than
ML gestures (M = 69.42 ± 2.11), but there was no
main e"ect of the factor Order presentation F
(1,46) = 2.32, p = 0.13, #2p = .05. n was also no inter-
action between Order presentation and Meaning,
F < 1.

4. Discussion

The aim of the present work was to investigate the
development of imitation of intransitive gestures by
testing theoretical predictions within the dual-route
model concerning hand and !nger errors. First, we
hypothesised that children should be slower and
less accurate than adults when imitating intransitive
gestures, despite a similar response pattern
between the two groups, that is, better perform-
ance for MF than for ML gestures. Second, in a
context of low cognitive resources (i.e. in children),
we predict more !nger errors compared to hand
errors in ML gestures in children compared to
adults, but we may also hypothesis the presence
of an important number of hand errors for ML
gestures.

In line with the !rst hypothesis, although chil-
dren performed globally worse and initiated their
gestures slower than adults when imitating intransi-
tive gestures, they showed a similar response
pattern compared to adults with better perform-
ance for MF compared to ML gestures (Sebastia-
nutto et al., 2017). Indeed, children imitated less

Figure 2. Errors (mean number) as a function of Group (Adults vs. Children), Meaning (MF vs. ML) and Body part (Hand vs.
Finger) for imitation of intransitive gestures. MF: Meaningful; ML: Meaningless. Error bars represent SEM.

Table 1. Table contingency of type of errors (hand vs.
"nger) produced during imitation according to the a
priori gesture con"guration and the group of participants.

Gesture con"guration

Predominant "nger pattern Predominant hand pattern

Hand errors Finger errors Hand errors Finger errors

Children 76 (34%) 60 (27%) 37 (48%) 13 (17%)
Adults 27 (12%) 58 (26%) 21 (27%) 6 (8%)
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accurate ML gestures than MF gestures and pro-
duced more errors (hand and !nger). We also
found that children initiated MF gestures faster
than ML gestures, which is coherent with the idea
that observation of known gestures may have acti-
vated a stored representation of these gestures in
semantic memory and may have facilitated their
initiation compared to unknown gestures (Press &
Heyes, 2008; Rumiati & Tessari, 2002). The fact that
children from 6 to 9 years old presented overall
worse performance, but a similar imitation pattern,
suggests that the two routes are present at this
time of development. However, speci!c factors (i.e.
body knowledge) or/and non-speci!c factors have
impacted imitation performance (e.g. frontal abil-
ities, visuo-spatial skills, working memory, etc.). To
go further, we investigated the association
between chronological age in children for both
MF and ML gesture accuracy. Results showed a sig-
ni!cant negative correlation between age and ML
gesture accuracy, but not with MF gesture accuracy.
Taken together, these results may indicate that
lexical and sub-lexical routes do not develop uni-
formly, with a faster development for the lexical
route compared to the sub-lexical route between
6 and 9 years.

The other objective of the present paper was to
explore body part errors in relation with lexical
and sub-lexical routes for both adults and children.
For imitating ML gestures, that are assumed to be
supported by the direct route (Cubelli et al., 2000;
Tessari et al., 2006, 2004), we found that adults pro-
duced slightly more !nger errors than hand errors,
whereas such di"erence does not exist for MF ges-
tures, which is in line with recent data (Tessari
et al., 2021). In the children group, there was more
errors than in adults, but the di"erence between
hand and !nger errors was not signi!cant. As ML
gestures are more complex to produce and there-
fore more resources demanding, it seems that
both components of gestures are impacted in chil-
dren, and not only !nger parts, as we observed in
adults. Processing !nger postures depends on
attentional resources (Goldenberg, 2001; Tanaka &
Inui, 2002), while processing of hand postures
rather calls on body schema (i.e. conceptual
mediation; Goldenberg, 1995, 1997). As body knowl-
edge is developing until about 10 years old, it could
explain why children from 6 to 9 years old met
di#culties to reproduce correctly hand postures.
More surprisingly, there was signi!cantly more
hand errors than !nger errors in children for MF

Figure 3. Correlational plots of chronological age (in months) for children with MF and ML imitation accuracy (Top), hand
and "nger errors for ML gestures (Bottom left) hand and "nger errors for ML gestures (Bottom right).
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gestures. This result seems counterintuitive, as MF
gestures are supposed to be processed as a whole
and retrieved from semantic long-term memory,
independently of the body part involved (Tessari
et al., 2021). We will now propose several hypoth-
eses to explain the higher number of hand errors
in children.

