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A B S T R A C T

Previous studies showed that imitation of Wnger and hand/arm gestures could be differentially impaired after

brain damage. However, so far, the interaction between gesture meaning and body part in imitation deWcits has

not been fully assessed. In the present study, we aimed at Wlling this gap by testing 36 unilateral left brain-dam-

aged patients with and without apraxia (20 apraxics), and 29 healthy controls on an imitation task of either

Wnger or hand/arm meaningful (MF) gestures and meaningless (ML) movements, using a large sample of stim-

uli and controlling for the composition of the experimental list. Left-brain damaged patients imitated ML Wnger

worse than hand/arm movements, whereas they did not show the same difference in MF gesture imitation. In

addition, apraxic patients imitated Wnger movements worse than hand/arm movements. Furthermore, apraxic

patients' imitation performance was equally affected irrespective of the action meaning, whereas non-apraxic pa-

tients showed better imitation performance on MF gestures. Results suggest that MF gestures are processed as a

whole, as imitation of these gestures relies on the stored motor programs in long-term memory, independently

of the body part involved. In contrast, ML movements seem to be processed through direct visuo-motor transfor-

mations, with left-brain damage specifically disrupting imitation performance of the more cognitive demanding

Wnger movements.

1. Introduction

Imitation is a fundamental ability that allows individuals to efW-

ciently acquire a wide range of movements by observing a demonstra-

tor performing them. The tendency to imitate has been extensively stud-

ied in children (e.g., Ray and Heyes, 2011) and adults (e.g., Rumiati

and Bekkering, 2003), as well as in monkeys and great apes (e.g.,

Tomasello et al., 1993). This ability can be selectively impaired af-

ter brain damage giving rise to a syndrome clinically called ideomo-

tor apraxia. Ideomotor apraxia has been deWned as a deWcit in the in-

tentional execution of gestures that cannot be explained as being due

to simple motor or sensorial deWcits, to comprehension deWcits, object

recognition problems or frontal inertia (see De Renzi and Faglioni,

1999). Rothi, Ochipa and Heilman (1991) proposed the Wrst cog-

nitive model of gesture recognition and production that distinguished

between input and output processes, between different types of stim-

ulus (gesture or object), and different modalities in which gestures

and objects are presented (verbal vs. visual). As far as imitation is

concerned, the original model by Rothi et al. (1991), as well as

its following evolutions (e.g., Cubelli et al., 2000; Rumiati and

Tessari, 2002; Buxbaum and Randerath, 2018), hypothesized the

existence of two separate processes for

transforming the visual input (i.e., the seen gesture as shown by the

demonstrator) into a motor act (i.e., the imitated movement): the se-

mantic and the direct route. After the Wrst common stage, during which

a movement is analysed, one of the two routes is selected depending on

whether the movement is already known or not. The semantic route is

selected for known, meaningful (MF) gestures that already belong to a

person's repertoire, and that are stored in the semantic long-term mem-

ory (LTM). The direct route is selected when a new, meaningless (ML)

movement is presented, as no matching representation can be found in

the semantic memory. This mechanism allows converting any visually

presented movement, including MF gestures, into motor output, by pars-

ing it in smaller and simpler motor components. The outcome of this

visuomotor transformation is then brieXy kept in the motor short-term/

working memory (WM) system (hypothesized by Cubelli et al., 2000,

and empirically conWrmed by Rumiati and Tessari, 2002; see also

Buxbaum and Randerath, 2018). The motor WM system is common

to the direct and semantic route and allows learning new actions. See

Fig. 1.

Evidence for the existence of these putative two routes in imita-

tion comes from several neuropsychological studies with brain-dam-

aged patients (e.g., Bartolo et al., 2001; Cubelli et al., 2000; Gold-

enberg and Hag
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Fig. 1. A modiWed version of the model originally proposed by Tessari et al. (2007).

The model includes two routes involved in the imitation of meaningful (MF) and meaning-

less (ML) gestures. After the Wrst common visuo-spatial analysis is performed, if the action

to be imitated is ML, then the direct route is selected, whereas if the action is MF, then

the semantic route is preferably selected (although the direct route can also be used). The

motor short-term/working memory subsystem is common to both the semantic and direct

route, and it is essential for motor learning. LTM: long term memory; WM: working mem-

ory.

mann, 1997; Mengotti et al., 2013; Tessari, Canessa, Ukmar e Ru-

miati, 2007), as well as from experimental studies on healthy adults

(e.g., Carmo and Rumiati, 2009; Rumiati and Tessari, 2002; Tes-

sari and Rumiati, 2004; Tessari et al., 2006) and children (Sebas-

tianutto et al., 2017). In particular, double dissociating cases of pa-

tients with selective deWcits in imitating either MF gestures or ML move-

ments were documented (Bartolo et al., 2001; Mengotti et al., 2013;

Tessari et al., 2007), thus providing causal evidence in support of the

relative independence of the two routes.

