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When action prediction grows old: An fMRI study
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Abstract

Predicting the unfolding of others' actions (action prediction) is crucial for successfully

navigating the social world and interacting efficiently. Age-related changes in this

domain have remained largely unexplored, especially for predictions regarding simple

gestures and independent of contextual information or motor expertise. Here, we

evaluated whether healthy aging impacts the neurophysiological processes recruited

to anticipate, from the observation of implied-motion postures, the correct conclu-

sion of simple grasping and pointing actions. A color-discrimination task served as a

control condition to assess the specificity of the age-related effects. Older adults

showed reduced efficiency in performance that was yet not specific to the action

prediction task. Nevertheless, fMRI results revealed task-specific age-related differ-

ences: while both groups showed stronger recruitment of the lateral occipito-

temporal cortex bilaterally during the action prediction than the control task, the

younger participants additionally showed a higher bilateral engagement of parietal

regions. Importantly, in both groups, the recruitment of visuo-motor processes in the

right posterior parietal cortex was a predictor of good performance. These results

support the hypothesis of decreased involvement of sensorimotor processes in cog-

nitive tasks when processing action- and body-related stimuli in healthy aging. These

results have implications for social interaction, which requires the fast reading of

others' gestures.
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1 | INTRODUCTION

Successful interactions imply the ability to online read what other

people are doing to predict the unfolding of their actions and plan an

appropriate response. This anticipatory coding of others' gestures is

crucial in both cooperative and competitive contexts, like during the

performance of musical ensembles (Keller et al., 2014; Novembre

et al., 2012, 2014; Novembre & Keller, 2014) or sport competitions

(Aglioti et al., 2008; Makris & Urgesi, 2015; Tomeo et al., 2013; Urgesi

et al., 2012): in these circumstances, flexible and fine-tuned temporal

coordination engages not only visual but also motor processes.

It is widely accepted that motor representations of actions and

their sensory consequences are encoded in the sensorimotor system

independently of the specific task performed by the agent (e.g., actionLucia Maria Sacheli and Chiara Verga contributed equally to this study.
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observation, motor imagery, or action execution; Hommel et al., 2001;

Jeannerod, 2001; Prinz, 1997). In primates, these tasks are associated

with neural activity in specific premotor and parietal “mirror neurons”
(Rizzolatti & Sinigaglia, 2016), which respond not only when perform-

ing but also when observing hand-object interactions, even when the

action conclusion is hidden from view (Umiltà et al., 2001). In humans,

homologous fronto-parietal areas support similar “mirror” mechanisms

during action observation (Chong et al., 2008; Kilner et al., 2009;

Mukamel et al., 2010). Previous neuroimaging and neurostimulation

studies have shown that predicting the unfolding of observed actions

(action prediction abilities) depends on the same fronto-parietal visuo-

motor network (Avenanti et al., 2018; Stadler et al., 2012; Urgesi

et al., 2010; see also Kilner, 2011). For instance, the neuromodulation

study by Avenanti et al. (2018) has demonstrated the causal role of

the left premotor cortex in predicting the conclusion of human grasp-

ing actions. Together with the interconnected posterior parietal

regions (Binkofski & Buccino, 2018; Blakemore & Sirigu, 2003; Tunik

et al., 2007), these brain areas constitute a sensorimotor action obser-

vation network (AON, Grafton, 2009) responsible for predicting the

unfolding of others' actions and their sensory consequences. These

predictions are supported by internal models that link a stimulus

(e.g., an observed movement) with its most likely conclusion and out-

come, thanks to expectations based on prior experience (Friston

et al., 2011; Kilner et al., 2007; Wolpert et al., 2003).

The question that we address in this article is whether these

motor-cognitive mechanisms reorganize during early nonpathological

aging.

Previous studies have shown an overall age-related decline in

motor control. It leads to slowdowns of motor performance and a

decreased smoothness in fine coordination (Buckles, 1993;

Seidler, 2006; Seidler et al., 2010). These deficits in motor control are

paralleled by a well-established age-related structural and functional

neurophysiological decline, especially in the connectivity of fronto-

parietal areas (Carp et al., 2011; Mattay et al., 2002; Ren et al., 2013;

Seidler et al., 2010). The age-related decline also involves cognitive

motor processes, such as motor imagery, with a lower temporal corre-

lation between imagined and executed movement in older individuals

(Personnier et al., 2008; Skoura et al., 2005), less vivid imagery, espe-

cially when imagining complex actions (Saimpont et al., 2013;

Zapparoli et al., 2019), and a lower reliance on kinesthetic features in

favor of visually based strategies (Zapparoli et al., 2013, 2016). Alto-

gether, these results suggest that all motor-related processes, includ-

ing reading online the movements of others, might be susceptible to

detriment with aging. Within this line, some authors hypothesize that

aging might determine a reduced embodiment, that is, a reduced

involvement of sensorimotor processes in cognitive tasks (Costello &

Bloesch, 2017; Kuehn et al., 2018). However, this is to date a mostly

unexplored hypothesis in the domain of action prediction.

Concerning action observation, previous studies suggest that

aging results in a less accurate ability to decipher the temporal unfold-

ing of someone else's whole-body actions (Diersch et al., 2012, 2013),

accompanied by changes in brain functioning. Diersch et al. (2013)

found that older participants over-activate visual cortices to judge the

temporal progression of complex action sequences observed in the far

extra-personal space (e.g., figure skating elements or everyday actions

like preparing the laundry). They concluded that older adults prefera-

bly adopt visual rather than motor strategies during this task, in line

with the reduced embodiment in aging hypothesis (Costello &

Bloesch, 2017; Kuehn et al., 2018). In sharp contrast with this conclu-

sion, however, a previous study by Nedelko et al. (2010) provided evi-

dence for a preserved functioning of the AON in older adults. In their

study, the authors showed that the ventrolateral premotor cortex and

the inferior parietal cortex, crucial nodes in the AON, do not exhibit

activity changes as a function of age during motor imagery and action

observation tasks. The authors interpreted the lack of age-related

changes in these activations as evidence for the older participants'

preserved functioning of sensorimotor processes during such cogni-

tive tasks. More recently, Di Tella et al. (2021) expanded these find-

ings by showing that older adults might show the coupling of

structural and functional changes in the AON: they found that a

reduced cortical thickness was coupled with a (possibly compensa-

tory) increased activation of the premotor cortices bilaterally during

action observation. Altogether (see also Farina et al., 2017), these

findings suggest that older adults might still engage sensorimotor pro-

cesses supported by the AON during action observation. As an aside,

this evidence provides a rationale for applying action-observation pro-

tocols to the rehabilitation of motor disorders in older populations like

neurological patients (Buccino, 2014).