First, it has been found that hand posture was
more impaired than !nger posture in LBD apraxic
patients (Bekkering et al., 2005; Della Sala et al.,
2006; Goldenberg, 1999, 2001). Bekkering et al.
(2005) explained these results by assuming that imi-
tation should be viewed from a goal-directed rather
than a body-mapping perspective, and that highest
priority is given to more distal aspects of imitation
rather than the means used to achieve the goal
(GOADI theory; Wohlschläger et al., 2003). In this
theory, imitation involves a decomposition-recon-
struction process that leads to the representation
of observed actions as a set of goal-directed
motor patterns. The goals are hierarchically organ-
ised and include several components of actions
(movement path, agent performing the action and
other salient features of the actions). Each com-
ponent of actions is reproduced according to its
importance in the hierarchy and when processing
resources are taxed, errors are likely to be com-
mitted involving primarily a misproduction of the
less dominant goals. For instance, in a task where
children were asked to reproduce contralateral
movements (e.g. reaching left ear with right hand)
or ipsilateral movements (e.g. reaching left ear
with left hand; Bekkering et al., 2000), children pro-
duced ipsilateral movements in 40% of the contral-
ateral trials (i.e. contra-ipsi error). Most of the errors
consisted of touching the correct ear but with the
wrong hand, suggesting that the ear de!ned the
highest-level-goal. In our study, we could suppose
that the position of the hand represented a lower
goal than the con!guration of the !ngers when imi-
tating intransitive gestures, which explained why
children produced more hand errors than adults for
MF gestures. For more complex gestures (i.e. ML)
taxing important resources, the distal part of the
gesture, which nevertheless represents the highest-
level-goal, can also be impacted. This could explain
the similar number of errors obtained between
!nger and hand errors for ML gestures in children.

Second, the di"erence between hand and !nger
errors in children may be explained from an onto-
genetic neurocognitive perspective. In broad
terms, one may ask whether the brain regions
involved in the imitation of hand postures
matured later than brain regions engaged in the
processing of !nger posture imitation. In a longi-
tudinal study (from 5 to 20 years old) of cortical
brain development, Gogtay et al. (2004) reported
that higher-order associative areas mature only
after lower-order sensorimotor areas, thus motor
and sensory areas are the !rst to mature. The
lateral temporal lobes are the last to mature. Gold-
enberg and Karnath (2006) proposed that some
brain regions are dedicated to the imitation of
speci!c body parts, that is, the left inferior frontal
gyrus (opercular part) for the imitation of !nger pos-
tures and the left inferior parietal lobe and the left
temporo-parieto-occipital junction for the imitation
of hand postures. A recent review reported that
lesions in the left posterior temporal lobe and left
inferior parietal lobe are associated with hand
posture de!cit in LBD patients, whereas !nger imita-
tion is mostly associated with frontal and subcortical
lesions (Lesourd et al., 2018). These results seem to
be in general agreement with what we found here
(i.e. more hand errors than !nger errors in children).
However, in a recent study, Achilles et al. (2017)
questioned these previous results in a large
sample of LBD patients by showing that no reliable
dissociations between hand and !nger imitation
could be found. They also showed that a de!cit in
hand and !nger imitation is associated with
lesions in somato-sensory and motor cortices.
From this point of view, hand and !nger imitation
is processed by brain regions that have matured
early in the development, and brain maturation
could not explain on its own the present results.
To sum up, this ontogenetic explanation does not
seem su#cient, and further studies are needed if
we want to explain the development of hand and
!nger imitation in association with cortical
maturation.3

Third, some methodological choices made in the
present study could have in$uenced the di"erence
observed between hand and !nger errors in chil-
dren. We used photographs and not videos as
stimuli, and one may stress that we did not test

3One needs to be cautious when interpreting brain-behavior relations in children from data obtained in brain-damaged adults’ patients. It is likely
that imitation of hand and "nger postures is relying upon multiple processes widely distributed in the brain (Caspers et al., 2010; Lesourd,
Osiurak, et al., 2018) that could be engaged di!erentially according to the level of development. Moreover, the cognitive system in children
does not present the same properties as adults (i.e., Modularity; for a discussion see Karmilo!-smith et al., 2003).
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imitation per se, the errors observed consisting only
in errors of !nal position of the body parts. Indeed,
we observed spatial errors but, of course, not kin-
ematic errors. Then, we cannot rule out that
another category of errors could have been
observed. However, spatial errors (i.e. arm posture,
!nger posture, hand posture, etc.) are over-rep-
resented in imitation of intransitive gestures even
in adults (about 60%; Carmo & Rumiati, 2009).
thus, imitating intransitive gestures, even based on
a photograph, may be associated with errors typi-
cally observed with videos, as we found in both
adults and children. Another potential e"ect to con-
sider is the order of presentation of MF and ML
blocks. As MF and ML blocks were counterbalanced
across participants, it could have triggered the
selection of the sub-lexical route for the ML block,
which could have been maintained for the MF
block (Tessari et al., 2006, 2004). However, we did
not !nd any in$uence of order presentation on
the meaning of gestures. It is, therefore, unlikely
that the presence of hand posture errors was fully
explained by the maintenance of the sub-lexical
route for the MF gestures. It is also possible that chil-
dren met more di#culties to access the meaning of
MF gestures, based only on photographs, and as a
result, made the activation in semantic memory of
a known gesture more challenging. However, the
meaning of gestures was rated correctly by an inde-
pendent matched sample of participants, and we
also observed classical e"ects (accuracy and RTs)
between MF and ML gestures for both groups.