Interestingly, these dissociations between patients emerged when

MF gestures and ML movements were presented in separate lists. The

list-composition effect was described Wrst by Tessari and Rumiati

(2004) in healthy individuals, using particular experimental manipula-

tions of stimulus presentation, and later replicated in many other studies

(Cubelli et al., 2006; Rumiati et al., 2005; Tessari et al., 2007;

Carmo and Rumiati, 2009; Press and Heyes, 2008). More specifi-

cally, when MF gestures and ML movements are intermingled, the di-

rect route is selected to imitate both types of stimuli, and no difference

emerges in imitation performance between the two. However, when the

two types of stimuli are presented in separate lists, the semantic route

predominates for imitating MF gestures and the direct route for imi-

tating the ML movements (Cubelli et al., 2000; Tessari & Cubelli;

2014; Tessari and Rumiati, 2004; Tessari et al., 2007). Indeed, in

neuropsychological studies in which the mixed presentation of MF and

ML stimuli was used, no dissociations between the two were reported

(e.g., Achilles et al., 2016; Achilles et al., 2019; (Hoeren et al.,

2014); (Toraldo et al., 2001)).

The imitation deWcits have been associated with lesions of the left

inferior parietal lobe and its underlying white matter, the premotor

cortex (e.g., Basso et al., 1980; Dressing et al., 2018; Geshwind,

1965; Goldenberg and Randerath, 2015; Rothi and Heilmann,

1985; Rothi et al., 1991; Sirigu et al., 1995; Tessari et al., 2007;

Weiss et al., 2008), and the basal ganglia and thalamus (see (Lei-

guarda, 2001); for a review). Moreover, when the meaning of the stim-

uli was considered, the imitation of MF gestures and ML movements

revealed a certain degree of overlap in inferior parietal regions, but

also discrete neural correlates for the two stimulus types (see Achilles

et al., 2016; Achilles et al., 2019; Bartolo et al., 2001; Gold-

enberg and Hagmann, 1997; Hoeren et al., 2014;

Mengotti et al., 2013; Rumiati et al., 2005; Peigneux et al., 2004;

Tessari et al., 2007). In particular, the direct route that processes ML

movements, has been associated with more dorsal or posterior parietal

regions, within the dorso-dorsal stream (see Binkofski and Buxbaum,

2013, for a review; Hoeren et al., 2014; (Martin et al., 2016,

2017); (Rumiati et al., 2005)).

However, the semantic route processing MF gestures has been asso-

ciated with regions within both the ventral stream, encompassing the

posterior/superior portion and the anterior portion of the temporal lobe,

and the ventro-dorsal stream, including the ventral part of the inferior

parietal cortex (Hoeren et al., 2014; (Martin et al., 2016, 2017); Ri-

jinters, Weiller, Bormann & Musso, 2012; (Rumiati et al., 2005);

Tessari et al., 2007; Weiller et al., 2009; Weiller et al., 2011). The

ventral stream is mainly involved in decoding the meaning of a move-

ment and it plays an important role in processing MF intransitive ges-

tures; on the other hand, the ventro-dorsal stream seems to store gesture

“engrams”, and it is supposed to process mainly tool-related, transitive

MF gestures (Dressing et al., 2018). However, there is some evidence

that the ventro-dorsal stream might also support imitation of ML move-

ments (i.e., Buxbaum et al., 2014; Mengotti et al., 2013; Tessari et

al., 2007).

Action imitation is inXuenced not only by the meaning of the ges-

ture but also by the body-part that performs it. In particular, a distinc-

tion has been made between imitation of Wnger gestures and imitation of

hand/arm gestures, reXecting grasping and reaching, respectively. Neu-

ropsychological studies have long shown that these two motor compo-

nents, although usually interacting, are relatively independent and can

be selectively affected by brain lesions (e.g., Jeannerod et al., 1994;

Shallice et al., 2005; Sirigu et al., 1991; Poizner et al., 1990).

In particular, a double dissociation in apraxic patients making persever-

ative errors when pantomiming object use or using them, with either

the arm or the hand, was also documented (Shallice et al., 2005).

As regards the anatomical substrates, in several studies imitation of ML

Wnger and hand/arm conWgurations, and sometimes also of MF ges-

tures, was found to be associated with different brain regions depend-

ing on the body parts involved in the gestures (Goldenberg and Hag-

mann, 1997; Goldenberg, 1999, 2001; Goldenberg and Strauss,

2002; Goldenberg and Karnath, 2006). For example, Goldenberg

and Karnath (2006) found a behavioural double dissociation between

hand and Wnger imitation, associated with an anatomical anterior (Wn-

ger)/posterior (hand) dissociation in left brain-damaged patients. Le-

sions including the inferior frontal operculum generated impairments

in imitation of ML Wnger gestures, while posterior lesions, particularly

the posterior parietal lobule, led to impairments in imitation of hand/

arm postures (see Dovern et al., 2011, (Tanaka and Inui, 2002);

Tanaka et al., 2001, for similar results). However, other studies led to

different results: a study on a larger sample of patients with left hemi-

sphere lesions did not conWrm such an anterior/posterior dissociation

but reported an association between the dorso-dorsal stream, in particu-

lar, the inferior and superior parietal lobe, and the overall ability to im-

itate ML Wnger and arm/hand of gestures (Hoeren et al., 2014). Also,

Achilles and colleagues (Achilles et al., 2017) investigated the effect

of body part (hand/arm vs. Wnger) only in ML movement imitation in

a large sample of patients. They found that hand and Wnger ML move-

ments share similar neural circuits in the left hemisphere and did not

Wnd the double dissociation between hand/arm and Wnger imitation re-

ported in other studies (e.g., Dovern et al., 2011; Goldenberg and

Strauss, 2002; Goldenberg and Karnath, 2006). Thus, nowadays a

study investigating all possible combinations of gesture meaning (MF vs.