However, the scarce and controversial evidence reported above

leaves us with an open question: the visuo-motor processes sustained

by the AON should be considered exceptionally resistant to age-

related decay (see Di Tella et al., 2021; Farina et al., 2017; Nedelko

et al., 2010) or one of those most subjected to functional reorganiza-

tion, as suggested by the reduced embodiment in aging hypothesis

(Costello & Bloesch, 2017; Kuehn et al., 2018)?

Here, we aimed to address this issue by focusing on action pre-

diction, a rather unexplored field in the literature on aging. Impor-

tantly, action prediction tasks are slightly different from mere action

observation because they imply the active use of motor representa-

tions to anticipate the unfolding of observed actions. The only avail-

able studies in this domain (Diersch et al., 2012, 2013, 2016) focused

on the role of expertise and familiarity in modulating the older adults'

capacity to monitor complex action sequences (figure skating ele-

ments or everyday actions like preparing the laundry) and lacked a

control task that could make the result interpretation straightforward.

Thus, the question remains: does a task-specific impact of nonpatho-

logical early aging exists when older individuals have to decipher the

kinematics of simpler gestures and predict their conclusion? Previous

work has shown the activation of the AON in older participants during

passive observation of object grasping (Di Tella et al., 2021; Farina

et al., 2017; Nedelko et al., 2010). Would they also take advantage of

this network when predicting the conclusion of similar actions? Given

the relevance of action prediction for the ability to interact effectively

with conspecifics (Bekkering et al., 2009; Candidi et al., 2015; Kno-

blich & Jordan, 2003; Pecenka & Keller, 2011; Sacheli et al., 2018a,

2018b), answering this question would critically contribute to the
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understanding of age-related changes in the capacity of navigating

the social world and its sensorimotor roots.

In this study, we thus aimed to investigate whether the visuo-

motor mechanisms involved in action prediction and supported by

neural activity in the AON degrade with aging. To avoid the confound

of expertise, we concentrated on the observation of overlearned

movements (grasping and pointing) performed by a potentially inter-

acting partner who reached for a simple cubed-shaped object placed

in the (virtual) peri-personal space of the observer. Younger and older

participants were required to predict the conclusion of these grasping

and pointing movements presented at mid-flight (i.e., during action

unfolding) by implied-motion pictures and then judged whether the

following picture depicted the correct conclusion. Implied-motion

images proved to induce a robust sensorimotor simulation in young,

healthy participants (Avenanti et al., 2013; Urgesi et al., 2010): we

employed these stimuli as they do not require subtle discrimination of

temporal features and minimize the visual complexity as well as the

impact of contextual information. Upper limb gestures observed in

peri-personal space may involve a potentially better engrained and

less vulnerable mechanism than what was previously observed for

complex visual stimuli (as those employed by Diersch et al., 2012,

2013, 2016). From previous primate and human data (Hardwick

et al., 2018; Rizzolatti & Sinigaglia, 2016), we anticipated the involve-

ment of a vast fronto-temporoparietal network in younger partici-

pants during the task. We aimed to test whether older adults recruit

the same neural resources and the association of possible age-related

differences with individuals' performance at the task.

Differently from previous attempts (Diersch et al., 2012, 2013;

Diersch et al., 2016), the task-specificity of the results was ensured by

the addition of a control, color-discrimination task: this allowed us to

test whether potential group differences in performance were specific

to action prediction or generalized to other visual tasks having a simi-

lar structure but lacking the crucial element of action prediction.

Although we designed the study to challenge the hypothesis of a

reduced embodiment in aging (Costello & Bloesch, 2017; Kuehn

et al., 2018) and we were mainly interested in the visuo-motor proces-

sing occurring in the AON, all neurofunctional analyses were uncon-

strained and performed at the whole-brain level. This made our quest

not constrained by a priori-assumption allowing us to detect, if any,

evidence for alternative hypotheses as well. More specifically, we

tested whether (possible) age-related neurofunctional changes during

action prediction occur within the nodes of the AON or in regions

outside this brain network, like prefrontal ones, as predicted by the

classical theories of cognitive aging (see Davis et al., 2008). Based on

recent evidence from our lab derived from motor imagery tasks, age-

related changes were expected in the parietal cortex (Zapparoli

et al., 2019), paralleled by a greater reliance on visual processing

(Zapparoli et al., 2013, 2016).

To sum up, our experimental design allowed us to assess:

(i) possible age-related changes in performance that were specific to

the action prediction (as compared to a control) task, and (ii) their

association with possible neurophysiological changes. While the

reduced embodiment in aging hypothesis would predict either a perfor-

mance decay specific to action prediction or a preserved performance

sustained by compensatory brain activations outside the AON, an

alternative view would expect compensatory brain activations within

the AON and especially reliant on premotor activations, in line with

some previous studies on action observation in aging (Di Tella

et al., 2021; Farina et al., 2017; Nedelko et al., 2010). Importantly,

what counts to us is that our experimental paradigm was sufficiently

sensitive to show, in younger participants, the involvement of the

AON, which should be specific to the action prediction (as compared

to the control) task and functional to the behavioral performance: this

would be the proof of concept to assume that any group-specific dif-

ference is not a mere by-product of a nonsensitive experimental

design.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty younger (8 females, age range 19–27 years, mean age 23.20

± 1.77 years) and twenty older healthy participants (10 females, age

range 56–72 years, mean age 62.60 ± 4.76 years), all with high educa-

tion (younger group, median [Me] = 16 years, range 18–13 years;

older group Me = 16 years, range 19–8 years; Mann–Whitney

U test = 154.5, p = .204), took part in the study. All the participants

were right-handed, reported normal or corrected-to-normal vision,

and were naive as to the purpose of the experiment. The participants'

enrollment was inclusive of all persons without limitations by gender

or ethnicity. Inclusion criteria required the absence of major neurolog-

ical and psychiatric disease and of physical limitations that could

restrain the participants' upper-limb mobility. Older participants were

also screened to exclude age-related neurocognitive decay by using

the Mini-Mental State Examination (MMSE) of general cognitive func-

tioning (Measso et al., 1993), the Raven's progressive matrices mea-

suring nonverbal logical reasoning (Basso et al., 1987), the digit span

forward and backward (Orsini et al., 1987) assessing verbal short-term

memory and working memory, and the frontal assessment battery

(FAB, Appollonio et al., 2005). No participant showed pathological

performance at the neuropsychological tests after correcting the

scores for age and education (MMSE corrected score, Me = 27.92,

range 30–25.46; Raven's corrected score, Me = 34.5, range 36–26.5;

digit span forward corrected score, Me = 5.75, range 8.75–4.5; digit

span backward corrected score Me = 4.87, range 7.97–2.87; FAB cor-

rected score Me = 18, range 18–16).