In this study, we !rst consider hand and !nger
errors made during the imitation of gestures inde-
pendently from their predominant con!guration
(i.e. predominant !nger con!guration or predomi-
nant hand con!guration). Indeed, we reported
both hand and !nger errors for predominant hand
con!guration gestures, and we also reported hand
and !nger errors for predominant !nger con!gur-
ation gestures, instead of what is classically done
in the literature (Achilles et al., 2016, 2019, 2017;
Goldenberg, 1999, 2006; Tessari et al., 2021). Our
results indicated that if adults produced signi!-
cantly more hand errors for predominant hand
con!guration gestures and more !nger errors for
predominant !nger con!guration gestures, it was
not the case for the children group. Indeed, we
observed that if the distribution of errors was
similar to adults for the predominant hand con!gur-
ation gestures, there were as much as hand errors
than !nger errors for predominant !nger

con!guration gestures. This may suggest that chil-
dren tend to focus on the more distal part of the imi-
tation only when the distal part includes a complex
body part con!guration. Further studies are indi-
cated to better understand the distribution of
errors according to the predominant con!guration
of the gestures.

5. Conclusion

As previously observed in younger children (3–5
years old; Sebastianutto et al., 2017), we found
that children from 6 to 9 years old presented the
same pattern of performance as adults, but we
found distinct error pro!les, that is, more hand
than !nger errors for MF gestures and no di"erence
between hand and !nger errors for ML gestures.
Taken together, these results indicate that if the
two routes are present at this age, the ability to
imitate intransitive gestures may be impacted by
non-speci!c (e.g. working memory limitation,
visuo-spatial skills, etc.) and speci!c factors (e.g.
body knowledge; Baumard & Le Gall, 2021), which
are not mature from 6 to 9 years old. These results
also point out the importance of reporting hand
and !nger errors, whatever the predominant
con!guration of gestures, particularly in a develop-
mental perspective.

Further studies are now required to understand,
at each step of development, the association
between imitation skills and (1) general cognitive
abilities (e.g. working memory); and (2) speci!c cog-
nitive processes supporting imitation (e.g. body
knowledge).
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Appendix

List of the MF and ML gestures used in the imitation
experiment. Even if we consider both hand and !nger
errors for each gesture, we have nevertheless indicated
between brackets whether the gesture mainly involves a
hand or a !nger con!guration.

For all the gestures, the arm is in the same vertical
plane as the body of the model.

Meaningful (MF) gestures
MF01. Perfect (F).
MF02. OK (F).
MF03. Victory (F).
MF04. Bad (F).
MF05. Stop (H).
MF06. Strength (H).
MF07. Can I speak? (F).
MF08. Pointing someone (F).
MF09. Give me (H).
MF10. Hitchhiking (F).
MF11. Little (F).
MF12. Come here (F).
MF13. Shaking hands (H).
Meaningless (ML) gestures
ML01. Thumb close the middle !nger (F).
ML02. Thumb close the ring !nger (F).

ML03. Thumb folded and extended !ngers, palm of
the hand toward the observer and tilted toward the
head of the model (H).

ML04. Thumb touching all !ngertips and pointing
outward (F).

ML05. Index folded as a hook, other !ngers closed
around the thumb in a !st and pointing toward the
model (F).

ML06. Back of the hand toward the observer and point-
ing downwards (H).

ML07. Palm of the hand oriented perpendicularly to
the body of the model and pointing outward (H).

ML08. Palm of the hand toward the observer,
hand upright, middle !nger and ring !nger crossed (F).

ML09. Palm of the hand toward the observer, hand
upright, all !ngers folded but leaving the palm entirely
visible (F).

ML10. Back of the hand toward the model, hand
upside down, index and middle !ngers pointing down-
wards, other !ngers closed in a !st (F).

ML11. Back of the hand toward the observer, thumb
folded, other !ngers folded as a claw, hand oriented per-
pendicularly toward the body of the model (F).

ML12. Back of the hand toward the observer, index and
middle !ngers pointing upwards, other !ngers closed in a
!st (F).

ML13. Fist facing the observer, wrist turned 180° clock-
wise (from the perspective of the model) (H).
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