ML) and body part (Wnger vs hand/arm) is still needed.

In this study, in a group of unilateral left brain-damaged patients,

we tested whether different neuropsychological patterns would emerge

depending on not only the meaning of intransitive gestures to be imi-

tated but also to the body part involved (Wnger vs. hand/arm compo-

nent). At variance with the studies mentioned above, we employed all

possible combinations of the factors affecting imitation: gesture mean-

ing and body part involved in gesture imitation (i.e., both MF and

ML gestures involving either Wngers and

2
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hand/arm). Indeed, previous studies reported differences in imitation

processing between Wnger and hand ML movements (Goldenberg and

Karnath, 2006; Achilles et al., 2017), or between MF gestures and

ML Wnger movements (Achilles et al., 2016, 2019). Given the con-

found effects discussed above, we also controlled for the list composi-

tion. Moreover, a large sample of MF and ML Wnger and hand/arm ges-

tures was used in order to overcome a shortcoming of previous studies

(see Achilles et al., 2016's criticism).

We predicted that the body part involved in the gesture should dif-

ferentially inXuence the imitation of MF and ML gestures. A gradient of

complexity might emerge between imitation of ML Wnger and hand/arm

gestures, with the former being more difWcult to imitate than the lat-

ter. Finger gestures seem to be characterized by a greater biomechanical

complexity than hand/arm gestures, requiring higher demands on move-

ments precision in conWguring all individual Wngers (as also suggested

by Achilles et al., 2019). On the contrary, MF gestures, being already

known, should be recalled as a single chunk from LTM. Therefore Wnger

and hand/arm MF gestures should be imitated to the same extent inde-

pendently of the body part involved or the gesture complexity.

2. Methods

2.1. Participants

Patients. A group of 36 patients with left hemisphere damage (12 fe-

males) took part in the study (mean age = 69.53, SD = 12.24; mean

education = 10.03, SD = 4.38; mean months from onset = 2.2,

SD = 1.16). They were recruited in the rehabilitation ward of “Sant’Or-

sola Malpighi” hospital in Bologna and the rehabilitation and neurolog-

ical unit of “Ospedali Riuniti” hospital in Trieste. The inclusion crite-

ria were the following: having a single focal unilateral left-hemispheric

lesion, according to clinical information and CT or MRI scans; being

physically able to complete the experiment; having no history of alcohol

or other substance abuse; being younger than 90 years; having at least

3-years of education. All patients suffered from a stroke and were all

tested in their chronic state from one to Wve months from illness onset.

The demographic variables are summarized in Table 1. All patients un-

derwent a neuropsychological evaluation in order to assess general intel-

ligence, language functions, executive functions, memory, visuo-spatial

and attentional abilities. See Table 2 for details.

Twenty patients were apraxic to two tests for the diagnosis of ideo-

motor apraxia: De Renzi et al.'s test (De Renzi, Motti & Nichelli,

1980; requiring imitation of mixed MF intransitive gestures and ML

movements) and STIMA (Tessari et al., 2015; based on the presenta-

tion of separated lists of intransitive MF gestures and ML movements).

There was a very high agreement between the results at the two tests

(Cohen's kappa = 0.888).

As tool use was not assessed, the diagnosis of apraxia was based on

performance in imitation of intransitive gestures and meaningless move-

ments, clinically referred to as ideomotor apraxia.

Controls. Twenty-nine healthy adults (16 females) served as a con-

trol group for the imitation task. The two groups did not differ from

the patients'

Table 1
The demographic variables of all participants (patients and healthy controls) who took

part in the study are presented. In the bottom line, t-test comparisons are reported for age

and education.

N Education ♂ ♀ Age

Mean SD Mean SD

LBD patients 36 10.07 4.40 24 12 69.97 12.16

Controls 29 10.32 3.74 13 16 64.59 10.64

t(65) = 0.252,
p > 0.05

t(65) = 1.124,
p > 0.05

group for demographic variables (i.e., age, education and gender; inde-

pendent-samples t-tests, All Ps > 0.05).

All participants gave informed consent according to the Declara-

tion of Helsinki. The study was approved by the Ethics Committees of

Sant’Orsola-Malpighi Hospital and SISSA.

2.2. Stimuli and procedure

The experimental task consisted in an imitation task of Wnger and

hand/arm gestures controlled for meaning (both MF and ML gestures).

Eighteen known, intransitive (i.e., symbolic) unilateral MF gestures and

18 new, unrecognizable ML movements, matched for complexity with

the MF ones were used as stimuli. The gestures are taken from a con-

trolled set of gestures used in previous research (Bonivento et al.,

2013; Carmo and Rumiati, 2009; Mengotti et al., 2015; Mengotti

et al., 2013; Tessari et al., 2015; see Appendix 1). Half of both MF

and ML gestures involved movements mainly performed with the Wngers

(i.e., distal movements, for example, the OK gesture). The remaining

half gestures involved movements primarily performed with the hand/

arm (e.g., the military salute). MF and ML gestures were presented in

two consecutive but separate blocks: the MF gestures block was pre-

sented Wrst, in order to prevent the patients from selecting the direct

route to imitate both types of gestures. Indeed, if the ML gesture block

were presented Wrst, this might trigger the selection of the direct route

to imitate them and, by inertia, continue to imitate the MF actions using

this route, instead of the semantic route. The order in which MF and ML

gestures are presented in an imitation task has been proved to be very

important in highlighting speciWc deWcits of the semantic and the direct

routes (Cubelli et al., 2006; Tessari and Cubelli, 2014; Tessari and

Rumiati, 2004; Tessari et al., 2007).