The experimental protocol was approved by the Ethics Commit-

tee of the IRCCS Istituto Ortopedico Galeazzi (Comitato Etico dell'Os-

pedale San Raffaele di Milano) where data collection took place. All

participants gave their written, informed consent to take part in the

study, following the ethical standards of the 1964 Declaration of Hel-

sinki and later amendments, and were debriefed as to the purposes of

the study at the end of the experimental procedures.
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2.2 | Familiarization phase and neuropsychological
assessment

Before the fMRI session (2–4 days before), all the participants were

screened for contraindication to fMRI and underwent a brief learning

phase (including sixteen trials, eight per task) to familiarize with the

visual stimuli and the experimental setup. During the same session,

the older participants were assessed with the neuropsychological

tests.

2.3 | Experimental design

2.3.1 | Stimuli and apparatus

During the experimental condition (action prediction), the participants

observed visual stimuli consisting of a set of pictures showing the

trunk and upper limbs of a human actor in different positions (see

Figure 1, upper panel): (i) a starting-position image, (ii) an implied-

motion image (depicting the pointing/grasping actions at mid-flight),

and (iii) an end-position image (depicting the end of the pointing/

grasping action). To enhance variability, the implied-motion image

depicted the movement at different time-points, namely at 1/6, 1/4,

and 1/3 of total movement duration. A scrambled version of each of

the implied-motion images was shown during the task as a mask

(between the presentation of the implied-motion and the final-

position images, see Figure 1).

As a control condition, the participants performed a color discrimi-

nation task. In this case, the implied-motion and end-position images

were replaced by the repetition of starting-position images, where a

black or white colored square was added in the middle of the picture

(Figure 1, lower panel).

We designed the control condition in order to assure that the

potential differences between the two groups were not due to a

generalized age-related decrease in response speed (see

Nebes, 1978). A similar approach was applied in our previous studies

on aging and motor cognition (Zapparoli et al., 2016, 2019). The

choice of this particular control task was dictated by the desire of

engaging the participants with stimuli that maintained constant the

target (cube-shaped) object and the presence of a human body,

allowing us to control for perceptual differences between the two

tasks.

Visual stimuli were delivered using VisuaStim fiber-optic goggles

(800 � 600 pixel resolution). Responses were recorded through an

MRI-compatible response-box (Resonance Technology Inc., North-

ridge, CA) placed under the right hand of the participant lying in the

scanner. Participants were instructed to respond by pressing a button

either with the index or the middle finger.

2.3.2 | Procedure and trial-time line

The fMRI run was divided into four action prediction and four control

blocks, administered in counterbalanced order between the

F IGURE 1 The figure illustrates the
trial-time line, which was identical in the
action prediction (upper panel) and the
control (lower panel) tasks. The only
difference between the two tasks resided
in the implied-motion image, which was
substituted by an image including the
colored square (black or white) in the
control task. After the go-signal, the

participants were required to decide
whether the last image correctly
concluded the movement previously seen
(action prediction task) or matched with
the previously seen colored square
(control task). The red frames indicate the
onset of the event of interest in the fMRI
analyses.
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participants. Although visual stimuli differed between the two experi-

mental conditions, the trial timeline was identical (see Figure 1).

Each trial started with a fixation-cross displayed on the screen

(400 ms), followed by the presentation of the starting-position image

(variable stimulus duration ranging from 500 to 1000 ms). The variable

duration of stimuli generated a desirable jittering in the onsets used

for the fMRI data analyses. After that, in the action prediction condi-

tion, the implied-motion image was shown (duration 150 ms), fol-

lowed by a scrambled image that served as mask (variable duration

between 1800 and 2200 ms). Finally, the end-position image was

shown, and the participants had to determine whether the end

position-image matched or not with the conclusion of the action previ-

ously shown by the implied-motion image.

Responses were provided by pressing a button with either the

index or middle finger (maximum response time [RT] allowed

2500 ms). In the color discrimination control task, the trial-timeline

was identical, but the implied-motion and end-position images were

replaced by starting-position images containing a black or white col-

ored square. In this case, the participants were asked to determine

whether the color of the square presented after the mask correctly

matched with the color of the square presented before the mask. In

all the experimental conditions, the participants were told to respond

as quickly and correctly as possible.

While lying in the scanner, the participants first tried out the task

(eight-trial practice block) and then started the fMRI session.

Stimuli presentation and randomization were controlled by E-

Prime2 software (Psychology Software Tools Inc.).

2.3.3 | Block structure

Each of the four action prediction and four control blocks comprised

of 12 trials. Overall, the participants performed 48 trials per experi-

mental condition (corresponding to 96 trials for the whole session, for

a total duration of �11 min). Within each block, in random order, the

participants observed 50% of grasping/pointing gestures (action pre-

diction task) and 50% of black/white colored squares (control task).

The number of times the participants observed the implied-motion

image depicting the movement at each time-point (1/6, 1/4, and 1/3

of the total movement duration) was also balanced within each block.

To create variability within the task and force participants to generate

predictions when observing the implied-motion picture, the final pic-

ture correctly concluded the action (action prediction task) or matched

with the previously observed color (control task) in the 50% of the

trials.

2.4 | Behavioral data statistical analyses

The aim of the study was to investigate possible group differences

(younger vs. older group) in the two tasks (action prediction

vs. control task) to assess possible age-related changes in performance

that were specific to the action prediction task. We collected the

following behavioral indexes: (i) the sensitivity (d0) as measured in

accordance with the signal detection theory (Stanislaw &

Todorov, 1999); (ii) the accuracy (ACC), that is, the proportion of cor-

rect responses; and (iii) the RTs, that is, the time-delay between the

onset of the end-position image (or of the second image showing the

colored square in the control task), which constituted the participants'

go-signal, and the instant the participant pressed the response button,

as measured in correct trials only. To obtain a measure that appropri-

ately weighs the impact of speed and accuracy thus controlling for

speed-accuracy trade-offs, we then calculated the Inverse Efficiency

Score (IESs, Bruyer & Brysbaert, 2011), that is, the RTs/ACC ratio.

To calculate the sensitivity (d0), we subtracted the z-transformed

false alarm (F) rate from the z-transformed Hit (H) rate [d0 = z(H) - z

(F)]; we considered as “hits” the “yes” responses provided in the trials

where the final picture correctly completed the implied-motion pic-

ture (action prediction task) and the color matched with the one

observed before the mask (control task), and “false alarms” the “yes”
responses provided in trials where it was not the case.

To calculate the IESs, we calculated the individual ACC and mean

RTs in each task (action prediction and control), excluding from the

analysis of RTs any outlier value that fell 2.5 SDs above or below the

individual's mean for each experimental condition. We calculated the

IES for each participant, separately in each task (action prediction and

control) to obtain a measure that captures participants' performance

as a whole. For the sake of clarity, the separate analysis of the ACC

and RTs is reported in the Supporting Information.

Both sensitivity (d0) and the IESs were normally distributed

according to the Kolmogorov–Smirnov test (all ps > .1). They were

entered in a 2 � 2 ANOVA with group (younger vs. older adults) as

between-subject factor and task (action prediction vs. control) as

within-subject factor. Post hoc test applied the Bonferroni correction

when needed.

All inferential tests of significance were based upon an α level of

.05. Data were analyzed with the statistical software jamovi [The

jamovi project (2021). jamovi (Version 1.6) [Computer Software].

Retrieved from https://www.jamovi.org].

2.5 | MRI data acquisition and analyses

2.5.1 | Data acquisition

MRI scans were acquired using a Siemens Magnetom Avanto 1.5 T

scanner (Siemens AG, Erlangen, Germany) equipped with gradient-

echo echo-planar imaging (EPI) (repetition time [TR] 2150 ms, echo

time [TE] 40 ms, flip angle 90�, 28 slices, slice thickness 4 mm, inter-

leaved slice acquisition, matrix 64 � 64, FOV 250 � 250 mm). Over-

all, 300 scans per run were acquired. The first two volumes recorded

from each functional run were removed to allow for steady-state tis-

sue magnetization. MPRAGE high-resolution T1-weighted structural

images were also acquired (flip angle 35� , TE 5 ms, TR 21 ms, FOV

256 � 192 mm, matrix 256 � 256, TI 768, for a total of 160 axial

slices with 1 � 1 � 1 mm voxels).
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2.5.2 | Preprocessing

After image reconstruction, raw data visualization and conversion

from the DICOM to the NIfTI format were performed with MRIcron

(www.mricro.com) software. All subsequent data analyses were per-

formed in MATLAB R2019b (MathWorks) using Statistical Parametric

Mapping software (SPM12, Wellcome Department of Imaging Neuro-

science, London, UK). First, slice-timing correction as implemented in

SPM12 was applied. Then, the fMRI scans were realigned and

unwarped to account for any movement during the experiment; the

unwarped images were stereotactically normalized into the SPM12

template (EPI.nii) using the old normalization procedure to allow for

group analysis of the data. At this stage, the data matrix was interpo-

lated to produce voxels 2 � 2 � 2 mm in dimension. The stereotacti-

cally normalized scans were smoothed using a Gaussian filter of

10 � 10 � 10 mm to improve the signal-to-noise ratio and make the

family-wise error rate (FWER) cluster-level correction applicable to

the group-level analyses (Flandin & Friston, 2019).

Artifact detection tools (Whitfield-Gabrieli, http://www.nitrc.org/

projects/artifact_detect) was used to identify outlier scans in global

signal and movement for each participant. Time-points were marked

as outliers when scan-to-scan variations in the global signal exceeded

9 SD from the mean, and when the compounded measure of move-

ment parameters exceeded 2 mm scan-to-scan movement. On aver-

age, excluded volumes were 0.25 ± 0.77% in younger participants,

and 1.54 ± 2.70% in older participants. Outlier scans were excluded

from the single-subject analysis. No participant was excluded from

the analysis for excessive movement, as established by the threshold

of 20% of outlier scans in the fMRI run.

2.5.3 | Statistical analyses of the fMRI data

A two-step statistical analysis, based on the general linear model, was

performed. At the first level of analysis (single-subject level), the blood

oxygen level-dependent (BOLD) signal associated with each experi-

mental condition was analyzed by convolution with a canonical hemo-

dynamic response function (Worsley & Friston, 1995). Global

differences in the fMRI signal were removed from all voxels with

grand mean scaling. The time series was high-pass filtered at 128 s

and pre-whitened by means of an autoregressive model AR(1) to

remove artifactual contributions to the fMRI signal, such as noise from

cardiac and respiratory cycles.

A fixed-effect analysis was performed, in which condition-specific

effects were calculated in each participant. In an event-related design,

the event duration was set to 0 s, and the onset of the event at each

trial corresponded to the onset of the image following the starting-

position one: in the action prediction task, it corresponded to the

onset of the implied-motion image, while in the control task it corre-

sponded to the onset of the first image with the colored-square

(Figure 1, red frames). This time-point was characterized by the

requirement to keep in mind the predicted action conclusion (action

prediction task) or the color of the square (control task) until the mask

off-set. Only in the action prediction task, however, the selected time-

point also implicitly required to predict the conclusion of the observed

action.

Separate regressors also modeled experimental confounds,

including (i) the signal associated with the preparation of the motor

response (the go-signal time-point at each trial, see Figure 1), (ii) trials

in which the participants provided a wrong response (accuracy = 0) or

RTs were outlier values, and (iii) the realigning parameters calculated

in the preprocessing step. For each participant, we calculated the lin-

ear contrast “action prediction > control task” because we aimed to

explore age-related differences in the task-specific neural correlates

of action prediction while controlling for perceptual processes and the

requirement to keep in mind a relevant piece of information (i.e., the

predicted action conclusion in the action prediction task, or the color

of the square in the control task).

At the second level of analysis (group-level analysis), we per-

formed an independent-sample t test to explore age-related differ-

ences and communalities in the neural responses. For the sake of

clarity, we also report in the Supporting Information the results associ-

ated with the simple effect of interest (“action prediction > control

task”) in each group. We also planned to extract the individual values

associated with these effects and explore their parametric association

with the behavioral performance shown by the participants at the

action prediction (as compared to the control) task.

All fMRI data analyses were conducted at the whole-brain level.