Based on previous studies (e.g., Carmo and Rumiati, 2009; Tes-

sari and Rumiati, 2004), an action was considered incorrect if it in-

volved one of the following errors:

1) Spatial error: the overall movement is correct, but the hand or the

arm posture are moved along the wrong direction, or the wrong

plane, or the movement endpoint is not reproduced correctly;

2) Visual error: the patient reproduces a movement that is visually sim-

ilar to the shown one, but it is not included in the list, or she/he

merges two gestures included in the list;

3) Omission: the patient does not reproduce any gesture;

4) Unrecognizable gesture: the patient produces a movement that the

experimenter does not recognize.

An imitated action was scored 0 if the imitation contained a mistake

and 1 if it was correctly imitated. The maximum score of the imitation

test is 36: 9 for Wnger MF gestures and, 9 for hand/arm MF gestures (18

total MF gestures); 9 for Wnger ML movements, and 9 for hand/arm ML

movements (18 total ML movements). The raw scores of the imitation

test for each condition are reported in Table 2.

The experimenter sat in front of the patient and performed the ges-

tures with the same ipsilesional limb that the patient could use for imi-

tation in a mirror conWguration.

At the end of the imitation test, patients were required to recognize

the previously presented MF gestures to assess whether their semantics

was intact or not. All patients performed at the ceiling in the MF ges-

tures recognition.

2.3. Lesion analyses

CT or MRI scans were available for 30 of the 36 patients included

in the study; therefore, lesion analyses were performed on this num-

ber of patients. An experienced neuroradiologist (L.F.), blind to the

hypotheses of the study, mapped the lesioned areas of each patient

onto the normalized MNI tem

3
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plate using MRIcron (https://www.nitrc.org/projects/mricron; Rorden

et al., 2007).

We Wrst inspected our sample by overlaying the lesions of the left

brain-damaged patients, thus creating a map of the regions more of-

ten lesioned. We then analysed our lesion data adopting the subtraction

approach (Rorden and Karnath, 2004). Using MRIcroN, the lesions

of all patients with defective performance, on the one hand, and those

of all patients with normal performance on the other hand, were over-

lapped separately for each condition. Patients' performance was consid-

ered defective or within normal range based on individual t-scores, cal-

culated with the software Singlims_ES (http://homepages.abdn.ac.uk/

j.crawford/pages/dept/Single_Case_EYect_Sizes.htm) following the ap-

proach described in Crawford and Garthwaite (2005). Data for each

participant and for the control group of healthy participants were en-

tered as raw scores. The software provides a t-score for each individual

performance and estimates the abnormality of the individual score with

respect to the mean performance of the corresponding control sample.

Subsequently, the overlap of the group showing no deWcit in the condi-

tion of interest was subtracted from the overlap of the patients that pre-

sented a deWcit in that condition. The lesion map generated by the sub-

traction highlights only the regions that are functionally involved in the

task, independently of the anatomical vulnerability of the regions. Even

if the subtraction approach is more reliable than simple overlap in high-

lighting lesioned regions underlying the deWcit (and not only the more

frequently lesioned regions), it is still a descriptive method that does not

allow for statistical inference (de Haan and Karnath, 2018).

We Wrst produced subtraction maps of lesioned regions associated

with a deWcit in imitating overall MF gestures and ML movements and,

secondly, more speciWc maps for Wnger and hand/arm imitation sepa-

rately for the two stimulus types. Only regions lesioned in at least 40%

of the patients are described and shown, with the exception of the Wnger

ML movements imitation, which are reported at a less restrictive thresh-

old of 25% of patients with a lesion.

3. Results

3.1. Behavioural results

Overall the group of healthy controls performed better than the pa-

tients in the imitation task (independent samples t-test, t(63) = 5.38,

p < 0.001; controls' mean = 33.10, SE = 0.41, and patients'

mean = 25.80, SE = 1.17). Healthy controls showed significant differ-

ences neither between imitation of MF Wnger vs. MF hand/arm ges-

tures (t(28) = 0.81, p = 0.42) nor between ML Wnger vs. ML hand/arm

movements (t(28) = 1.62, p = 0.12).

We then proceeded analysing only the patients' group by compar-

ing apraxic and non-apraxic patients. The mixed ANOVA on imitation

scores included the following factors: Gesture type (MF vs. ML gestures),

Body component (Wngers vs. hand/arm) as within-subjects factors, and

Apraxia (apraxic patients vs. non-apraxic patients) as a between-subjects

factor.