All the reported results apply an FWER correction for multiple com-

parisons at the cluster-level. The cluster-wise correction was applied

to data having applied a 10 � 10 � 10 Gaussian smoothing and at

p < .001uncorr at the voxel-level, as recommended by Flandin and Fris-

ton (2019). Regional effects that also met an FWER-correction at the

voxel-level are reported in Table 2 and Supplementary Tables S1

and S2.

3 | RESULTS

3.1 | Behavioral results

Descriptive statistics are reported in Table 1.

3.1.1 | Sensitivity (d0)

The ANOVA showed a significant main effect of the task (F

(1,38) = 6.17, p = .018, ηp
2 = .14), indicating that the sensitivity was

higher in the control than the action prediction task in all participants

(action prediction task mean d0 = 2.76 ± 0.99; control task mean

d0 = 3.16 ± 0.69). The results also showed a significant main effect of

the group (F(1,38) = 10.97, p = .002, ηp
2 = .22), indicating that the

sensitivity was higher in younger than older participants (younger

group mean d0 = 3.28 ± 0.50; older group mean d0 = 2.64 ± 0.70).

The group by task interaction was not significant (F(1,38) = 0.001,

p = .970, ηp
2 < 0.01), indicating that the reduction in sensitivity in the
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TABLE 2 Group comparisons of the neurofunctional results; (a) conjunction analysis (younger \ older adults), and (b) “younger > older adults”
differences in the “action prediction > control task” contrast (younger adults, N = 20, older adults, N = 20)

a. Younger \ older adults Left hemisphere Right hemisphere

Brain area (Brodmann area) X Y Z Z-score X Y Z Z-score

Left occipito-temporal cluster k = 634, pFWER-corr < .001 Right middle temporal cluster k = 446, pFWER-corr < .001

Middle temporal gyrus (37) �52 �66 6 4.7 54 �62 4 4.8*

�56 �68 8 4.5 50 �68 0 4.5

— — — — 50 �72 2 4.4

— — — — 44 �68 0 4.3

Middle occipital gyrus (19/37) �46 �70 4 4.3 — — — —

�44 �72 6 4.0 — — — —

�44 �76 8 3.8 — — — —

�44 �78 12 3.8 — — — —

�38 �74 2 3.2 — — — —

Inferior occipital/temporal

gyrus (37)

�50 �68 �4 4.2 — — — —

b. Younger > older adults Left hemisphere Right hemisphere

Brain area (Brodmann area) X Y Z Z-score X Y Z Z-score

Left parietal cluster k = 206, pFWER-corr = .011 Right parietal cluster k = 149, pFWER-corr = .045

Postcentral gyrus (2) �44 �36 60 4.1 36 �46 68 3.7

�44 �38 64 4.0 36 �42 66 3.4

�38 �38 68 3.8 34 �40 58 3.3

Cluster in the left precuneus k = 453, pFWER-corr <.001

Superior parietal lobule (7) �18 �82 52 3.9 36 �50 70 3.8

Inferior parietal lobule (40) — — — — 38 �44 58 3.4

— — — — 40 �48 58 3.4

— — — — 40 �40 52 3.5

— — — — 44 �36 52 3.3

Precuneus (7) �6 �74 56 4.5 — — — —

�2 �76 52 4.2 — — — —

Note: X, Y, and Z are the stereotactic coordinates of the activations in the MNI space. All reported voxels (p < .001uncorr) are included in clusters surviving

the FWER correction at the cluster-level. A maximum of 16 coordinates (local maxima) per cluster has been reported, each placed at least 4 mm apart, as

reported by default in SPM12. (*) Z-scores statistically significant also after FWER correction at the voxel-level.

Abbreviations: FWER, family-wise error rate; MNI, Montreal Neurological Institute.

TABLE 1 Descriptive statistics of the
behavioral data (younger adults, N = 20,
older adults, N = 20)

Younger adults Older adults

Action prediction Control task Action prediction Control task

d0 M 3.08 3.48 2.44 2.85

SD 0.84 0.55 1.05 0.68

Accuracy M 0.93 0.97 0.87 0.92

SD 0.06 0.03 1.22 0.06

RT (ms) M 688.09 606.84 956.36 918.92

SD 113.15 108.04 153.83 157.29

IES (RT/ACC) M 743.57 627.89 1129.01 1006.01

SD 148.81 114.60 297.85 216.11
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older adults was not specific to the action prediction task. As a matter

of fact, the two groups did not differ in the direct comparison

between the “AP indexes” (see Figure 2) calculated by normalizing the

individuals' d0 calculated for the action prediction task on those calcu-

lated for the control task, as follows:

Sensitivity d0ð Þaction prediction APð Þ index¼ x�yð Þ= xþyð Þ½ ��100,

where “x” represents the d0 in the action prediction task and “y” rep-

resents the d0 in the control task. The between-group t test performed

on this index was not significant (t(38) = �0.68, p > .5).

3.1.2 | Inverse Efficiency Scores

The ANOVA showed a significant main effect of the task (F

(1,38) = 19.33, p < .001, ηp
2 = 0.34), indicating that the IESs were

lower in the control than the action prediction task in all participants

(action prediction task mean IES = 936.29 ± 303.48 ms; control task

mean IES = 816.95 ± 256.54 ms). The results also showed a signifi-

cant main effect of the group (F(1,38) = 41.28, p < .001, ηp
2 = 0.52),

indicating that the IESs were lower in younger than in older partici-

pants (younger group mean IES = 683.32 ± 122.32 ms; older group

mean IES = 1015.94 ± 213.79 ms). The group by task interaction was

not significant (F(1,38) = 0.018, p = .893, ηp
2 < 0.01), indicating that

the reduced efficiency shown by the older participants was not spe-

cific to the action prediction task. As a matter of fact, the two groups

did not differ in the direct comparison between the “AP indexes” (see
Figure 2) calculated by normalizing the individuals' IES calculated for

the action prediction task on those calculated for the control task, as

follows:

IESaction prediction APð Þ index¼ x�yð Þ= xþyð Þ½ ��100,

where “x” represents the individual IESs in the action prediction task

and “y” represents the individual IESs in the control task. The

between-group t test performed on this index was not significant (t

(38) = �1.30, p > .2).

The analysis of accuracy and RTs is reported in the Supporting

Information.

3.2 | fMRI results

3.2.1 | Simple effect of “action prediction > control
task” in younger participants

As expected, the results showed that the younger participants

recruited a wide network during the action prediction as compared to

the control task, including most of the brain regions that are consid-

ered to be part of the AON (Grafton, 2009). These regions include

bilaterally the superior and inferior parietal lobuli and ventral and dor-

sal premotor cortices, and the left inferior frontal gyrus and posterior

medial frontal cortex (rostral to pre-SMA); in addition, the results

showed significant brain activations bilaterally in the lateral occipito-

temporal cortex (LOTc) (see Supplementary Table S1 and Figure 3(b)).

The simple effect in the opposite direction (“control > action predic-

tion task”) showed no significant effect, indicating that no area was

more active in the control as compared to the action prediction task

in the younger participants.

3.2.2 | Simple effect of “action prediction > control
task” in older participants

The results showed that the only brain regions that survived the

FWER-correction in older participants comprised two clusters in the

F IGURE 2 The figure illustrates the distribution of the action prediction (AP) indexes of performance, calculated on the sensitivity (d0, left) and
Inverse Efficiency Scores (IES, right) data. The AP indexes normalize each individual's performance at the action prediction task on the
performance obtained at the control task (differences expressed in percentage). The raw data are reported in Table 1. The gray dots indicate
individual data and the black squares the group means. In the d0, the lower the values the worse the sensitivity in the action prediction compared
to the control task; in the IES, the higher the values the worse the performance efficiency in the action prediction compared to the control task.
As shown by the formal analyses comparing the indexes and by the ANOVA performed on both the d0 and the IES raw data, the age-related
decay in performance was not specific to the action prediction task.
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LOTc bilaterally, including the posterior part of the middle temporal

(MT) gyrus (BA 37) and the anterior part of the middle occipital gyrus

(BA 19) (see Supplementary Table S2 and Figure 3(a)). The simple

effect in the opposite direction (“control > action prediction task”)
showed no significant effect, indicating that no area was more active

in the control as compared to the action prediction task in the older

participants.

3.2.3 | Conjunction analysis, “action
prediction > control task” in younger \ older
participants

The conjunction analysis revealed that two clusters in the left and

right LOTc were commonly recruited by younger and older partici-

pants. These clusters overlapped with the two described above for

F IGURE 3 The figure illustrates the simple effect of the contrast “action prediction > control task” (a) in the older participants (red), and (b) in
the younger participants (cyan). A formal conjunction analysis (c, violet) revealed that the lateral occipito-temporal cortices were commonly
recruited by the older and the younger participants. This is also illustrated by the histograms plotting the contrast estimates (beta values, the error
bars in the plot indicate the 90% confidence intervals) at the local maxima of the right occipito-temporal cluster (MNI 54, �62, 4). All the data
are reported by applying the same statistical threshold reported in the tables and discussed in the text (puncorr < .001 at the voxel level and
pFWER-corr < .05 at the cluster level).

F IGURE 4 The figure (left, yellow) illustrates the hypo-activation shown by the older as compared to the younger participants during the
action prediction (as compared to the control) task. The data are reported by applying the same statistical threshold as that reported in the tables
and discussed in the text (puncorr < .001 at the voxel level and pFWER-corr <.05 at the cluster level). The graph on the right plots the parametric
association between the brain activations in the action prediction (as compared to the control) task in the right superior parietal lobule (individual
adjusted values in the MNI coordinate 36, �50, 70, “y” values in the general linear model [GLM]) and the performance achieved by the
participants at the task as measured by the Inverse Efficiency Scores (IES) action prediction (AP) index. The red dots indicate the older participants'
data and the cyan dots the younger participants' ones.
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the simple effect of “action prediction > control task” in both the

younger and the older participants (see Table 2(a) and Figure 3(c)).

3.2.4 | Group comparisons measuring age-related
differences in the contrast “action
prediction > control task”

The results indicated that the older participants hypo-activated, as

compared to younger participants, three parietal brain regions, includ-

ing the precuneus and the superior parietal lobuli bilaterally (see

Figure 4 and Table 2(b)). Supplementary Table S3 also reports

between-group differences in beta weights extracted from all the

clusters showing a significant effect of “action prediction > control

task” in younger participants: these comparisons show that other

regions within the AON (including dorsal and ventral premotor corti-

ces) were less active in the older as compared to the younger partici-

pants, although, as said, the results of the voxel-by-voxel group

comparison survived the FWER correction only in the three parietal

clusters reported above (Table 2(b)). The contrast in the opposite

direction, exploring hyper-activations in the older as compared to the

younger participants, showed no significant effect.

3.2.5 | Correlation between brain activations and
the behavioral performance

To test the relationship between the individuals' performance at the

action prediction task and the BOLD response in the brain regions

showing age-related changes, we proceeded as follows. First, we

extracted the adjusted y-values (indexing the BOLD effect in each

individual) from the local maxima of the three clusters showing a sig-

nificant effect of age (hypo-activations in the older as compared to

the younger participants). The three peaks were located in the precu-

neus (MNI �6, �74, 56), in the left postcentral gyrus (MNI �44, �36,

6), and in the right superior parietal cortex (36, �50, 70). We then

applied a partial correlation aimed to test the parametric association

between these brain activations and the behavioral performance as

indexed by the IES AP index (a measure that summarizes the individual

performance at the task). The partial correlation was performed on

the whole sample but controlled for the effect of group, to ensure

that the parametric association could not be accounted for by group

differences in brain activations. The results showed a significant cor-

relation in the right superior parietal cortex (r = �.41, pcorr = .03). This

indicates that, in each group, the higher the activation of the right

superior parietal cortex, the better the performance at the action pre-

diction (as compared to the control) task (see Figure 4).

4 | DISCUSSION

The ability to understand others by anticipating the unfolding of their

movements has a social valence: it is foundational to motor

interaction performance as it enables the prospective preparation of

an adaptive response (Bekkering et al., 2009; Candidi et al., 2015;

Knoblich & Jordan, 2003; Pecenka & Keller, 2011; Sacheli

et al., 2018a, 2018b). Despite the importance of these motor-

cognitive abilities in everyday social life, age-related changes in this

domain are mostly unexplored. The present study aimed to fill in this

gap and evaluated how action prediction is implemented in the aging

brain by investigating the case of overlearned movements, like grasp-

ing or pointing to an object. We tested whether healthy aging affects

the neural resources recruited to anticipate the conclusion of actions

during the observation of implied motion pictures: this type of visual

stimuli minimizes the complexity of the sensory input and the impact

of contextual information while yet evoking (at least in the healthy

young participants, see Avenanti et al., 2013; Urgesi et al., 2006,

2010) sensorimotor simulation in the AON (Grafton, 2009).