The Gesture type x Body component interaction was significant

(F(1,34) = 11.87, p = 0.001, ηp2 = 0.19; See Fig. 2): Finger move-

ments were imitated to the same extent of hand/arm movements when

MF gestures were shown (two tailed t-test with Bonferroni correction,

t(35) = 0.195, p = 0.846; mean MF Wnger movements = 6.57,

SE = 0.31 and mean MF hand/arm movements = 6.49, SE = 0.25),

while ML gestures showed a sig

1 Standardized neuropsychological tests used to assess: general intelligence (Raven Pro-

gressive Matrices PM47, Carlesimo et al., 1996), language functions (Comprehension:

*Token test, Spinnler and Tognoni, 1987; ° AAT Token test; Production: AAT, naming

test Luzzatti et al., 1996), executive functions (Trail Making Test, part B; Giovagnoli

et al., 1996; Weigl's sorting test; Spinnler and Tognoni, 1987), memory (15 words

memory test, Rey, 1964; Corsi spatial short-term memory, Spinnler and Tognoni, 1987;

digit span for verbal short-term memory digit, Orsini et al., 1987), visuo-spatial (VOSP,

Visual Object and Space Perception battery; shape detection and shape decision; Warring-

ton and James, 1991), and attentional (Trail Making Test, part A; Giovagnoli et al.,

1996) abilities. “t.i.”: test interrupted because the patient was not able to perform the

task. “n.a.”: test not administered. aDeWcit due to neglect. Pathological scores are reported

nificant difference, with hand/arm movements better imitated than Wn-

ger ones (two tailed t-test with Bonferroni correction, t(35) = 4.27,

p < 0.001; mean ML Wnger movements = 6.03 SE = 0.27 and mean

ML hand/arm movements = 7.34, SE = 0.18); Gesture type x Apraxia

(F(1,34) = 8.12, p = 0.007; ηp2 = 0.19) and Body component x

Apraxia (F(1,34) = 8.06, p = 0.008, ηp2 = 0.19) interactions were also

significant. Apraxic patients imitated MF and ML gestures to the same

extent (t(19) = 2.05, p = 0.055; mean MF gestures = 4.25, SE = 0.32

and mean ML gestures = 5.62, SE = 0.24), whereas non-apraxic pa-

tients imitated MF better than ML gestures (t(15) = 3.91, p = 0.006;

mean MF gestures = 8.31, SE = 0.36 and mean ML gestures = 7.75,

SE = 0.26). Non-apraxic patients imitated both Wnger and hand/arm

gestures at the same extent (t(15) = 0.00, p = 1), but apraxic patients

showed a difference between the two body components (t(19) = 3.42,

p = 0.003), with less accurate performance on Wnger gestures

(mean = 4.57, SE = 0.31) than hand/arm ones (mean = 5.80,

SE = 0.22).

Moreover, the main factors Body component and Apraxia were sig-

nificant. Overall, hand/arm gestures were better imitated than the Wnger

ones (F(1,34) = 8.06, p = 0.008, ηp2 = 0.19; Wnger gestures = 6.30,

SE = 0.23, and hand/arm gestures = 6.92, SE = 0.17), and

non-apraxic patients imitated more gestures then the apraxic ones

(F(1,34) = 68.66, p < 0.001, ηp2 = 0.67; mean apraxic pa-

tients = 5.19, SE = 0.23 and mean non-apraxic patients = 8.03,

SE = 0.26). The Gesture type factor was not significant.

3.2. Lesion analysis

We Wrst inspected our sample by overlaying the lesions of the left

brain-damaged patients, thus creating a map of the regions more often

lesioned (see Fig. 3).

Then, we performed a subtraction analysis for each stimulus type,

Wrst distinguishing the stimuli according to their meaning (MF vs. ML)

and, secondly, distinguishing them according to the effector used to im-

itate (Wnger vs. hand/arm), separately for MF and ML gestures. We sub-

tracted the lesioned regions of patients without an imitation deWcit in

that speciWc type of gesture (no-deWcit group) from the lesioned regions

of the patients that showed a deWcit in imitation of the respective type

of gesture, as established on the basis of the t-scores calculated on indi-

vidual patients' performance (see Methods).

Lesions in patients with impaired imitation of MF gestures, after sub-

tracting the lesions of the no-deWcit group, involved mainly the inferior

parietal lobe, including supramarginal and angular gyri, parietal opercu-

lum and the posterior part of the superior and middle temporal gyri. In

contrast, lesions in patients with impaired imitation of ML movements,

after subtracting the lesions of the no-deWcit group, involved mainly in-

ferior frontal regions, including small parts of the inferior frontal gyrus,

central and frontal operculum, but also a small part of the supramarginal

gyrus, overlapping with the correlates of MF gestures imitation (see Fig.

4A).

Within MF gestures, regions lesioned in patients with impaired im-

itation in Wnger gestures, after subtracting the lesions of the no-deWcit

group, were mainly located in the superior temporal gyrus, the planum

temporale, the parietal opeculum, the supramarginal and angular gyri.

Again, within MF gestures, regions lesioned in patients with impaired

imitation in hand/arm gestures, after subtracting the lesions of the

no-deWcit group, were mainly located in the middle temporal gyrus,

the planum temporale, the parietal opeculum, the temporo-occipital

junction, the supramarginal and angular gyri (see Fig. 4B). Within

ML movements, regions lesioned in patients with impaired imitation

in Wnger movements, after subtracting the lesions of the no-deWcit

group (using a less restrictive threshold of percentage of patients le-

sioned), were mainly located in the middle temporal gyrus, the tem-

poro-occipital junction, and the lateral occipital cortex. In contrast,

the regions lesioned in patients with impaired imitation in hand/arm

movements, after subtracting the lesions of the no-deWcit group, were

mainly located in the inferior frontal, supramarginal and angular gyri

(see Fig. 4C). In addition, small clusters both for Wnger and hand/

arm ML movements were located in

the two gesture types
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Fig. 2. The two-way Gesture type × Meaning interaction performed on patients' data (both apraxic and non-apraxic patients) is displayed. Average scores of correctly imitated actions are

presented for both meaningful (MF) and meaningless (ML) gestures according to the involved body district. Error bars represent the standard error of the mean.