In line with the evidence for a decline in sensorimotor and cogni-

tive processing in the aging brain (Ren et al., 2013; Seidler

et al., 2010), one might expect the older participants to show a spe-

cific decay in performance during the action prediction task, which

might be paralleled by a reduced involvement of visuo-motor brain

regions included in the AON. This pattern of results would support

the reduced embodiment in aging hypothesis (Costello &

Bloesch, 2017; Kuehn et al., 2018). However, in sharp contrast with

such a hypothesis, previous studies (Di Tella et al., 2021; Farina

et al., 2017; Nedelko et al., 2010) showed that visuo-motor processes

sustained by the AON functioning might be particularly resistant to

neurophysiological decay in healthy aging, thus suggesting that the

AON functioning might show no age-related changes during action

prediction as well. We thus designed our study to compare these

alternative hypothetical scenarios and reveal how action prediction is

implemented in healthy aging. We did so by applying unconstrained

neurofunctional analyses at the whole-brain level. The correction for

multiple comparisons ensured the robustness of our results.

The behavioral performance of older participants was character-

ized by a reduced sensitivity and efficiency, which was yet not specific

to the action prediction task. Indeed, all the analyses on the behavioral

indexes indicated an equal decay in performance in the color discrimi-

nation (control) task. This was confirmed by the absence of a signifi-

cant group difference in the action prediction indexes, that is, the

indexes that normalize each individual's performance at the action

prediction task on the performance at the control task. Thus, the

behavioral results indicate a general age-related performance decay

that is yet not specific to the ability to anticipate the conclusion of

simple gestures (grasping or pointing actions) but generalizes to a per-

ceptual, nonpredictive, control task.

Nevertheless, the neurofunctional results demonstrated age-

related differences specific to action prediction. Indeed, in the con-

trast “action prediction > control task,” the younger participants

showed massive recruitment of the whole AON, comprising fronto-

temporoparietal regions in both hemispheres, while the older partici-

pants mainly recruited the LOTc bilaterally, a brain region including

the motion-selective human MT complex (Watson et al., 1993) and

the “extrastriate body area” (Downing et al., 2001), as well as other
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areas involved in processing action-related stimuli (Lingnau &

Downing, 2015). Importantly, as a group, the older participants

revealed significant hypoactivation in posterior parietal regions that

proved to be crucial in the task, as their activation was associated with

the level of performance efficiency in both groups. These results have

implications for the study of both motor control and social interaction,

as discussed below.

4.1 | Action prediction and the action observation
network

In line with what was expected based on the previous literature

(Avenanti et al., 2013; Urgesi et al., 2006, 2010), the younger partici-

pants predicted the conclusion of observed actions by recruiting

fronto-temporoparietal brain regions included in the AON. Indeed, the

simple effect of “action prediction > control task” in this group

showed robust bilateral recruitment of both dorsal and ventral premo-

tor cortices (BA 6 and 44), posterior parietal areas (including BA 7 and

40), and LOTcs (BA 37), as well as activations in the left inferior fron-

tal gyrus and posterior medial frontal cortex. Within these regions, the

brain activations in the right parietal cluster were also associated with

behavioral performance. Overall, this pattern of results constitutes

the proof of concept that our action prediction task evokes functionally

relevant brain activity in the AON.

It has been widely suggested that the recruitment of the AON

depends on the involvement of feed-forward (or generative) internal

models (Kilner, 2011). These models allow anticipatory error monitoring

during action execution as well as inferences about the conclusion or

goal of others' actions during observation (Wolpert et al., 2003).

Hypoactivation of the AON during action observation has often been

reported when the observer is not able to perform a specific move-

ment, possibly because this, in turn, lowers the accuracy of internal

models, thus making them less readily available when interpreting

others' actions. This has been shown by studies on children (VanElk

et al., 2008) and by research comparing experts (e.g., dancers, musi-

cians, and athletes) with naïve participants (Aglioti et al., 2008; Calvo-

Merino et al., 2005, 2006; Candidi et al., 2014; Tomeo et al., 2013).

The latter studies show that naïves may achieve performance levels

comparable to those of experts during action discrimination/prediction

tasks if visual training is allowed, yet without recruiting the motor sys-

tem to solve the task (Candidi et al., 2014; Mulligan et al., 2016; Urgesi

et al., 2012). This result indicates that there might be at least two neu-

rocognitive strategies to approach such tasks, a motorically and a visu-

ally based one. Interestingly, participants who performed motor training

find it difficult to switch to a nonmotor strategy even when it would be

beneficial (as when the motor strategies lead to interference because

of a concurrent incongruent motor task, Mulligan et al., 2016). Thus,

when possible, the cognitive system tends to recruit motor processes

during action observation but yet resolves to visual ones when motor

representations are less accessible.

Considering that the present study regarded overlearned actions

like grasping and pointing, it seems unreasonable to state that motor

representations of such actions might not be as available in our older

participants, as they are highly familiar to any individual. Also, our task

did not require monitoring the temporal features of the observed

movement, thus ruling out that possible slowdowns in movement exe-

cution might have modulated the performance of the older partici-

pants (see Macerollo et al., 2015). However, widespread action-

planning difficulties paralleled by an age-related neurophysiological

decline in fronto-parietal areas are well-reported in early healthy aging

(Mattay et al., 2002; Ren et al., 2013; Seidler et al., 2010). As we have

also shown, this decline impacts on the execution of elementary

movements like finger-tapping (Zapparoli et al., 2013) or ankle dorsi-

flexion (Sacheli et al., 2020), which become more cognitively demand-

ing for older adults. Finally, aging is associated with dedifferentiation

in both visual (Park et al., 2004) and motor representations (Carp

et al., 2011) that become less vivid and specific. This dedifferentiation

process could be conceptualized as a lowering in the accuracy and

reliability of internal models with aging: it might have made it more

difficult (or inefficient) for older observers to associate the visual stim-

ulus to an appropriate motor representation. This might have led the

aging brain to base the perceptual judgment on alternative processing

strategies that do not recruit the motor system.

4.2 | Motor cognition and compensatory
mechanisms in healthy aging

The first studies on neurofunctional changes across the adult lifespan

in several cognitive domains (e.g., working memory, episodic memory

retrieval, perception, and inhibitory control) have focused on the

hyperactivation of prefrontal regions in older subjects (PASA pattern,

Davis et al., 2008). However, it has been shown that compensatory

hyperactivation of brain regions in the elderly may also involve task-

specific neural circuits outside the frontal lobe (Berlingeri, Bottini,

et al., 2010). Concerning motor cognition, visual rather than motor

strategies seem to guide the older adults' performance during motor

imagery tasks of different complexity (Zapparoli et al., 2013, 2016).

Task-specificity in compensatory processes is more in line with the

suggestion that cognitive aging is a life-long adaptive process, leading

the brain to continuously reorganize to face environmental and physi-

ological challenges (Park & Reuter-Lorenz, 2009), while the lack of

reorganization might be what characterizes pathological aging

(Berlingeri, Sacheli, et al., 2010). In short, the healthy human brain

would unceasingly reshape neural circuits to allow for the mainte-

nance of cognitive performance.

In the present study, we found no evidence of a specific perfor-

mance deficit in action prediction (compared to the color discrimina-

tion control task) nor a specific “compensatory” hyperactivation of

brain regions in the older compared to the younger participants. The

older adults recruited the same occipito-temporal brain regions

recruited by the younger ones. However, they then showed no sign of

involvement of fronto-parietal areas, as if the higher-level visual infor-

mation processing occurring in posterior brain regions was not fed to

the visuo-motor nodes of the AON.

SACHELI ET AL. 383



In line with the two-streams model of action understanding

(Kilner, 2011), the interpretation of others' actions depends on the

bidirectional flow of information between visuo-motor fronto-parietal

regions coding actions' goals/intentions and higher-order visual

regions in the ventral stream (including the LOTc and the posterior

part of the superior temporal sulcus) coding the visual features of bio-

logical motion and kinematics. Recent evidence of the possibility to

decode from LOTc activations also “abstract” features of action repre-

sentations (like transitivity and sociality, Wurm et al., 2016, 2017) sug-

gests that this region might also be involved in a more abstract

(semantic) form of action categorization (Lingnau & Downing, 2015).

In our younger participants, the action prediction task concomitantly

activated both these regions involved in a more visually guided

semantic categorization and those responsible for a more motorically-

based fronto-parietal coding, in line with the two-streams model

(Kilner, 2011). On the contrary, evidence of recruitment of the LOTc

not coupled with fronto-parietal activations in older participants is in

line with the hypothesis of a reduced embodiment characterizing the

aging brain (Costello & Bloesch, 2017; Kuehn et al., 2018) and suggest

that, in line with previous evidence in the domain of motor imagery

(Zapparoli et al., 2013, 2016), the older participants might have mainly

based their performance on visually based rather than motorically

based processes. Notably, the age-related hypoactivation included a

right parietal cluster whose activity was associated with task perfor-

mance in both groups. The lack of a specific performance deficit

accompanying this reduced activation might be justified by the

“young” age of our older participants: it might well be that a retest

performed at later stages of the aging processes would reveal the

behavioral consequences of such a reduced embodiment, as we

showed for other more complex visuo-motor tasks (Zapparoli

et al., 2019).

Interestingly, a stronger reliance on visual processing with aging is

also present during the execution of reaching and grasping move-

ments. For instance, both Coats and Wann (2011) and Runnarong

et al. (2019) demonstrated that movement execution deteriorates

when visual feedback is prevented (by occlusion), determining longer

adjustment time (Coats & Wann, 2011), longer movement time, and

delayed time to maximum velocity (Runnarong et al., 2019) in older

but not younger participants. Our results show that the ability to deci-

pher the kinematics of similar hand gestures is also possibly reliant on

a visually based coding, leading to reduced recruitment of neurofunc-

tional resources that the literature classically associates with embod-

ied simulation in the AON (Grafton, 2009).

4.3 | Conclusions and implications for social
interaction

The findings of the present study suggest that healthy aging is associ-

ated with the tendency to under-recruit visuo-motor “mirror” mecha-

nisms (Rizzolatti & Sinigaglia, 2016) in the AON when the individuals

have to predict the conclusion of simple gestures in the absence of

contextual information. This is paralleled by stable recruitment of

higher-level visual areas (the LOTc) that yet seem not to feed informa-

tion to the fronto-parietal ones.

We reached these conclusions with an experimental paradigm

using well-controlled implied-motion postures images, where the hand

posture was the only detail to be discriminated. To control for percep-

tual differences, the target object was kept constant throughout the

task: it was a wooden cube with minimal visual features. Of course, this

choice makes the stimuli less familiar and associable with real-life situa-

tions. They yet ensure that our results were not due to possible con-

founds linked to image complexity and/or individuals' familiarity with

the stimuli. Unlike previous studies in younger participants (see, for

instance, Avenanti et al., 2018) that used the prediction of the conclu-

sion of nonhuman movements as a control task, we adopted a color dis-

crimination task to control for the impact of generalized slowdowns in

response speed. The lack of a “predictive” control task might yet be a

limitation of the study that might be addressed by future research.

Importantly, evidence for reduced recruitment of the AON during

action prediction does not necessarily imply that older adults do not

recruit the AON when passively observing others. Fronto-parietal

activations have been shown during the passive observation of grasp-

ing actions in older subjects (Farina et al., 2017; Nedelko et al., 2010).

However, these strategies might become less efficient with aging and

thus of little use to quickly interpret others' gestures, as required dur-

ing social exchanges. The anecdotal, real-life report of older adults'

minor readiness in responding to conspecifics may depend on a minor

efficiency of the motor system in the on-line reading of others' move-

ments. It has been suggested that mirror mechanisms might not be

fully established at birth and rather refine (and develop “predictive”
features) with time (Natale et al., 2014; Turati et al., 2013), thanks to

the maturation of the motor system and repeated experience of

action execution and observation (Keysers & Gazzola, 2014). As sug-

gested by recent behavioral studies (Wermelinger et al., 2019), the

impoverishing of motor representations in aging might generate an

opposite developmental effect. Based on the present study results,

future research might address how age-related changes in motor cog-

nition impact the social domain by altering the cognitive strategies

applied by healthy older adults during face-to-face interactions. Motor

interactions entail a flexible adaptation of “mirror” mechanisms

depending on the social contexts (Era et al., 2018; Hadley et al., 2015;

Kourtis et al., 2010; Sacheli et al., 2015; Sacheli et al., 2018a, 2018b;

Sacheli et al., 2019; Sacheli et al., 2022): whether this flexibility is

maintained in the elderly will be the focus of future research.
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