Fig. 3. Results of the lesions overlap for all patients.

inferior frontal regions, involving, in particular, the insular cortex for

Wnger and the inferior frontal gyrus for hand/arm ML movements.

4. Discussion

In this study, for the Wrst time, the imitation of either Wnger or

hand/arm components of both MF and ML gestures was compared and

analysed. In particular, this is the Wrst study to investigate the difference

between Wnger and hand/arm in MF gestures, as previous studies inves-

tigated this aspect only in ML gestures (e.g., Goldenberg and Karnath,

2006; Achilles et al., 2017) or restricted their investigation to MF and

ML Wnger gestures (Achilles et al., 2016, 2019).

We tested whether different neuropsychological patterns emerge in

left brain-damaged patients, according to not only the meaning of the

gesture but also the body parts involved (i.e., Wngers vs. hand/arm).

Indeed, we predicted a different pattern for ML and MF gestures. Im-

itation of ML movements should reXect a gradient of complexity from

hand/arm movements to Wnger movements as the biomechanical con-

straints are more complicated for Wnger movements than for hand/arm

movements. On the contrary, MF gestures are likely to be less taxed by

the structural and biomechanical complexity of the movement as they

should beneWt from being represented in LTM. Such a behavioural pre-

diction also suggests that possible neuroanatomical segregation depend-

ing on the body part might emerge in ML but not MF gestures.

At a behavioural level, the main result is the Gesture type x Body

component interaction, indicating that left-brain damaged patients im-

itated Wnger ML movements worse than hand/arm ML ones, while

no differences between Wnger and hand/arm MF gestures emerged.

Such a different pattern of results is interpreted as MF gestures be-

ing retrieved as a whole from LTM, without being broken down into

chunks, thus not taxing cognitive resources as ML movements do (see

Rumiati and Tessari, 2002, for a detailed dis

cussion on the role of meaning on motor WM; Tessari and Rumiati,

2004; Tessari et al., 2007). It has been demonstrated that ML move-

ments tax the motor WM system more than MF gestures whose produc-

tion is facilitated by being already in one's gesture repertoire. In a se-

ries of experiments using a dual-task procedure, the existence of a mo-

tor short-term/WM system that retains both ML and MF gestures for a

limited time was established (Rumiati and Tessari, 2002). We proved

that a secondary motor suppression task affected gesture encoding and

retention more for ML movements than for MF ones, showing that ML

movements were more difWcult to encode and retain. Moreover, once

learned, ML movements were imitated at the same extent of MF ges-

tures through the semantic route (Tessari et al., 2006). In addition, we

showed that a Wnger motor suppression task interfered more with the

encoding of gestures than a hand/arm suppression task ((Tessari and

Rumiati, 2002)). The Wnger suppression task seems to require more

cognitive resources than the hand/arm task, leading to reduced motor

span. Thus, ML Wnger movements might be particularly sensitive in dif-

ferentiating between patients with and without apraxia as the direct

route for processing ML movements is more resource-demanding and er-

ror-prone than the semantic route for processing MF gestures ((Dovern

et al., 2011) Tessari and Rumiati, 2004).

This difference emerged because, at variance with other studies (see

(Toraldo et al., 2001)), we controlled for the list composition ef-

fect by presenting MF and ML stimuli in separate lists. Indeed, when

(Wnger and hand/arm) MF gestures are presented in the same list, the

semantic route is selected; and the (left hemisphere) damage affects

imitation of either Wnger or hand/arm gestures equally, since these

gestures are stored in LTM. On the other hand, the imitation of ML

movements differed depending on the body part involved, with Wn-

ger movements being more error-prone than the hand/arm ones, in

line with previous evidence (e.g., Achilles et al., 2016). Imitation

through the direct route is more resource-demanding (as a decomposi
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Fig. 4. Results of the subtraction analysis. Regions specifically damaged in the group of patients that presented a deWcit in the condition of interest are shown, after subtraction from the

group of patients that did not present a deWcit in that condition. The subtraction maps for the different types of gestures were then superimposed only for display purposes. A) Subtraction

maps for overall MF (in red) and ML gesture imitation (in blue). The overlap between the two conditions is shown in violet. B) Subtraction maps for MF Wnger (in red) and MF hand/arm

gesture imitation (in blue). C) Subtraction maps for ML Wnger (in red) and ML hand/arm movements imitation (in blue). Only regions lesioned in at least 40% of the patients are shown,

only for ML Wnger movements regions lesioned in at least 25% of the patients are shown. IFG: inferior frontal gyrus; INS: insula; MTG: middle temporal gyrus; superior temporal gyrus;

ANG: angular gyrus; SMG: supramarginal gyrus; LOC: lateral occipital cortex. (For interpretation of the references to colour in this Wgure legend, the reader is referred to the Web version

of this article.)

tion/re-composition into elementary motor units is necessary), and Wn-

ger imitation is likely to engage also visuospatial abilities and a more

complex brain network than hand imitation. Goldenberg and Karnath

(2006) suggested that Wnger imitation is more complex than hand/arm

postures as it also includes a cognitive component of “selection” of the

appropriate elements, involving the IFG as brain region supporting this

additional process. According to these authors, Wnger conWgurations in-

volve the selection of a limited set of elements that only differ in their

serial position. They also found a double dissociation between hand and

Wnger imitation, paired with an anatomical anterior (Wnger)/posterior

(hand) dissociation in left brain-damaged patients. However, a study on

a larger sample of patients with left hemisphere lesions did not conWrm

such an anterior/posterior dissociation but showed instead an associa-

tion between the dorso-dorsal stream, in particular the inferior and supe-

rior parietal lobe, and the overall ability to imitate ML Wnger and hand/

arm gestures (Hoeren et al., 2014).

Likewise, in the present study apraxic patients showed this difW-

culty gradient in imitation of the two body components, with a worse

imitation performance on Wnger than hand/arm gestures, whereas

non-apraxic patients imitated both Wnger and hand/arm gestures to the

same extent. This pattern was probably driven by the ML movements,

despite a non-significant triple interaction.

Additionally, apraxic patients' imitation did not differ depending on

the meaning of the stimulus (MF and ML), whereas non-apraxic patients

imitated MF gestures better than ML movements. Previous studies with

both patients and healthy individuals are consistent with the present re-

sults, as they show better imitation of MF gestures than ML movements

(e.g., Achilles et al., 2016; 2019; Cubelli et al., 2000; Rumiati and

Tessari, 2002; Tessari and Rumiati, 2004; Tessari et al., 2007;

(Press and Heyes, 2008)). As regards the failure to observe a differ-

ence between MF and ML in the apraxic patients, this is not surprising

as the ability to imitate and produce MF gestures are often impaired

in apraxia (e.g., (Leiguarda and Marsden, 2000)) and brain lesions

might affect the two routes at the same time.

The lesion analysis results are generally supportive of the involve-

ment for the ventro-dorsal stream for imitation of MF intransitive ges-

tures, encompassing the inferior parietal lobe, in line with previous

evidence (Buxbaum et al., 2014; Dressing et al., 2018; Hoeren

et al., 2014; Lesourd et al., 2018; Mengotti et al., 2013; Tes-

sari et al., 2007). The subtraction analysis concerning imitation of

ML movements revealed a small overlap with the lesion correlates

of imitation of MF gestures in the supramarginal gyrus, suggesting

that the ventro-dorsal stream might also support imitation of unknown

movements. Whether the ventro-dorsal stream

7
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supports imitation of ML movements is still open to debate, with con-

trasting Wndings. Some studies indeed reported the involvement of the

inferior parietal lobe in imitation of ML movement (e.g., Buxbaum et

al., 2014; Lesourd et al., 2018; Mengotti et al., 2013; Mühlau et

al., 2005; Tessari et al., 2007), whereas other studies implicated the

dorso-dorsal stream in imitation of ML movements (e.g., Hoeren et al.,

2014; (Martin et al., 2016, 2017); Vry et al., 2015). Additionally,

imitation of ML movements was associated with the involvement of the

inferior frontal gyrus. The IFG has been frequently found to be involved

in imitation of gestures, especially in neuroimaging studies (Caspers et

al., 2010, for a meta-analysis), as well as in imitation of ML Wnger pos-

tures (Goldenberg and Karnath, 2006). However, the IFG involve-

ment in imitation of MF gestures could also be due to its role of inter-

face between language and action (Weiss et al., 2016) or in process-

ing intransitive MF gestures (in the left hemisphere, see Lesourd et al.,

2018, for a recent review).

Regarding the role of the ventral stream, the involvement of the mid-

dle temporal gyrus in imitation of MF gestures is in line with previous

neuropsychological observations (e.g., Kalenine, Buxbaum & Coslett,

2010) but also with the higher blood signal response to intransitive ges-

tures comparted to transitive ones in the middle portion of the left mid-

dle temporal gyrus in healthy participants (Papeo et al., 2019). At

odds with other studies (e.g., (Dressing et al., 2018); Hoeren et al.,

2014; (Martin et al., 2016, 2017); Rijinters et al., 2012; (Rumiati

et al., 2005); Tessari et al., 2007; Weiller et al., 2009; 2011), the

lesion analysis did not reveal the involvement of the anterior portion of

the temporal lobe. Consistently with this Wnding, we also observed that

none of the patients failed to recognize the MF gestures, suggesting that

they have a normal ability to extract the meaning from the presented

MF gestures whose conceptual representation was intact.

As for speciWc lesion correlates of Wnger and hand/arm imitation

within MF and ML gestures, lesion analysis associated the poor perfor-

mance in imitation of Wnger or hand/arm ML movements with lesions

to different regions depending on the body part involved. In contrast,

imitation of Wnger and hand/arm MF gestures seemed to involve the

same regions of the inferior parietal lobe, including the supramarginal

and angular gyri. Overall, we did not Wnd an anterior/posterior disso-

ciation based on the body part involved in the movement, in contrast

with Goldenberg and Karnath (2006), and more in line with other

recent studies (Achilles et al., 2017; Hoeren et al., 2014). Focusing

on hand/arm gestures, both for MF and ML, an impairment in imitating

these gestures seemed to be associated with lesions to similar regions

of the inferior parietal lobe, particularly the supramarginal gyrus. Addi-

tionally, imitation of hand/arm ML movements seemed to be associated

with lesions to the inferior frontal gyrus, at odds with previous litera-

ture (e.g., Goldenberg and Karnath, 2006; Tanaka and Inui, 2002).

However, the IFG was also found for the subtraction analysis for imi-

tation of overall ML movements, suggesting a more general role of this

region, as previously discussed. Impairment in imitation of Wnger ges-

tures, on the contrary, seemed to be associated with a more diverse net-

work, not only encompassing the inferior parietal lobe for MF gestures,

but also lateral occipital regions for ML movements. This result is gen-

erally supportive of the hypothesis of Wnger gestures as being intrinsi-

cally more complex for imitation, with the semantic aspect of imitation

(MF gestures) coded in the ventro-dorsal stream, and further non-seman-

tic aspects processed elsewhere, possibly in the inferior frontal gyrus

and in the dorso-dorsal system as shown in previous studies (Gold-

enberg and Karnath, 2006; Hoeren et al., 2014; Achilles et al.,

2019), or in occipito-temporal regions, such as the lateral occipital cor-

tex (LOC), as suggested by the present results. The LOC is a high-or-

der visual area usually involved in object recognition (;Grill-Spector et

al., 1999; Larsson and Heeger, 2006). The need for visual process-

ing of complex stimuli such as Wnger conWgurations might explain this

region's involvement. The temporo-occipital cortex has been reported in

patients as a lesion correlate of imitation of both ML movements as well

as pantomimes (Hoeren et al., 2014), as well as in healthy partici-

pants as neural correlates of ML movements imitation (Rumiati et al.,

2005). This region is possibly forwarding higher-order visual informa-

tion to the parietal lobe for imitation processing.

To conclude, the present results enrich the extant knowledge on im-

itation. By investigating both the effects of body-part speciWcity and

meaning in apraxic and non-apraxic patients, we were able to show how

the body-part does not modulate imitation of MF gestures. In contrast,

a different pattern is observed for ML movements, with reduced imita-

tion of those involving Wnger conWgurations. In addition, the present re-

sults support the importance of considering not only gesture meaning

and body-part speciWcity, but also gesture list composition, in studies in-

vestigating imitation in patients, and apraxia particularly. Thus, control-

ling for list composition must become a methodological requirement for

future studies.

5. Conclusion

In the present study, we demonstrated that Wnger and hand/arm

movements were differentially processed in imitation of ML movements,

whereas imitation of MF gestures showed no such dissociation. This is

in line with the existing cognitive theories of the dual routes of gesture

imitation: in the imitation of MF gestures, the primary role is played by

the stored motor representations in LTM recalled as meaningful chunks,

independently of the body part involved in the movement; on the con-

trary, when ML movements are imitated, the direct route of visuomotor

conversion is used, including body-part speciWc mechanisms.
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Appendix.

List of then meaningful and meaningless gestures used in the test (for

the Italian culture). In the brackets a “F” indicates the case of gestures

with a main Wnger component and “H/A” the case of a gesture with a

main hand/arm component.

MEANINGFUL (MF) GESTURES
01. I am tired/I go to sleep (H/A).

02. Military salute (H/A).

03. I am hungry (H/A).

04. No! (F).

05. Hallo (F).

06. Later (F).

07. Silence! (H/A).

08. Crazy (H/A).

09. Stop! (H/A).

10. Well done (F).

11. Come here! (F).

12. Finger crossed (F).

13. Hitch-hiking (H/A).

14. Listening (H/A).

15. Strength (H/A).

blood or BOLD?

togliere il ;

toglierei il “the”
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16. So-and-so/more or less (F).

17. Go away (F).

18. Victory (F).

MEANINGLESS (ML) GESTURES
01. Horizontal palm up on the abdomen (H/A).

02. Horizontal back hand under the chin (H/A).

03. Hand over the opposite shoulder (H/A).

04. Pinkie straight down (F).

05. Thumb close the middle Wnger (F).

06. Closed Wst with the palm up and the thumb pointing outward (F).

07. Back of the hand horizontally placed on the eyes (H/A).

08. Back of the hand on the contralateral cheek (H/A).

09. Palm of the hand on the nape (H/A).

10. Extended thumb and pinkie, other Wngers closed in a Wst and

hand positioned with the back toward the observer (F).

11. Horizontal hand with the middle Wnger over the index Wnger (F).

12. Fist with the thumb extended toward the body midline (F).

13. Palm of the hand on the ipsilateral shoulder (H/A).

14. Palm of the hand toward the observer and positioned perpendic-

ularly over the head (H/A).

15. Back of the hand toward the observer, hand upright with the top

of the Wnger under the chin (H/A).

16. Hand closed in a Wst, with the back toward the observer and po-

sitioned over the pinkie with the index Wnger pointing toward the body

midline (F).

17. Back of the hand toward the observer and hand lying on the

pinkie side with the thumb closed to the index Wnger (F).

18. Hand closed around the thumb in a Wst (F).
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